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Microwave devices 
special electronic compo en s 
Two of RCA's activities in Electronic Components are featured in this issue of 
RCA Engineer: the Microwave Devices Operations Department (MDOD) and Speci, 
Electronic Components (SEC). 

As industrial time goes, the art and science of making and using microwave device''` 
quite young. And yet these devices too have been caught up in the incredibly sw,'. 
and ever -increasing pace at which all technology is advancing. It is hard to bell 
that from the first ten -pound magnetron until today's postage- stamp -sized microw 
integrated circuit only about 30 years have passed. 

To stay in the running, therefore, requires creative but practical engineering-engi- 
neering that produces sophisticated devices that not only perform the functions needed 
but that can be manufactured efficiently and sold at a profit. The Microwave Devices 
Operations Department has reached its present well- entrenched position in the micro- 
wave market by using this kind of engineering -as the papers in this issue of 
RCA Engineer show. 

Right now microwave devices are used mostly in existing government electronics s 
tems, both military and aerospace. We are supplying devices for many of these syste 
and for other commercial systems as well. 

MDOD's future rests on a well -thought -out plan. The plan, which Is well balan 
calls for supplying hardware to the military as long as it is needed, but it also inclu' 
doing the groundwork needed to expand in the commercial market when milit 
demands fall off. For example, penci -tube subsystems for aircraft collision avoidan 
systems; cost -reduced medium -power traveling -wave tubes for communicatio 
terns; in solid states, the transferred electron oscillator to replace the klystron i 

oscillators. 

The two groups in Special Electronic Components- Thermoelectric Products and 
Superconductive Products -are developing exotic technologies. Thermoelectric gen- 
erators convert heat into electric current. Superconductive Niobium -Tin conductors 
are used for making the windings of very high field, cryogenically- operated magnets. 
RCA has demonstrated and is now supplying excellent products in both of these fields. 
We await an increasing demand for them. 

One Of the most exciting developments in the microwave solid -state area is our ev 
increasing work with MIC's -microwave integrated circuits. In contrast to our old wa 
of doing things- starting with the customer's need, to idea, to block diagram, to 
schematic, to wiring diagram, and to production drawing -we have a new approach. 
The customer's need goes through computer -aided design to feasible config, 
and expected performance, into the Solid -State Technology Center, and out as 
system ready for test and evaluation. The Center, just completed in Harrison's BO 

55, is an extremely important link in the chain that produces MIC's: from Microwa 
Applied Research at the Laboratories, to Product Design, the Technology Center, 
Manufacturing in Harrison. 

It is this forward- pressing work that enables RCA to demonstrate the technical lead 
ship that keeps it in the forefront of today's swift -moving advance in technology. T 
MDOD -SEC helps RCA to do its share in filling the country's needs in war and pea: 
maintains itself as a healthy part of the Corporation, and contributes substanti 
the art and science of electronics. 

C. H. Lane 
Division Vice President and 
General Manager 
Industrial Tube Division 
Electronic Components 
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Our Cover 
Jim Napo eon, electrical project engineer, in 

Microwave Devices Operations Department 
(MDOD) clean room in Harrison, N.J., examines 
gold -plated solid -state velocity sensor oscillator 
modulator, one of two MDOD- designed units in 

the landing radar of Apollo's Lunar Module. The 
sensor, essentially a speedometer, tells rate of 
descent to moon's surface; the other unit in the 
radar is an ltimeter. Other MDOD solid -state sub- 
systems in the LM rendezvous radar and Com- 
mand Modu'e transponder are used together to 
help LM rendezvous with moon- orbiting CM for 
return trip to earth. Photo credit: John Semonish, 
Electronic Components, Somerville, N.J. 
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editorial 
input 

Several significant changes in the 
microwave field confronted the 
editors "head -on" this issue - 
these changes, occuring in a brief 
10 -year span, concern not only the 
quality and effectiveness of micro- 
wave equipment but the nature and 
extent of the engineering behind 
the equipment. 

Years ago, transmitters, microwave 
devices, electron tubes, or tran- 
sistors, though related, were fairly 
well defined ... and the distinction 
between the roles of the system 
designer and the device designer 
were likewise clearly defined. To- 
day, the "devices" perform a new 
and more comprehensive set of 
microwave functions -while the 
systems are becoming still more 
complex and more versatile. 

One outstanding result of such 
change is the gradual disappear- 
ance of a well- defined interface 
between the system designer and 
the device designer. This "fuzzy" 
interface gave the editors no little 
difficulty in planning the present 
issue (devoted to Microwave de- 
vices) and the subsequent issue 
(devoted to Microwave systems). 
Originally planned as just one is- 
sue on microwave devices, the 
response to a call for papers 
brought forth articles with both sys- 
tem emphasis and device em- 
phasis. The large number of papers 
and their varying contents seemed 
sufficient to justify two issues. An 
arbitrary split between devices and 
systems seemed natural enough at 
the time, but now that we have the 
"devices" issue "on the press" 
and the "systems" issue in prepa- 
ration, we are still not convinced 
that we have all the devices papers 
in this issue with the systems 
papers in the next. 

Our dilemma indicates a trend 
toward a higher degree of system 
involvement on the part of device 
manufacturers, and this trend is 
not limited to the microwave field. 
For example, the advent of inte- 
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dilemma 
devices or systems? 

grated circuitry coupled with corn - 
puter -aided design and computer 
techniques has defined new roles 
for device, circuit, and systems en- 
gineers throughout the electronics 
industry. (See the article by H. 
Kihn, "The Impact of Integrated 
Circuits on Engineering," Vol. 13, 
No. 3, Oct/Nov. 1967, RCA En- 
gineer). 

This idea was expressed another 
way by Dr. George H. Brown in 
the June /July 1967 issue (Vol. 14, 
No. 1) of the RCA Engineer when 
he described the present unifica- 
tion as "a pulling together of the 
separate disciplines, devices, sys- 
tems, and applications which make 
up the science and practice of 
electronics." 

The authors in the present issue 
give eloquent testimony that they 
recognize the close tie between 
devices and systems -a "reforma- 
tion" currently revolutionizing the 
microwave industry. Each micro- 
wave device paper demonstrates 
an acute awareness of the total 
system environment surrounding 
the device. The bulk of the papers 
were contributed by authors from 
the Microwave Device Operations 
Department and Special Electronic 
Components of Electronic Com- 
ponents. 

This close relationship between 
devices and systems is further em- 
phasized by the papers from the 
RCA Laboratories, the Defense 
Communications Systems Division, 
the Advanced Technology Labora- 
tories, and the Missile and Surface 
Radar Division. 

Special thanks go to Herb Wolk- 
stein, Manager of TWT Product 
Design and Editorial Representa- 
tive for the Industrial Tube Division 
at Harrison, N.J., whose careful 
planning and initiative helped 
produce an issue that documents 
RCA's lead position in the rapidly 
changing microwave field. 

Future Issues 

The next issue of the RCA Engineer features 
Microwave Systems. Some of the topics to 
be discussed are: 

Microwave phased -array systems 

Frequency -division multiplex equipment 

Phased -array radars 

Velocity extractor for missile radar 

Millimeter wave applications 

Integrated electronics for microwave systems 

Mobile radio systems 

Microwave phase shifters 

Modern optics 

Discussion of the following therres are 
planned for future issues: 

Interdisciplinary aspects of modern engineering 

Lasers 

RCA engineering on the West Coast 

Linear integrated circuits 

Consumer electronics 

Computerized educational systems 

Computers: the next generation 

Mechanical engineering 
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Legal restraints on the 
exportation of technical 
data an update 
R. J. Modersbach 

An authoritative article on the subject of legal restraints on the exportation of technical 
data, by C. E. Yates, appeared in the RCA Engineer in 1964', and a short note appeared 
later in the year2 outlining several modifications to the restrictions that had occurred 
since publication of the original article. Since that time, other modifications to the 
various export regulations have been made, illustrating the fluid nature of these most 
complex regulations. The purpose of this note is to briefly describe the current regula- 
tions controlling exportation of technical data, and to remind the engineer of their 
importance and broad nature. 

rr HE TWO SETS OF LAWS AND REGU- 

LATtONS most pertinent to the ex- 
portation of technical data are the 
Mutual Security Act of 1954 with its 
Regulations, pertaining to the so- 
called Munitions List, and the Export 
Control Act of 1949 with its accom- 
panying Regulations. The Department 
of State administers the relevant por- 
tions of the Mutual Security Act, 
while the Office of Export Control, 
Department of Commerce, is respon- 
sible for the Export Control Act. The 
underlying Congressional objectives 
in enacting these laws are to protect 
the domestic economy, to further US 
foreign policy, and to provide vigi- 
lance over exports relating to the na- 
tional security. Beyond the scope of 
this note are the requirements relative 
to classified technical data, special 
clearances required by government 
contract, exportation of commodities, 
and restrictions imposed by the Patent 
Act of 1953. 

Technical data 

The definitions given technical data 
are sufficiently broad to permit the 
observation that most technical papers 
written by engineers will comprise 
technical data as will, in many in- 
stances, the subject matter of oral dis- 
cussions involving technical matters. 
Likewise, the definitions given to "ex- 
portation" are equally broad. They 
include: 

Mailing or shipping technical data to a 
destination outside the United States; 
Carrying technical data by hand outside 
the United States; 

Reprint RE- 15 -2 -12 
Final manuscript received May 22, 1969. 

Disclosing technical data through for- 
eign visits by American personnel (such 
as, for example, through foreign visits 
by RCA employees to visit their for- 
eign counterparts or to participate in 
conferences or symposia) ; or 
Disclosing technical information to 
foreign nationals in the United States 
(such as, for example, employees of 
RCA's foreign subsidiaries and RCA 
technical aid licensees, exchange visi- 
tors, plant visitors, attendees at con- 
ferences or symposia, and others who 
are in the United States temporarily 
on some other basis) 

The release of technical data to for- 
eign licensees under RCA technical 
assistance agreements is administered 
by International Licensing. Should 
questions arise concerning written, 
oral or visual communications with 
licensees, such questions should be 
routed through International Licens- 
ing or the Law Department. 

Prior publication exception 

If the material is technical data and is 
intended for possible export, the car- 
dinal question arises: "Can it be ex- 
ported?" Among the many exceptions 
presently contained in the two sets of 
Regulations is one important excep- 
tion which is contained in each and 
which permits the exportation of tech- 
nical data to any country without re- 
striction. This exception relates to 
unclassified data available in pub- 
lished form. Such data can be ex- 
ported when one or more of the fol- 
lowing criteria are met: 

1) Sold at newsstands and bookstores; 
2) Available by subscription or pur- 
chase without restrictions to any per- 

The 
Engineer 

Corporation 

Roger J. Modersbach 
Law Department 
Princeton, New Jersey 

received the AB from the University of Missouri 
in 1958 and the LLB from the University of 
Missouri School of Law in 1963. He practiced 
with the Law Firm of Shughart, Thomson and 

Kilroy in Kansas City, Missouri from 1963 to 
1965, when he joined the RCA Law Department 
in Harrison, New Jersey. Since February 1968, he 

has been counsel for Astro- Electronics Division, 
Graphic Systems Division and the Laboratories. 
He is a member of the Missouri and American 
Bar Associations. 

son or available without cost to any 
person; 
3) Freely available at public libraries; 
4) Data released orally or visually at 
open conferences, lectures, trade shows 
or other media open to the public; or 
5) Granted 2nd class mailing privileges 
by the U.S. Government (applies to 
Munitions List items only). 

This exception, which is appropriately 
termed the "prior publication" excep- 
tion, represents a liberalization of the 
State Department Regulations since 
the appearance of Mr. Yates' articles 
in 1964.'2 At that time, data could not 
be released to Communist -controlled 
countries, whether or not previously 
published, unless a validated export 
license was secured. 
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Purely scientific information 
Another important modification was 
recently made to the Regulations of 
the Office of Export Control. Effective 
January 17, 1969, the three general 
licenses for export of technical data 
(GTDP, GTDS and GTDU) were 
abolished and replaced by two general 
licenses -GTDA and GTDR. The ef- 
fect of general license GTDA is to per- 
mit, without restriction, the export 
of technical data which is exempted 
by virtue of its prior publication or 
which is purely scientific in nature, 
viz., information not directly related 
to design, production or utilization in 
industrial processes. General license 
GTDR, on the other hand, permits 
only certain restricted exportation 
under an exceptionally complex regu- 
latory scheme. Without coverage 

4 

under one of these two general li- 
censes, technical data controlled by 
the Office of Export Control can be 
exported only after a validated license 
from that office has been secured. 

Conclusion 

The above description of the export 
restrictions on technical data is ad- 
mittedly general and limited in scope. 
Its purpose is threefold: 

1) To update an important subject 
which Mr. Yates previously treated in 
great detail; 

2) To make the engineer aware of the 
existence of the myriad and complex 
obligations and requirements which 
are imposed; and, consequently, 
3) To alert all employees who may be 
involved in the exportation of tech- 
nical data that proper guidance and 

approval from the Law Department 
should be secured prior to such 
exportation. 

In many cases, these will be accom- 
plished as a matter of routine by oper- 
ation of applicable major operating 
unit and divisional policies and pro- 
cedures relating to technical reports, 
presentations, etc. Under these pro- 
cedures, the Technical Paper Ad- 
ministrator (TPA) is the focal point 
in initiating and securing required 
approvals. 

References 
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Recent technical books 
by RCA authors 
Presented here are brief descriptions of technical books which have recently been 

authored by RCA scientists and engineers, or to which they have made major contri- 
butions. Readers interested in any of these texts should contact their RCA Technical 
Library or their usual book supplier. For previous reviews of other books by RCA 

authors, see the August- September 1967 and August- September 1968 issues of the 
RCA ENGINEER. RCA authors who have recently published books and who were not 

cited in these listings should contact the editors, Bldg. 2 -8, Camden, Ext. PC -4018. 

The Ionosphere and its Interaction 
with Satellites 

M. A. Kasha 
Research Laboratories 
Montreal 

It is useful to consider this book as com- 
posed of two parts, the first consisting of a 
simplified description of the ionosphere, 
not so much as a physical entity but rather 
as an environment in which some system 
is required to operate. An important con - 
ponent of this part of the book is the series 
of graphs showing the variation with alti- 
tude (out to 100,000 km) of not only the 
basic parameters of the ionosphere, but 
also the derived functions. A chapter giv- 
ing an elementary introduction to the sub- 
ject of the transmission of waves through 
the ionospheric medium can be classed 
with this description of the environment. 
The rest of the book is devoted to a discus- 
sion of the various forms of interaction 
that are possible between the ionospheric 
medium and an artificial satellite. This 
takes into account such problems as the 
surface potential of the satellite, the exist- 
ence of sheaths and wakes about such a 
body, specific problems associated with 
the passage of a satellite through the 
earth's magnetic field, and the behavior of 
antennas in the anisotropic ionospheric 
medium. (Gordon and Breach, Science 
Publishers, Inc., N.Y., tune, 1969) 

MICHAEL KASHA graduated in 1957 
from London University with a BSc in 
Honours Physics. After a short time as 
Lecturer in Mathematics and Physics at 
the Harrow Polytechnic, he joined the 
United Kingdom Energy Authority at Har- 
well, to work in the Controlled Thermo- 
nuclear Reactions Division. There he was 
engaged on plasma physics studies, which 
work was continued, in 1961, at the Cul- 
ham Laboratory of the UKAEA, where he 
worked on Tarantula, an experiment using 
a 100 kV, 100 kilojoule machine. Mr. 
Kasha joined the Research Laboratories of 
RCA Limited in 1964, at which time was 
engaged on studies of satellite interactions 
with the ionosphere, using simulation 
techniques in the Laboratory. He has since 
continued in the field of satellite technol- 
ogy and space science, with reference to 
various satellite systems, especially the 
ISIS series of satellites. He is an Associate 
of the Institute of Physics (UK) and a 
Member of the American Geophysical 
Union. 

An Introduction to the Luminescence 
of Solids 

Humbolt W. Leverenz 
Laboratories 
Princeton, N.J. 

Observations regarding luminescent mate- 
rials are hundreds of years old. However, 
an understanding of the process of lumines- 
cence (as contrasted to the emission of 
light due to temperature) has been reached 
only within the last 30 years. The pres- 
ent volume is particularly important in 
gathering, integrating and evaluating these 
data, offering a consistent system of ter- 
minology, notations, and definitions. Not 
simply an encyclopaedia of phosphors, it 
is an easily followed introduction to the 
area in terms of preparations, composi- 
tions, structures, and physical character- 
istics. Although this book is intended for 
science graduates and nonspecialists in 
luminescence, it will be useful as a text in 
training future specialists and in aiding 
scientists who wish to use phosphors for 
detecting radiation, (This Dover edition, 
first published in 1968, is an unabridged 
and corrected republication of the work 
first published in 1950 by john Wiley & 
Sons, Inc.; price $4.50). 

HUMBOLDT W. LEVERENZ graduated 
from Stanford University in 1930 with the 
BA. He studied Physics and Chemistry as 
an exchange fellow of the Institute of In- 
ternational Education at the University of 
Muenster, Westphalia, Germany, from 
1930 to 1931. He joined the Electronic 
Research Group at RCA in Camden, N.J. 
as a chemicophysicist in 1931. In 1938, he 
transferred to RCA in Harrison, N.J., and 
in 1942 to RCA Laboratories at Princeton, 
N.J., where he has been in charge of re- 
search on electronically active solid mate- 
rials. In 1954 he was named Director, 
Physical and Chemical Research Labora- 
tory. In 1961 he was appointed Associate 
Director of RCA Laboratories, a post he 
held for five years, when he became a Staff 
Vice President in 1966. Mr. Leverenz is a 
Fellow of the American Physical Society, 
the Optical Society of America, the IEEE, 
the American Association for the Advance- 
ment of Science, and the American Chem- 
ical Society. He is a member of the Swiss 
Physical Society, Sigma Xi, and Phi 
Lambda Upsilon. He has been issued 67 
patents for his inventions, and has written 
many technical and educational articles. 

Optical Properties and Band 
Structure of Semiconductors 
David L. Greenaway I Gunther Harbeke 
RCA Laboratories, Zurich, Switzerland 
(photographs and biographies of the authors were 
not available for this issue). 

An introduction, from the experimental 
viewpoint, to the study of the deep -lying 
energy -band structure of semiconductors 
from investigations of their optical prop- 
erties. For the sake of completeness, there 
is some discussion of the theoretical con- 
cepts behind the experimental work, e.g, 
theory of interband transitions, group 
theoretical considerations, and classifica- 
tion of electronic states. Potential reader- 
ship extends over solid state physics and 
electronics, materials science and theoreti- 
cal physics. International Series of Mono- 
graphs in the Science of the Solid State - 
Volume 1. (Published by Pergamon Press, 
Ltd., Elmsford, N.Y., 1968; price $9.00). 

Planning for Effective Utilization of 
Technology in Education 

Dr. W. R. Bush 
(contributor) 
Instructional Systems 
Palo Alto, California 

This volume is the sixth in a series pre- 
pared and edited by Edgar L. Morphet and 
David L. fesser who are directors of 
"Designing Education for the Future: an 
Eight -State Project" which is funded by 
ESEA, Title V. Dr. Bush contributed a 
chapter entitled, "Systems Analysis: A 
Method for Logical Decision -Making" 
(Bradford Printing, Denver, Colorado, 
1968; price $2.00). 
W. R. BUSH, Manager of Educational 
Research and Planning for the Instruc- 
tional Systems Division, received the AB 
and MA from Brown University and the 
PhD from the University of Rochester in 
1954. On the faculty at the University of 
Rochester, he taught graduate and under- 
graduate courses in Physiology and Psy- 
chology, and directed a research program 
in Aerial Reconnaissance for the Air 
Force. Dr. Bush joined RCA in 1956 and 
has held a series of positions in Defense 
Electronic Products from that date until 
1967. In January, 1967, Dr. Bush 
joined RCA Instructional Systems where 
he has been responsible for studies in- 
volving the use of data processing systems 
in instruction and school administration, 
for developing functional specifications 
for instructional systems products which 
incorporate the requirements and needs of 
the education community, and for the 
preparation and implementation of study 
and research contracts. 

Forward Edge in American 
Education, Book I: The New System 
Dr. W. R. Bush (contributor) 
(photograph and biography are given above) 

This volume represents a series of papers 
discussing education and the applications 
of technology and has largely been sup- 
ported by the Office of Education. Dr. 
Bush contributed a chapter entitled, 
"Applications of Systems Management" 
(National Center for Educational Inno- 
vation, Tempe, Arizona). 
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Microwave operations 
an introduction 
W. G. Hartzell 

PECIAL ELECTRONICS COMPONENTS 

AND THE MICROWAVE DEVICES OPER- 

ATIONS DEPARTMENT were born into 
RCA Electronic Components with a 
rich heritage of materials and process- 
ing technology. This technology has 
been vital to our growth and technical 
success. Only with this foundation - 
which also developed such revolution- 
ary components as the camera tube 
and the color picture tube -could we 
have come as far as we have, and have 
so many promising prospects for future 
achievement. 
In our fast -moving era, however, we 
cannot rely on what we already know. 
We must continue to innovate, using 
both our existing technologies and 
new ones synergistically, to produce 
new components and to attain higher 
standards of component performance. 
I see this as the mission of the Micro- 
wave Devices Operations Department 
and Special Electronic Components 
and I have attempted to provide that 
type of direction. The articles in this 
issue illustrate quite well this approach 
to the development of components. 

Microwave components, for example, 
have always required the intimate 
coupling of the active component with 
the passive circuit. Only when this 
coupling was achieved in such devices 
as the klystron and magnetron, and 
later in the traveling -wave tube, could 
the microwave age begin. So the older 
technologies of the vacuum tube were 
blended with the newer microwave 
circuit technologies to create new de- 
vices and higher standards of compo- 
nent performance. 

This necessary blending of the two 
technologies, however, brought on 
additional technical challenges. Pri- 
marily, it did away with our ability to 
design broadbased components, the 
plug -ins, so to speak. Each component 
had to be designed with the ultimate 
user in mind, because there is no such 
thing as an all- purpose circuit. And, lo, 
we were now required to be in the 
circuit business. 
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This need for making specific devices 
for specific customers brought us 
closer to system problems and put us 
squarely in the middle of strange new 
interfaces. Our next step was to be- 
come more expert in the technologies 
of system packaging, power supplies, 
and modulators. We also had to be- 
come more sophisticated in the envi- 
ronmental and space sciences. In some 
cases, we solved technical and finan- 
cial problems by supplying integral 
power supplies and control circuits 
directly with the component. 

In the non -technical aspects of the 
business, there have had to be parallel 
adjustments and accommodations. The 
salesman no longer has his catalog and 
his warehouse stock list. His catalog 
is the past accomplishments of our 
business and his stock is the technol- 
ogy and fast response of our opera- 
tions personnel. He describes our 
technological capabilities to the cus- 

tomer, and once again we adjust and 
innovate to satisfy new needs. 

In many respects, our relationship 
with the customer has changed to one 
of junior partner rather than vendor. 
This new relationship compels us to 

run a customer's development pro- 
gram at his pace, but not necessarily 
at our optimum pace. 

Just as our operations have success- 
fully blended the two technologies - 
that of the older vacuum tube and that 
of the new microwave tubes -we are 
now offering industry and the govern- 
ment new, useful, economically pro- 
duced components that are the result 
of the newer technologies of the micro- 
wave solid -state art, thermoelectricity, 
and superconductivity. This process of 
technological change is the great vital- 
ity of the components business. This 
change must begin here and continue 
here if the electronic industry is to 
achieve its full potential. 

I am proud of the accomplishments 
of our engineers told in the following 
articles and hope this introduction will 
add to your perspective and under- 
standing as you read on. 

William G. Hartzell, Mgr. 
Microwave Devices Operations Department 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the MSEE from Lehigh University and the 

BS in Physics from Franklin and Marshall College. 
From the time he joined RCA in 1950, he has had 

a number of varied assignments. As an engineer 
in the Industrial Tube Products Division in Lan- 

caster, Pa., he worked on the design and develop- 

ment of test equipment. As a manager in the same 

division in Marion, Ind., he was responsible for 

establishing a reliability engineering group and 

reliability and control procedures. Back again in 

Lancaster, he became an administrator in the 

Power Tube Product Planning group. His next 

assignment was as administrator of Market Plan- 
ning for the Microwave Tube Operations Depart- 
ment in Harrison, N.J. He then moved up to the 

post of Manager of Product Operations of the De- 

partment. In this capacity, he directed a staff 
engaged in planning and exercising production 
controls and in the manufacture of RCA pencil 
tubes, magnetrons, traveling -wave tubes, and solid - 
state microwave devices. Mr. Hartzell was recently 
appointed Manager of the Microwave Devices Op- 
erations Department. Some of the products de- 
signed and manufactured by the Department were 
and are used in such equipment as weather radar, 
ground microwave relay equipment, satellite trans- 
mitters (the Relay satellite), airborne electronic 
countermeasures equipment, and the voice trans- 
mitters of the Project Mercury astronauts. Other 
products are used in missiles and electronic count- 
ermeasures systems, and still others are being pre- 
pared for use in the coming Apollo moon project. 
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A review of microwave 
devices and their applications 
F. E. Gehrke 

This paper provides a survey of the microwave field in historical form. Starting first with 

the gridded tubes of the World War II era through magnetrons, TWT's, and amplitrons 
to some of the recent (and future) developments in solid -state microwave devices. This 
treatment serves well as an introduction to many of the microwave papers in this issue. 

HE TREND OF FREQUENCY SPEC- 

TRUM UTILIZATION has been pro- 
gressing upward in an exponential 
manner over the past 50 years. Micro- 
waves first experienced widespread use 
in 1940 through the use of radar and 
the development of the magnetron. 
Initially associated with the military 
needs of World War II, microwave 
systems have today become a necessary 
medium for commercial and industrial 
applications, as well as military uses 
in communications, surveillance, guid- 
ance, navigation, telemetry, and a host 
of others. 

Table I lists major active microwave 
devices. Tubes predominated as 
sources of microwave energy at all 
power levels and frequencies until 
about 1960. During this time, practi- 
cally all microwave systems were used 
by the military. The rapid technologi- 
cal advances in transistors and other 
solid -state devices, primarily varactors 
and tunnel diodes, opened the micro- 
wave spectrum to these devices and 
thus set the stage for the surge in 
microwave system developments, both 
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commercial as well as military, which 
is under way today. 

Table II lists the major military appli- 
cations of microwaves, which span the 
many types of radars and ECM systems 
at frequencies covering L -band (1000 
to 2000 MHz) to X -band (8000 to 
12,000 MHz) , as well as a variety of 
IFF and communications systems. 

Table III shows the applications of 
microwaves in a rapidly growing com- 
mercial /industrial market. Major non- 
military uses of microwaves include 
avionics systems such as weather- avoid- 
ance radar, air-traffic-control trans- 
ponders and interrogators, and the 
soon- to -be- operational collision- avoid- 
ance systems for all commercial and 
general aviation carriers. Non -avionic 
commercial applications of micro- 
waves for food processing and con- 
trolled heating for a variety of 
industrial processes will lead to an 
industrial revolution in microwaves ex- 
pected during the next decade. 

Gridded tubes 
In the decade beginning with World 
War II, vacuum tubes of many shapes 
appeared on the electronic scene; each 

Forrest E. Gehrke, Mgr. 
Market Planning 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the BSEE from the University of Wisconsin 
in 1944 and the MSEE from the Brooklyn Poly- 
technic Institute in 1946. He joined the RCA Micro- 
wave Devices Operations Department in 1962 as 

Manager, Market Planning. He is responsible for 
market planning for pencil tubes, magnetrons, 
traveling -wave tubes, and solid -state microwave 
devices. Prior to joining RCA, Mr. Gehrke was em- 
ployed at Sylvania from 1944 to 1961 as an Engi- 
neer and Engineering Leader on the design and 
development of fuze tubes and subminiature tubes 
as Section Head of a manufacturing group produc- 
ing subminiature tubes, microwave planar tubes, 
and reflex klystrons; as Plant Manager for magne- 
trons, planar, and TR tubes; and as Division 
Marketing Manager for Microwave tubes. While 
employed at Sylvania, Mr. Gehrke received six pat- 
ents on his work. Mr. Gehrke is a senior member of 
the IEEE. 
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Fig. 1 -State of the art in bulk devices compared with varactors and transistors. 

Table I -Types of microwave devices. 
Tubes 
Gridded tubes 
Magnetrons 
Klystrons 
Traveling -wave tubes 
Backward -wave oscillators 
Carcinotrons 
Amplitrons 
Crossed -field amplifiers 
Solid -Slate Devices 
Transistors 
Tunnel diodes 
Varactors (frequency multiplier -paramp) 
Gunn devices (TEO's) 
Avalanche (IMPATT) diodes 
Step- recovery diodes 
Hot carrier diodes (Schottky barrier) 
PIN diodes 

shape was intended to improve tube 
performance or integration into the 
microwave system. Early techniques 
for adapting tubes to microwave sys- 
tems involved the transition from the 
standard octal- socketed tube to dou- 
ble -ended tubes and then to tubes in 
which the internal elements were 
brought out in a most direct manner 
to sleeves and cylinders in order to en- 
chance high -frequency performance 
by reducing electron transit time, in- 
ternal inductance, and capacitance. 
The acorn, lighthouse, and pencil 
tubes, in all of which RCA played a 
leading part, are examples of this evo- 
lution of the gridded microwave tube. 

8 

The RCA pencil tube, developed at 
Harrison and first appearing in 1949, 
is typical of triodes used at low power 
levels from UHF through C -band. Ap- 
plications for these tubes included the 
ARC -34 Airborne Radio Communica- 
tions equipment operating in the 225 - 
to- 400 -MHz frequency range and the 
AMT -4 radiosonde weather tele- 
metry transmitter used in the 1660 - 
to -1700 -MHz range. 

Magnetrons and klystrons 
While these developments were taking 
place with gridded tubes, other avenues 
were also being followed. The need to 
generate and amplify microwaves to 
higher frequencies at higher power 
brought on to the scene in rapid se- 

quence magnetrons and klystrons. 
These tube designs carried the work 
going on with gridded tubes one step 
further: the tuned circuit into which 
they operated was made an integral 
part of the tube structure. They de- 
parted from gridded tubes in a most 
important aspect: instead of transit 
time being a limitation upon upper 
frequency and power of operation, 
transit time was used to advantage by 
devising structures for increasing the 

interaction time for the tuned circuit to 
act with the stream of electrons. 

The magnetron, basically a single -fre- 
quency free -running oscillator, has high 
pulsed -power capability at high ef- 
ficiencies and is still the lowest -cost 
(dollars per kilowatt) transmitter tube 
in the microwave field. These devices 
can be mechanically tuned over a 10% 
to 15% bandwidth. 

The high -power form of the klystron 
is used mostly as an amplifier to high 
power levels, pulsed or cw, where ab- 
solute control over frequency or phase 
is retained by lower -level stages. Ef- 
ficiencies are good, but not as high as 
those of the magnetron; frequency and 
power -handling capabilities are about 
the same. The klystron, however, can 
be electronically tuned over approxi- 
mately a 20% bandwidth. 

The reflex klystron is a specialized ver- 
sion of the klystron which operates 
only as an oscillator. It is highly fre- 
quency stable and is capable of being 
designed to operate at a very high 
microwave frequency. It can also be 
electronically tuned, but only over a 

relatively restricted range (5 °,%o). 
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Table Il- Military microwave systems. 

Radar 
Fire control 
Search 
Early warning 
Acquisition 
Guidance 
Terrain avoidance (altimeters) 
Mortar and personnel locating 
Beacons 

ECM (electronic countermeasures) 
Evasive 
Jamming 
Deceiving 
Decoy 
ECCM 
IFF (Identification - friend or foe) 
Interrogators (airborne, ground, shipboard) 
Transponders (airborne -hand carried) 
Surveillance receivers 
Altimeters 
Data Link and Telemetry 
Rocketsondes -Radiosondes 
Communications 
Satellite 
Radio relay 
Troposcatter 

TWT's and backward -wave 
oscillators 
The traveling- wave -tube amplifier and 
its close relative, the backward -wave 
oscillator, were the next devices on the 
scene to turn the previous limitations of 
transit time to greatest advantage. The 
helix -type interaction circuit used in 
most low- power -level TWT's, being non - 
resonant, is limited in instantaneous 
frequency coverage only by the ability 
of the designer to devise input and out- 
put coupling circuits of sufficient band 
pass. Practical limitations allow an oc- 
tave, although TWT's with two and even 
three -octave bandwidths have been 
built. Gain also is high, and is limited 
only by the ability of the designer to 
suppress coupling of energy from the 
output back to the input. Most TWT's 
are designed for 30 to 40 dB of gain; 50 
to 60 dB can be obtained over a more 
restricted bandwidth. 

The backward -wave oscillator is basi- 
cally a TWT in which coupling from the 
output is allowed to re -enter the output. 
Although it is not as frequency stable as 
the reflex klystron, its advantage is its 
ability to rapidly sweep electronically 
an octave range of microwave 
spectrum. 

Carcinotron and amplitron 
The carcinotron and amplitron are 
basically special variations of the mag- 
netron. The carcinotron is an electron- 
ically tunable high -power oscillator. 
Tuning speed is limited, and band- 
widths are about 15 %. 

The amplitron can best be compared 
to a locked oscillator in which output 

Table Ill- Commercial Industrial microwave 
systems. 
Radio relay 
Television 
Phone 
Teletype 
Radar 
Weather avoidance 
Traffic control 
Surveillance (airport) 
Intrusion alarms 
Radiosondes- Rocketsondes 

Telemetry 
Transponders- interrogators 
Distance measuring equipment 
Altimeters 
Collision -avoidance systems 

Test equipment 
Communication satellites 
Accelerators (particle) 
Industrial heating 
Food processing 
Material processing 
Home kitchen appliances 
Cooking 
Fast thawing 

varies with the amplitude of the injec- 
tion frequency. Phase variations are 
not followed, however, and therefore 
the output is not a faithful replica of 
the input. Gain is about 15 dB; power 
levels are measured in kilowatts and 
bandwidths are 10% to 15%. 

Solid -state devices 

The development of high -frequency 
transistors, particularly the interdigi- 
tated and overlay types, in the early 
1960's made solid -state microwave de- 
vices a reality. While they were initially 
employed in low- frequency (below 
1000 MHz) low -level cw applications, 
these devices competed very effectively 
with small gridded tubes in applica- 
tions where size, warmup, power - 
supply simplicity, and long life were 
important system considerations. Al- 
though they did not outperform vacuum 
tubes in efficiency, cost, and environ- 
mental capability, solid -state devices 
nevertheless began to carve their 
unique niche in microwave systems. 

Varactors and tunnel diodes 

Close on the heels of UHF and micro- 
wave transistor development came 
technological advances in varactors 
and tunnel diodes. Varactors with ex- 
tremely high cutoff frequencies allowed 
the design of transistor and varactor 
frequency multipliers to achieve micro- 
wave power not yet attainable through 
the use of transistors alone. Transistor - 
oscillator multipliers (TOM's) are now 
being used as sources of microwave 
power at frequencies between 2000 and 
16,000 MHz for local oscillators and 

low -level cw transmitters (phased ar- 
ray, portable radars and homing de- 
vices, beacons, intrusion alarms, and 
rocketsondes) where they compete 
with triodes and reflex klystrons. Con- 
tinued rapid developments in transis- 
tors and varactors are advancing power 
capabilities of these devices at any par- 
ticular frequency at about 3 dB per 
year. 

Tunnel -diode amplifiers find extensive 
use as low- noise, broadband amplifiers 
in many radars and radio -relay links. 
Their small size and relatively simple 
circuitry make them a very attractive 
substitute for the more expensive and 
complicated parametric amplifiers and 
traveling -wave tubes for microwave re- 
ceivers in which their restricted dy- 
namic range can be tolerated. 

Bulk- effect and avalanche devices 

Newest solid -state stars in the micro- 
wave firmament are the bulk and 
avalanche devices such as Gunn -effect 
and avalanche (IMPATT) oscillators. 
These devices promise to revolutionize 
the microwave industry because they 
not only represent the simplest, most 
economical method of obtaining micro- 
wave energy but also hold promise for 
achieving truly monolithic microwave 
integrated circuits of extreme minia- 
turization and reliability. Current state - 
of- the -art bulk devices and a 

comparison of transistor and varactor 
capability are shown in Fig. 1. 

Hot -carrier diodes 

Hot-carrier (Schottky barrier) diodes 
are a recent development in low -noise 
devices which are finding increased 
usage in low -noise mixer applications. 
These diodes are replacing tunnel - 
diode amplifiers and parametric ampli- 
fiers in many microwave systems 
because of their low cost, simplicity, 
and reliability. The current state- of -the- 
art in hot -carrier diodes is 5.5 to 6.0 
dB noise figure in S -band. 

PIN diodes 

PIN (p- intrinsic -n) diodes are used in 
fractional- microsecond switching in 
phased arrays for antenna switching at- 
tenuation and limiting applications. 
Such devices are superior to conven- 
tional switching devices; a typical PIN 
diode switch possesses 80 -dB isolation 
between ports and 2 -dB insertion loss 
and 15- nanosecond switching time. 
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Organizing effectively to 
resolve system /subsystem 
interfaces 
W. E. Breen I H. K. Jenny 

Increasing system complexity and progress in circuit integration technology are 
pushing the interface between the system and component designer deeper and deeper 
into the system. This evolution requires increased cooperative efforts between system 
and component designer, as illustrated by very dynamic interface movement. This 
trend, as shown in this paper, is not limited to young and new technologies, but is 

equally applicable to mature product lines when sufficient initiative is shown to remain 
competitive. 

ODAY'S AFFLUENT SOCIETY 1S SUp- 

I porting the continued rapid expan- 
sion of technology in its quest for 
higher and higher living standards. 
The equipment designer of yesterday 
who surrounded himself with a host of 
component catalogs from which he 
chose the most suitable, standard, off - 
the -shelf building blocks has given way 
to the highly specialized systems re- 
searcher and developer thinking in 
terms of black boxes or functions 
which comprise his vast and sophisti- 
cated systems. He is no longer able to 
involve himself in all the details down 
to the individual component level, but 
seeks "functions" or black boxes capa- 
ble of fulfilling specific and usually 
rather complex tasks. 

The component designer, on the other 
hand, is now deeply involved in utiliz- 
ing a new complex technology in corn- 
bining many individual components 
into "integrated circuits ", such as those 
shown in Fig. 1, which are capable of 
performing complex functions. Thus, 
the task of both system and component 
designers has become more complex. 

Microwaves -integrated circuits 
through necessity 

The microwave tube engineer has been 
involved in "integrated circuits" for the 
past twenty -five years. Microwaves, 
covering very high frequencies where 
circuit dimensions become comparable 
to wavelengths, were confronted by the 
problem of parasitic elements in their 
early childhood. Because it was not 
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practical to decrease the size of the 
elements utilized, the only solution to 
this problem was to combine the tube 
elements proper with the key circuit 
elements. The now well -known micro- 
wave tubes such as magnetrons, klys- 
trons, wave tubes, and other special 
devices were all functional oscillators 
or amplifiers containing tube and cir- 
cuit in one indivisible envelope. They 
greatly facilitated the task of the 
equipment designer; on the other 
hand, because of the limitations of the 
built -in circuits, they were highly lim- 
ited in their usefulness. For example 
(although at lower frequency) a tube 
could be used as an oscillator for any 
application in the range from audio to 
high frequencies; yet many magnetron 
types were needed to cover a range of 
several octaves in the microwave band. 

Microwave tube engineers were thus 
among the pioneers of the "function" 
or "integrated- circuit" concept. The 
wide gamut of work ranging from ma- 
terials technology through process de- 
velopment to circuit design and systems 
understanding has been a highly moti- 
vating force attracting top scientific 
and engineering talent and providing a 

most challenging field of endeavor in 
the microwave area. 

The following examples illustrate how 
several microwave operations are ser- 
ving the systems designers by supplying 
them with applicable subsystems. 

Microwave solid -state devices are new 
and young, pushing the state of the art 
and very much in flux. In this opera- 
tion, the creative applied research and 
development engineer plays the lead- 

ing role. The moderately mature 
traveling- wave -tube product line re- 
quires the incorporation of new char- 
acteristics to fulfill very specific system 
performance needs which put the prod- 
uct design engineer into focus. The 
mature pencil -tube line covering coax- 
ial microwave triodes matches avail- 
able experience and customer needs 
and thus puts the customer service en- 
gineer into a key role. 

Microwave subsystems - 
general requirements 

The change of product from a standard 
component to a subsystem means that 
the interface between system and com- 
ponent designer has moved deeper into 
the system by a substantial amount. 
Fig. 2 shows, as an illustrative example, 
the evolution of a radar system. 

The interface is not a well -established, 
fixed boundary, but a rather dynamic 
one which must be defined in every 
application and has a tendency to move 
as the system develops and new prob- 
lems appear. 

The task of adequately describing the 
interface is now one of the major and 
most important tasks of the com- 
ponent designer and a major contribu- 
tor to the success of the program. 
Accuracy in describing the desired 
function, determined by an understand- 
ing of the system and its operation, has 
more bearing on cost and time required 
to develop a usable product than tech- 
nical difficulties. 

A close relationship between system 
and component designer characterized 
by good communications, respect, and 
trust represents the real key to success- 
ful performance. 

A most important factor in the success- 
ful interplay is the realization that the 
interface represents a dynamic bound- 
ary which may move rather substan- 
tially during the development phases. 
The interface change may result from 
improvements in system concept or de- 
sign, elimination of unexpected prob- 
lems, or new requirements, or it may be 
caused by a change required by the sub- 
systems designer to improve perfor- 
mance, reduce cost, increase reliability, 
etc. Only excellent communication be- 
tween system and subsystem designer 
allows satisfactory control over the in- 
terface. Interface changes are often 
dictated by the necessary compromise 
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between required performance and 
available time and funds. 

Microwave solid -state subsystems 

The microwave solid -state art is still 
very young and is moving rapidly for- 
ward. A typical characteristic of this 
stage of evolution is that of the systems 
designer visualizing all of the advan- 
tages of performance published from 
laboratory data suddenly being avail- 
able as a mature, proven product. The 
result is very often disillusionment and 
sometimes even the resubstitution of a 
tube for a solid -state device. 

In this environment, the role of the 
mature component manager and en- 
gineer is the key to the successful de- 
velopment of the useful function or 
subsystem (rather than standard com- 
ponent) which allows the system en- 
gineer to evolve not only a newer, but 
a better operating system. A rather 
well- operating method allowing suc- 
cessful introduction of very new and 
advanced subsystems has been devel- 
oped, as shown in Fig. 3, and can be 
described as follows. The component 
manufacturer has three activities work- 
ing as a unit: 

1) Microwave Applied Research 
(MAR) , a function staffed with creative 
and highly motivated scientists backed 
with the necessary facilities and sup- 
portive staff. Very specific areas are 
vigorously pursued and the state of art 
is constantly being advanced.' 
2) Microwave solid -state device or sub- 
systems product development, a func- 
tion staffed with product- oriented 
engineers (motivated to develop eco- 
nomic, reliable, systems- oriented prod- 
ucts) and strongly supported by 
customer -oriented applications engi- 
neers. 
3) Manufacturing, a function capable 
of producing complex subsystems eco- 
nomically upholding pertinent corn- 
ponent and quality control. 

The first technical contact between the 
customer designing a new system and 
the Microwave Applied Research 
(MAR) member usually keys the major 
decision. Having understood the cus- 
tomer's requirements, MAR will, based 
on the advanced efforts going on in its 
laboratories, recommend a specific ap- 
proach to fulfill these needs. If the cus- 
tomer is reasonably convinced that this 
high -quality technical center is avail- 
able and capable of helping him, an ap- 
proach will evolve in an atmosphere 
of mutual respect and trust which will 
yield the most desirable interface. A 

Hans K. Jenny, Mgr. 
Solid State Devices Operations 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the MSEE from the Swiss Federal Insti- 
tute of Technology in 1943. He was then asso- 
ciated with the Institute as assistant professor, 
where for a period of two years he did research 
work on klystrons and reduction of their noise 
figure. Mr. Jenny joined RCA in 1946 and was 
given the responsibility for the development of 
CW magnetrons and frequency -modulating 
schemes for magnetron oscillators. In 1950, he 

was promoted to engineering manager which he 
held until 1965. In this responsibility he covers 
the development of magnetrons, traveling -wave 
tubes, backward -wave tubes, pent I tubes, special 
microwave tubes, tunnel oscillators, amplifiers 
and downcoverters, transistor oscillators and 
amplifiers, varactor multipliers and tuners, and 
laser modulators and detectors. In this present 
position, Mr. Jenny is responsible for applied 
research, advanced development. product en- 
gineering, and manufacturing of microwave solid - 
state components, devices, and subsystems. 
These products cover microwave solid -state power 
sources and amplifiers including transistor oscil- 
lators and amplifiers, varactor multipliers, Gunn 

oscillators, tunnel -diode amplifiers, ferrite compo- 

nents, microwave integrated circuits, and subsys- 
tems comprised of many components. Mr. Jenny 
holds a dozen patents in the fields of magnetrons, 
cavity tuning and modulation, crossed -field ampli- 
fication, and radar systems. He has publications 
in many areas pertaining to microwave devices. 
He is a Fellow of the IEEE. 

W. E. Breen, Mgr. 
Pencil -Tube Components and Subsystems 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
joined RCA in Harrison, N.J. in 1942 from a 

financial management position with the Com- 
monwealth of Pennsylvania. From 1942 through 
1953, he assisted in the planning and implemen- 
tation of the Lancaster facility, specializing in 

managerial positions in the Power Tube Depart- 
ment. In 1954, he was selected for a managerial 
position responsible for new product planning 
and manufacturing of color picture tubes. In 

1957, he accepted a managerial position in the 
Microwave Devices Department and was subse- 
quently responsible for the planning and imple- 
mentation of a traveling- wave -tube manufacturing 
facility. In 1961, he was assigned the complete 
management responsibility for the planning, en- 
gineering, and manufacturing of pencil -tube com- 
ponents and subsystems product line. 

program is then developed leading 
from conception of the function, 
through breadboard and prototype to 
final design and production phases. 

Example No. 1- weather radar 

New subsystems keep weather radar 
equipment in leading competitive role. 
The creative cooperative working re- 
lationship between systems and com- 
ponent (subsystems) organization is 

illustrated by the example of the RCA 
weather radar systems (starting with 
the AVQ -10 and evolving into the 
new AVQ -30) . 

When these systems were first devel- 
oped, about 15 years ago, the compo- 
nent manufacturer developed a long - 
life magnetron substantially better (by 
more than an order of magnitude) than 
any product available at that date to 
give the system one of its distinctive 
advantageous characteristics. 

After a few years of successful life, a 
tunnel -diode amplifier, which could be 

Fig. 1- Comparison of products 
supplied by the component man- 
ufacturer yesterday and today. 
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Fig. 2- Evolution of a radar system. 
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Fig. 3- Interplay between system and com- 
ponent supplier: 1) systems concept and 
early design; 2) development of subsystems 
prototype;3)development of final subsystem; 
4) production of final subsystem. 

retrofitted into the equipment, was 
supplied to increase the system value 
through enhanced sensitivity and 
range. Lately, the system has been 
thoroughly modernized and a new sub- 
system, a high -power solid -state switch, 
has been added to eliminate the use 
of a gas TR (one of the major remain- 
ing causes of failure) and to increase 
substantially the system life and relia- 
bility. Replacement of the local oscil- 
lator with a TEO (transferred -electron 
oscillator) subsystem is planned. These 
new subsystems are shown in Fig. 4. 
Modern integrated system modules for 
the receiver function are presently 
evolving in the subsystems designers' 
minds as continuing contributions to 
keep RCA weather radar systems num- 
ber one in the business and further ex- 
tend their usage and life. 

Example No. 2- component supplier provides 
complex function 

Subsystems of higher complexity can 
be illustrated by the solid -state power 

sources used in the LM (lunar excur- 
sion module) and in a missile system'. 
In the case of the LM power sources, 
four slightly different subsystems rep- 
resent the nucleus of the radars that are 
used as altimeters, velocity sensors, 
rendezvous functions, and transpon- 
ders. The missile local oscillator is an 
electronically tunable subsystem capa- 
ble of full specified performance over 
a most adverse environment. In these 
applications, the systems designers 
were faced with extremely demanding 
performance requirements and most 
rigid environmental and reliability 
needs. These goals could best be met 
by breaking the system down into 
manageable, self- contained functions 
which could be adequately specified 
and evaluated. 

In the case of the LM power sources, 
four slightly different subsystems that 
represent the nucleus of radars are 
used as altimeter, velocity sensor, ren- 
dezvous function, and transponder. 
The missile local oscillator is an elec- 
tronically tunable subsystem capable of 
full specified performance over a most 
adverse environment. 

During the early development of these 
subsystems, the function requirements 
increased rather substantially from 
those foreseen at the outset of the pro- 
grams. The interface negotiation be- 
tween system and subsystem functions 
was quite dynamic and extended over 
most of the development period.' Fig. 
5 shows these subsystems. 

Pencil -tube subsystems 

The pencil -tube product line is techni- 
cally highly developed and vaunts a 
mature and long -established lineage of 
coaxial microwave triodes. With a 
solid engineering foundation, featuring 
economy and reliability, the pursuit of 
subsystems development was able to 
follow the shortest course to meeting 
the system designer's needs. A useful 
product was achieved with a minimum 
of original design and experiment. 

Success was primarily attained through 
a complete shakedown of the existing 
organizational structure, which cen- 
tered around the manufacturing ac- 
tivity, to one which established the 
customer -service engineer in the role 
of program manager, as shown in Fig. 
6. The key concept was the placement 

of the customer in the primary decision 
responsibility and the pencil -tube op- 
eration in the reactive role. 

In his move to the forefront, the 
customer -service engineer assumes as 
his fundamental responsibility that of 
determining the customer's needs. 
From this base, he proceeds to defining 
the technical objectives of the program: 

Accurately estimating the magnitude of 
the interface problem; 
Establishing the interface responsibility 
between system and subsystem manu- 
facturer and keeping liaison between 
these organizations; 
Developing product specifications and 
evaluating the performance against the 
program objective; 
Providing mutual technical assistance 
and assuring continued compatibility 
with the systems dynamic needs and 
problems; and 
Documenting the test and performance 
criteria and establishing the quality -con- 
trol system required to insure unremit- 
ting performance. 

The design engineer makes no uni- 
lateral attempts to enter new product 
areas, but instead finds his primary 
assignments to be reactions to the 
customer -service engineer. Highly crea- 
tive pioneer effort becomes secondary 
to rapid, economical development of 
useful prototypes. His success is mea- 
sured by the number of starts required 
to demonstrate a product that can be 
moved into an early fabrication cycle 
without having to be phased through a 

special model shop or lab. Throughout 
this process, the customer -service en- 
gineer remains the responsible coordi- 
nator between the customer and 
engineering. 

Upon achievement of the desired per- 
formance, the design engineer com- 
pletes the product documentation and 
turns the project over to the production 
engineer. The production engineer, in 
addition to his normal control of cur- 
rent volume product, has production 
development responsibilities for all 
new and /or modified products. He re- 
acts rapidly to implement the necessary 
methods, facilities, and personnel skills 
to supply either pilot or production 
quantities. All his activity requires 
evaluation and approval from the 
customer -service engineer. 

The manufacturing group finds its 
initial task easier because it has fur- 
nished the early support to the design 
engineer. The team effort of the pro- 
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duction engineer assisting the design 
engineer and the use of the resources of 
the manufacturing group in place of 
the lab facilities allows expeditious and 
economical transfer of responsibility. 
The customer -service engineer still con- 
trols the project by monitoring the 
technical competence of manufacturing. 

Example -pencil -tube transponder 
subsystem 

The Pencil Tube Operation had vast 
experience in the manufacture of cw 
cavity oscillators for the well -known 
"weathersonde" and from this base had 
developed an excellent pulsed ceramic 
oscillator capable of a high rate of 
modulation and narrow pulse opera- 
tion.' A project involving this product 
with a customer's needs showed the ad- 
visability of moving the interface 
deeper into the system. 

During the early stages of the system 
development, serious problems arose 
as a result of antenna output loading, 
and the frequency stability and pulse 
shape of the oscillator were adversely 
affected. A study of the problem by 
the subsystem design engineer re- 
sulted in the development of a buffer 
amplifier between the oscillator and the 
antenna. Output loading was elimi- 
nated, power output was markedly in- 
creased, and improved pulse and fre- 
quency stability resolved the initial 
problem. 

At this time, unanticipated changes 

B+ FILTER 

RF OUTPUT 

WAVEGUIDE 
FILTER 

were made in the system requirements, 
but the close relationship and mutual 
assistance atmosphere that existed with 
the customer led to the rapid introduc- 
tion of temperature- compensation ma- 
terials into the oscillator. In addition, a 
DC choke was phased into the amplifier 
cathode circuit to provide improved 
centering of the risetime. The interface 
had moved even deeper into the system. 

A serious mating problem between the 
oscillator -amplifier chain and the mod- 
ulator arose, and again the subsystem 
designer was able to evaluate the situa- 
tion rapidly. The study revealed that 
a redesign of the modulator was a more 
economic solution than a redesign of 
the chain. This redesign was accom- 
plished by the subsystem designer and 
transferred to the customer, who built 
the new modulator. The integration 
problem was solved. 

Already work is well along by the sub- 
system designer to develop an integral 
modulator built into the existing os- 
cillator without a major form -factor 
change. The interface continues to 
move deeper into the system as new 
needs or complexities arise. The sys- 
tems designer has been served. A 
photograph of the present transponder 
package is shown in Fig. 7. 

Traveling -wave tube subsystems 

Traveling -wave tubes, in age and ma- 
turity, lie somewhere between solid- 
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Fig. 5a- Microwave power source for the Tuna- module; photo and block diagram. 
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Fig. 5b- Electronically tunable missile local oscillator; photo and block diagrE m. 
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Fig. 4- Weather radar microwave subsystems: a) low -noise 
RF amplifier; b) high -power solid -state transmit -receive switch; 
c) local oscillator. 
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Fig. 6- Pencil -tube supplier- customer interaction. 

Fig. 7- Transponder package including pen- 
cil tubes and cavities. 

DESIGN CYCLE PRODUCT EVOLUTION 

state and pencil devices. Some of the 
applications, especially those con- 
cerned with commercial communica- 
tions systems, are quite mature and 
handled much like pencil devices. 

However, in the many military applica- 
tions of traveling -wave tubes, innova- 
tion is still a key requirement and the 
interface between subsystem and sys- 
tem is quite complex. Systems require- 
ments necessitate very close control of 
all operating parameters over ex- 
tremely wide frequency ranges, and 
very often the only practical solution 
allowing reasonable manufacture is to 
combine a member of critical corn, 
ponents interacting with the traveling - 
wave tube itself into a subsystem. In 
such cases, the design engineer who is 
intimately familiar with the balance of 
parameters versus characteristics plays 
the key role in determining the con- 
figuration of the subsystem and de- 
fining the interface and specifications. 

For example, in a commercial com- 
munications system, the components 
manufacturer may supply a traveling - 
wave -tube envelope containing gun, 
helical RF structure, and collector (bot- 
tle) , while the subsystem used for an 
ECM application may include bottle, 
coupling structures, beam -focusing 
structure, limiters and filters, and volt- 
age regulators, as shown in Fig. 8. In 
this latter application, the component 
manufacturer has relieved the systems 
designer from the almost impossible 
task of adjusting a great many variables 
to achieve satisfactory performance at 
the cost of many test hours and also 
selection of matching components. 

Fig. 8- Traveling -wave -tube subsystem evo- 
lution: a) TWT without focusing structure; b) 
TWT with focusing structure; c) TWT with 
power supply; d) TWT amplifier subsystem. 
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Fig. 9- Traveling- wave -tube ECM system 
evolution. 

The intimate understanding of the sys- 
tems requirements by the component 
designer often yields the beneficial re- 
sult of simplifying the system, as shown 
by the example of an electronic coun- 
termeasures system utilizing a memory 
loop.' As shown in Fig. 9, the perfor- 
mance previously obtained from two 
traveling -wave tubes (a driver and a 
loop tube) were combined into a single 
tube with resulting gains in cost, space, 
weight, and power requirements. The 
composite tube must now meet much 
more complex requirements: mini- 
mum gain and overdrive, interface for 
input and output tube, gain contour to 
complement delay -line loss, memory 
storage capacity, and operation at in- 
creased power level. 

Thus, the component manufacturer has 
greatly eased the system designer's task 
of mating, optimizing, and balancing 
many parameters to obtain adequate 
systems performance. These proce- 
dures are now carried out during the 
subsystem fabrication cycle, where a 

higher degree of parameter control is 
possible. Again, the interface has 
moved deeper into the system and more 
value has been added to the component 
designer's functional product. 
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The microwave applied 
research laboratory 
Dr. F. Sterzer 

This paper describes the Microwave Applied Research Laboratory which supports the 
various Product Design groups of Electronic Components with applied research work 
on hybrid integrated microwave circuits, microwave subsystems, avalanche and trans- 
ferred- electron power sources, ferrite devices, gas lasers, and electro -optic products. 

Fig. 1- Members of the Microwave Applied Research Laboratory. Not present when the photo- 
graph was taken were A. Brum, A. Ehrlich, Dr. A. Gobat, W. Klatskin, D. E. Nelson, J. P. Pacz- 
kowski, and Dr. J. F. Reynolds. C. Harper is on the RCA Laboratories marketing staff and does 
R & D marketing for MAR. Reading from left to right are: first row: C. Harper, H. J. Kuno, K. 
Pinkerton, M. Markulec, B. Perlman, V. Lawson, S. Legates, J. O'Brien, A. Rosen, A. San Paolo, 
and J. Bienek; second row: B. Berson, F. Sterzer, R. Steinhoff, M. Schindler, and V. Mankovich; 
third row: E. McDermott, T. Walsh, R. Paglione, L. Zappulla, W. Levin, H. Johnson, A. Presser, 
W. Solomon, E. Mykietyn, L. Guarino, and D. Blattner; fourth row: L. Mackey, L. Carr, J. Collard, 
S. Y. Narayan, E. Belohoubek, R. Kipp, W. Siekanowicz, D. Stevenson, L. Semenistow, R. Marx, 
and C. Sun. Dr. Walsh is now Manager, Microwave Solid State Technology Center in Harrison. 
W. Solomon has left RCA. 

Dr. Fred Sterzer, Manager 
Advanced Technology Laboratory 
Electronic Components 
David Sarnoff Research Center 
Princeton, N.J. 
received the BS in physics from the College of the 
City of New York in 1951, and the MS and PhIJ 

from New York University in 1952 and 1955, re- 

spectively. From 1952 to 1953 he was employed 
by the Allied Control Corporation, New York. Dur- 

ing 1953 and 1954 he was an instructor in 

physics at the Newark College of Engineering, 
Newark, New Jersey, and a research assistant at 

the New York University. Dr. Sterzer joined RCA in 

1954. He is now Manager of the Advanced Research 
Laboratory in Princeton and the Technical Programs 
Laboratory in Somerville. His work has been in the 
field of microwave spectroscopy, microwave tube:, 
light modulators and demodulators, microwave 
solid -state devices including parametric amplifier:, 
harmonic generators. tunnel diode amplifiers and 

frequency converters, microwave computing cir- 
cuits, and bulk effect devices. Dr. Sterzer is author 
of over 50 technical papers. He is a fellow of the 
IEEE and a member of Phi Beta Kappa. Sigma Xi, 

and the American Physical Society. He holds 19 

patents in the microwave field. 

THE ORIGINS of the Microwave 
Applied Research (MAR) Labora- 

tory date back to the years immediately 
following World War II, when an 
Advanced Development group was 
formed in the Microwave Department 
of the Tube Division in Lancaster. In 
1950 the Microwave Department 
moved from Lancaster to Harrison, 
and the Advanced Development group 
moved with it. The group remained in 
Harrison until December 1956, when 
Reprint RE- 15 -2 -4 (ST -3917) 
Final manuscript received May 7, 1969. 

it moved to its present location in 
Building 3 in Princeton to become the 
first Applied Research Laboratory at 
the David Sarnoff Research Center. At 
the time of the move to Princeton the 
laboratory consisted of a manager, six 
members of the technical staff, and 
three technicians, and occupied 1500 
square feet of floor space. During the 
past twelve years, the size of the lab- 
oratory has more than quadrupled; 
today it consists of a director, three 
group leaders, fifteen members of the 
technical staff, three research associ- 

ates, three technical staff associates, 
fifteen technicians, and two secretaries 
(see Fig. 1) , and occupies over 6600 
square feet of floor space. In May of 
1969, MAR was administratively sepa- 
rated from the Microwave Department 
and combined with the Technical Pro- 
grams Laboratory. The head of the 
combined laboratory reports to E. O. 
Johnson, Manager Engineering, EC 
Technical Programs. 

The pleasant research atmosphere pre- 
vailing at the David Sarnoff Research 
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Fig. 2- Section of a microstrip transmission line. In a typical 
transmission line, the thickness of the ceramic is in the range 
of 0.02 to 0.05 inch. 
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Fig. 3- Sequence of steps involved in making microstrip cir- 
cuits; note that every step in the fabrication process lends itself 
to batch processing. 
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Fig. 4a -L -band transistor amplifier Pin =1 
watt; Pout =7 watts; center frequency =1450- 
MHz; bandwidth =10 %D; efficiency =55 %D (cour- 
tesy Dr. D. Stevenson). 

Fig. 4b- Single -ended L- to S -band varactor 
doubler: center input frequency =1.6 GHz; 
bandwidth =10 %D; P,n =10 watts; efficiency= 
53% (courtesy A. Rosen). 

Fig. 4e- Packaged version of oscillator 
shown in Fig. 4d (courtesy A. Presser). 

--INPUT 

Fig. 4c- Balanced L- to C -band quadrupler: 
input frequency =1.9 GHz; PYn =8.4 watts; effi- 
ciency =30 %D (courtesy Dr. W. W. Siekano- 
wicz). 

RANSISTOR 

CONNECTION 
TO RF OUTPUT 

TERMINAL 

Fig. 4d- Mechanically tunable L -band tran- 
sistor oscillator: frequency range 1660 -1700 
MHz; P,,., =150 mW (courtesy A. Presser). 

Fig. 4- Photographs of several hybrid integrated microwave circuits that were developed in Dr, 
E. F. Belohoubek's group. All data given are for continuous operation of the circuits. 
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Fig. 5- Wideband, voltage- tuned, transistor -driven harmonic -generator power source. (Courtesy D. E. Nelson and R. Steinhoff). Left is a block 
diagram of wideband power source [A= attenuator, C= circulator, D= linearity control circuits, F= bandpass filter, M= varactor doubler, Q =quad- 
ruplexer, S= single pole double throw switch, T= triplexer.] The transistor oscillators are electronically tuned by means of varactor diodes, and 
frequency versus voltage characteristics of the oscillators are linearized by means of linearity control circuits. The output of the oscillators is 
channeled into the various frequency multipliers to achieve multiple- octave frequency coverage at the output. On the right is a photograph of 
wideband the power source. 
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Fig. 6 -This figure shows some of the details 
of a particular transferred -electron oscillator 
program in B. E. Berson's group. The goal of 
this program, which is sponsored by the U.S. 
Air Force, is to develop a transmitter module 
for an airborne 1 -kW L -band IFF transponder. 
Top is a block diagram of a transmitter mod- 
ule; upper left is a sketch of a GaAs chip used 
in the oscillator. A chip with the dimensions 
shown can generate as much as 115 watts of 
pulse power at 1090 MHz with an efficiency of 
over 30%. The epitaxial wafers used in fabri- 
cating the chips for this program are grown 
by Dr. R. Enstrom of the RCA Laboratories. 
Directly to the left is a photograph of GaAs 
chips mounted in an RCA V5000 metal - 
ceramic package. The cross -sectional dimen- 
sions of the GaAs chips are 0.020" X 0.020 ". 
Directly above is a photograph of an inter- 
mediate model of the transmitter module 
(courtesy B. E. Berson and Dr. J. F. Reynolds). 
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WIRE LOOP 
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Fig. 7 -This figure shows now the transmit -receive functions in the RCA AVQ -30 weather radars 
are accomplished by means of ferrite devices. The ferrite limiter is a passive device having a 
small -signal insertion loss of 0.1 dB, and a high -level (100 kW) insertion loss of 13 dB. The 
switchable circulators (see right) use a magnetically closed ferrite assembly that can be 
switched between opposite directions of magnetization (and therefore between opposite direc- 
tions of circulation) by passing current pulses of the appropriate polarity through the latching 
wires. The insertion loss of each circulator is of the order of 0.1 dB and the isolation in excess 
of 30 dB. (courtesy D. J. Blattner, Dr. W. W. Siekanowicz and Dr. T. E. Walsh). 

Center has greatly helped MAR to 

assemble a staff of competent profes- 
sional people not only from the United 
States but also from many parts of 

the world. The staff presently includes 
engineers and scientists from Austria, 
Belgium, India, Israel, Japan, Switzer- 
land, United Kingdom, and Taiwan. 
About 80% of the professional staff 
are electrical engineers; the rest are 
physicists or physical chemists. More 
than half hold PhD degrees. The pre- 
sentation and publication of papers is 

strongly encouraged, and there is rarely 
a conference concerned with micro- 
wave devices that does not include at 
least one paper from a MAR author. 

Most of the work at MAR is directed 
toward military or civilian -government 
end uses, and more than 85% of the 
laboratory budget is usually derived 
from government R & D contracts. 
These contracts enable MAR to vigor- 
ously participate in the shaping of the 
future directions of government sup- 
port in the microwave and electro- 
optics areas, and therefore also in the 
shaping of the whole future of micro- 
wave and electro -optic technology. The 
"seed" money that is needed to attract 
government R & D support is supplied 
by the Microwave and Power Tube 
Operations, and by applied research 
programs sponsored by the RCA 
Laboratories. 

Examples of current programs at 
MAR 

During all the years of MAR's exist- 
ence, its primary responsibility has 
never changed: to provide new and 
useful products to various Product De- 
sign groups of Electronic Components. 
Ideas for new products are generally 
generated within MAR itself or at one 
of the Research Laboratories in Prince- 
ton, particularly the Microwave Re- 
search Laboratory headed by Dr. L. S. 

Nergaard. More than 75% of the cur- 
rent effort on new products at MAR is 

concerned with solid -state microwave 
amplifiers and generators using tran- 
sistors. varactors, transferred -electron 
devices, and avalanche diodes. The re- 
mainder of the effort is devoted to sub- 
systems, ferrite devices, delay tubes, 
gas lasers, and infrared modulators and 
detectors. The division of effort among 
the three groups that make up the 
laboratory is shown in Table I. Micro- 
wave products generally move from 
MAR to the Microwave Solid -State 
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Erwin Belohoubek Bertrand Berson Jacques Collard 

Microwave hybrid integrated 
circuits (transistor 
amplifiers and oscillators, 
varactor multipliers) 

Delay tubes 

Subsystems 

Avalanche amplifiers 
and oscillators 

Transferred- electron 
amplifiers and oscillators 

Monolithic microwave 
integrated circuits 

Ferrite devices 
(circulators, limiters, 
and switches) 

Gas lasers 

Infrared modulators 
and detectors 

Parametric amplifiers and 
varactor diodes 

GaAs epitaxy 

Table I -This table shows the group leaders and the areas of interest of the three groups that 
make up the Microwave Applied Research Laboratory. 

Operation in Harrison headed by H. K. 
Jenny, and electro -optic products to the 
Power Tube Operations Department 
in Lancaster headed by M. B. Shrader, 

Integrated microwave circuits 

Many of the solid -state power sources 
now being developed at MAR are being 
built in hybrid integrated form. The 
passive components of the power 
sources, i.e., transmission lines, filters, 
cavities, and the like, are formed in 
metal- ceramic microstrip, as shown in 
Fig. 2. The active semiconductor chips 
are usually mounted in special minia- 
turized packages specifically designed 
for microstrip or, in some cases, are 
mounted directly on the microstrip cir- 
cuits. There are several important 
advantages to hybrid integration: 

I) Hybrid integrated microwave circuits 
are compact. The reduction in size as 
compared to similar circuits in wave - 
guide or coaxial construction can be 
orders of magnitude. This feature is of 
particular importance in airborne or 
"manpack" applications. 
2) Microstrip circuits can be batch - 
fabricated by use of photolithic tech- 
niques, as illustrated in Fig. 3. Circuits 
made in this manner are extremely uni- 
form, and when they are produced in 
large quantities, the cost per circuit 
promises to be very low. 
3) Hybrid integrated circuits can be 
readily ruggedized. For example, Dr. 
E. F. Belohoubek and A. Presser of 
MAR have developed L -band integrated 
telemetry transmitters that can with- 
stand 50,000 g's of shock. 

Dr. Belohoubek's group has complete 
facilities for making hybrid integrated 
circuits, and is a leader in the industry 
in high -power microwave integrated 
circuits. Examples of some of the inte- 
grated transistor and varactor circuits 
built in these facilities are shown in 
Fig. 4: Circuits (a) and (b) are de- 
signed for an airborne ECM applica- 
tion, circuit (c) for an airborne phased- 
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array transmitter, and the circuit of (d) 
and (e) for a balloon -born telemetry 
transmitter of weather information. 

Subsystems 

In some cases, complete subsystems are 
built around components developed in 
the laboratory. An example of such a 

subsystem using discrete -component 
voltage -tuned transistor oscillator and 
varactor multipliers is shown in Fig. 5. 

This subsystem, which was built by 
D. E. Nelson and R. Steinhoff, is a 

power source that can be electronically 
tuned over several octaves in the micro- 
wave range. A narrow -band version of 
this source is now in production in 
Harrison. 

Epitaxial GaAs power sources 

Although transistors and transistor - 
driven harmonic- generator chains are 
still used in the majority of solid -state 
microwave power sources being devel- 
oped at MAR, an increasing amount of 
effort in the power -generation area is 
being channeled toward the "second 
generation" of microwave power - 
generating devices, i.e., avalanche and 
transferred -electron devices. Both of 
these new types of devices can produce 
much higher power outputs than tran- 
sistors; for example, with transferred - 
electron oscillators several kilowatts of 
pulsed microwave power have already 
been obtained. Furthermore, it ought 
to be possible to produce both ava- 
lanche and transferred -electron oscilla- 
tors at a significantly lower cost than 
high -power microwave transistors. The 
fabrication of high -power microwave 
transistors involves a long series of 
high -precision masking and diffusion 
operations. By contrast, many types 
of transferred -electron devices consist 
merely of a slab of mechanically or 
chemically formed high -purity GaAs 
with two ohmic contacts. At the pres- 

ent time, B. E. Berson's group is devel- 
oping transferred -electron oscillators 
for operation at L -, S -, C -, X -, and Ku- 
band frequencies, avalanche oscillators 
for L- and X -band frequencies, and 
avalanche and transferred -electron am- 
plifiers for X -band frequencies. MAR 
has complete facilities for growing 
epitaxial GaAs wafers and for process- 
ing these wafers into finished devices. 
Some of the details of a particular 
transferred -electron oscillator program 
are given in Fig. 6. The efficiencies 
achieved in this program are the high- 
est in the industry. 

Microwave ferrite switches 

The ferrite activity is attacking a prob- 
lem that has plagued radar designers 
since the invention of pulse radar: how 
to use the same antenna for both re- 

ceiving and transmitting. The tradi- 
tional solution to this problem is to use 
gas T -R (transmit- receive) tubes. The 
difficulty with this solution is that gas 
T -R tubes occasionally misfunction, and 
a single misfunction can often cause 
severe damage to the receiver. The 
solution evolved by D. J. Blattner, Dr. 
W. W. Siekanowicz, and Dr. T. E. 
Walsh is to use high -power ferrite 
devices in the configuration shown in 
Fig. 7. The reliability of these ferrite 
devices, which are now being manu- 
factured in Harrison for use in the 
RCA AVQ -30 weather radars, is ex- 

pected to be many times as great as 

that of gas T -R tubes. 

Conclusion 
The Microwave Applied Research Lab- 
oratory has grown and prospered in 
the research atmosphere of the David 
Sarnoff Research Center, and has thus 
proven the wisdom of Microwave 
Management in establishing MAR as 

the first Applied Research Laboratory 
in Princeton. Much of the credit of 
MAR's success belongs to its many 
friends and supporters within RCA. 
Chief among these are H. K. Jenny, 
who has guided MAR since its incep- 
tion; C. C. Simeral, G. W. Duckworth, 
W. G. Hartzell, and M. B. Shrader, 
who consistently provided MAR with 
the backing of the top management of 
the Microwave and Power Tube Oper- 
ations; L. S. Nergaard, whose lab- 
oratory contributed innumerable new 
ideas and technical and financial sup- 
port; and A. N. Curtiss, J. Hillier, and 
W. M. Webster, who have been ideal 
landlords. 
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New pencil tubes and cavities 
for air traffic control 
E. Rose O. Johnk 

The increasing use of Air Traffic Control Beacon Systems (ATCRBS) has required 
the evolution of a new electron -tube technology to meet such critical system require- 
ments as miniaturization, high reliability, fast warmup, super-active cathode emission, 
high -altitude voltage standoff, high- impact shock, long life, variable- frequency vibra- 
tion, and high- and low- temperature operation. Present tube -manufacturing techniques 
integrate the tube with external circuitry in a sub -system module to satisfy these 
performance requirements and also reduce component costs by orders of magnitude. 
This paper describes the application of these techniques to pencil tubes and integral 
cavities for the ATCRBS market. 

PENCIL TRIODES, which were devel- 
oped by RCA, are ideally suited for 

operation at microwave frequencies. 
Because closely spaced coaxial elec- 
trodes are connected directly to termi- 
nals which comprise the body of the 
tube, a combination of low circuit ca- 
pacitance and inductance is achieved. 
In addition, the stacking of concentric 
cylinders provides fast warmup (less 
than 10 seconds) . The use of a cathode 
that completely surrounds the heater 
provides more efficient use of heater 
power and thus reduces the power 
drain -a necessity in aircraft equip- 
ment. Because concentric cylinders 
expand and contract radially, they 
maintain their relative spacing. Fur- 
thermore, the size, shape, and weight 
of pencil tubes are ideally suited for 
microwave circuits in aircraft 
applications. 

Pencil tube design 

Fig. 1 shows the basic construction of a 

pencil triode. The cathode, which de- 
termines the current capabilities and 
life of the tube, employs a careful se- 

lection of base metal and cathode spray 
materials. The base metal is chemically 
pure nickel which is vacuum -melted 
and tightly controlled for silicon con- 
tent. A triple- carbonate oxide cathode 
coating is used to provide emission in 
excess of seven amperes per square 
centimeter. The cathodes are capable of 
peak emissions as high as fifteen am- 
peres per square centimeter under very 
tightly controlled processing and en- 
vironmental conditions; however for 
long -life operation, average emission 
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should not exceed seven or eight am- 
peres per square centimeter. Because of 
the need for extremely efficient use of 
heater power, heater location is care- 
fully controlled to assure uniform 
heating, eliminate hot spots, and main- 
tain good control of cathode 
temperature. 

Aircraft power -supply regulation is 

limited because of cost, weight, and 
size restrictions. Therefore, the heater- 

cathode design of tubes for aircraft 
service must perform efficiently over 
variations of 10 %. Fig. 2 shows a curve 
of warmup time required for plate cur- 
rent to reach 90% of its stable value in 
a typical pencil tube. 

Pencil -tube grids are designed to assure 
maximum thermal conductivity and 
rigidity, and to provide tubes capable 
of withstanding 12 hours of continu- 
ous vibration at 20g acceleration from 
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Fig. 1 -Basic construction of the pencil tube. 

2 

w 

a 
J f 
Q 

ó 

20 

IO 20 30 00 50 60 
TIME- SECONDS 

Fig. 2- Typical curve of plate current as a 
function of time. 

50 to 2000 Hz. The grid structure for 
a typical ceramic pencil tube is shown 
in Fig. 3. 

Plate (anode) materials were tested ex- 
haustively to obtain a design which 
would withstand the environmental 
tests and prove thermally and mechani- 
cally suited for electron -tube manu- 
facture. Titanium was selected because 
it possesses the required characteristics 
and also provides some additional Bet- 
tering during life. 

Improved processing and manufactur- 
ing techniques are also used for all 
pencil tubes, particularly in the areas 
relating to high- temperature bakeout, 
mechanical alignment, high vacuum, 
and super cleanliness. Interelectrode 
capacitances are monitored during 

manufacture, constant control is main- 
tained over cathode base metal and 
spray, and washing and firing opera- 
tions are kept under continual 
surveillance. 

After fabrication, pencil tubes undergo 
severe stress and environment testing, 
and are then matched with oscillator or 
amplifier cavities. Fig. 4 shows an am- 
plifier triode. These completed sub- 
systems undergo a series of quality tests 
to determine their compatibility with 
actual system applications. Normal 
factory tests include all the tests usually 
associated with tube manufacture, plus 
additional screening for high -voltage 
standoff capability, high- voltage cutoff 
characteristics, cathode warmup time, 
cathode pulse- emission capabilities, 
and interelectrode capacitances. These 
tests are performed on 100% of the 
product manufactured. Other stress 
tests are destructive and are performed 
on a lot- sampling basis. These tests in- 
clude mechanical and thermal shock, 
vibration, high- temperature life test, 
and dissection to assure good manufac- 
turing practice throughout assembly. 

Cavity design 

RCA has had long experience with cw 
cavity oscillators, beginning with the 
weather sondes. Fig. 5 shows a typical 
1680 -MHz cw oscillator designed for 
weather -sonde operation. This weather - 
sonde experience provided the basis 
for development of the manufacturing 
techniques required for pulse cavities. 

Fig. 6 shows the basic pencil -triode 
pulse oscillator design. The feedback 
path for RF energy in this oscillator is 

from the plate circuit past the grid 
circuit into the cathode circuit. The 
cathode circuit is tuned to provide the 
proper phase of feedback. Because the 
grid is at an RF potential, a quarter - 
wave choke made of RG -188 coaxial 
cable is used to provide RF isolation 
from the DC supply. 

The circuit shown in Fig. 6 allows 
some control over pulse shape because 
the grid circuit has very low capaci- 
tance to ground. The lead inductance 
of the quarter -wave choke is sufficient 
to slow the rate of rise of grid current 
and thus provide the proper risetime 
for the RF pulse. 

In addition, a compromise was neces- 
sary for the control of the amount of 

Fig. 3- Isometric view of the newly devel- 
oped grid structure. 

Fig. 4 -Photo of an amplifier tube. 

feedback because high -Q, low- feedback 
circuits are needed for proper pulse 
risetime and falltime, while, on the 
other hand, low -Q, high- feedback cir- 
cuits are essential to minimize pulse 
leading -edge jitter and pulse -to -pulse 
jitter. The final oscillator design is 
capable of consistently meeting a 
± 10 -ns jitter requirement. 

This type of oscillator circuit is tem- 
perature- compensating; therefore, os- 
cillator frequency drift is tightly con- 
trolled over wide ambient -temperature 
ranges. The frequency stability of any 
oscillator is affected by variations in 
temperature, output loading, and plate 
and heater voltage. Temperature effects 
on the cavity are further minimized by 
the use of Kovar for all cavity parts 
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which would tend to expand and con- 
tract sufficiently under temperature ex- 
tremes to affect the output frequency. 
The oscillator is capable of maintaining 
the frequency well within the speci- 
fied deviation limits of ±3 MHz. 
Pencil -tube oscillators are much less 
susceptible than comparable planar 
designs to element -voltage changes that 
produce frequency modulation. 

The oscillator is gated by low -level 
video circuits that have power -level 
requirements well within the capabili- 
ties of solid -state devices. It is capable 
of extremely high rates of modulation 
and narrow -pulse operation. 

Because the oscillator basically estab- 
lishes the frequency and shape of the 
pulse, oscillator stability is of para- 
mount importance. Although pulse 
power outputs in excess of 500 watts 
are readily achieved with pencil -tube 
oscillators, frequency variation as a 
result of output loading of the antenna 
is a problem in the event of icing, rain, 
and dust. However, insertion of a buf- 
fer amplifier between the oscillator and 
the antenna provides enough isolation 
to eliminate the effects of such loading. 

The amplifier is a grounded -grid con- 
figuration that uses a half -wave input 
circuit to allow for critical coupling 
adjustment. A quarter -wave output is 

used, and a heat sink is employed to 
improve tube life. Insertion of the buf- 
fer amplifier increases power- output 
capabilities, and also permits centering 
of system risetime when a small DC 

choke is included in the amplifier 
cathode circuit. System pulse stability 
is also enhanced by proper selection of 

Table I- Typical operating conditions. 

Heater voltage 
Plate voltage 
Oscillator bias 
Amplifier bias 
Grid drive 
Load VSWR 
Duty 
Plate current (at 

1% duty) 
Nominal power 

output 
Operating 

temperatures 
Operating frequency 
Altitude (operating 

under no 
pressurization) 

Vibration 
Shock 

6.3 V ±l0% 
1000 V ±10% 
- 80 V 
+25 V (on cathode) 
Pulse ose. grid to 0 V 
1.5:1 (all phases) 
1% (maximum) 

20 mA (maximum) 

700 W (peak) 

- 54 °C to +165 °C 
1090 ± 15 MHz 

30,000 ft. 
20g (at 20 to 2000 Hz) 
[5g 

inductance in the input circuit. Fig. 7 

shows typical frequency deviation as a 

result of the cumulative effects of volt- 
age, temperature, and load VSWR. The 
complete transmitter does not suffer 
from operation for short periods with- 
out a load. 

Conclusion 
Fig. 8 shows a typical transmitter chain 
which requires only the application of 
the necessary DC and gating voltages to 
provide the desired performance. Table 
I shows performance results of the 
transmitter. The comprehensive devel- 
opment program on pencil tubes and 
cavities has produced a tube -and -cavity 
design from which a new base has been 
formed to meet tighter objectives of 
environmental, electrical, and perfor- 
mance characteristics. A complete eval- 
uation of each design modification has 
evolved high -volume designs which ful- 
fill design objectives for Air Traffic 
Control Beacon Systems which previ- 
ously were considered feasible only in 
laboratory designs. 

Fig. 8 -A typical transmitter chain for Air Traffic Control Beacon Systems. 

Fig. 5 -Photo of the RCA type 7533 weather.. 
sonde osciilator tube. 
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Fig. 6- Cross -section of an oscillator cavity. 
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bility as a function of ambient temperature. 
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Microwave solid -state 
transmitters for rockets and 
projectiles 
R. R. Lorentzen ' R. E. Askew A. Presser 

Over the past few years, the constant improvements' '2 in solid -state technology 
and their application to the challenges presented by the severe requirements of 

rocket- and projectile -borne systems have brought about advances in miniature 
solid -state transmitters -both those using transistors as the active devices and 

those using newer bulk- effect devices. Of particular significance for these systems 
is the promise of the newer devices: hybrid microwave integrated- circuit transistor 
oscillators, transferred -electron oscillators (TEO), and IMPATT (Impact Avalanche 
and Transit Time) devices. The possibility of placing the TEO and IMPATT devices 
in hybrid microwave IC's is also very promising. 

The fact that these devices can function in hostile environments is at times quite 
surprising. This paper briefly describes some of the actual applications of these 

devices, and then describes the circuits and technology that have successfully been 

proven in these environments. A description is then given of devices which have the 

most promise for the future. 

WHAT KIND OF SYSTEM functions 
require a small microwave trans- 

mitter? The two major applications so 
far have been 1) the telemetry of 
meteorological or scientific data by 
means of a transmitter that has been 
placed several hundred thousand feet 
above the earth by a fast -burning, 
high- thrust rocket, and 2) the telem- 
etry of various functions that occur 
in an artillery shell during its flight 
by means of a transmitter that has 
survived the blast out of a cannon. 
In addition, a third, equally demand- 
ing possible application exists in the 
electronic fuzing of rockets, missiles, 
and shells by an on -board transmitter. 
The harshness of these environments 
is best illustrated by some actual 
examples. 

Rocket and projectile applications 

Meteorological sounding rockets are 
used to probe the earth's upper atmos- 
phere to sample various environmental 
factors such as wind velocity, tempera- 
ture, humidity, and other parameters 
by appropriate sensors and techniques. 
The information from the sensors 
modulates the payload L -band tran- 
sistor transmitter and is received at 
ground stations for use in weather fore- 
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casting, for support missions in missile 
firings, or for other atmospheric re- 
search. 

In one such meteorological rocket, the 
Loki -Dart, the rocket motor burns for 
about 1.8 seconds and propels the 
rocket and payload to an altitude of 
5000 or 6000 feet while the rocket 
burns. After the motor is extinguished, 
the inertia and velocity of the rocket 
are sufficient for it to be carried to 
about 200,000 feet. When this altitude 
is reached, the payload is explosively 
ejected and parachutes back to earth, 
relaying the data generated by its sen- 
sors. The transmitter must operate on 
the launch pad and throughout the 
ascent and descent for a total time of 
perhaps an hour. 

In another application, the transmit- 
ters have been tracked to an altitude 
of 500,000 feet and back again to 
earth, 100 miles away. During a test 
in a third application, a rocket motor 
exploded shortly after launch, but the 
transmitter survived. In still other ap- 
plications, the devices are fired out of 
cannons and are subject to shocks up 
to 50,000 g's. 

What kind of device can survive, and 
perform, in these environments? 
These devices are the subject of this 
paper. 

Lumped circuits -the transistor 
oscillator -multiplier' 

The first RCA microwave solid -state 
transmitter for these applications 
was a transistor oscillator -multiplier 
(TOM) . Several circuit and construc- 
tion techniques were evaluated on a 

U.S. Army contract to develop a trans- 
mitter for radiosonde application 
which was mechanically tunable by 

10 MHz at 1680 MHz. This program 
resulted in a transistor- oscillator -mul- 
tiplier circuit. In this approach, a 
single transistor is used as both an os- 
cillator and a frequency tripler; the 
frequency multiplication is made 
possible by the strongly nonlinear, 
voltage- dependent, collector -to -base 
junction capacitance of certain over- 
lay transistors. The circuit schematic 
of this transmitter, the RCA S170, is 

shown in Fig. 1; it uses lumped circuit 
elements, as shown in Fig. 2. 

The transistor collector is connected 
directly to the transmitter chassis for 
good heat conduction. The transmitter 
can be both amplitude (oN -oFF) and 
frequency modulated. In frequency 
modulation, a frequency deviation of 
±500 kHz is obtained for a 1 -volt 
peak -to -peak input signal applied to 
the FM input terminal. The transmitter 
is compensated to reduce frequency 
changes with temperature. 

The major characteristics are shown 
in the first column of Table I. The 
lumped- circuit approach of this trans- 
mitter is the major factor in its small 
size. The lumped elements have small 
mass and are selectively potted (for 
minimum RF circuit loading) to secure 
them against movement during shock 
and vibration. 

The S170 has been successfully sub- 
jected to the following operating tests: 
1600 -g shock of 2 -ms duration, 200 -g 

shock of 11 -ms duration, linear accel- 
eration of 200 g's for two minutes, and 
vibration of 20 g's from 55 to 2000 
Hz for the rocketsonde application. 
It will also see limited exposure to 
the artillery shell environment. 

As shown in Table I, one disadvan- 
tage of this circuit is its subharmonics. 
A newer circuit approach, developed 
to overcome this difficulty, does not 
depend on the frequency- multiplica- 
tion mode of operation. 
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Dual -cavity transistor oscillator' 

Continued development under an- 
other U.S. Army contract led to a dual - 
cavity 1680 -MHz transistor oscillator, 
a fundamental -frequency transmitter 
which replaces the earlier transistor - 
oscillator- multiplier (TOM) approach 
in rocketsonde systems. This trans- 
mitter, the RCA 5190, performs as well 
as, and generally better than, the earlier 
circuit approach. It has the same 
power output (200 milliwatts mini- 
mum) , inherently wider tuning range, 
higher efficiency, and, because it does 
not rely on frequency multiplication, 
reduced spurious- output performance 
and lower frequency pushing. The 
price paid for these advantages is 

slightly larger size (set by the dimen- 
sions of the resonant cavities) . The 
TOM approach is still superior if 
smallest size, higher power output 

(some units have 400 milliwatts out- 
put) , lowest voltage, or more ruggedi- 
zation is a requirement. The TOM 
also has a concentric output RF con- 
nection, while the dual- cavity RF out- 
put is offset from the axis. The per- 
formance of this transmitter is shown 
in the second column of Table I. 

The external view of the dual- cavity 
oscillator is shown in Fig. 3, and the 
circuit schematic in Fig. 4. The bias 
network is the same as in the earlier 
TOM circuit and, therefore, the ampli- 
tude- and frequency -modulation tech- 
niques are the same. This transmitter 
is also temperature- compensated. Fig. 
5 shows the performance capability of 
one of these transmitters over the tem- 
perature range from -70 to +70° C. 

The bias and modulation networks 
are potted against the rigors of the 
rocketsonde environment, and the 

center conductors of the coaxial cavi- 
ties are supported by rexolite beads. 
The two cavities are, in turn, support- 
ed by potting and an external protec- 
tive canister. This construction has 
consistently performed well under 
200 -g shock (11 -ms) , 250 -g accelera- 
tion, and 20 -g vibration. 

The significant improvements that 
the dual- cavity, fundamental- frequen- 
cy circuit accomplished are supplant- 
ed, to some degree, by the latest 
approach to the transistor source, the 
hybrid microwave integrated circuit. 
Indeed, this approach promises envi- 
ronmental performance capability that 
may surpass these earlier approaches. 

Future devices -hybrid integrated 
circuits 

The emphasis in the new generation 
of solid -state microwave sources for 
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sonde oscillator and also worked on a frequency - 
control loop used to linearize the tuning curve of 
a voltage -controlled oscillator. Mr. Askew has 

completed one year of graduate study at Newark 
College of Engineering. He is a member of the 
IEEE and the groups on Microwave Theory and 
Techniques and Electron Devices. 
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RF OUTPUT 

YELLOW 

A EXTERNAL ADJUST. FOR TUNING 

Fig. 1 -At the frequency of oscillation (560 
MHz) the transistor is terminated in a series 
resonant circuit. Another series resonant 
circuit is provided at the second harmonic 
(1120 MHz) of the frequency of oscillation to 
improve the efficiency; this is the idler cir- 
cuit. An RF output greater than 200 mW is 
obtained at 1680 MHz, the third harmonic of 
the frequency of oscillation. 

Fig. 2 -S170 lumped- circuit transistor /oscil- 
lator /multiplier with cover removed to show 
lumped- circuit elements. 

-AO 

Fig. 3- RCA -S190 cavity oscillator. 

radiosonde, telemetry, and proximity - 
fuze application is on low cost, small 
size, high stability, and extreme rug- 
gedness. Microwave integrated- circuit 
techniques have opened the way for 
the development of solid -state oscilla- 
tors that meet all these requirements. 
Two basic approaches are possible to 
integrated- circuit microwave transis- 
tor oscillators, monolithic and hybrid. 
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Although silicon monolithic integra- 
tion techniques would lead to the 
smallest size possible, the losses of 
these circuits are too high to make 
them useful. Hybrid integrated- circuit 
techniques are best for these applica- 
tions because of their low -loss dielec- 
tric, as illustrated by the two examples 
presented in the following paragraphs. 
These examples describe the design 
and performance of an L -band oscilla- 
tor for both balloon- and rocket -borne 
radiosonde and projectile telemetry 
applications. 

Radiosonde oscillator 

The fundamental- frequency RF oscilla- 
tor uses a grounded -collector Colpitts 
circuit. The microstrip- transmission- 
line RF circuitry is formed on a 0.050 - 
inch -thick high- density alumina sub- 
strate by use of thin -film technology 
and photolithographic and etching 
techniques. The transistor pellet is 
mounted on a molybdenum wafer 
directly to the baseplate of the housing 
for positive ground operation. The 
baseplate also serves as support for the 
ceramic RF circuit board. The RF cir- 
cuit and the transistor pellet are inter- 
connected by ultrasonic bounding. DC 
connections to the base and emitter 
are formed by quarter -wave, high - 
impedance transmission lines that are 
terminated in low- capacitive react- 
ances. A high -Q half -wave resonator 
is coupled to the emitter -collector cir- 
cuit to improve the load stability of 
the oscillator. The output power is 

line -coupled from the base -collector 
circuit. A photograph of the RF circuit 
of the oscillator is shown in Fig. 6. 

Temperature compensation is used to 
reduce the changes in power output 
and frequency caused by changes in 
the transistor and the substrate dielec- 
tric constant with temperature. The 
pulling figure of the oscillator is ap- 
proximately 2.5 MHz, and the effici- 
ency is 10% (without the regulator) . 

A particular radiosonde application 
requires a modulator producing a 60 
as OFF pulse at a pulse repetition rate 
between 60 Hz and 1800 Hz that is 

governed by the changing resistance 
of the sensing element of the sonde. 
A suitable modulator consisting of a 
free -running, asymmetric multivibra- 
tor that switches the series -type volt- 
age regulator for the oscillator was 
designed. The circuit diagram of the 

modulator is shown in Fig. 7. 

The modulator -regulator combination, 
which also includes the temperature - 
compensated bias network for the 
oscillator, is fabricated on a common 
ceramic substrate by use of thick -film 
technology. The transistors and diodes 
are pellet- mounted and interconnected 
by ultrasonic bonding. A completed 
modulator -regulator circuit board is 
shown in Fig. 8. 

Projectile telemetry oscillator 

The design and fabrication techniques 
for the projectile oscillator are similar 
to those used in the integrated- circuit 
radiosonde oscillator. The final pack- 
age is slightly larger because of the 
lower frequency of operation (1470 
MHz) and the more rugged housing 
construction necessitated by the 
severe environmental requirements 
(shock level of 50,000 g) . The transis- 
tor pellet in this oscillator is mounted 
on a beryllia ceramic wafer to isolate 
the collector from ground and thus 
permit negative -ground operation as 
required. The thin -film rf circuit and 
a thick -film voltage regulator and bias 
network for the rf transistor are 
mounted back -to -back on a common 
steel disk. The rf section of the hous- 
ing is hermetically sealed, and the 
voltage regulator and bias section is 
potted with an epoxy which has high 
thermal conductivity. This oscillator 
is provided with terminals for FM 

modulation, and has a modulation 
sensitivity of ± 125 kHz per volt. 

Although these transistor oscillators 
have different degrees of promise for 
these applications, in some areas other 
challengers, such as the TEO and 
IMPATT diode oscillator, are quickly 
outperforming these devices by orders 
of magnitude. These areas include 
very high pulsed power and high 
microwave frequencies. The advan- 
tages of these devices have their foun- 
dation in the gallium arsenide (GaAs) 
material they use. 

TEO and IMPATT diodes 

The search for semiconductor ma- 
terials suitable for microwave use led 
naturally to GaAs because of its high 
electronic mobility. In addition, the 
bandgap in this material (1.4 eV) is 
higher than the bandgap in silicon 
(1.106 eV) or germanium (0.67 eV) ; 

this feature promised superior high- 
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temperature performance. The discov- 
ery of a bulk negative resistance in 
GaAs at microwave frequencies gave 
further impetus to investigation to de- 
termine its use in microwave applica- 
tions. 

The mechanism of oscillation and 
amplification in bulk GaAs is general- 
ly explained in terms of a decrease in 
the mobility of the carriers (electrons) 
which accompanies the transfer of 
electrons into a higher- energy state 
when the applied electric field is in- 
creased; this action is the basis for 
the term transferred -electron oscilla- 
tors, or TEO's. The first mode of 
operation was a transit -time phenom- 
enon; i.e., the frequency of oscillation 
was a function of the transit time of 
domains of these carriers across the 
drift length of the device. 

There are several different modes of 
operation in TEO's, including the 
pure transit -time mode, a quenched 
transit -time mode, and the LSA or 
Limited -Space- Charge -Accumulation 
mode. Most of the work in RCA's 
Microwave Device Operations Depart- 
ment has been in the quenched mode. 
In this mode, the frequency of oscil- 
lation is determined by the resonant 
circuit to which the GaAs diode is 

coupled. 

The IMPATT (Impact Avalanche and 
Transit Time) diode is also a negative - 
resistance device, but the mechanism 
is generally hypothesized as resulting 
from two factors which add to pro- 
duce a total phase shift between the 
voltage and current of the IMPATT 
diode that is between 90° and 270 °. 
These two factors are I) the delay (or 
phase shift) in the current waveform 
due to the inherent delay in the ava- 
lanche process, and 2) the delay due 
to transit time of the carriers through 
the diode. Only GaAs IMPATT 
devices are discussed in this paper 
because they appear to have substan- 
tially lower noise than either silicon 
or germanium IMPATT diodes. 

Both the TEO and the IMPATT 
diode, and also some high -power 
varactor diodes, are being fabricated 
by use of the unique RCA vapor - 
hydride method of growing GaAs 
epitaxially;" this process yields ma- 
terial that is recognized in the industry 
as the best available GaAs material. In 
this process, the reactants used to form 

Table I- Comparison of transistor transmitter characteristics. 

Parameter RCA 
S170 
TOM 

RCA 
S190 
Cavity 

Osc. 

RCA 
Radiosonde 
Integrated 
Circuit 

RCA 
Projectile 
Integrated 
Circuit 

Frequency (MHz) 1680 1680 1680 1470 

Power output (mW) 200 200 125 150 

Tuning range (MHz) 20 20 40 

Frequency stability (MHz) 4 
(0 to 70°C) 

4 
(0 to 70°C) 

1 

(-70 to +75°C) 
7.5 

(-40 to +60°C) 

DC voltage (volts) -20 -20 -24 to -28 +24 to +28 

Pulling figure; VSWR=1.5: 1 (MHz) 4 4 2.5 2 

Pushing figure (MHz /volt) 2 0.5 integral voltage 
regulator 

integral voltage 
regulator 

Efficiency (%) 5 to 10 10 to 15 6% 
at -24 volts 

6% 
at 24 volts 

Vibration (g's) 20 20 20 20 

Shock (g's ) 200 
(11 msec) 

200 
(11 msec) 

75 50,000 

Altitude (ft.) 300,000 300,000 300,000 300,000 

Subharmonics -typical (dB) -15 none none none 

Size (in. diameter x in. length) Ix 1.4 1.1x2.2 1.1x0.5 1.3x0.5 

Weight (oz.) 2.5 3.0 1.0 2.5 

o Many variants have been built at higher and lower frequencies, power outputs, and voltages, and 

with other special characteristics. 

the material are in gaseous form and 
the growth of complicated doping pro- 
files is accomplished by changes in 
flow valve settings. Material grown by 
the vapor- hydride process, in contrast 
to most bulk material, is uncompen- 
sated and thus has a positive tempera- 
ture coefficient of resistance, a built -in 
safeguard against thermal runaway. 

The diodes are fabricated from epi- 
taxial wafers by use of photolitho- 
graphic and /or mechanical techniques. 
These techniques have been designed 
to be true batch processes suitable for 
modern manufacturing requirements. 

It is interesting to note that both trans- 
ferred- electron diodes and IMPATT 
diodes can be used either as oscillators 
or as amplifiers, i.e., the same diode 
can be used in either function as 
determined by the external circuitry 
and the bias considerations. In addi- 
tion, because the frequency of oscilla- 
tion of both the TEO (in the quenched 
mode) and the IMPATT oscillator is 

determined by the circuit, both devices 
are readily tuned by either mechanical 
means or electronic means (e.g., by 
varactor tuning). 

The results and objectives of active 
programs in the Microwave Devices 
Operations Department are shown in 
Table II. Since experiments''8s are 
continuously being carried out to 
study the effects of material and 
circuit parameters on the power, 
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Fig. 4- Schematic diagram of S190 cavity 
oscillator. 
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Table II -TEO and IMPATT results and objectives. 

Mode of operation Pulsed CW 

Frequency Band L band S band C band X band C band X band Ku band 

Type of device TEO TEO TEO TEO TEO TEO IMPATT osc TEO 

Best 

Present performance 
Po-220W 
n= 32% 

P0=200W 
n =29% 

P =30W 
n =10% 

P.- 1.5W 
n =10% 

Pn =300mW 
n =3% 

Po =500mW 
n =4;ó 

R, -60mW 
7)=6% 

P0=50mW 
7 i =5°ío 

performance Region of 
peak yield 

P =50W 
n =10% 

Note 3 Note 3 Note 3 Note 3 P =50mW 
77=2% 

Note 3 Po =20mW 
n =2% 

Objective (note 1) P =1kW 
n =25% 

Note 2 P0=30W 
n =10% 

P =1 W 

n =5°ó 
Note 2 P =500mW 

n =2.5% 
Note 2 Note 2 

Note 1- Projected performance in the lab at the end of 1969. 

Note 2 -The objective in these areas is to develop repeatability in material processes and device performance, and establish the limits of capability. 

Note 3 -No statistical data available. 

O 

BASE CIRCUIT 

OUTPUT 
COUPLING, 

STABILIZING RESONATOR 
) 
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CONNECTOR N 
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TRANSISTOR PELLET MOLYBDENUM EMITTER CIRCUIT 
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Fig. 6- Photograph of RF circuit of radiosonde oscillator. 

Fig. 7- Schematic diagram of modulator for radiosonde application. 
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efficiency, noise, temperature perform- 
ance, electronic tunability, and modu- 
lation of these devices and the 
fabrication techniques are constantly 
advanced to improve the ruggedness 
and heat -sink capabilities of the de- 
vices, this information can quickly 
be outdated by new results. The fabri- 
cation techniques are also kept fully 
compatible with integrated techniques 
so that the same device may be used 
in both conventional circuits and 
hybrid microwave integrated circuits, 
and thus can be capable of extremely 
large shock and acceleration environ- 
ments. The simplicity of these devices 
is illustrated by the simple cw X -band 
oscillator shown in Fig. 9; this oscil- 
lator is a simple coaxial cavity that 
produces an output power of 10 mW. 

The noise performance of TEO and 
IMPATT devices appears to be com- 
parable to that of good klystrons. For 
example, noise measurements on 
samples of the RCA developmental 
TEO type S229 over the sideband 
frequency range of 1 kHz to 155 kHz 
(the maximum frequency of the meas- 
urement) , for a 1 -kHz receiver band- 
width, show the AM noise to be about 
117 dB below the carrier. A typical 
short -term frequency stability of 500 - 
Hz carrier deviation (averaged over 
I millisecond) is achieved at 8.75 
GHz with the S272 TEO. Both of 
these types are 10- to -30 -mW TEO's. 
Noise measurements of an X -band 
reflection amplifier using GaAs IM- 
PATT diodes have shown single -side- 
band noise figures of 17 dB.'° 

The temperature performance of these 
devices is also remarkable. As noted 
above, GaAs was expected to have 
good high- temperature performance 
because of its large bandgap. TEO's 
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Fig. 8- Photograph of modulator -regulator 
circuit board. 

have now been operated over the 
-55 °C to +135 °C range with a total 
power variation of less than 2 dB and 
a total frequency change of about 
15 MHz (at a center frequency of 
1690 MHz) . Although the power 
levels and efficiencies shown in Table 
II for these bulk -effect devices were 
unheard of for fundamental- frequency 
solid -state sources just a short while 
ago, they are very real today; the ob- 
jectives listed appear to be readily 
attainable based on the continuing 
trends in these present programs. 

Changes in future years can be just 
as dramatic and unforeseen. There are 
already many other recognized ways 
of using GaAs which are waiting for 
additional breakthroughs in material 
uniformity or properties to make the 
forecast in Table II obsolete. For ex- 
ample, power outputs of hundreds of 
kilowatts pulsed at X -band have been 
posed as a possibility using the LSA 
mode of the TEO. "." 

Based on today's results and today's 
technology, some of tomorrow's de- 
vices are already clearly taking shape. 

Tomorrow's devices 
This paper has followed the evolution 
of rocket and projectile transmitters 
from the transistor- oscillator /varac- 
tor- multiplier concept, to the transis- 
tor oscillator multiplier, to the hybrid 
microwave integrated- circuit transis- 

Fig. 9- Experimental X -band transferred -electron oscillator. 

tor oscillator. In view of the rapid 
advances in TEO's and IMPATT's, 
it is not too difficult to forecast what 
the transmitters of the future are likely 
to be. They will use microwave inte- 
grated circuits, TEO and IMPATT 
devices, and, in many applications, 
integrated circuits and bulk -effect de- 
vices combined to produce miniature, 
powerful, efficient transmitters that 
will come quite close to being 
indestructible. 
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Traveling -wave tubes for 
electronic countermeasures 
H. J. Wolkstein M. Freeling M. P. Puri 

Among the wide range of RCA -built traveling -wave tubes are those which satisfy the 
diverse and often contradictory demands of electronic countermeasures (ECM) sys- 

tems. This paper introduces a typical active ECM system and then describes the design 
problems, and solutions, associated with the input and memory- storage TWT's used 
in such a system. 

rr HE TRAVELING-WAVE TUBE (TWT) 
is uniquely suited for use as a 

wideband microwave amplifier. Its in- 
herent capability to provide the high- 
est gain- bandwidth product of any 
amplifying device over an octave in 
frequency makes it a key component 
for active ECM (electronic counter- 
measures) systems. For optimum ef- 
fectiveness, active ECM systems must 
respond instantaneously to a wide 
band of "unfriendly" radar signals 
over extremes in environment (ship- 
board or airborne) , and in turn re- 
transmit deceptive and erroneous 
range information. Moreover, the sys- 
tem must operate over a wide range 
of frequency, signal strength, and 
pulse width without loss of its decep- 
tive capabilities. 

A simplified ECM chain which pro- 
vides erroneous range information 
when illuminated by an unfriendly 
radar is shown in Fig. 1. Because of 
the widely different signal levels and 
signal -processing requirements im- 
posed on each of the stages by the 
ECM system, specialized traveling - 
wave tubes have been designed for 
each of the major functions in the 
cascaded chain. These major functions 
include: 

1) The low -level TWT amplifier stage, 
2) The recirculating RF memory TWT 
stage, 
3) The driver TWT stage, and 
4) The final power -amplifier TWT 
stage (s) . 

RCA has developed an excellent de- 
sign engineering and manufacturing 
capability which addresses itself to the 
traveling -wave tubes of the first three 
low -power stages of the typical ECM 
system indicated in Fig. 1. This capa- 
bility, the result of many years of ex- 
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perience supplying TWT's for major 
ECM systems, has given RCA impor- 
tant insight into the required tube 
characteristics, associated operating 
interface, and signal- processing prob- 
lems that must be resolved for each 
of the first three stages. The complex- 
ity and operating vagaries of these 
stages, therefore, warrant additional 
discussion. 

Simplified operation of the ECM 
system 

A brief discussion of the simplified 
receiver /transmitter deceptive ECM 
chain (shown in Fig. 1) will provide 
some understanding of the functional 
requirements of each stage. Function- 
ally, the ultimate output signal of the 
ECM system is a reasonable replica of 
the received radar signal, but subject 
to variable time delay before retrans- 
mission. This time delay is sufficient 
to deceive the radar with erroneous 
range information. 

As indicated in Fig. 1, the input signal 
received from the illuminating radar 
is picked up by the receiving antenna 
of the ECM system. The amplifier 
chain of the system, which covers 1/2 

to 1 octave depending on frequency, 
utilizes traveling -wave tubes for each 
of its amplifier stages. The received 
signal is amplified by the preamplifier 
stage, which has a noise figure low 
enough to accommodate the desired 
threshold or weakest signal. 

The duration of the received signal, 
which is approximately equivalent to 
the reciprocal of the radar IF band- 
width, is designated T. A portion of 
the preamplified signal then flows to 
the additional cascaded amplifier 
stages through a power splitter; the 
remaining preamplifier power is di- 
rected to the microwave storage mem- 
ory circuit for signal processing. The 

recirculating memory TWT -the 
heart of the deceptive electronic count- 
ermeasures system -is described at 
length later. Briefly, however, its 
broad function, as shown in Fig. 1, is 
to sustain the received signal in the 
feedback loop so that the output -sig- 
nal duration is many times (N X r) the 
actual received signal. During the ex- 
tension period of the memorized sig- 
nal, the input low -level amplifier is 
gated off and the memory -loop TWT 
is turned on. The associated threshold 
and level- sensing circuits of the system 
determine the appropriate time -con- 
tingent on signal delay and amplitude 
-to put the system in the memory 
mode. The output of the memory -stor- 
age subsystem stretched out in dura- 
tion (N X r) is then amplified in the 
driver tube and the final power- ampli- 
fier stages. The grid (gate) pulse of 
this final stage is programmed to pro- 
vide a variable time -positioned trans- 
mission window which turns the 
power amplifier "on" for the desig- 
nated pulse duration (r) over any 
portion of the total memory time. The 
variation of position of the output 
power pulse of the ECM system, rela- 
tive to the incident received pulse, is 

the time delay that enables deceptive 
range information to be conveyed to 
the unfriendly radar. 

For proper operation of the system, 
each amplifier stage must be capable 
of coping with the associated inter- 
face characteristics of adjacent stages. 
This criterion necessitates that each 
stage independently meet the follow- 
ing requirements: 

1) A minimum small -signal gain re- 
quirement to insure that the threshold 
input signal will drive the final power 
tube to the minimum system power - 
output requirement; 
2) Maximum small -signal gain limits, 
if cw operation is desired, to avoid 
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erations Department in 1955, where he worked on 

the design and development of traveling -wave 
tubes. In 1958, he became Engineering Leader in 

charge of the development of low -noise traveling - 

wave tubes. He was promoted to Manager, 

Traveling -Wave -Tube Design and Development. 
in 1961. In July 1964, as Manager. Microwave Ad- 
vanced Product Development, he directed a group 
in advanced development and application work on 

traveling -wave tubes and pencil tubes. In August 
1965, he became Manager of Traveling -Wave -Tube 
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contributions to the design of traveling -wave tubes, 
periodic- permanent- magnet focusing structures. 
slow -wave structures, and electron guns. He was 
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development of several memory -storage (recircu- 
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He has also done special design work on medium - 

low -noise PPM traveling -wave tubes and conducted 
a study of signal suppression in broadband 
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traveling -wave tubes for the orbiting Relay satel- 
lites. 

Paul Purl 
Traveling -Wave Tube Product Design 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
studied radio engineering at the Indian Technical 
Institute, New Delhi, India and was transferred 
to the Aeronautical Communication Schooi. Govern- 
ment of India, from which he graduated in 1949. 

He then joined the Aeronautical Communication 
Service, India. as a technical assistant and en- 
gaged in the development of radio communication 
and navigational aids. As a graduate student in 

1954, Mr, Puri entered the research and develop- 
ment laboratories of Cossor Radar and Electronics. 
Ltd., London, England and joined its staff in 1956 

as a development engineer. In 1958, he received 
the Dipla Tech. in Electrical Engineering from En- 
field College of Engineering, Enfield. England. 
From 1956 to 1960. Mr. Puri attended various 
post -graduate and other courses at Northern 
Polytechnic and Enfield College of Engineering 
(Univ. of London) in microwave physics, tele 
communication engineering, and allied subjects. 
From 1960 to 1967. Mr. Puri was employed by 

MOV (General Electric Company, England) firs' 
as a senior development engineer and later as 

Technical Superintendent responsible for the 
design and development of various low -noise and 

low- and high -power communications tubes. Mr 
Puri joined RCA's Microwave Devices Operations 
Department in 1967 as a senior development 
engineer where he has been engaged in the 
design and development of a number of low- and 
medium -power traveling -wave tubes and special 
frequency -memory traveling -wave tubes. 

antenna -to- antenna isolation problems 
(receiver to transmitter) ; 

3) Minimum power output within the 
wide input -power overdrive range; 
4) The overall performance criteria 
with power -supply deregulation of 
±1 /2 to ±2.0 %; 
5) The overall performance criteria 
over the temperature and environ- 
mental extremes ( -85 °C to +120 °C, 
70,000 feet, salt spray, humidity, etc.); 
6) External mechanical requirements 
such as shock, vibration, acoustical 
noise, etc; and 
7) RFI and stability requirements. 

The input TWT 
The typical input TWT of the ECM 
system must meet several diverse and 
opposing requirements. It must have 
a noise figure low enough to make the 
threshold signal discernible and estab- 
lish the minimum signal -to -noise ratio 
of the system; it must simultaneously 

accommodate a wide range of input - 
signal levels (perhaps 30 to 50 dB 
beyond saturation) to meet minimum 
output -power requirements. 

For the input traveling -wave tube, 
generally, a long input helix section 
is required for low noise figure, but 
a long output helix section is required 
for large input overdrive signals. To 
meet overdrive requirements, it is 

necessary that the active output helix 
section be equivalent in length (dB/ 
cm) to the degree of overdrive input 
power beyond the saturation point of 
the tube. If the helix length is not 
adequate, additional input power 
drive causes sudden loss of output 
power as the saturation point of the 
tube moves to the input side of the 
decoupling attenuator sever. This con- 

dition is illustrated in Fig. 2 for drive 
level P4; the kinetic energy has been 
extracted out of the tube on the input 
helix, and no interaction energy is 

available for re- inducing the wave on 
the output helix. 

It is also necessary to shape the out- 
put helix wave velocity as a function 
of frequency so that the generation 
of second -harmonic components is 

minimized. Fig. 3 illustrates the wide 
harmonic separation achieved with 
RCA tubes that use a special output 
helix taper. These characteristics are 
extremely important for ECM tubes 
and systems with wide drive ranges 
and octave or greater bandwidth 
performance. 

RCA has designed medium -noise, 
PPM (periodic- permanent- magnet) , 
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GRID PULSE 

TWT 

OUTPUT 
PULSE 

INTERVAL 

Noise Gain 
RCA Frequency figure (min.) Puise Power- output Input -power 2nd- harmonic 

dell. no. (GHz) (aB) (dB) grid range (dBm) range (dBm) separation 

A-1350 1 to 2.6 <12 30 x O to 20 -43 to -7 NA 
A-1327 2 to 4 <17 36 +5 to +20 -32 to +2 -5 dBc 
A-1381 2 to 3.8 -25 35 +1 to +20 -32 to +18 -5 dBc 
A-1382 3.8 to 7.4 <20 28 -14 to +6 -38 to +6 -5 dBc 
A-1383 7.4 to 12 <20 28 -14 to +9.5 -38 to +8.5 -5 dBc 
A-1360 4 to 8 -15 33 -3 to +15 28 to 0 -5 dBc 

Table I- RCA -built preamplifier TWT's. 

traveling -wave tubes to meet custom- 
ized system interface needs for a wide 
range of frequencies. In general, these 
tubes cover L to X band and have 
noise figures ranging from less than 
12 dB to approximately 20 dB. The 
salient characteristics of these devices 
are shown in Table I. 

Design of the memory- storage TWT 

Operation of the storage TWT is ob- 
tained by feeding the output of the 
tube back into its input through an 
appropriate feedback circuit. Fig. 4 
illustrates this technique for an "off - 
line" loop in which the initiating pulse 
does not undergo amplification by the 
loop TWT before being transmitted. 
The dynamic operation of this feed- 
back loop, which consists of the TWT 
and a coaxial or waveguide delay line 
and other passive components, is so 
complex that the interrelationship of 
the various components must be fully 
understood before a satisfactory de- 
sign criteria can be evolved. 

To obtain memory performance and 
regeneration at any frequency in the 

30 

band, the small -signal gain of the 
TWT in the feedback loop must be 
in excess of the feedback losses across 
the band. However, mere injection of 
a signal into the loop subsystem with 
the prerequisite gain is not sufficient 
to insure stable, long -term memory 
storage. Good operation of the mem- 
ory traveling -wave tube and its feed- 
back network requires that many 
dynamic RF parameters be simulta- 
neously satisfied. 

Overdrive equilibrium requirements 

Operation of a loop memory tube can 
best be illustrated by reference to the 
dynamic overdrive and loop -loss curve 
shown in Fig. 5. For the example 
shown, application of the threshold 
signal ( -30 dBm) to the loop sub- 
system provides a tube output power 
of +5 dBm (point A) . The excess loop 
gain (---10 dB) after the first recircu- 
lation produces a new input power to 
the tube of 20 dBm (point B) . This 
regeneration ideally occurs with each 
recirculation until the open -loop gain 
is equal to the loop loss and the system 

comes to rest at the equilibrium or 
quiescent storage point. Obviously, it 
is necessary to shape the overdrive 
curve properly to establish and to 
maintain stable memory operation at 
the equilibrium point. An improperly 
shaped overdrive curve with overall 
power fall -off greater than 45 degrees 
beyond saturation will cause faulty 
recirculation and "homing" (bi- stable 
operating levels) . This phenomenon 
is illlustrated in Fig. 6; the excess gain 
and the power curves start to converge 
toward a stable point and then diverge 
and repeat the cycle again so that 
power stability is not obtained. 

Noise capture 

The fact that the TWT and the feed- 
back network are necessarily broad- 
band assures that the white -noise 
power of the input TWT, enhanced 
by its gain and the excess gain of the 
memory circuit, will also be recircu- 
lated. This white noise can build up 
in each successive recirculation and 
virtually capture the memory system. 
Noise capture -one of the prevalent 
failure mechanisms in memory- storage 
traveling -wave tubes - generates an 
erroneous signal independent of the 
desired coherent input frequency and 
makes the memory inoperative. 

Gain suppression 

In the absence of an input signal, the 
noise recirculating in an active feed- 
back loop is amplified with each suc- 
cessive recirculation. The excess gain, 
the power output, and the feedback 
phase relationship across the band de- 
termine the single frequency (or finite 
band of frequencies) which takes 
over, or captures the recirculating 
memory. In the presence of a desired 
input signal, however, this failure 
mode - noise capture - must be 
avoided for the required term of 
memory storage. 

Random noise capture of a broadband 
feedback loop is inhibited by a phe- 
nomenon known as "gain suppres- 
sion." Gain suppression manifests 
itself, as it does with all active devices, 
in the presence of a large overdriving 
signal, by compressing the small -signal 
gain everywhere in the band. Fig. 7 

shows the input /output characteris- 
tics of a TWT in both the small -signal 
and saturation regions with varying 
levels of suppression signal elsewhere 
in the band. It is apparent that large 
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suppression signals reduce the small - 
signal gain appreciably. 

In a feedback loop, as the operating 
point converges toward equilibrium 
after the initiation of an input pulse, 
the excess feedback gain is reduced 
to zero (i.e., the gain equals the 
losses) . Obviously, the input power 
to the loop tube at equilibrium is 
sufficient to suppress the gain for all 
frequencies in the band. As a "rule -of- 
thumb," the degree of gain suppres- 
sion for all noise frequencies is 
approximately equivalent to the gain 
suppression suffered by the coherent 
frequency itself in approaching its 
equilibrium point in the feedback 
circuit. 
The suppression of gain in a well -de- 
signed broadband TWT by the larger 
coherent overdriving signal is suffi- 
cient to prevent build -up and capture 
of the memory by recirculating noise. 

The delay line 

A single recirculation delay time of 
the system is established largely by 
the average width of the varied radar 
pulses it must accommodate. For opti- 
mum performance, the total delay 
time for one recirculation must be 
approximately equivalent to the radar 
pulse duration. This delay time (150 
to 250 nanoseconds, including the 12 

to 20 nanoseconds delay of the TWT) 
typically may require 100 to 150 feet 
of coaxial cable length. After the 
cable length is established, the cable 
diameter and other parameters are 
determined. 
Literally filling the feedback circuit 
with the weakest operating RF signal 
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Fig. 3- Fundamental and second- harmonic power output as a 
function of power -input drive for conventional and improved RCA 
TWT's. 

(signal threshold level) establishes the 
smallest prerequisite signal -to -noise 
ratio which enables operation. The 
absence of signal, or a signal below 
the operating threshold of the device 
during the pulse interval, allows 
"white" noise to recirculate and er- 
roneous operation ensues. 

The attenuation (or feedback loss) of 
a delay line of fixed length is an in- 
verse function of cable diameter. The 
desire to minimize the size and weight 
of a cable is compromised by the more 
pressing need to keep the overall feed- 
back loss substantially below the 
small- signal gain of the traveling -wave 
tube. The difference between small - 
signal gain and loss, 10 to 15 dB, is 
the excess gain of the feedback loop. 
Therefore, loop- attenuation problems 
must be balanced against size. 

Loss equalization /temperature 
The loss of the coaxial delay line in- 
creases linearly with frequency, as 
shown in Fig. 8. When this loss is 

subtracted from the typical small - 
signal gain characteristics of a TWT, 
an excess gain shape results which is 

generally convex or humped at center 
frequency. This gain shape, which is 
far from ideal, provides recirculat- 
ing noise with the opportunity to build 
up at center band where the gain pre- 
dominates (independent of the Signal 
input frequency) and sometimes 
causes faulty RF memory operation. 

To avoid noise capture due to rela- 
tively high excess gain at mid -band, 
a gain -shaping equalizer can be used 
in series with the delay line. The recip- 
rocal loss characteristic introduced by 
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the equalizer is designed to compen- 
sate for the dome -shaped excess -gain 
curve. The result at room tempera- 
ture is a slightly rising excess -gain 
curve, as shown in Fig. 8 by curve C, 
which provides good memory- storage 
operation. 

Maintaining the desired excess -gain 
shape is further complicated by the 
variations of delay -line loss with tem- 
perature. In general, delay -line losses 

o 

>45° SATURATED 
POWER OUTPUT LOOP LOSS 

2 
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Fig. 6- Faulty (unstable) recirculation caused by poor overdrive slope. 

Table I I- RCA -built memory TWT's. 
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gate 

Storage 
lime 
(µs) 

Small- signal 
gain 

Power level (dB) 

A-1220 Off -line s x <5 10-80 mW Not req'd 
A-1361 Off -line C x <5 3-16 dBm Not req'd 
A-1384 In -line s No <5 -1 W 35 
A-1385 In -line C No <5 100 mW, 1 

, W 40 
A-1386 In -line X No <5 100mW. , W 40 
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Fig. 9 -Helix mode storage plot as a function of temperature. 

track temperature linearly. An in- 
crease in temperature, therefore, 
causes losses to increase, while re- 
duced temperature reduces losses. 
However, because the losses vary with 
frequency as well as temperature. the 
delay line, which covers an octave in 
frequency, is likely to suffer twice the 
loss change with temperature variation 
at high frequency as compared to the 
loss change at the low- frequency end 
of the band. Although the absolute 

change in loss can be tolerated with 
sufficient excess gain, the attendant 
change in loss shape with tempera- 
ture is conducive to noise capture. 
To overcome this problem on early 
delay lines with a characteristic 7 to 
8 dB loss change over temperature 
extremes, methods were introduced to 
enable the gain of the tube to virtually 
track the loss of the loop. This 
temperature- compensation technique 
eliminates noise capture over the high- 

www.americanradiohistory.com

www.americanradiohistory.com


NO OPERATION (HOLE) 

Vmid 
HELIX- VOLTAGE 

MODE PLOT 

FREQUENCY 

HELIX MODE STORAGE PLOT 

Vmid RANGE 

2-aB"HOLE" 

a 

FREQUENCY 

SS EXCESS SWEPT GAIN PLOT 

Fig. 10 -Plots of helix mode storage (top) and small -signal excess swept gain (bottom). 

INPUT TWT DRIVER /LOOP FINAL POWER AMPL. 

DELAY LINE 

Fig. 11 -In -line RF memory storage subsystem. 

frequency portion of the band and the 
resulting memory failure. 

Mode plots and performance 

To test and demonstrate the capability 
of each loop TWT, complex measure- 
ments are made of RF storage capa- 
bility over the range of conditions 
described above. These measurements 
indicate the common range of power - 
supply variation (helix voltage) that 
can be tolerated as a function of 
frequency without deterioration of 
power output and other parameters 
during the storage cycle. A typical 
"mode plot" indicating the loci of 
satisfactory performance is shown in 
Fig. 9. Measurements are repeated for 
hot and cold temperature and for ex- 
tremes in the drive range. A tube is 

considered acceptable if it is able to 
meet the power -supply regulation re- 

quirements (-1 to 2% of helix volt- 
age) as a common voltage corridor 
for all conditions of operation. 
Perturbations in the small -signal gain 
curve of the TWT or in the feedback 
circuit can cause loss of memory over 
that frequency band. Fig. 10 illustrates 
an example of this failure mechanism 
which manifests itself as an "island" 
of inoperation. The corresponding ex- 
cess or open -Ioop gain plot, shown 
also in Fig. 10, verifies that a "hole" 
exists over the same frequency band. 
To inhibit failures similar to those 
shown, it is necessary to plot excess - 
gain curves of all tubes and associated 
loops to establish that the proper con- 
tour and fine -grain performance levels 
have been achieved. 
When the proper controls have been 
imposed on both tube and passive cir- 

cuit components for fine -grain re- 
sponse, VSWR, gain -loss contour, and 
overdrive, tubes can be made which 
provide the required memory storage 
with all loops over a reasonable 
spread of characteristics. 

In -line RF memory storage 

Loop memory storage tubes have been 
designed for specific systems in which 
the multiple functions of cw amplifi- 
cation and RF memory are combined 
in a single stage. This approach re- 
places the drive tube shown in Fig. 1 

with the so called "in- line" loop TWT 
configuration shown in Fig. 11. 

This circuit simplification reduces the 
complexities of the system, but im- 
poses on the TWT all of the RF 

characteristics needed for pulse am- 
plification as well as the sophisticated 
characteristics required for RF mem- 
ory storage. The traveling -wave tube 
in this system must meet system mini- 
mum and maximum gain restraints, 
provide the proper input /output drive 
characteristics for the cw pulse, and 
enable RF memory storage approxi- 
mately one magnitude higher in out- 
put power than that of the off -line 
TWT. 

RCA memory tubes 

RCA has built many different "in- line" 
and "off- line" traveling -wave tubes to 
meet a host of system requirements. 
For reference, some of the memory 
tubes are tabulated in Table II. 

Prerequisites for memory storage 

TWT's for loop memory subsystems 
must be designed to provide RF stor- 
age capability while operating with 
the required passive delay compo- 
nents in the feedback loop. To ac- 
complish this objective, it is necessary 
for the TWT to meet the following 
prerequisites: 

1) Produce a small- signal gain contour 
which complements the delay -line loss 
(-10 dB in excess of loop -loss 
contour); 
2) Maintain excess -gain spread and 
gain contour with temperature varia- 
tion over operating environment; 
3) Provide storage operation over the 
memory period with power -supply 
( ±2%) and temperature variations; 
4) Meet the above requirements over 
the wide power ranges of the input 
pulses; and 
5) For the in -line loop, meet the spe- 
cific system interface characteristics 
as an amplifier between the input and 
final TWT's in the chain, as well as 
provide RF storage. 

33 

www.americanradiohistory.com

www.americanradiohistory.com


Microwave solid -state 
subsystems engineering 
F. E. Vaccaro J. J. Napoleon 

This paper describes two typical "subsystems," each fairly complex, which illustrate 
the combination of microwave engineering skills with other engineering disciplines to 

satisfy a specialized systems need. Each of these subsystems forms a vital part of a 

larger system. The first subsystem described is a wide -range multiple -band voltage - 
tuned power source intended for local- oscillator application; the second is a frequency - 
multiplier chain used in several radar equipments in the LM Apollo vehicle. 

THE MICROWAVE SOLID -STATE SUB- 

SYSTEMS (Msss) engineering 
group is concerned with the design 
and development of subassemblies 
that fill a specialized microwave -sys- 
tems need. These devices or sub- 
systems are generally unique or 
customized subassemblies that use 
discrete solid -state devices such as 
transistors or diodes combined with 
appropriate microwave and accessory 
circuits. 

In many military and space electronic 
systems, there are advantages to a 
breakdown of the system into defin- 
able subsystems that perform special- 
ized system functions and demand 
specialized microwave expertise. The 
combination of interrelated circuits or 
components can often improve the 
performance characteristics of a sys- 
tem by reducing the complexity of 
the interface between the components. 
Thus, it is often advantageous to 
consider a series of cascaded amplifier 
stages, or a chain of varactor multi- 
pliers, as a composite engineering 
problem rather than as a set of sepa- 
rate devices with multiple complex 
or indefinable interfaces that waste 
engineering effort. It is generally 
necessary to include in these subsys- 
tems several related microwave de- 
vices such as filters, isolators, and 
switches, together with appropriate 
lower -frequency circuits and often a 
rather demanding packaging concept. 

In designing these subgroups of dis- 
crete devices, it is possible to focus 
all of the mechanical, thermal, and 
electronic engineering disciplines that 
are needed to satisfy complex systems 
needs as an efficient, integrated, and 
managed effort. The two typical sub- 
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systems described in this paper il- 
lustrate this fusion of engineering 
disciplines necessary for microwave 
subsystem design and development. 

Solid -state local oscillator 

The function of the local oscillator 
(Lo) in a superheterodyne receiver is 
to supply a signal to the mixer for 
conversion of the received signal to 
an intermediate frequency. The pri- 
mary requirements of the Lo signal 
are that it be stable in frequency and 
amplitude, relatively free of noise, and 
of sufficient level (a few milliwatts) 
to achieve good mixing. In many 
cases, these requirements can be ful- 
filled by a simple free -running oscilla- 
tor. However, when the requirements 
are broadened to include 

1) Electronic frequency tuning over por- 
tions of S, C, and X band; 
2) High input impedance for tuning; 
3) Good frequency stability over a wide 
range of environmental conditions; and 
4) Packaging in a restricted volume, 

the complexity of the Lo is increased 
to that of a subsystem. 

The block diagram of a solid -state 
local oscillator designed to meet these 
requirements is shown in Fig. 1. A 
photograph of a developmental unit 
is shown in Fig. 2. The basic configu- 
ration employs two varactor -tuned os- 
cillators that drive three multiplier 
chains. The signal from the multipliers 
is filtered and channeled to a common 
port by a triplexer. Isolators are used 
to minimize frequency pulling of ~the 
oscillators and to isolate the multi- 
pliers from the output. Frequency 
changes resulting from ambient -tem- 
perature variations from -40° C to 
+80° C are reduced by placing the os- 
cillators in an oven that maintains the 
temperature of the oscillator housing 
at 94 ±2° C and by temperature con- 

trol of the isolators following the 
multipliers. 

The output of oscillator 02 (Fig. 1) 

can be switched between the X4 multi- 
plier chain M2 /M4 and the X8 multi- 
plier chain M3 /M5 /M6 by the 
single -pole double -throw switch. A 
separate oscillator 01 is used for the 
X2 multiplier M1 because the desired 
frequency bands are not integrally re- 
lated. Both oscillators operate continu- 
ously to minimize frequency drift 
when band switching takes place. 
Band selection is accomplished by DC 

logic signals that actuate the SPDT 

switch and turn off the multiplier 
chains that are not in use. 

Although there are a number of 
different ways such a system could be 
designed, the method shown best 
suits the special requirements. For 
instance, a low -power YIC -tuned os- 
cillator followed by an amplifier was 
considered for the driver, but was re- 
jected because of the tuning power 
required and the increased noise level 
resulting from the use of an amplifier 
stage. Another alternate considered 
was the use of three separate oscilla- 
tors and elimination of the SPDT 

switch. This approach was not used 
because of the increased oven power 
that the additional oscillator would 
have required. Although higher -order 
multipliers might have been used in 
place of simple tandem doublers, it 
is difficult to make such devices oper- 
ate over a broad band without spuri- 
ous output. 

Performance 

The performance capability of the 
local -oscillator subsystem has been 
demonstrated on a large number of 
production units. Table I shows the 
typical performance achieved over the 
ambient -temperature range of -40° 
C to +80 °C. 

Multipliers and oscillators 

In the diagram shown in Fig. 1, all 
multipliers are of the coupled rectan- 
gular -bar type" except M6, which 
utilizes a waveguide circuit because 
of the frequency. The rectangular bar 
configuration was selected because of 
its wide bandwidth capability and 
simplicity. Multipliers M2 /M4 and 
M3 /M5 /M6 were constructed as sin- 
gle units without interconnecting 
cables to minimize space require- 
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ments and improve electrical per- 
formance. The size of these combined 
units was further reduced by circuit 
coupling from one varactor bar to the 
other without the use of an output or 
input bar. Thus, the combined units 
M2 /M5 and MI /M4 use only four 
bars, as shown in Fig. 3a, instead of 
the six bars required for two connect- 
ed doublers (Fig. 3b) . 

Fixed bias was used with a compen- 
sating thermistor network to mini- 
mize power change and eliminate 
spurious output over the complete 
temperature range. 

Band selection is accomplished by use 
of the SPDT switch and application of 
a forward bias to the varactors of the 
chains not in use. A forward current 
of 2.5 mA through the diode of the 
doubler was found sufficient to reduce 
the multiplier output by 60 dB, pro- 
vided that the second -harmonic con- 
tent of the signal into the doubler 
was down at least 50 dB. This low 
harmonic level of the signal into M3 
was assured by use of a low -pass filter, 
as shown in the block diagram (Fig. 
1) . The oscillators are of a Clapp cir- 
cuit design and utilize an RCA Dev. 
No. TA 7003 transistor with a ground- 
ed collector. Tuning is accomplished 
by use of two high -Q (0-4 =1200 at 
50 MHz) varactors placed back -to- 
back to increase breakdown voltage. 
The power loss incurred as a result 
of the tuning varactors is approxi- 
mately 1 dB. An additional 3 -dB pow- 
er is dissipated in a resistor shunting 
the output to reduce frequency pulling 
of the oscillator with changes in out- 
put loading. The maximum pulling 
due to a VSWR of 1.5 in the output line 
varying through all phases is 10 MHz. 
The power output is 250 mW, and is 
flat within -±1/4 dB. 

Frequency -multiplier chains 
for LM radars 
Four types of solid -state, transistor - 
amplifier /varactor- frequency -multi- 
plier chains have been developed for 
use in the Apollo program. Since its 
inception in EC in 1963, this program 
has progressed from initial design 
through delivery of developmental 
pre -flight and environmentally quali- 
fied subassemblies suitable for use in 
manned lunar missions. 

Application 

The four frequency -multiplier chains 
described serve as the prime source 
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led to the development of a family of high -power 
tunable magnetrons with superior tuning, sta- 
bility, and life characteristics. This work is de- 
scribed in the book Crossed -Field Microwave 
Devices, publishec by Academic Press in 1961, 

Since 1966, Mr. Vaccaro has been Engineering 
Leader in the Solid -State Subsystems group. He 

received the 1967 RCA Electronic Components 
Engineering Achievement Award for valuable 
contributions to microwave circuits. Mr. Vaccaro is 

a Senior Member of the IEEE. 

James J. Napoleon 
LM Project 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the BSEE from Newark College of En- 

gineering in June 1958, and the MSEE from 
Rutgers in June 1960. He served two years with 
the United States Signal Corps (1953 to 1954) 

as an instructor for courses on electronic power 
supplies at the microwave branch of the Signal 
School at Fort Monmouth, New Jersey, and a so 

in the capacity of maintenance techrician on a 

microwave radio -relay station in Germany. He 

completed courses in radio and television engi- 
neering at the Jersey City Technical Institute 
(1950 to 1952) and was employed at the school 
as an assistant instructor during the period from 

1955 to 1956. Mr. Napoleon was employed at 

RCA during the summer of 1957 as an engineer 
in the Microwave Eng.neering Test group, and 

joined Microwave Engineering Development in 

June 1958 to work on design of low -noise TWT's. 
In June 1960. he was assigned to the development 
of tunnel -diode oscillators. Mr. Napoleon has 

been a Project Engineer on several solid -state 
device developments including tunnel -diode os- 

cillators, parametric amplifiers, and varactor `re- 

quency amplifiers, as well as lead engineer in 

the development and production of complex fre- 
quency multipliers used in missile tracking sys- 
tems. The design of these frequency multipliers 
became the initial model for the LM frequency 
multiplier development. Mr. Napoleon has been 

directly assigned to the LM project since the 
spring of 1965, and has been responsible for 
the transfer of the multiplier design from En- 
gineering to Manufacturing. 

35 

www.americanradiohistory.com

www.americanradiohistory.com


M2/M4 

I3 

OSCILLATOR , .,, ., 
OVEN 

- d!t.' *r 

Ia 

: i 
TRIPLEXER 

M3 /M5 /M6 
SPDT SWITCH 

OUTPUT 

Fig. 2- Developmental Model of SSLO. 

111I1.11I11 1'I 1111,111l,1 11I.l1l 
`. 

Fig. 3a- Multiplier M2 /M4. 

* 

1J Id 

IMMUNEMER 
Fig. 3b- Multiplier Ml. 

Quadrupler 

RF Output 

B+ Filter 

Waveguide 
Filter 

isolator 
Grounding 

Lug 

1 . DC Input 

High Frequency 
Doubler 

Transistor Amplifier 
(Under Quadrupler) 

Tripler 

Chassis 
Base Plate 

Doubler- Doubler 

Fig. 5-LM frequency multiplier with chassis cover removed. 

CRYSTAL 
OSC - 

IQ-iIT 4MPL RANS 
IATMI - PL 

HP INPUT 

HPMT INPUT 

%3 - LF %2 F x2 2 SOL 

Oscillator (VSOM only) 

Buffer Amplifier (ATM only) 

BAND- 

'8% 

109. 5MHz 

V 24 mw 
109 5 Mu, 

14W 
438 Wiz 

7W 
1314 MHz 

3 8 W 
2628 MHz 

2 2w 
5255MHZ 

I 1W 
10150MHz 
030 mw 

0.3 0 8 O T d 8 J 40 m w 

sHeenZ 
la mw 

99.8 un, 
6.5w 

399MHZ 
4w 

1198 MHz 
2 OW 

2395 MHZ 
1.5w 

4790 MHz 
850 mW 

9580MHz 
375mal 

-0308 -0940 280mal 

cc 102.41ANZ 
1T mw 

102. a MHz 
16 

410 MHZ 

8.5W 
1229 MHz 

47W 
2455 MHz 

2.8W 
4916 MHz 

TSW 
9832m,, 
590mal -0.708 -04dß 500mal 

102MHZ 
ISmw 

102 MHZ 
16W 

408 WO 
8 S 1224100 

4.7W 
2448 MHz 

2.8W 
489660W 

15W 
9792MHz 
590 mal 

_03118 -O.adO 500 mal 
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Table I- Typical performance of solid -state local oscillator. 
Parameter S -band C -band X -band 
Min. power output (mW) 8 7 5 
Power flatness (dB) 3 3 2.5 
Bandwidth ( %) 24 8 8.6 
Spurious output (dBc) >60 >60 >60 
Frequency repeatability ( %) 0.08 0.06 0.06 
Frequency reproducibility ( %) 1.5 1.0 1.2 
Short -term stability ( %) 3x10 -5 3x10"5 3x10-5 
Long -term stability ( %) 0.002 0.0015 0.001 
Tuning rate (MHz /V) 8 to 28 12 to 25 24 to 33 
Tuning -voltage input impedance (ohms) > 10,000 >10,000 > 10,000 
Output VSWR <1.5 <1.5 <1.5 
Weight (lbs.) 6.7 
Size (inches; LxWxH) 10x6.5X2.7 

Definitions: 

MOW -2 

Fig. 4 -LM frequency -multiplier subassem- 
blies. 
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Min. power output is the lowest power measured throughout the frequency band as the ambient 
temperature is changed from -40° C to +80 °C. 
Power flatness is the ratio of maximum to minimum power (expressed in dB) measured in each band 
as the ambient temperature is cycled. 
Bandwidth percentage is given by 100x (Jo - fi) /fn where Is, ji, and J correspond to the high, low, and 
center frequency of each band. 
Spurious output is the power level of discrete signals other than the carrier measured over the tem- 
perature range and expressed in terms of dB below carrier. 
Frequency repeatability percentage is given by (Vf /f) x 100, where VI is the maximum change in 
frequency measured over the entire ambient -temperature range for a constant tuning voltage. 
Frequency reproducibility is the maximum percentage change in frequency for a fixed tuning voltage 
measured from unit to unit over the ambient- temperature range. 
Short -term stability is the percentage change in frequency measured in a 10- second interval after the 
unit has reached a stable operating temperature. 
Long -term stability is the percentage change in frequency measured in a 200 -second interval after the 
unit has reached a stable operating temperature. 
Tuning rate is the slope of the curve of tuning voltage as a function of output frequency. The two 
numbers given are for the high and low ends of each band, respectively. 
Output VSWR is the voltage standing -wave ratio measured at the output of the unit. 
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of microwave power in the landing 
radars and rendezvous radar on the 
Lunar Module and the rendezvous 
radar and transponder located on the 
Command Module. 

Two separate radar systems are used 
during the moon- landing operation. 
The Altimeter Radar (ATM) indi- 
cates the instantaneous elevation of 
the Lunar Module above the moon 
surface, and the Velocity Sensor 
(VSOM) measures the rate of descent 
of the Lunar Module. 

During the subsequent rendevous of 
the Lunar Module with the Command 
Module, the Rendezvous Radar 
(HPM -R) and Transponder (HPM - 
T) serve as a tracking system which 
provides the crew of the Lunar Mod- 
ule with the relative position and 
velocity of this module with respect 
to the Command Module. The trans- 
ponder aboard the Command Module 
serves as an active homing device 
which receives the signal transmitted 
by the Rendezvous Radar, processes 
the information contained on the sig- 
nal, and then re- transmits to the 
Rendezvous Radar.' 

Specifications 

The performance requirements of the 
four multiplier chains are listed in 
Table II. The stringent reliability 
and environmental requirements have 
been achieved with no modification 
of the electrical or mechanical 
specifications. 

Description 

The four multiplier chains are almost 
identical in configuration and form 
factor. Slight differences prevail be- 
cause of the specific output -power and 
frequency requirements for each 
chain. In addition, the VSOM chain 
is fitted with a self- contained crystal 
oscillator which provides the funda- 
mental VHF signal for the chain. The 
HPM -R, HPM -T, and ATM chains 
are designed to operate from an ex- 
ternal VHF driver signal. 

A photograph of the fully packaged 
multiplier chains is shown in Fig. 4. 
Fig. 5 shows a photograph of a VSOM 
chain in which the outer cover has 
been removed. 
The multiplier chain consists of a 
three -stage transistor amplifier which 
raises the fundamental VHF signal to 
a level of 15 watts, followed by a se- 
ries of varactor frequency multipliers 

with a total frequency multiplication 
of 96 times. Fig. 6 shows a block dia- 
gram of the chains and lists the 
specific interstage frequency and 
power levels for each of the four 
types. 

The detailed original design features 
of each of the stages have been pre- 
sented in an earlier paper' and are 
not repeated here. It is instructive, 
however, to describe some of the re- 
design features and improvements 
which have resulted from three years 
of manufacturing and system experi- 
ence which have dictated the required 
changes. 

Redesign and improvements 

The chassis baseplate (shown in Fig. 
5) was redesigned Io maintain a 
stringent flatness specification of 0.003 
inch over the 5 by -5 -inch surface. The 
flatness characteristic serves to mini- 
mize the thermal impedance between 
the multiplier chain and the system 
heat sink. The stiffness of the base - 
plate was enhanced by increasing the 
thickness of the baseplate and by in- 
stalling brazed cross ribs within the 
chassis. A buffer amplifier was added 
at the input of the transistor amplifier 
in the altimeter frequency -multiplier 
chain to solve a system interface in- 
stability problem. The buffer amplifier 
is a single -stage common -emitter am- 
plifier with unity gain; it contains a 
resistive pad at its input which pro- 
vides 6 -dB broadband isolation. 

The transistor amplifier has been sub- 
jected to two redesign phases. The 
first phase was a change from the 
printed- circuit chassis used in the 
developmental models to a wired 
copper -clad phenolic chassis. This 
change eliminated many manufactur- 
ing problems (such as lifted pads) 
which degraded the reliability of the 
amplifier. A change in component 
layout was also made to permit elec- 
trical alignment of the amplifier after 
it was integrated with the frequency - 
multiplier stages of the chain. 

The second redesign phase of the 
transistor amplifier was a major cir- 
cuit redesign which was incorporated 
into the environmentally qualified 
chains. The circuit was redesigned to 
eliminate instabilities which were in- 
herent in some of the pre -flight mod- 
els. These instabilities dictated an 
alignment technique which was di- 

rected at the elimination of spurious 
outputs over a relatively narrow range 
of De input voltage and RF input 
power and frequency. The new design 
features improve RF bypassing, de- 
coupling, and broadband impedance 
termination and contribute to a syste- 
matic and positive alignment tech- 
nique. In addition, the new design 
is characterized by a wide dynamic 
range in which the amplifier output is 
free of any spurious signals over the 
entire range of inputs of zero to 28 
volts DC, zero to 30 mW RF drive, and 
drive frequency in excess of 600% of 
the required operating bandwidth. 
This wide design margin makes manu- 
facturing and alignment easier. 

The frequency- quadrupler stage has 
also been subjected to two redesign 
phases. The first phase was a charge 
from a copper -clad phenolic wall 
structure with a printed- circuit chassis 
to solid metal walls with an integral 
metal chassis. As in the case of the 
amplifier, the printed- circuit chassis 
was abandoned to eliminate manufac- 
turing problems which degraded the 
reliability of the quadrupler. In addi- 
tion. the change to an integral solid - 
metal chassis /wall structure main- 
tained the integrity of the component 
ground planes and thus assured per- 
formance repeatability. 

The second redesign phase of the quad- 
rupler was dictated by a mechanical 
limitation of its predecessor. Excessive 
spacing between the mounting screws 
which hold the cover on the quad- 
rupler resulted in vibration- induced 
noise caused by a chatter between the 
cover and housing. The quadrupler 
housing and cover were completely 
redesigned to provide an increase in 
the number of tie -downs and decreased 
spacing between tie -downs from 1.8 

inches to 0.6 inch. In addition, a 

change was made in the parts layout 
to simplify construction and repair; 
junctions to the variable capacitors 
were changed from rigid to semi -flex- 
ible to reduce the possibility of fracture 
of the capacitors due to thermal and 
vibration- induced stress; and some 
circuit changes were made to increase 
the stability and dynamic range of the 
quadrupler and thereby systemize and 
reduce the time required for electrical 
alignment. 

The frequency -tripler stage was sub- 
jected to one redesign of major 
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Table II- Frequency -multiplier performance specifications. 
Limits 

VSOM ATM HPM-R HPM-T 
Electrical 
Input data 
RF drive power (mW) self -contained 14 ±2 17 ±4 15 ±2 
RF drive frequency (MHz) 109.5 99.8 102.4 102.0 
RF input impedance (ohms) 50 ±5 ±j5 50 ±10 ±j10 50 ±10 ±j10 
DC voltage (V) 25.00± .25 25.00± .25 25.00 ±.25 25.00 ±.25 
Max. De power (W) 23.0 14.0 29.5 28.5 
Output data 
Frequency (GHz) 10.510 9.580 9.833 9.792 
RF power (mW) 210 min. 185 min. 320 min. 320 min. 

400 max. 350 max. 640 max. 567 max. 
Load VSWR 1.2: 1 1.2:1 1.2:1 1.2:1 
Minimum 1.0 dB 

bandwidth (MHz) ±25 ±25 ±25 
Spurious output (dBc) 50 50 50 to 117 50 to 117 
AM noise (dBc) 

with vibration 92 to 130 72 to 130 - 
w/o vibration 114 to 134 100 to 132 86 to 124 86 to 124 

FM noise (Hz, RMS) 
with vibration 5.0 to 440 6 to 570 - - 
w/o vibration 4 to 44 6 to 12 0.7 to 30 0.7 to 30 

Warm -up time (sec) 75 75 75 75 

Mechanical 
Max. weight (lbs) 2.25 2.10 2.21 2.05 
Approx. dimensions 

(inches; LxWxH) 5x5x2 5x5x2 5x5x2 5x5x2 
Environmental 
Operating temp. range ( °C) +10 to +63 +10 to +63 12 to +63 O to +63 
Operating vib. level (g) 
Oper. pressure range (mm Hg) 

5 
10-' to 10-9 

5 
10-, to 10-9 

10 
10-2 to 10-9 

15 
10-' to 10-9 

All- pressure design (mm Hg) 760 to 10-9 760 to 10-9 760 to 10-9 760 to 10-9 

significance. An undesirably high rate 
of variable- capacitor breakage had 
prevailed in the existing design. The 
breakage was due to thermal and 
vibration- induced stress where parts 
were joined to the capacitors by rigid 
connections. The shrinkage rate was 
reduced to zero by changing all rigid 
connections to semi -flexible joints. 
A final major redesign on the multi- 
plier chains involved raising their per- 
formance capability to meet all per- 
formance specifications over all 
pressures from sea level to less than 
10 -e mm Hg. The design changes re- 
quired to achieve this goal are des- 
cribed below. Although not all plan- 
ned flight models will contain this 
feature, results to date indicate that 
the goal can be met. 

All- pressure redesign 

The original performance specifica- 
tions for the multiplier chains re- 
quired that the units be capable of 
operating only in the high vacuum of 
deep space (see Table II) . However, 
continued evaluation of the Apollo 
system and information obtained 
from other space programs revealed 
that pressures might be encountered 
which exceeded the specified upper 
limit of 10_z mm Hg. The following 
factors could contribute to raising the 
pressure in the immediate vicinity of 
the multiplier chains: 

1) A gaseous cloud develops and clings 
to a vehicle in deep space. The gas de- 
velops by virtue of the normal out- 
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gassing of materials when exposed to 
high vacuum and is captured by the 
gravitional force exerted by the space 
vehicle. 
2) Exhaust gases generated by the 
descent engine and the reaction control 
jets on the Lunar Module during the 
moon landing phase are reflected from 
the moon surface back toward the 
Lunar Module. 
3) Exhaust gases generated by the reac- 
tion control jets during the rendezvous 
of the Lunar Module with the Com- 
mand Module create transient pressure 
fronts which may strike the rendezvous 
radar assembly. 

Tests performed on multiplier chains 
through the pressure range from sea 
level to less than 10 mm Hg indicated 
that ionization breakdown occurred 
in the region from 10 -I mm Hg to 
10" mm Hg in three of the stages in 
the chain: the quadrupler, the tripler, 
and the low- frequency doubler. 

In the quadrupler and tripler, the re- 
gions which exhibited ionization 
breakdown were filled with an RTV 
Silicone potting compound. The com- 
pound, Eccosil 4659, is a new material 
(not available prior to 1968) which 
has good electrical properties and has 
proved useful in lumped -parameter 
circuits up through 1200 MHz. 

Ionization had occurred in all three 
sections (input, idler, and output) of 
the quadrupler; therefore, the entire 
circuit was filled with the potting 
material. Small changes were required 
in some of the circuit inductances to 
compensate for the dielectric loading 

of the compound. The total reduction 
in the efficiency of the quadrupler due 
to the potting material was only 
0.2 dB. 

In the tripler stage, ionization was de- 
tected in the input section, the idler 
section, and the lumped- parameter 
portion of the output section. Again, 
small changes in the circuit induc- 
tances were made to compensate for 
the dielectric loading of the potting 
material; after potting, the total re- 
duction in the tripler efficiency was 
less than 0.3 dB. 

The low- frequency doubler is a dis- 
tributed- parameter circuit which con- 
sists of three heavily loaded, coupled 
transmission lines. Ionization occurred 
between the center line, which sup- 
ports both the fundamental frequency 
(1200 MHz) and its second harmonic 
(2400 MHz) , and the adjacent cir- 
cuitry. Any attempt to suppress this 
ionization by use of a dielectric other 
than air would result in a substantial 
change in the circuit geometry. The 
severe restrictions on the form factor 
of this stage prohibited such a change. 
The solution selected was to increase 
spacing in critical regions between the 
center line and the adjacent circuitry. 
This modification was achieved with 
no change in the efficiency of the stage. 
The redesign was achieved with no 
change in external form factor or 
degradation in operating specifica- 
tions, and at a weight increase of less 
than 5 %. 

Summary of frequency -multiplier effort 

In the three years which have elapsed 
since the original design and delivery 
of developmental subassemblies, a 
number of significant improvements 
have been made in the frequency -mul- 
tiplier chains. The improvements re- 
flect design changes which have been 
made to accommodate changes in 
system requirements, to facilitate 
manufacture, and to increase reli- 
ability. In addition, an all- pressure 
design has been completed which al- 
lows operation at pressures from sea 
level to less than 10 -9 mm Hg. 
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Microwave test- equipment 
design 
M. Reiser J. F. Kucera 

This paper describes the several factors to be weighed in designing a test system for 
microwave components. A traveling -wave -tube test system is used as an actual ex- 
ample of how these various factors affect the design of the system. 

HE DESIGN OF A MICROWAVE -DE- 

VICE TEST SYSTEM begins when 
the product -line engineering person- 
nel (the user) identify the device to 
be tested and the performance char- 
acteristics or parameters to be 
measured. At the same time, a choice 
is made as to the ultimate use of the 
equipment: whether it is to be used 
for production testing or for engineer- 
ing evaluation. This choice represents 
a major constraint in the physical 
layout and design of the system. Al- 
though the integrity of the test data 
is of primary concern in either case, 
the alternative equipments are dis- 
tinguished by the following features 
(listed in order of importance) : 

Engineering evaluation 
1) Physical layout and 
configuration is direct- 
ed to provide easy 
modification to other 
configurations. 

2) Components are se- 
lected for their flexi- 
bility and adaptability 
to function in alterna- 
tive future systems. 
3) Maintaining the in- 
tegrity of test data is 
the responsibility of 
the user. 

4) Biomechanics (or- 
ganization of the test 
system for ease of op- 
eration) is largely ig- 
nored. 

Production testing 
I) Biomechanics is the 
distinguishing design 
feature because of its 
large effect on produc- 
tion rate and the qual- 
ity of test -operator 
performance. 
2) Automation tech- 
niques are used wher- 
ever possible. 

3) Maintaining the in- 
tegrity of test data is 
the responsibility of 
lesser- skilled mainten- 
ance and calibration 
personnel; therefore, 
speed and accuracy of 
calibratoon are fea- 
tured in the design. 
4) The system is inte- 
grated and packaged in 
such a manner as to 
discourage modifica- 
tions (intentional or 
unintentional) to the 
physical and/or oper- 
ational configuration. 

Most of these features are mutually 
exclusive; therefore, two "styles" of 
equipment result which, though per- 
forming the same electronic functions, 
are substantially different in physical 
and operational configuration. 

The method of data acquisition is the 
next consideration. At this point, it 
is important to note that most micro- 

Reprint RE- 15 -2 -18 (ST 3857) 
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wave devices require an adjustment 
or optimization process before the 
final performance characteristics are 
measured. For economy, both these 
operations (optimization and data ac- 
quisition) are performed on the same 
test system because each process re- 
quires essentially the same equipment; 
independent implementation would 
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Fig. 1 -Block diagram of TWT production test system. 

Fig. 2 -TWT test system; note that the system is arranged 
for sit -down operation. 
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Fig. 3 -Power output as a function of power input for a 
typical traveling -wave tube. 
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require twice the capital expenditure. 
In terms of system utilization, at least 
50% of the total time on the system is 

generally used for the purpose of device 
optimization. Because microwave de- 
vices are broadband in nature, both 
operations are carried out over a range 
of frequencies. The system can be de- 
signed either to measure the device 
parameters at specific points on the fre- 
quency spectrum, or to sweep the 
frequency range for a given parameter 
and provide the data on a dynamic 
display -an oscilloscope or X-Y re- 
corder. The distinguishing features of 
the two methods are listed below: 

Swept frequency vs. 
devise parameter 
1) Optimization func- 
tion is simplified and 
enhanced. Effect of any 
device change (imped- 
ance match, tuning, 
tube focusing, gain 
shaping, etc.) is dy- 
namically displayed 
over the frequency 
range of interest. 
2) Data acquisition can 
be simplified if wider 
measurement tolerance 
is accepted. 

3) Initial cost of equip- 
ment is greater. 
4) Optimization time is 
reduced. 

Fixed frequency vs. 
device parameter 
1) Optimization func- 
tion is laborious and 
subject to misleading 
results because the 
results of device 
changes are observable 
at discrete frequencies 
only. 

2) Data acquisition is 
laborious and subject 
to operator translation 
error because of oper- 
ator meter interpreta- 
tion, mental addition 
or subtraction, or sys- 
tem corrections, etc. 
3) Initial cost of equip- 
ment is less. 
4) Optimization time is 
greater. 

5) Calibration and 
methodizing of test 
equipment is more in- 
volved. 
6) Skill of test operator 
must be increased for 
proper test -set opera- 
tion. 
7) Device under test is 
more rigorously tested 
as the dynamic display 
shows performance at 
all frequencies. 

8) Measurement toler- 
ance is greater. 

9) Automatic perman- 
ent record of data can 
be made available. 

5) Calibation and 
methodizing of test 
equipment is less im- 
portant. 
6) Less -skilled oper- 
ator required. 

7) Because a device is 
tested, at discrete fre- 
quencies only, it is 
possible to accept a 
product that is out of 
specification. 
8) Test equipment is 
inherently more accu- 
rate. 
9) Record of test data 
as interpreted by test 
operator is the only 
form possible. 

The device parameters most often 
measured as functions of frequency in 
either method include reflected power, 
output power, cold vswR, hot VSWR, 

insertion loss, noise figure, and gain. 
[NoTE: for the hot VSWR measure- 
ment, voltage is applied to the unit 
under test; for the cold VSWR measure- 
ment, no voltage is applied to the de- 
vice under test.] 

Either system can be automated to 
provide for the acquisition of repeat- 
able data. The swept- frequency meth- 
od provides data in analog form on a 
graph. while the point -by -point fre- 
quency method provides data in digi- 
tal form from a printer. Of these two 
automatic data -collection methods, the 
point -by -point frequency system is 

more expensive and complicated be- 
cause it requires sequential stepping 
and analog -to- digital converters for 
all the parameters mentioned above. 
When the type of test system and the 
method of data acquisition has been 
decided, the designer must be con- 
cerned with the specific details of the 
equipment design. A major considera- 
tion is that the normal range of 
frequencies is an octave or more, e.g. 
1 to 2 GHz, 2 to 4 GHz, 4 to 8 GHz, 
and 8 to 12.4 GHz. In addition, co- 

axial microwave hardware is normally 
employed for microwave test equip- 
ment. The typical measurement re- 
quirements are as follows: 

Parameter Dynamic range 
Gain 10 to 50 dB 
Power input +30 dBm to 40 dBm (restricted 

on any one device to = 50 dB or 
less) 

Power output +36 dBm to 20 dBm (restricted 
on any one device to 35 dB or 
less) 

VSWR 1.25:1 to 10:1 
Insertion loss 0 to 30 dB 
Noise figure 5 to > 30 aB (variation on any 

one device limited to _ 7 dB) 

Thus, the designer must provide 
equipment that can supply the re- 
quired RF input power to the device 
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over a wide dynamic range; make 
measurements of input and output 
power over a wide dynamic range; 
and often make these measurements 
under simulated system conditions, 
i.e., with a phase -variable mismatch 
on the device. 

TWT test set 

A good example of the consideration 
given to the details of test equipment 
design is illustrated by the test system 
for traveling -wave -tube production. 
A block diagram of the system is 
shown in Fig. 1; Fig. 2 is a photo- 
graph of the system. 

This test system is used to make the 
following measurements: 

Measurement Conditions 
Small- signal gain Power input = -40 dBm 

Gain 
(nominal) - 33 dB 
Gain 
variation _ +12 dB 
Power output _ - 7 dBm 
Power- output- 
variation - +12 dB 

Saturated power Power input 
(nominal) -25 dBm 
Power -input 
variation = +24 dB, -15 dB 
Power -output 
(nominal) = + 8 dBm 
Power output 
variation = ±10 dB 

Overdrive power Power input 
(nominal) _ -16 dBm 
Power -input 
variation = ±15 dB 
Power output 
(nominal) = + 8 dBm 
Power- output 
variation = ±10 dB 

Stability Power output 
(max.) = -15 dBm 

Integrated noise Power output 
power output (max.) _ -23 dBm 

Tested with phase- variable 
4:1 mismatches on device - 
under -test input and output 
ports. 

Noise figure NF (nominal) = 16 dB 
NF (variation) _ ± 4 dB 
Tested with an auxiliary 
piece of test equipment 
(noise- measurement cart). 

The small- signal gain, saturated -power, 
and overdrive -power regions are illus- 
trated in the curve of power output as 
a function of power input for a typical 
traveling -wave tube shown in Fig. 3. 
All the measurements listed must be 
made at temperatures of -54°C, 
+20 °C., and +120°C. The device is 
placed in an auxiliary environmental 
chamber for tests at high and low tem- 
perature extremes. 

Accuracy 

Input and output 0- to 50 -dB variable 
coaxial attenuators are used to cali- 
brate the system and to set power -input 
and power -output levels. Therefore, the 

attainable measurement accuracy is 
directly related to four factors: 

1) The attenuator accuracy and at- 
tenuation variation with frequency 
(specification ±0.5 dB or ±4 %, which- 
ever is greater) ; 

2) The attenuation tracking of the input 
and output attenuators; 
3) The measurement ambiguity due to 
test -system mismatches and their inter- 
action with the device mismatch; and 
4) The accuracy of the power- measur- 
ing meters. 

When measurements are made point 
by point, accuracies are in the order 
of ±0.5 to ± 1.0 dB. Swept- frequency 
accuracies are in the order of ± 0.75 
to ±1.5 dB. The measurement accu- 
racy is a function of the dynamic 
range of measurement. Care must be 
exercised to maintain these accuracies. 
The test operator must be sensitive 
to attenuator backlash, power -meter 
drift, oscilloscope DC drift, X -Y re- 
corder Dc drift, and cable connections 
for possible undesirable mismatches. 

Repeatability 

The repeatability of measurements is 
a function of the care of the test opera- 
tor and the inherent capability of the 
components for the test system. The 
factors under the control of the opera- 
tor were mentioned above; those 
under the control of the test -equipment 
design engineer are as follows: 

1) Repeatability of coaxial switch VSWR 
and insertion -loss characteristics; 
2) Regulation and stability of power 
supplies; 
3) Frequency stability and repeatability 
of RF generator; 
4) Repeatability of attenuation of input 
and output attenuators; 
5) Accuracy of digital voltmeter, power 
meters, and other meters; 

Calibration and maintenance 

Ease of calibration and maintenance is 

aided by the modular construction of 
the test equipment. This type of con- 
struction allows any major instrument 
to be quickly removed for calibration 
or maintenance. 

On a periodic cycle, individual instru- 
ments are calibrated to manufacturer's 
specification; the vswR of input and 
output ports and the insertion loss 
between input and output tests ports 
to the power- monitoring ports are also 
calibrated periodically. [Note: Refer- 
ring to Fig. 1, the VSWR is calibrated 
looking into ports 1 and 3, and the 

insertion loss is measured from ports 
1 to 2,3to4,and3to5]. 

Maintainability is aided by several 
features: 

1) Modular construction; 
2) Quick- disconnect rear panels which, 
when removed, open the entire interior 
of the test system for ease of servicing; 
3) Use of common parts; and 
4) Test -system documentation. 

The documentation made available to 
the calibration personnel includes an 
operating manual (complemented by 
1 -hour lectures by the design engineer) 
and a complete set of schematics 
which are on file in the maintenance 
and calibration center. 

Biomechanlcs 

The consideration given to biome - 
chanics can be demonstrated by review 
of the layout shown in Fig. 2. The 
test system is arranged for sit -down 
operation and is panoramic in con- 
figuration. Because the system is used 
for optimization as well as data ac- 
quisition, adequate test -bench space 
is provided for the device and for the 
test operator's use. In addition, the 
primary viewing area (eye level of 
48 inches) is allocated to power 
meters, digital voltmeter, and oscil- 
loscope. The primary control area is 
allocated to switching functions (DvM, 
measurement -mode, and test -mode 
switches) . All controls, including the 
secondary controls in the peripheral 
control area, are within the operator's 
reach and captioned in readily un- 
derstandable terms. 

Conclusion 

The design of microwave -device test 
equipment is dictated principally by 
the choice of either an engineering or 
a production -type test system, and 
secondly by selection of either a point - 
by -point or a swept- frequency data - 
acquisition configuration. When these 
choices have been made, the designer 
considers the parameters to be mea- 
sured and the dynamic range of 
measurement, and chooses the instru- 
mentation to implement the tests re- 
quired with due consideration to ac- 
curacy, repeatability, calibration, and 
maintainability. Finally, the test sys- 
tem is configured with the operator in 
mind, and the trade -offs which are 
always required are made. 
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Gallium arsenide for 
microwave integrated circuits 
Dr. R. H. Dean 

Gallium arsenide has some outstanding features which make it well suited for micro- 
wave integrated circuits. A single monolithic structure composed of layers of semi - 

insulating GaAs, N+ -GaAs, N -GaAs, P+ -GaAs, aluminum oxide and aluminum, stacked 
atop one another in that order, might be used to host a remarkable variety of 
devices. These include a number of passive components, three different kinds of 

microwave oscillators, a field- effect transistor, and a unidirectional high- frequency 
amplifier with a built -in voltage -controlled phase- shifting capability. The structure 
and the performance of many of these devices are still in an initial stage of study. 

MICROWAVE INTEGRATED CIRCUITS 

have received increased atten- 
tion in recent years because of their 
small size and weight, and because of 
the reliability that can be obtained by 
paralleling a large number of identical 
systems.' As integration drives the unit 
cost down, the day approaches when 
microwave systems will move into the 
consumer market. Silicon, no doubt, 
will continue to hold a commanding 
position at frequencies on the lower 
end of the spectrum, but it is clear that 
GaAs offers several advantages in the 
microwave regime. As the material 
quality improves and more individual 
devices are perfected, the gallium ar- 

senide microwave integrated circuit 

becomes more and more attractive. 

In this article, we will be speculating 
on how a number of different devices, 
now in the early developmental stage, 
might be fabricated on a common sub- 
strate of gallium arsenide. We will 
begin by delineating some of the ad- 

vantages of GaAs, and then we will 
propose a common structure on which 
different devices can be fabricated. 
Finally, we will describe a variety of 
devices which are especially well - 
suited for this structure. 

Most of the devices considered in this 
paper have been demonstrated in some 
form.'-'° For the most part, these de- 

vices have been studied on an individ- 
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ual basis, with a specialized structure 
and a specialized circuit for each de- 

vice. In general these different devices 
have not been studied on a common 
structure which is appropriate for inte- 

grated circuits. The structure that we 

will be considering is still in a very 

early stage of its development, and 
much work needs to be done to evalu- 

ate the performances of the various 
devices in this new structure. 

Advantages of GaAs 

In view of the technological lead held 
by silicon, one may well ask, "Why 
gallium arsenide ?" Gallium arsenide 
has many advantages: 

1) High temperature capability - Be- 
cause of its wider band -gap and posi- 
tive thermal coefficient of resistivity, 
devices made of epitaxial GaAs can be 
utilized at higher ambient temperatures 
and driven harder than similar devices 
made of silicon. 

2) High maximum drift velocity and 
low fields required to attain this ve- 
locity - The maximum electron drift 
velocity in epitaxial GaAs (2x 107 cm/ 
sec) is a factor of two or so higher than 
it is in silicon. Gallium arsenide re- 
quires a field of about 3 kV /cm to at- 
tain its maximum drift velocity whereas 
silicon requires a field of about 20 kV/ 
cm. Thus, for a fixed- geometry device 
whose gain -bandwidth product de- 
pends on transit time, one expects to 
be able to operate at higher frequencies 
when the material is GaAs. 

3) Quiet avalanching process- Recent 
experimental results indicate that 
GaAs avalanche diode microwave os- 
cillators are significantly quieter than 
silicon ones. This difference is very 
important, since the noise produced 
in silicon avalanche diode oscillators 
is a major impediment in applications. 
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4) Piezoelectric effects -Since GaAs is 
piezoelectric, in principle one is able 
to couple electrical signals to acoustic 
waves. The latter are of interest be- 
cause they can be used to produce long 
delays. 

5) Electroluminescent effects- Because 
GaAs is a direct band -gap material it 
can be used to make luminescent and 
laser diodes. 

6) Transferred- electron effects -For 
our purposes, one of the more impor- 
tant special features of GaAs is the 
transferred -electron effect' This effect 
produces a bulk negative resistance 
which can be employed in high -fre- 
quency two -terminal oscillators or in a 
broad -band traveling -wave amplifier. 
The latter device (which is now in the 
early- research stage) offers the exciting 
possibilities of unidirectional amplifi- 
cation at high frequencies and rela- 
tively simple voltage -controlled phase 
shifting with constant gain, also at 
high frequencies. 

Gallium arsenide looms up as perhaps 
the most versatile single material for 
making semiconductor devices. The 
sheer multiplicity of advantages and 
special features make it appear very 
attractive, and the outstanding micro- 
wave devices which it yields rec- 
ommend it highly for microwave 
integrated circuits. 

Possible material building blocks 

Our hypothetical integrated circuits 
are made out of several different ma- 
terial components, all of which are 
laid down by vapor transport or evap- 
orative processes. By using a sequence 
of depositions and photographically 
defined etches, one "constructs" his 
own desired circuit by etching patterns 
in the various material layers as they 
are built up on a common substrate 
of gallium arsenide. Since the individ- 
ual devices in the structure are not 
separately fabricated, the final con- 
figuration can be termed "monolithic ". 
For specificity, we will consider a very 
particular combination of material 
layers. Other combinations and dimen- 
sions are also possible. 

Our common substrate is a slab of 
semi -insulating GaAs (Fig. 1) . After 
suitable SiO, masking, and possibly 
some shallow planar etching, a 5- 
micron layer of N+ is grown in appro- 
priate spots to provide low- resistance 
conduction. At this point, a light lap- 
ping can be employed to reflatten the 
surface. The next step is to deposit a 
2- micron layer of one ohm -cm N -type 

gallium arsenide. This layer serves as 
the interaction layer for most of the 
active devices. Desired patterns can be 
defined in this layer by SiO, masking 
before the deposition or photo -mask- 
ing and etching after the deposition. 
The final epitaxial deposition is a 3- 

micron P+ layer. Parts of this P+ layer 
can be removed later with an elec- 
trolytic etch, which does not attack 
the N -type material beneath. The cru- 
cial part of this structure is the lightly - 
doped N- layer. 

The N +, N, and P+ layers can be con- 
tacted separately by evaporating and 
sintering various alloys using baked 
photoresist for masking. For N -type 
material, a suitable alloy is 90% silver 
with 5% germanium and 5% indium. 

6004 ALUMINUM 
OXIDE LAYER 

EPITAXIAL p+ LAYER 

EPITAXIAL n LAYER 

EPITAXIAL n+ LAYER 

SEMI -INSULATING 
GaAs SUBSTRATE 

ALUMINUM 
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10 MILS 

Fig. 1- Material building blocks. 

COAXIAL LINE 
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Fig. 2- Coplanar waveguide (after C.P. Wen). 
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EPITAXIAL n 

EPITAXIAL n+ 

(NEGATIVE` 
BIAS 
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Fig. 3- Varactor diode or avalanche diode 
oscillator. 

For P -type material, a suitable alloy 
is 96% silver with 4% manganese. 
These combinations result in relatively 
low- resistance, ohmic contacts. 

Aluminum oxide is used for insula- 
tion. It has a dielectric constant not 
too different from that of GaAs, and 
it can be deposited, pinhole -free, in 
thin layers (approx. 600 A) with rel- 
atively high breakdown strength 
(-50 V) . The aluminum oxide is 
etched with hot phosphoric acid, 
which does not bother the other 
materials. 

For the final conduction electrodes, 
we choose aluminum. It adheres well 
to the aluminum oxide and can be 
etched with HCl, which does not seri- 
ously bother the other materials em- 
ployed. One must be careful that the 
aluminum electrodes are continuous 
over steps in the surface. 

Waveguides and passive 
components 

For conducting connections and tun- 
ing stubs, one can employ either N+ 

or P+ GaAs, any of the alloys used to 
make ohmic contacts to these layers, 
or aluminum, or any combination of 
these materials. The waveguide struc- 
tures may be patterned around either 
of two forms: 

1) Conventional microstrip, with alu- 
minum oxide as the insulator, is appro- 
priate for small, low impedance lines 
and high -Q tuning sections. A some- 
what higher impedance is obtained by 
back biasing the P +-N -N+ structure to 
punch through. 

2) A special co- planar waveguide' 
shown in Fig. 2, is appropriate for 
other applications. The co- planar wave- 
guide is conveniently coupled to ex- 
ternal co -axial lines. It is easily tapered 
for size and impedance transformations, 
and since all of the conductors lie in the 
same plane, a single layer of conducting 
material can be used for the entire line. 
If the conducting material for the line 
is not taken from the final aluminum 
layer, tuning of the line can be achieved 
by capping the subsequent aluminum 
oxide layer with a suitably situated 
aluminum pad. 

The material elements can be com- 
bined in various ways to obtain pas- 
sive components. The lightly -doped 
one ohm -cm N -layer can be used for 
resistors. Capacitors can be made with 
the aluminum oxide or with back - 
biased N + -P+ junctions. Lower capac- 
itance P + -N junction varactors (Fig. 
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3) can be used for rectification, detec- 
tion, mixing, multiplying, and voltage - 
controlled tuning. Schottky- barrier 
diodes are also possible.' 

Oscillators 

The varactor diodes indicated in Fig. 
3 can also be made to serve as ava- 
lanche diode oscillators, operating in 
the "punch through" configuration. 
Silicon avalanche diodes of this sort 
have been studied in considerable de- 
tails, and recent experiments show 
that GaAs gives qualitatively similar 
results, with somewhat less noise.' 
These oscillators are expected to op- 
erate best in the frequency range of 
10 to 25 GHz. 

A sandwich -type transferred -electron 
oscillator is obtained by removing the 
p+ layer and making an alloy ohmic 
contact directly to the lightly -doped 
N -layer (Fig. 4) . With the doping den- 
sity and thickness specified, spontane- 
ous Gunn -type oscillations do not 
occur but a high- frequency negative 
resistance will exist in the 25- to -50- 
GHz frequency range. This negative 
resistance has been employed in re- 
flection -type amplifiers,' and with the 
proper load impedance, it can be made 
to produce oscillations. 

When both the N+ and p+ layers are 
absent, it is still possible to build a 
transferred -electron oscillator, by go- 
ing to a co- planar geometry' similar to 
that shown in Fig. 5. This particular 
geometry is well- adapted to the co- 
planar-type stripline, shown in Fig. 2, 
since both the ohmic contacts are on 
the same plane. With proper tuning, 
this configuration can be made to pro- 
duce oscillations in the 1- to- 10 -GHz 
range. 

Finally, it is worth noting that any of 
the three oscillators mentioned above 
can be distributed over several electro- 
magnetic -wave wavelengths" for in- 
creased power level. In this case, the 
anode and cathode electrodes double 
as a built -in distributed tuning circuit. 
Fig. 6 shows a one -half wavelength 
oscillator built into a low- impedance 
stripline. From the oscillator's point - 
of -view, the two ends look almost 
open- circuited and a large amount of 
positive feedback is possible. From 
the external circuit's point -of -view, 
the impedance level is transformed, 
and good matching is possible. 
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Field- effect transistor 

Field -effect transistors have been pro- 
duced' on lightly -doped N -type layers 
of GaAs. A common approach is to 
use the lightly -doped N -layer directly 
on an insulating substrate. The source 
and drain are alloyed ohmic contacts, 
and one or more Schottky- barrier gates 
are laid down in the region between. 

A somewhat different scheme is shown 
in Fig. 7. The N+ material on the 
bottom provides the ohmic source and 
drain contacts, and the p+ material on 
the top serves as the gate. Aluminum 
with a Schottky barrier is an alternate 
possibility for the gate. The latter is 
probably more practical for low - 

Fig. 5- Coplanar -type transferred -electron capacitance or multiple -gate geome- 
tries. If there were aluminum oxide 
between the lightly -doped N -layer and 
the gate, interface traps would shield 
the gate from the channel and seriously 
reduce the low- frequency gain. Thus, 
a back -biased junction is required for 
the gate insulation. 

Good high- frequency performance 
calls for a small gate, a short distance 
between source and drain, and a high 
bias voltage for a high drift velocity. 
With ideal majority- carrier injecting 
contacts, the gain- bandwidth product 
is approximately 

oscillator. 
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Fig. 6- Distributed oscillator (electromag- 
netic -wave wavelength, X, based on dielectric 
constant on N- material, including electrons). 
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Fig. 7- Field- effect transistor. 
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Fig. 8- Traveling -wave amplifier and voltage - 
controlled phase shifter. 

Gf 
va C,ns 

2rrL (C,ne+Cel,e)J, 

where G is ID /ID or current gain; f is 
frequency; Cine is gate insulation ca- 
pacitance; Ce,,,,. is stray gate -to- source 
capacitance; V, is particle drift veloc- 
ity; and L is characteristic length (= 
source -to -drain spacing) . 

This formula indicates that a 2- micron 
GaAs device with a capacitance ratio 
of t might be made to yield net gain 
for frequencies up to about 8 GHz. 

Traveling -wave amplifier and 
voltage -controlled phase shifter 

For a high- frequency traveling -wave 
amplifier, we start with the field - 
effect transistor configuration and 
perform some modifications as shown 
in Fig. 8. The source (cathode) and 
drain (anode) electrodes serve as the 
microwave input and output lines, 
respectively. The transistor gate be- 
comes the microwave ground plane. 
For insulation between this plane and 
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the lightly -doped N- layer, we replace 
the P -N junction depletion layer by 
aluminum oxide. This way, the traps 
in the aluminum oxide /gallium 
arsenide interface act as a low -fre- 
quency screen and prevent unwanted 
channel depletion near the anode. 
(The trap density could be enhanced 

if necessary) . These same traps should 
be ineffective at microwave frequen- 
cies. Now the structure looks like 
a pair of upside -down microstrip 
lines, with the hot lines skewed off 
to the sides of the common ground 
plane. 

A positive bias is applied to the out- 
put electrode. This voltage is high 
enough to saturate the drift velocity 
and activate the transferred -electron 
effect in the lightly -doped N- layer. A 
microwave signal on the cathode in- 
put injects bunches of electrons. As 
these bunches drift toward the anode, 
the transferred -electron effect causes 
them to grow in amplitude. When 
they finally arrive at the anode, they 
induce an amplified voltage on the 
output electrode. 

For frequencies and dimensions of 
interest to us, there are several cycles 
of phase shift in the drift region be- 
tween the cathode and anode. If the 
drift velocity simply saturated, there 
would be a net loss and the phase 
shift would be constant with applied 
voltage. But the drift velocity does 
not simply saturate. Above the thresh- 
old for the transferred -electron effect, 
the average drift velocity starts going 
down. This drop has two effects: 1) 

It causes space- charge bunches to 
grow, resulting in gain, and 2) it 
causes the drift velocity to drop with 
increased voltage, resulting in a vol- 
tage- controlled phase shift. In GaAs, 
the velocity -field curve fortuitously 
has a very convenient shape. The 

c shape is such that if the electric field 
is above the transferred- electron -ef- 
fect threshold throughout the entire 
drift region, the total gain is inde- 
pendent of the applied voltage, and 
the change in the phase shift is di- 
rectly proportional to applied voltage." 
Thus we have the possibility of a 
voltage -controlled phase shifter with 
constant gain. 

The coupling mechanism in this de- 
vice is similar to the charge injection 
mechanism in the field -effect transis- 

tor. The transistor formula above 
indicates a loss at high frequencies. 
This loss can be offset, however, by 
the large gain in the drift region, 
thereby greatly enhancing the overall 
gain- bandwidth product. Experimental 
results on low- frequency variations of 
this device indicate that net gains of 
20 to 30 dB are reasonable'`, and linear 
phase -shift variations in excess of 360° 
have been obtained.' A 50- micron- 
long device is expected" to exhibit this 
sort of performance for frequencies in 
the range of 20 to 50 GHz, although 
so far our prediction has not been ver- 
ified experimentally. 

Conclusion 

We have seen that a wide variety of 
devices might be fabricated on a 
common structure of GaAs. The pro- 
posed structure is built up on a 
semi -insulating GaAs substrate as fol- 
lows: The first three layers are epi- 
taxial GaAs. The bottom one is ap- 
proximately 5 microns of highly con- 
ducting N -type material. The second 
and most crucial one is approximately 
2 microns of lightly -doped N -type ma- 
terial. The third one is approximately 
3 microns of highly- conducting P- 

type material. Ohmic alloy contacts 
are applied where appropriate. Sev- 
eral hundred Angstroms of aluminum 
oxide serve as insulation, and a final 
layer of aluminum can be used for con- 
ducting electrodes. 

Passive components that can be con- 
structed include resistors, capacitors, 
two kinds of diodes, and two kinds 
of striplines. For oscillation, there is 
a relatively quiet avalanche diode for 
frequencies in the range of 10 to 
25 GHz; a transferred- electron oscil- 
lator for frequencies in the range 
of 1 to 10 GHz; and another trans- 
ferred- electron oscillator for frequen- 
cies in the range of 25 to 50 GHz. A 
field -effect transistor provides ampli- 
fication (or oscillation) for frequen- 
cies up to several GHz. Amplification 
at higher frequencies (up to 50 GHz) 
calls for a transferred -electron -effect 
traveling -wave amplifier. The latter 
device might also be used for high - 
frequency phase shifting. 

The growing of the various epi- 
taxial layers, especially the lighter 
doped N -layer is still a fine art and 
strongly dependent on the quality of 

the raw materials. Some of the de- 
vices, like the traveling -wave ampli- 
fier, are still at a very early stage of 
their development. Other parts of the 
structure and most of the other de- 
vices have been proven, however, and 
in the years ahead we may well find 
that GaAs will play an important 
role as the key material in microwave 
integrated circuits. 
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Resonators compatible with 
microwave integrated circuits 
A. Schwarzmann 

Integrated modules for duplex communications systems require filters of high selec- 
tivity and low insertion loss as receiver preselectors and transmitter postselectors. The 
conventional microstrip transmission line resonator has low Q and new resonator tech- 
niques are needed. The following resonators were compared theoretically and experi- 
mentally: a microstrip resonator, a disk resonator, conventional waveguide cavities, 
and dielectric loaded cavities. The latter technique was chosen for the construction of 
multi- resonator filters. Compared to conventional waveguide resonators, the dielectric 
resonators reduced volume 30 to 1 while increasing losses 3 to 1. 

ACCEPTABLE REQUIREMENTS for a 
microelectronics communications 

system operating at X -band are 60 dB 
rejection of the transmitter signal by 
the receiver while attenuation of the 
received signal is less than 1 dB. The 
bandwidth of the system is near 1%, 
and the receiver and transmitter fre- 
quency separation is near 10 %. This 
relates to a single- resonator unloaded 
Q of greater than 2000. In addition, 
microwave- integrated- circuit modules 
for a transmitter and receiver are less 
than one cubic inch in size. Therefore, 
a compatible duplexer cannot be 
greater if phased arrays are to be 
constructed. The investigation began 
with single resonators of compatible 
types and then progressed to the most 
suitable multi -resonator filters. 

Microstrip resonator 
Because of its simplicity, the microstrip 
resonator could not be overlooked. Its 
resonant wavelength is a function of 
the effective dielectric constant, 
Ao= I \/E,,,, foreshortened by the cou- 
pling and end -capacitance effect. 

For a commonly used substrate of 
Er =9.6 and a thickness of 0.025 inch 
with copper conductors at 50 ohms im- 
pedance, Q=1201/ f . From this it can 
be seen that the unloaded Q obtainable 
from microstrip falls far short of the 
requirement (Fig. 1) . The micro - 
strip unloaded Q was measured first on 
resonant rings as to eliminate the losses 
introduced by the foreshortening end - 
capacitance; a sample test circuit is 
shown in Fig. 2. The sample shown in 
Fig. 3 was used to determine unloaded 
Q's with the end -capacitance losses. As 
frequency increases, the foreshortening 
RCA reprint RE- 15 -2 -15 
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Glossary 
À = resonant wavelength 
/= length of line 

E,11 = effective dielectric constant 
Q= unloaded Q 

f= frequency (GHz) 
Er= relative dielectric constant 
h= thickness of dielectric 

D= diameter of disk 

increases, and for open -end microstrip 
resonators, the losses increase. 

Resonant disk on a substrate 
The resonant disk has a fundamental 
mode approaching a half wavelength in 
the diameter D with an E -field distribu- 
tion along its diameter similar to the 
just described microstrip resonator. Its 
resonant wavelength is XD = 1.71/ e,D 
when taking the disks fringe capaci- 
tance into account. 

The unloaded Q of the disk resonator 
is that of a cavity resonator in a pseudo - 
TE010 mode with a near -perfect 
H- barrier perpendicular to the edge of 
the disk. The unloaded Q for this model 
is approximately 200 V f on a 25 -mil 
Alumina substrate. The actual values 
are still far below the required un- 
loaded Q for the duplexer design. 

The second -order mode of resonance 
of a disk appears when the diameter of 
the disk approaches a full wavelength 
foreshortened by the fringe capacitance 
of the edge. Fig. 4 shows experimental 
data on the latter resonance. Fig. 5 is a 
photograph of a sample test circuit. 

The quality of the shape of the reso- 
nance curves was poor beginning at 25 
dB down from resonance and leveled 
off at 35 dB for the disk resonator as 
well as the microstrip resonator. A 
duplexer design on a substrate using 

Fig. 1 -QR of resonators compatible with 
microwave integrated circuit for alumina 
dielectric. 
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these types of resonators would show 
serious limitations in the required isola- 
tion of 60 dB and less than 1 -dB inser- 
tion loss in the bandpass. 

Rectangular dielectric loaded 
waveguide resonator 
The waveguide theory in use for con- 
ventional designs is applicable directly 
for any other low loss, higher and 
homogeneous dielectric. The linear di- 
mensions, the wavelength and the 
unloaded Q decrease by 1 V Er. 

A desirable characteristic of the dielec- 
tric is a high enough relative dielectric 
constant to result in a significant reduc- 
tion in size. The Q of the dielectric 
should be at least an order of magni- 
tude higher than the required. The 
change in dielectric constant with tem- 
perature should be very small as should 
the linear coefficient of expansion. 
Alpha- alumina has a dielectric constant 
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of 9.9 and a loss tangent of 0.000025 at 
X -band and was the best choice for this 
application. The linear coefficient of 
expansion is equal to that of Kovar. 
Also, the change in dielectric constant 
with temperature is one of the smallest 
of all the ceramics (Table I) . 

Fig. 2- Sample of resonant ring in micro- Table I- Characteristics of dielectrics at 
X -band. strip form. 

Fig. 3- Sample of open -end microstrip 
resonator on 0.025- inch -thick alumina sub- 
strate. 

FUNDAMENTAL \\ 
10 - RESONANCE CALC \ 

\ \ SECOND ORDER RESONANCE 

8 

0Hz 
6 

4 

2 

ExP. 

/8 I/4 3/8 2 

D in INCH 

Fig. 4- Resonances of a disk on a 0.025 -inch 
alumina substrate. 

Fig. 5 -Test circuits for dielectric -loaded 
resonant disk. 

Type 
dl 

E tan a dt 
for °C d for °C 

a- alumina 9.9 .00002 5 x 10 -8 

Fused quartz 3.8 .0001 .5 x 10-6 
Beryl. oxide 6 .0001 6 x 10 -8 

Ti0 100 .0002 9x10 -8 

+1x10 -4 
+ 1.6 x 10 -5 
+1.5x10 -4 
-8x 10 -4 

Notes: e is relative dielectric constant; tan a is 
loss tangent; dl /dt is linear coefficient of expan- 
sion; and de /dt is change of dielectric constant 
with temperature. 

The resonators were machined out of 
large ceramic plates. The machining in- 
cluded the coax -to- waveguide transi- 
tions. Before metalizing all surfaces by 
Electroless Copper, the device was sub- 
jected to a deglazing process for best 
possible adhesion of the copper. 

The unloaded Q measurements were 
made by the swept reflectometer 
method'. The measured values are 
plotted against the calculated values in 
Fig. 1. The measured unloaded Q of 
2040 was sufficiently high to meet the 
requirements. The resonant frequencies 
were within one part per thousand of 
the calculated, reflecting the machining 
error. A set of dielectric loaded reso- 
nators constructed for the purpose of 
these measurements is shown in Fig. 5. 

Multi- resonator filters 
Having tested the theory and estab- 
lished a satisfactory construction for 
dielectric resonators, the iris -coupled 
rectangular waveguide filters2 were de- 
signed in the dielectric form. Fig. 6 

shows a three -resonator section filter in 
its stages of construction. Fig. 7 illus- 
trates the size reduction between filters 
of the same requirements. 

The response of a two- section filter 
presented in Fig. 8 is compared to the 
theoretical response .curve. The inser- 
tion loss of the flat part of the curve is 
0.6 dB including the coax -to- waveguide 
transition losses. 

Concluding remarks 

High quality microwave resonators and 
filters can be constructed in dielectric 
loaded form to be compatible with 
microwave integrated circuits. Transi- 
tions to microstrip are made via a per- 

Fig. 6- Three -resonator iris -coupled filter in 
the machined and metalized stages of 
construction. 

Fig. 7- Three -resonator iris -coupled filter of 
the same requirements in conventional and 
dielectric loaded form. 
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Fig. 8- Response of two- resonator iris - 
coupled dielectric -loaded waveguide filter. 

pendicular round rod through the 
substrate into the loaded waveguide 
device. A method of trimming resona- 
tors has been demonstrated. The 
approach is similar to conventional 
methods. A small dielectric slug 
changed tuning by 1% whereas a metal 
slug changed resonance by 20 %. 

The tests on the two- section waveguide 
filter were extended to include tempera- 
ture characteristics. The fractional fre- 
quency change of the alumina dielectric 
loaded filter is -5x10 / °C. This re- 
flects the linear coefficient of expansion 
and the dependence of the dielectric 
constant of the alpha alumina upon 
temperature. No measurable change in 
bandwidth and insertion loss was de- 
tected for a 130 °C change in tempera- 
ture. 

In a similar test on a Quartz -dielectric 
loaded resonator the fractional change 
in frequency was measured at -2x 
10 -6 / °C. This characteristic of Quartz 
may influence some future dielectric 
loaded filter designs. 
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New technique for combining 
solid -state sources 
D. Staiman ¡ M. E. Breese ¡ Dr. W. T. Patton 

The advent of many new moderate -power solid -state devices has created a renewed 
interest in the techniques for combining these devices to achieve even higher 
powers. This paper describes a new technique for combining large numbers of energy 
sources by using a dense array of radiating elements. The impedance of the radiating 
elements. as determined theoretically and confirmed using an array simulator, may 
be well matched over a large bandwidth. A transfer array utilizing this concept to 
parallel one hundred transistor amplifiers has a net gain of 4.75 dB at 410 MHz with 
100 watts output. Tests in which individual failures were simulated indicate that array 
elements were well isolated from each other. 

rr HE ADVENT of many new micro - ' wave solid -state devices, such as 
RF transistors and bulk -effect devices, 
has created a renewed interest in the 
techniques for combining energy 
sources to achieve high powers. Al- 
though existing techniques are satis- 
factory for paralleling moderate num- 
bers of devices, these techniques are 
severely bandwidth limited and ex- 
cessively lossy when very large num- 
bers are paralleled. 

This paper describes a new low -loss 
technique for combining the power of 
very large numbers of moderate power 
devices over large (up to an octave) 
bandwidths, especially suitable for 
high -power transmitters. Power is 
summed by using an array of very 
small radiating elements, closely 
packed together, each element fed by 
an active device as shown in Fig. 1. 

The output power of each device is 
radiated, and power combination 
occurs in free space. Typical packing 
densities of the radiators are greater 
than 240 elements /square wavelength. 

Impedance of radiating element 

For efficient operation of the array, 
there must be a good impedance match 
between the radiating elements and the 
transmitter device. Prior theoretical 
work on closely- spaced array elements 
in which the current distribution was 
assumed to be sinusoidal has indicated 
that they are highly reactive and have 
a correspondingly narrow bandwidth. 
However, preliminary work with a 
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waveguide array simulator' has shown 
that if the collinear dipoles are con- 
tiguous (as shown in Fig. 1) , with no 
gap between adjacent elements, the 
reactance of the dipoles (whose cur- 
rent distribution is uniform) is very 
small. 

A theoretical program and additional 
experiments were conducted to deter- 
mine the impedance of a dipole with 
a uniform current distribution in a 
large array; the impedance of a dipole 
with a sinusoidal current distribution 
was also evaluated to provide a con- 
venient check point against previous 
theoretical work'. 

The impedance of a dipole in a large 
array is obtained using a mathematical 
model of an array extended to infinity. 
The impedance of central dipoles in a 

large array is well approximated by 
the infinite array impedance since the 
coupling between the central and peri- 
pheral elements is negligible. The 
results of the theoretical study are 
presented here without the detailed 
mathematical derivation. 

The impedance of a dipole with a uni- 
form current distribution is an infinite 
array of dipoles, with uniform current 
and phase excitation, spaced a distance 
d above a reflecting ground plane is 

given by 

Z=n-kEcosßma 1-exp(-j2d(n) 
(1) 2ab fm 

For thin dipoles (r « 1) , the real 
component of Eq. 1 is given by 

R=nb [á12r1-exp-j2dk)1 

Glossary 

a Height of elemental array aperture 
(see Fig. 1) 

b Width of elemental array aperture 
(see Fig. 1) 

L Dipole length (see Fig. 1) 
Z Element impedance 
q Free space impedance (377 ohms) 
R Real part of element impedance 
a Dipole radius 
h Effective height of the antenna 
3'n,n [k2-ßm-a;,]' 

where, for Vµ' =µ and V -µ''= 
2 e 

21r 

Vµ /e 
2?rn /a 
2 ?m /b 
Axial current distribution of the 
dipole where the dependent vari- 
able, x, is taken along the direction 
of dipole length, L. 

when a < 1 and b <1. Although these 
equations, are completely valid in prac- 
tice, a uniform current distribution is 
obtained only when the radiator length 
L is much smaller than a wavelength. 

The impedance of a dipole with a 
sinusoidal current distribution in an 
infinite array of dipoles, with uniform 
amplitude and phase excitation, spaced 
distance d above a ground plane is 
given by 

2k,t Z- 
ab sin2(kL/2) 

(cos_cos)'(a22_k2)] 
e C 

(1-exp ( -j2dï,,n)1 
(3) cos E ß,na 

For thin dipoles (o << 1), the real 
component of equation is given by 

R -nb)1 Q)2 
(1 

-exp j2dk)) 

when a < 1 and b < 1; h, the effective 
height of the antenna, is given by 

1 [+L 2 [ l - cos (kL /2) ] 
h 

1(0) 
J /21(x) dx- 

k sin (kL /2) 
(5) 

when 1(x) = 1(0) sin (L - rxr) . Eq. 
2 and 5 are in agreement with results 
previously obtained by Wheeler'. 

The resistance of the uniform current 
dipole given by Eq. 2 is summarized 
in Fig. 2 for a specific example. This 
figure presents the resistance of the 
dipole as a function of the cell param- 
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eters a and b when the dipole radius 
o. = 0.001, d - 0.25; the dipole height 
is the same as the cell height, L = a. 
Fig. 3 presents a similar set of curves 
for the sinusoidal current dipole. Fig. 
4 presents a comparison of the reac- 
tance of the uniform and sinusoidal 
current dipoles for these same param- 
eters. Note that in the case of the 
sinusoidal current distribution, the 
dipole is resonant in the vicinity of 
a = A/2 and becomes large and nega- 
tive when its height is reduced to zero. 
This behavior is expected since an 
isolated sinusoidal current dipole is 
resonant when its length is approxi- 
mately a /2. In contrast, the reactance 
of the uniform current dipole is lin- 
early proportional to its height, and is 

thus very small for short fractional - 
wavelength dipoles. This behavior is 

analogous to the isolated fractional - 
wavelength dipole with capacitive top 
loading; it is resonant when its length 
is much smaller than a wavelength and 
its current distribution is uniform. 
Hence it is evident that fractional - 
wavelength radiators in an array may 
be configured to achieve broad -band 

matching of the cell impedance to that 
of the transmitter device. 

Array simulator 
To provide experimental confirmation 
of the theoretical results presented, a 

novel single element array simulator 
was constructed and tested. Its basis 
of operation is derived from the math- 
ematical model used for the impedance 
calculation. Fig. 5 shows an infinite 
array of dipoles with the horizontal 
and vertical planes of symmetry indi- 
cated by dashed lines. For broadside 
radiation, the electromagnetic boun- 
dary conditions are not affected if ideal 
magnetic and electrical walls are con- 
structed perpendicular to the array 
coincident with the vertical and hori- 
zontal planes of symmetry, respec- 
tively. In the region in front of the 
array, these define identical transmis- 
sion -line cells emanating from each 
radiator. Hence the impedance of a 
dipole is determined by evaluating its 
impedance feeding an ideal TEM -mode 
transmission -line cell. Fig. 6a is the 
cross -sectional view of one of these 
cells fed by a radiator. The radiating 

element shown in this figure is fed at 
its end rather than at its center since 
this configuration more closely simu- 
lates that of the test array described 
later in this paper. 

In the case of the uniform current dis- 
tribution, the impedance of the radia- 
tor is not a function of the point at 
which it is being fed. The electric field 
lines are shown extending from the top 
to the bottom walls, and the magnetic 
field lines extend from one sidewall to 
the other. To provide a terminal resist- 
ance of 50 ohms, the unit cell width 
and height are 0.177 and 0.0234 wave- 
lengths, respectively. For this specific 
case, in which the unit cell height is 

much smaller than its width and both 
are small fractions of a wavelength, 
the removal of the magnetic walls does 
not appreciably affect the internal elec- 
tromagnetic field configuration. Al- 
though some fringing does occur at the 
edges of the cell, as shown in Fig. 6b, 
the impedance of the monopole feed- 
ing the resultant parallel plate struc- 
ture provides a very good estimate of 
the monopole impedance feeding an 
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Fig. 1 -RF power combination in free space using 
an array of individually fed, closely spaced dipoles. 
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soidal current dipoles in infinite array; L =a; d =0.25. 
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Fig. 2- Radiation resistance of uniform cur- 
rent dipole in infinite array; L =a; d =0.25; 
o = 0.001. 

ideal unit cell, thereby providing the 
impedance of the central elements in 
a large array. A simulator based upon 
this approximation to the unit cell was 
constructed from two metal beams as 
shown in Fig. 7. A short circuit located 
a distance d from the monopole simu- 
lates the reflecting ground plane in an 
array; absorbing material at the other 
end of the simulator terminates the 
line. The simulator was designed to 
work in the vicinity of 410 MHz. 

Fig. 8 is a graph showing a compar- 
ison of the measured impedances of 
the simulator against the theoretically 
predicted values over a large band of 
frequencies extending from 300 to 800 
MHz; the similarity of these curves 
provides confirmation for the theoret- 
ical analysis within the limits imposed 
by experimental error. It is also evi- 
dent from Fig. 8 that the closely spaced 

H element configuration has good broad- 
band behavior. The frequency locus 
(if centered) would yield less than 1.6 

VSWR over an octave bandwidth. This 
could be facilitated by impedance 
matching the element at its input and 
by increasing the dipole diameter to 
further reduce its radiation reactance. 

Fig. 6 -a) Electromagnetic field configuration in unit 
cell; b) electromagnetic field configuration in single - 
element array simulator. 
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`PARALLEL PLATE 
WAVEGUIDE 

Fig. 7- Single- element array simulator. 
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Experimental array 

A receive -transmit array composed of 
100 elements employing the closely 
spaced element concept, with each ele- 
ment equipped with an amplifier, was 
constructed and tested. The system 
shown in Fig. 9, has identical receiving 
and transmitting arrays composed of 
elements arranged 4 per row, 25 per 
column. The spacing between elements 
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Fig. 3- Radiation resistance of sinusoidal 
current dipole in infinite array; L =a; d =0.25. 

is 0.0234 and 0.177 wavelengths in the 
vertical and horizontal dimensions, 
respectively. The monopole elements 
are located 0.25 wavelengths from a 
reflecting ground plane, which also 
serves as a shield between the amplifier 
and antenna regions. Metal -clad (1 -mil 
copper on one side and 1/32-aluminum 
plate on the other) dielectric boards 
(polyolefin, inch) extending perven- 
dicularly from the ground plane serve 
to mechanically support the monopole 
in place and to provide its electrical 
excitation. They do not affect the 
TEM -wave radiating from the array 
since they are thin and perpendicular 
to the electric field. The monopoles 
are fed by strip transmission lines that 
are printed internally on the dielectric 
sheets extending to the monopole; a 
right -angle connection to this trans- 
mission line feeds the monopole. The 
dipole is also held in place by the con- 
nection that it makes to the metal 
aluminum plate above it. A small 
spongelike metallic bottom (fuzz but- 
ton) serves to maintain pressure at the 
feed connection to hold the monopole 
in position. The dielectric spacers 
shown in the Figure maintain the 
height between adjacent plates; exper- 
iments have demonstrated that their 
effect on antenna performance is 
negligible. 

Fig. 10 is a photograph of one layer of 
the antenna with monopoles removed. 
The layer consists of a single board on 
which is printed four identical ampli- 
fier circuits and their associated input 
and output lines. The amplifier cir- 
cuitry in the assembly, located between 
the two metal shields, is composed of 
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RF microstrip transmission -line ele- 
ments plus several lumped capacitors. 
The amplifier, designed around a 
2N3866 RCA overlay transistor, has a 

power output of 1 watt with a 7 -dB 
gain, and an efficiency that lies be- 
tween 26 to 43% at the 410 -MHz 
operating frequency. The gain and 
transmission phase of the 100 ampli- 
fiers was measured and found to have 
a spread given by 0.35 dB RMS and 
5.6° RMS, respectively. The antenna 
region, as described, consists of two 
dielectric boards that are used to form 
the strip transmission -line feed net- 
works. A bus wire shown connecting 
all the amplifiers provides the collector 
voltage to the transistors through bias- 
ing networks, and is connected to a 
terminal board mounted on the side 
of the array. 

The assembled array is excited by a 
uniform plane wave incident on its 
receive aperture. This excitation was 
obtained by placing the array over the 
central portion of a large oversize 
waveguide. Although the field inten- 
sity variation in a waveguide is sinus- 
oidal, the variation of the field near its 
center is relatively low. To reduce this 
variation, a disturbance was intro- 
duced into the taper feeding the over- 
size waveguide, causing a third order 
mode to be excited with amplitude and 
phase such that it canceled part of the 
variation in the dominant -mode field 
intensity. Fig. 11 is a photograph of the 
array situated on top of this oversize 
waveguide; those portions of the wave - 
guide not feeding the array are termi- 
nated with absorber blocks. The entire 
array and feed assembly are mounted 
vertically in a hole in a large ground 
screen. 

Antenna patterns were measured by 
recording the field intensity sampled 
by an antenna mounted on a boom 
that travels in a vertical arc in the 
plane of the array. The receive- trans- 
mit array was evaluated by a compari- 
son of the E -plane and H -plane an- 
tenna patterns of the array with an 
aperture having the same geometry. 
These patterns together with relative 
power measurements show that the net 
gain of the receive -transmit module 
was 4.75 dB. Tests of individual am- 
plifiers prior to assembly showed an 
average gain of approximately 7.0 dB. 
The disparity between this gain figure 
and that of the array module is attrib- 

uted principally to the small size of the 
array. Even in a large array, elements 
near the periphery do not see the same 
physical environment as elements near 
the central portion of the module, and 
hence have a driving -point impedance 
substantially different from that ap- 
proximated by an infinite array. The 
small size of the test array, 0.416 
square wavelengths, although ade- 
quate for testing feasibility, does not 
provide a good estimate of the effi- 

ciency since more than 50% of the 
elements are edge elements, and even 
the interior elements are in a decidedly 
noninfinite array environment. 

Several additional experiments were 
made with the array to determine its 
sensitivity to isolated failures. Various 
combinations of amplifiers were dis- 
abled by disconnecting the collector 
supply lines. Tests were made with a 
single disabled element, a disabled 
layer of elements, and several combi- 
nations of disabled layers, including 
the series of cases in which 124 out of 
the total number of 25 layers were 
disabled. In all these tests no transistor 
failure occurred, and the array, when 
completely reconnected, showed no 
signs of any malfunction. These pre- 
liminary tests indicate that this paral- 
leling scheme is comparable in reli- 
ability to the cascaded hybrid junction 
combining schemes. 

Conclusions 

The impedance of radiating elements 
in a dense array has been theoretically 
determined and experimentally con- 
firmed. Large arrays of elements may 
be configured to have an impedance 
that is suitable for matching to many 
transmitter devices over large band- 
widths. Tests of a 100 -element receive - 
transmit array have demonstrated the 
feasibility of the closely spaced ele- 
ment concept and have underscored 
the reliability of this paralleling 
scheme. 
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Fig. 8- Impedance of single element array simulator. 

Fig. 9- Photograph of 100 -element transfer array. 

Fig. 10- Photograph of single layer of 100 -element 
transfer array. 

Fig. 11- Photograpr of 10C -element transfer array in 
test configuration. 
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The sandwich pack 
J. Croft 

This paper describes a packaging technique used extensively by the Astro- Electronics 
Division to protect spacecraft hardware and other valuable equipment during handling. 
The unique feature of the system is that it can easily be adapted to several equipment 
configurations. 

THE ASTRO- ELECTRONICS DIVISION 

produces low- volume, high- relia- 
bility equipment that requires in- 
process handling protection to a level 
almost the same as that for out -of -plant 
shipment. When an item leaves one 
operation for the next, it may be de- 
layed for several hours or for several 
months. It may be diverted to (and 
through) Engineering, Quality Control, 
or other departments for various rea- 
sons, and it may be subjected to nu- 
merous types of stresses in handling. 

In the past, the manufacturing operator 
or stockroom attendant had to impro- 
vise adequate in- process handling 
methods using plastic bags, plastic 
boxes, or one of several other means 
available. 

The Technology Engineering Section at 
the Astro- Electronics Division has in- 
vented a new packaging concept that 
eliminates improvised packaging and 
provides maximum protection. This 
new concept is called a sandwich pack 
and is composed of a container having 
three separate parts (as shown in Fig. 
1) : a top and bottom made of a soft 
material (e.g., polyurethane foam) 
which is bonded to a hard backing 
(such as phenolic sheet or plywood) 
and an inner frame. With these three 
parts, equipment can be packaged with- 
out the necessity for a dunnage filler or 
a custom -made nest to immobilize and 
cushion it. This is accomplished by 
compressing the item between the top 
and bottom foam -lined parts and fast- 
ening the package together. By keeping 
the top and bottom parts separate, ex- 
treme versatility is achieved with re- 
gard to the size of the item that can 
be accommodated in any one package. 

A closed package, secured by strips of 
Velcro tape, is shown in Fig. 2; the 
tapes are bonded to the hard backing 
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Fig. 1 -The sandwich pack consists of three separate parts: cushioning material, rigid back- 
ing, and an inner frame. 

Fig. 2 -The assembled sandwich pack is held together with Velcro tape. 
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material. Different heights can be ac- 
commodated by inserting additional 
inner frames and using longer tapes. 

The key to the sandwich -pack principle 
is the separate inner frames. By keep- 
ing this part separate, the height of the 
package can be tailored to the con- 
tents; inner frames are added until they 
are at the approximate height of the 
equipment being packaged. When the 
frame height is a little less than that of 
the equipment, it can be held securely 
by compressing the foam backing when 
the package is closed. If the frames are 
slightly higher than the item, this com- 
pression is accomplished by position- 
ing a separate piece of foam over the 
item before closing the package. 

The sandwich -pack concept can also be 
applied to the design of shipping con- 
tainers. Figs. 3 and 4 show a container 
designed for inter -plant handling of a 
satellite camera; the camera is mounted 
to an inner frame which, in turn, is 

Fig. 3 -A satellite camera mounted on the baseboard and lower cushioning material of the sand- 
wich pack. 

Fig. 4 -The inner frame and plywood top and sides are added to the frame shown in Fig. 3 to form 
a complete shipping container. 

packaged and held secure by compres- 
sion in the same manner as previously 
described. Note again, that by keeping 
the inner frame (this time of plywood) 
separate, the container can be used on 
items of varying size simply by substi- 
tuting a frame to meet the height re- 
quirement. 

The Astro- Electronics Division has 
found the sandwich -pack system 
extremely valuable in solving its 
handling problems. For further infor- 
mation regarding the application or 
utilization of the system, contact J. E. 
Croft at Astro- Electronics Division, 
P.O. Box 800, Princeton, N.J. 08540. 
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Acoustic surface -wave 
devices 
Dr. D. A. Gandolfo 

Acoustic surface -wave devices offer attractive solutions to many signal -processing 
problems at frequencies from tens to thousands of megahertz. Presently, RCA Ad- 
vanced Technology Laboratories is actively engaged in a program to investigate 
surface -wave phenomena and to apply these phenomena to microwave devices. This 
paper will give a brief review of the state of the art in acoustic surface -wave devices 
and of the promise which these devices hold. RCA efforts up to the present and the 
direction of future programs will be discussed. The acoustic surface waves as 

described here are primarily Rayleigh waves such as the frequently observed waves 
on the surface of a body of water. In such a wave, the motion of the particles in 
the medium is elliptical, that is, it contains components parallel to and perpendicular 
to the direction of propagation. The amplitude of the waves decays exponentially 
with distance from the surface. 

COMPACT ACOUSTIC SURFACE -WAVE 

DELAY DEVICES afford a conve- 
nient technique for achieving time 
delay in the microsecond range. The 
surface waves, like other acoustic 
waves in solid media, propagate with a 
velocity smaller by five orders of mag- 
nitude than that of electromagnetic 
waves in free space. Thus the required 
path length for a delay of a few micro- 
seconds is reduced from a kilometer 
to approximately one centimeter. Ex- 
periments demonstrating time delay 
through surface -wave techniques have 
been conducted at frequencies from a 
few megahertz up to about 1 GHZ, and 
time delays of up to 10 p,s have been 
observed. Both dispersive and nondis- 
persive delay lines have been built. 
Variable delay lines with delay varia- 
tion being achieved through mechani- 
cal displacement of the output 
transducer have also been constructed. 
However, the truly significant aspect 
of acoustic surface waves is that the 
wave energy is localized within about 
one wavelength of the free surface, a 

distance of the order of a few microm- 
eters at 1 GHz, and this energy can 
be easily extracted for signal process- 
ing. This behavior makes possible the 
development of tapped delay lines and 
other signal processing functions 
which may be realized through sur- 
face -wave techniques. These functions 
include matched filtering (as in pulse 
compression) , auto -correlation, cross - 
correlation, and coding. 
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A number of different single -crystal 
piezoelectric materials have served as 
media for the propagation of surface 
waves. These include quartz, ZnO and 
LiNbO,. We usually wish to convert 
an electromagnetic signal into an 
acoustic signal directly at the surface 
of the propagation medium and in this 
case, a material such as LiNbO:, which 
has a large electromechanical coupling 
coefficient has an obvious advantage. 
However, if simultaneous propagation 
in several different directions is de- 
sired, a material such as ZnO may be 
more useful. ZnO has a smaller electro- 
mechanical coupling coefficient, but 
exhibits transverse isotropy on a Z -cut 
plate. Thus, the velocity is indepen- 
dent of the direction of propagation on 
the surface. CdS also possesses good 
electromechanical coupling and trans- 
verse isotropy in a plane normal to 
the c -axis. However the velocity is so 
small, approximately 1.73 x 10 5cm /s 
that the consequent wavelength reduc- 
tion may make the construction of 
microwave frequency transducers un- 
duly difficult. Quartz has been widely 
used because of its ready availability, 
but it is not a satisfactory material be- 
cause of its weak electromechanical 
coupling. It might serve as the propa- 
gation medium if the electromechanical 
conversion occurred in another material. 

Acoustic attenuation of surface waves 
has been measured in several of the 
materials mentioned above. Slobodnik 
and Carr have studied LiNbO, and 
found losses on the order of 3 dB /cm 
at about 1 GHz and at room tempera- 
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Fig. 1- Transducer pattern used in 425 -MHz 
delay device. The fine line electrodes are 2 
microns wide placed on 4- micron centers. 

Lure! In the UHF range, propagation 
losses are negligible. Salzmann et al. 
made a systematic study of attenuation 
on quartz as a function of frequency 
and temperature.- They found that, at 
temperatures from about 50 °K up to 
room temperature, attenuation is es- 
sentially independent of temperature 
and proportional to f. At room tem- 
perature, the losses were about 1 dB/ 
cm at 316 MHz and about 10 dB/cm 
at 1047 MHz. This latter figure is ap- 
proximately three times greater than 
the losses in LiNbO, under similar 
conditions. In either case, these losses 
are probably tolerable for time delays 
of up to a few microseconds in the 
microwave range. 

Surface waves have been launched by 
a variety of transducers including 
piezoelectric plates, wedges, metallic 

Fig. 2- Acoustic surface -wave delay device 
employing single -pair transducers on ZnO. 

plates with comb profile, and inter - 
digital electrodes. Most of these 
techniques lead to the conversion of 
a large amount of energy into bulk 
waves and are therefore inefficient 
generators of surface waves. The 
transducer which has proven to be the 
most efficient, most versatile, and 
probably the simplest to implement is 

the interdigital electrode transducer. 
In this transducer, an electrode struc- 
ture is formed directly on the surface 
of propagation. This type of trans- 
ducer was built and operated by R. M. 
White,' among others, and has been 
analytically treated by Coquin and 
Tiersten,4 and Tseng.5 A typical mem- 
ber of the class is shown in Fig. 1. This 
transducer was designed at the DEP 
Advanced Technology Laboratories, 
and made at the Defense Microelec- 
tronic facility in Somerville using 
photomasks prepared by personnel at 
RCA Laboratories and DEP Central 
Engineering. It consists of two inter - 
digital combs formed on the surface of 
a piezoelectric crystal by phototech 
techniques. The center -to- center dis- 
tance between adjacent lines must be 
equal to one -half the acoustic wave- 
length at the operating frequency and, 
for maximum efficiency, the lines 
should be one -quarter wavelength in 

width. The transducer in Fig. 1 has 
2 -µm wide lines on 4 -fpm centers. 
The RF signal is applied to the large 
area pads at top and bottom in Fig. 1, 

and the RF electric fields extending 
between the fingers couple piezoelec- 
trically to the crystal. One such 
transducer on a LiNbO;, substrate has 
been operated at a frequency of 
100 MHz with a conversion loss of 
only a few dB. Similar transducers 
have been operated at frequencies up 
to approximately 1 GHz in fundamen- 
tal mode and up to about 3 GHz at 
third harmonic. These transducers 
permit a tradeoff between coupling 
strength and bandwidth by adjust- 
ment of the number of fingers. By 

forming the appropriate electrode pat- 
tern, one may accomplish a variety of 
signal processing tasks. In our opin- 
ion, the interdigital or periodic 
electrode transducer is by far the best 
transducer for Rayleigh wave genera- 
tion, and it is the one which is receiv- 
ing the most attention during our 
present acoustic surface -wave pro- 
gram. At the Advanced Technology 
Laboratories, we have operated delay 

Fig. 3 -An experimental acoustic surface - 
wave delay device employing single -pair 
transducers on LiNbO, substrate. The device 
is mounted in an integrated- circuit flat pack, 
emphasizing the compatibility of surface - 
wave and microelectronic technology. 

devices using interdigital transducers 
on ZnO and LiNbO,, substrates. 

Because the energy of surface waves 
is confined to the free surface, signals 
may be operated upon while still in 
acoustic form. D. L. White has shown 
that Rayleigh waves can be guided by 
means of metal strips formed on the 
surface.' (The materials of the strip 
and the substrate must be such that 
the acoustic velocities in the strip are 
smaller than those in the substrate.) 
These strips must be about X/2 in 
width. Guiding occurs because the 
velocity of propagation is smaller 
under the strips than it is on the free 
surface. One may envision devices 
such as directional couplers, power 
dividers, and hybrid couplers with 

Fig. 4- Single electrode pair transducer con- 
figuration. 
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Fig. 5- Measurements of time delay -input 
signals on upper traces and output signals on 
lower traces. 

configurations similar to stripline com- 
ponents but reduced in size by a factor 
approximately equal to the ratio of the 
electromagnetic to the acoustic wave- 
length. Since metal strips change the 
velocity of the surface waves, one may 
also deflect energy out of a primary 
beam by means of a grating consisting 
of a periodic array of metal lines. 

Recently Collins and Lakin at Stan- 
ford University constructed an acous- 
tic surface -wave amplifier that exhib- 
ited net terminal gain at a frequency 
of 100 MHz.' This device employed 
the interdigital transducers on a 

LiNbO, substrate to transmit and re- 
ceive the surface waves. The electric 
field in the direction of propagation, 
required for traveling wave amplifica- 
tion, was applied to a block of silicon 
which was placed at a very short 
distance, on the order of a micrometer, 
from the surface. 

Fig. 6 -The 425 MHz delay device. 
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RCA efforts up to the present 

Advanced Technology Laboratories 
has designed and evaluated the surface 
wave delay devices shown in Figs. 2 

and 3. These devices were fabricated 
at RCA Laboratories in Princeton and 
Defense Microelectronics in Somer- 
ville. Both of these devices employ the 
simplest type of periodic electrode 
transducer, that is, the two -element, or 
single -pair transducer. These transduc- 
ers are of interest because of their 
potential utility in tapped delay line 
applications. In these applications one 
may wish to use a large number of 
transducers along the propagation 
path, separated from each other by 
small distances, with each transducer 
extracting only a small amount of 
energy from the surface wave. Since 
they contain only two elements, they 
extend only about one wavelength in 
the direction of propagation and inter- 
act weakly with the surface wave. 

We have performed experiments in 
the range of 45 to 55 MHz using 
chrome -gold transducer -electrodes on 
a ZnO substrate and in the range of 
180 to 200 MHz using aluminum trans- 
ducer- electrodes on a LiNbO:, substrate. 
The Zn0 sample (Fig. 2) was a high 
resistivity single crystal with the hex- 
agonal -axis normal to the surface on 
which propagation occurred. The 
LiNbO, sample (Fig. 3) was also single 
crystal material and was oriented so 
that propagation occurred along the 
X -axis on a surface normal to the Z- 
axis. The transducers were formed on 
these surfaces by the usual photoetch 
process. The lower frequency trans- 
ducers consisted of lines 12.5 -µm wide 
on 25 -pm centers while the higher 
frequency units had 4 -µm -wide lines 
on 10 pm centers. In both cases, the 
lines were 2 -mm long. A close -up 
view of a portion of the transducer 
pattern is shown in Fig. 4. In our ex- 
periments, we measured time delay 
and insertion loss of a signal consist- 
ing of an RF burst about 0.5 p. s in 
duration. Both the input and output 
transducers were operated in a tuned 
and matched configuration. 

The capacity of the transducers was 
tuned out at the operating frequency 
by means of a series inductor. This 
series- resonant combination presented 
a real impedance of a few ohms so 
that a large ratio impedance trans- 

formation had to be accomplished in 

order to effect a match to the 50 -ohm 
coaxial input and output lines. No at- 
tempt was made to optimize the tun- 
ing- matching networks, so that some 
mismatch still existed. 

Some typical results are shown in Fig. 
5, an oscilloscope photograph of the 
input and output signals. The input 
signal (after a 20 -dB reduction) is on 
the upper trace while the output signal 
(after about 20 -dB amplification) is 

shown on the lower trace. The first 
signal on the lower trace is the direct, 
undelayed, RF feedthrough -the result 
of capacitive coupling between input 
and output transducers. The second 
signal is the delayed signal which has 
experienced conversion from electro- 
magnetic to acoustic and back to 
electromagnetic form. The velocity of 
propagation obtained from the meas- 
urement of time delay is 2.7x105 cm /s 
on the basal plane of ZnO, in agree- 
ment with the value given by Tseng,° 
and 3.6x10` cm /sec for Z-cut, X- 
propagating LiNbO,. The apparent 
bandwidth limitation in the photos is 
the result of the relatively high Q of 
the input and output circuits which in 
turn is indicative of a rather small 
radiation resistance which we expect 
for a 2- element transducer. 

Most recently we have operated a de- 
lay device that employs multi- element 
transducers (Fig. 1) on a Y -cut, Z- 
oriented LiNbO, plate. The center fre- 
quency for this device is 425 MHz and 
the 3 -dB bandwidth is about 5 %. Total 
insertion loss at center frequency is 16 

dB for 3µs of time delay. In addition 
to the electromechanical conversion 
loss, this total includes propagation, 
ohmic and mismatch losses, and losses 
caused by the bidirectionality of the 
transducers, which radiate equal en- 
ergy in both directions. The actual 
conversion loss is only a few dB, re- 
sulting in a very high conversion effi- 

ciency. This device is shown in Fig. 6. 

The package contains the input and 
output tuning- matching networks as 
well as the LiNbO, crystal. Although 
the present package is very compact, 
it is expected that a significant re- 
duction in overall size can be easily 
achieved. 

Important work on surface wave de- 
vices has also been performed at RCA 
Laboratories, Princeton and at M &SR, 
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Moorestown. At RCA Laboratories, 
Schnitzler has carried out an extensive 
theoretical- experimental investigation 
of the propagation of acoustic waves 
at the interface between a semi -infinite 
medium and a thin (compared to one - 
wavelength) layer. "' Wen, Mayo and 
Schnitzler have demonstrated a sur- 
face wave delay device in which varia- 
tion of time delay is accomplished by 
mechanical motion of one transducer." 
Talamini at M &SR, in conjunction 
with RCA Laboratories personnel, 
has demonstrated pulse expansion 
and compression -both important ra- 
dar signal processing techniques -by 
means of dispersive surface -wave 
transducers.` Leibowitz at the RCA 
Laboratories is presently investigating 
surface wave amplification techniques 
employing deposited piezoelectric and 
semiconducting films on a quartz sub- 
strate, bearing transducers formed by 
photoetch." 

ATL present and future efforts 
We are experimenting at present with a 
device which is expected to operate at 
a frequency of 2.5 GHz. This device 
will use 10- element transducers on a 
LiNbO, substrate. The lines are 0.34- 
µm wide and are placed on 0.68 -pm 
centers. These dimensions are beyond 
the capability of the usual photoetch 
process which uses optical exposure 
of a photoresist. The transducer 
patterns were formed in the photo - 
resist by means of a scanning electron 
microscope. A photo of this pattern is 
shown in Fig. 7. The use of the elec- 
tron microscope represents a signifi- 
cant advance in the state of the art 
of acoustic surface -wave devices and 
one which is necessary if the use of 
these devices is to be extended to the 
region beyond 1 GHz. Our 2.5 -GHz 
delay device will be used in an experi- 
mental recirculating delay subsystem 
which in turn may be used in a fre- 
quency memory. Frequency- memory 
devices are important in electronic 
warfare applications. 

As noted earlier, acoustic surface 
waves may be guided by means of 
metal strips or layers formed on the 
surface. Guidance occurs because the 
metal structures modify the surface 
wave velocity. The phenomenon will 
permit us to realize surface -wave de- 
vices such as directional couplers and 
power dividers. Since the size of these 

devices is usually determined by the 
wavelength of the propagating signal, 
and since the acoustic wavelengths are 
quite small -of the order of a few 
micrometers at I GHz -truly minia- 
ture devices are possible. One may 
envision matched filter applications in 

which a tapped delay line (conven- 
iently realized in the form of a sur- 
face -wave device) feeds an array of 
couplers, with coupling coefficients 
adjusted to accomplish the desired 
weighting function. 

An experiment now being conducted 
at Advanced Technology Laboratories 
will provide information about the 
parameters required for design of such 
devices as directonal couplers. A 

typical sample is shown in Fig. 8. 

There are three basic areas of concern 
in the construction of a surface wave 
guide device: 

1) How does one make the transition 
from an acoustic beam many wave- 
lengths wide into a waveguide which is 
only one -half wavelength wide? 
2) What are the propagation charac- 

,.. 

11111 
Fig. 7- Transducer pattern formed in photo - 
resist by scanning electron microscope. The 
lines are 0.34 micron wide placed on 0.68 
macron centers. 
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F:g. 8- Surface wave guiding and coupling 
experiment. 

teristics; i.e., surface wave velocity and 
attenuation in the waveguides? 
3) How does coupling from one wave - 
guide into an adjacent waveguide de- 
pend on the separation between guides 
and the size of the coupling region? 

It can be seen that the experiment 
depicted in Fig. 8 will shed light on 
all these areas. 

Conclusion 
The acoustic surface -wave devices 
represent an important new area of 
technology for RCA. These compact 
devices may be used to perform many 
signal processing tasks- particularly 
those based upon delay lines and tap- 
ped delay lines- better than compo- 
nents now in use. 
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Diversity techniques and 
coding for troposcatter 
R. W. Allen V. F. Volertas 

The protection of high -rate digital traffic over tropo links against "flat" Rayleigh 
fading, multipath distortion, and long bursts of errors due to interference has proven 
to be a difficult task. System requirements for lightweight and short setup time com- 
plicate the problem further. A combination of time diversity and multi -level frequency 
coding with phase modulation provides great relief for the situation. A scheme which 
has been termed the Tropomod 4 -4 has been devised. The functional design of the 
modem has been completed by RCA with remarkable results. The goal is a 1 Mbps 
traffic in a 5- to 10 -MHz band with an average bit error rate of 10 5 or better. 

THE TROPOMOD 4 -4 scheme has been 
conceived by RCA in an effort to 

meet the demand, particularly for 
tactical applications with a minimum 
of hardware complexity. Space diver- 
sity has been used successfully to 
achieve some of the tropo -link objec- 
tives but these achievements were par- 
tially offset by the need for additional 
antennas, receivers, and diversity 
combiners. Also, a longer setup time 
is needed for more than one antenna. 
The concept of an "in- band" fre- 
quency diversity is extremely attrac- 
tive for tactical environments because 
of its potential ability to achieve per- 
formance equivalent to space diversity 
with only one antenna, one transmit- 
ter, and one receiver per site. Modu- 
lation, demodulation, and diversity 
combining functions are performed 
by a modem; thus size, weight, and 
setup time are reduced. The price that 
must be paid for the in -band fre- 
quency diversity is bandwidth, since 
diversity is obtained by transmitting 
information redundantly. A combina- 
tion of FSK (frequency -shift keying) 
and DPSK (differential phase -shift key- 
ing) used in the TROPOMOD 4 -4 scheme, 
reduces the bandwidth to the minimum. 

Description 

The TROPOMOD 4 -4 scheme features 
a novel combination of proven tech- 
niques designed to overcome both nat- 
ural and aircraft -produced fading of 
the tropo medium with a high grade 
of digital transmission capability, a 
high degree of flexibility, and a mini- 
mum bandwidth. A combination of 
FSK and DPSK is employed to provide 
Reprint RE- 15 -2 -10 
Final manuscript received March 25, 1969. 

orthogonal transmission of. symbols. 

The FSK may be thought of as a fre- 
quency -time code, in which there are 
four possible in -band frequencies and 
four possible time slots. Every time 
slot is filled with one and only one 
frequency, so that the transmitted out- 
put appears as a frequency- shift -keyed 
cw signal. 

Four mutually exclusive sequences are 
chosen for the transmission of the 
FSK, as follows: 

f1 f2 f3 f4 
12 f4 f1 fi 
12 f1 f4 f2 

f4 f3 12 f1 

Inspection will show that, once fram- 
ing is achieved, the identity of any 
sequence can be established if any one 
of the frequencies is received, even 
if the other three have been lost due 
to fading. This is true because the 
location of each frequency in the 
frame is unique to the corresponding 
sequence. 

Quaternary DPSK modulation is applied 
to each frequency pulse transmitted. 
Consider for the moment only f 1, 

which is being transmitted in succes- 
sive frames. Although 13 may appear 
in different time slots of each frame, 
its relative phase would remain con- 
stant from frame to frame in the 
absence of phase modulation. The qua- 
ternary DPSK modulation shifts this 
phase by 0 °, 90 °, 180 °, or 270° from 
its relative position in the previous 
frame. 

Each frequency is treated separately 
but in the same manner, so that if 13 

is shifted 90° from its previous phase, 
12 will also be shifted 90° from its 
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previous phase, etc. The transmitted 
phase information can be received if 
only one frequency is present and 
three have faded. 

The foregoing establishes 16 possible 
symbols formed by four possible se- 
quences in combination with four pos- 
sible phases. These sixteen symbols 
can carry 4 bits of information. Ac- 
cordingly, the incoming data stream is 
arbitrarily divided into four -bit frames, 
each frame being comprised of 2 two - 
bit words. The first two -bit word is 

encoded into one of the four frequency 
sequences; the second two -bit word is 
encoded into one of the four possible 
phase shifts to be applied as quaternary 
DPSK. 

Since both the FSK and DPSK informa- 
tion are transmitted with 4th order 
redundancy, the system has an intrin- 
sic 4th order diversity capability. The 
degree to which this can be realized 
depends on how much bandwidth can 
be used to obtain uncorrelated signals. 

Advantages 

Diversity 

TROPOMOD 4 -4 has an intrinsic capa- 
bility of 4th order diversity. An analy- 
sis has shown that in the situation 
where bandwidth is limited from 5 to 
10 MHz, as is probably the case, most 
of the attainable diversity gain is 
achieved with a four -frequency sys- 
tem. Very little additional improve- 
ment can be obtained by squeezing 
more than four frequencies into the 
fixed band, since the behavior of the 
channels becomes increasingly corre- 
lated. This reasoning applies to any 
tropo system depending on the fre- 
quency diversity effect in a fixed 
bandwidth. 

100% transmission efficiency 

The TROPOMOD 4 -4 has a transmission 
rate that is the same as the incoming 
data rate. No added bits are required 
for synchronization or other supervi- 
sory functions. The entire bandwidth 
utilization is expended in information 
transmission. Several modes of opera- 
tion are possible at various bit rates, 
and various degrees of diversity can be 
traded off with bandwidth. 

Response to fades and phase reversals 

An extremely important consideration 
is the ability of the system to cope 

with rapid phase reversals and deep 
fades caused by the medium. Since 
transmission of information is accom- 
plished by two modulation techniques, 
each is treated separately. 
Detection of the sequence depends 
on equal -gain combining after ampli- 
tude detection of the individual fre- 
quencies. Deep fades will not cause 
errors unless all four frequencies fade 
simultaneously (diversity fails) . Phase 
reversals do not affect the amplitude 
detection. In addition to the two in- 
formation bits per frame, timing is 
extracted from the sequence detection. 

Detection of DPSK is accomplished in 
a pseudo- coherent manner by compar- 
ing the received phase of each symbol 
with that of the corresponding symbol 
in the previous frame. The detection 
does not depend on maintaining a 
long -term phase -coherent local oscilla- 
tor. For this reason, a phase reversal 

in the medium may cause a single bit 
error, but would not produce a burst 
of errors during the time required for 
a local oscillator to recover its refer- 
ence phase position. Even the single 
bit error may not occur, since the 
phase decision is based on equal gain 
combining of phase information from 
four in -phase and four quadrature 
signals. 

The system is open loop and does not 
require a sequence of actions such as 
instruction, acknowledgement, and ex- 
ecution before information transmis- 
sion can begin. 
Timing is, of course, required. Since 
this depends only on amplitude de- 
tection, it enjoys the advantage of di- 
versity reception, and can readily be 
made immune to momentary loss of 
signal by locking a local timing source 
to the received timing, this function 
can be expected to operate reliably in 
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any environment in which usable data 
can be transmitted. 

It is recognized that different opera- 
tional requirements may exist within 
the framework of a given tactical en- 
vironment. Although the prime ob- 
jective of the TROPOMOD 4 -4 is to 
approach 4th -order diversity transmis- 
sion at 1.152 Mbps data -transmission 
rate for path lengths up to approxi- 
mately 100 miles, the equipment de- 
sign can incorporate several other 
modes of operation. The degree of 
diversity and bit rate may be traded 
off with transmission bandwidth. 

The Tropomod 4 -4 modem 

The modem is designed to interface 
with existing tropo transmitters and 
receivers through a standard 70 -MHz 
modulator output and demodulator 
input. Other interfaces include re- 
ceiver AGC, data, and timing inputs 
and outputs. 

The modulator block diagram is 
shown in Fig. 1. Incoming data is 
shifted through the four -bit input reg- 
ister, and a parallel read out of the 
register is initiated. The readout of 
the first two bits is fed to the fre- 
quency sequence encoder. The fre- 
quency sequence encoder has four 
timing inputs and four control out- 
puts. The timing inputs each have 
pulses of one bit duration at one - 
fourth the incoming bit rate, and the 
outputs occur in a continuous, fixed 
sequence. The sequence in which tim- 
ing appears on the output lines de- 
pends on the incoming data. 

In a similar manner, the second two 
bits in the input register control four 
outputs of the phase encoder. Here, 
however, logic is provided to chose 
absolute phase in such a way that the 
output is differentially phase shifted. 
In this case, the length of the pulse on 
each control line is one frame, or four 
bit periods. 

The gating matrix selects two of the 
eight outputs for each symbol to be 
transmitted. These two are always the 
quadrature components of the same 
frequency for a given symbol. The 
outputs are modulated with quadra- 
ture components of a 70 -MHz local 
oscillator and are summed in the SSB 

Generator and Frequency Translator. 
This process generates a single -side- 
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band signal whose frequency is 70 
MHz plus or minus the modulating 
frequency. The composite 70 -MHz sig- 
nal output has the desired constant en- 
velope, with frequency shift keying 
and with DPSK of each frequency. 

Timing of the modulator can be self 
generated, or can be extracted from 
a timing input or from the data. A 
local oscillator maintains stability. 
Framing and other timing signals are 
generated based on the bit timing. 

The demodulation process is com- 
prised of the following major steps: 

1) Frame pulse detection, 
2) Frame and bit timing synchroniza- 
tion, 
3) Sequence detection, 
4) Phase detection, and 
5) Data readout. 

The demodulator block diagram is 
shown in Fig. 2. The 70 -MHz input 
from the receiver is routed to a bank 
of four filters and detectors. Each filter 
is tuned to one of the four FSK fre- 
quencies. Each time the incoming 
carrier is keyed to one of these four 
frequencies, a pulse will appear at the 
corresponding detector output. 

The sequence detector utilizes four 
delay lines and four summing net- 
works to obtain a correlated output 
for each of the four valid sequences. 

Each valid sequence is treated in a like 
manner, so that one of the sequence 
detector outputs will contain a pulse 
each frame. The four outputs drive 
a maximum decider circuit in the 

REF. 
FRED. 

FRED. 

SYNTH. 

FREO. 
SEPARATION 
CRYSTAL 

OSC. 

DATA INPUT 

MULTI - SIGNAL INPUT 

GATING MATRIX 

Framing and Bit Timing unit. This 
circuit generates a received frame 
pulse which is used to lock a stable 
local oscillator. The latter provides 
frame and bit timing to all the circuits 
of the demodulator and to the external 
devices which are to be driven by the 
demodulator output data. 

In addition to frame and bit timing, 
the sequence detector outputs drive 
the sequence decoder, which converts 
the information into a form that can 
be read into the first two bits of the 
output register each frame. 

Sequence decoding is required to es- 
tablish which time slot should be ex- 
amined for phase information for each 
frequency in each frame. This is indi- 
cated in the block diagram of Fig. 2 

by the connection between the se- 
quence decoder and each of the phase 
detectors. 

Examination will show that operation 
of the phase detector will provide dif- 
ferential phase shift demodulation 
without the necessity for long term 
stability of phase of the local oscilla- 
tor. All that is required is that the 
phase drift be small compared to 90° 
over a two -frame interval. 

The sine and cosine outputs of differ- 
ential phase so detected are summed 
with similar contributions from detec- 
tion of f 2, f,, and f. phase. Each output 
will be plus, minus, or zero. When 
one output is plus or minus, the other 
is zero. These two signals are decoded 
to form the last two bits of each frame, 
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and are read into the appropriate 
stages of the output register. The data 
is then shifted out serially. 

Analysis of functional design 
To establish the best implementation, 
the intersymbol interference as a func- 
tion of received signal -to -noise ratio 
and the multipath effects were ex- 
amined in detail. 

The analysis of intersymbol interfer- 
ence predicts levels of error rate for 
various conditions which are a func- 
tion of the mode chosen (bit rate, 
frequency spacing, etc.). Frequency 
spacings may be chosen so that the 
information spectrum about each of 
the frequency "channels" is either 
overlapping, or essentially non -over- 
lapping. Error rates for modes where 
the channel spectrums are non -over- 
lapping are quite acceptable. If over- 
lapping spectra is implemented, error 
rates may be marginal for data trans- 
mission, but would probably be 
acceptable for digitized voice. If over- 
lapping spectra does give adequate 
performance for some modes and 
some transmission paths, its use is at- 
tractive in terms of bandwidth re- 
quired. Experimental measurements 
are needed to establish the final deci- 
sion as to what modes should be 
selectable. 

Multi -path effects will result in inter - 
symbol interference unless some 
guard time is provided. As a result of 
investigation it was decided to allow 
approximately 100 nsec guard time. 
This is to be implemented in the re- 
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ceiver integrate and dump circuits. 
Transmission will remain as a cw type 
of signal. 

If guard time were not required, some 
advantage in spectrum width could be 
obtained by making the switching 
among frequency channels phase co- 
herent within the frame (4 bit peri- 
ods) . However, it is considered far 
more important to provide the protec- 
tion against multipath afforded by 
guard time, than to obtain the small 
advantage of phase- coherent switch- 
ing. In any event, phase coherence 
would not be maintained from 
frame to frame because of the DPSK 

modulation. 

The addition of guard time requires 
that the frequency spacings be slightly 
increased in order to maintain orthog- 
onality, which is needed to minimize 
intersymbol interference. This is ac- 
complished by making the integrate 
time an exact multiple of the number 
of cycles appearing at the integrator 
input from adjacent channels. The 
integral of these signals is, therefore, 
zero. 

Optimum phase detection of the re- 
ceived signals requires true multi- 
pliers (analog signal A times analog 
signal B) . However, some difficulties 
might be experienced in building 
multipliers for use at high rates. 
Therefore, an analysis was done of the 
relative system performance with the 
multipliers replaced by a hard -limiting 
amplifier and balanced modulators. 
The degradation in performance was 
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Fig. 2- Demodulator block diagram. 
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found to be small, and because of the 
relative ease of implementation, the 
decision was made to use limiting and 
balanced modulators. 

The initial approach to design of the 
frequency synthesizer utilized a phas- 
ing method to generate SSB outputs. 
Each sideband corresponded to one 
of the frequency channels. The method 
contemplated switching at baseband 
with direct mixing to IF of quadrature 
signals. At the IF output, the sideband 
chosen would depend on the phase 
of the baseband signals switched into 
the mixers. 

With the dismissal of phase- coherent 
keying as a requirement, a much more 
straightforward synthesis approach 
has been adopted. One oscillator with 
associated digital dividers and en- 
abling gates provides all frequencies 
required to establish several selectable 
frequency spacings. A second oscilla- 
tor provides the basic IF center fre- 
quency. These signals are modulated 
in balanced mixers and the sidebands 
(corresponding to the frequency chan- 
nels) are separated with upper and 
lower sideband filters. This method 
provides considerable flexibility for 
coarse or fine adjustments of the fre- 
quency spacings. This will be needed 
to evaluate the optimum performance 
for various Tropo paths. 

Sequence information may be ex- 
tracted either from the integrate and 
dump circuits of the phase detector 
or by AM detection after channel filter- 
ing. If the system achieved perfect 
framing and ideal operation of the 
matched filters (integrate and dump 
circuits) , a slight advantage in perfor- 
mance could be obtained by extract- 
ing sequence information from these 
circuits. Since the ideal conditions 
cannot be expected to prevail in a 
practical implementation, and because 
a considerable simplification of cir- 
cuitry is realized, the use of filters and 
AM detection is the currently favored 
approach to sequence detection. 

Status of development 
Functional design of the modem has 
been completed. Key circuits of the 
modulator have been breadboarded 
for evaluation, and the digital portion 
of the modulator has been con- 
structed. Work is continuing toward 
completion of the Modem design and 
construction. 
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High power L -band avalanche 
diodes and their applications 
K. K. N. Chang H. J. Prager 

Based on results of several experiments, "anomalous" avalanche diodes are excel- 
lent possibilities for high -power pulsed microwave sources in the 200 to 1500 -MHz 
frequency range. This paper describes the anomalous high -power, high- efficiency 
avalanche diodes and the experimental results obtained with them and discusses 
briefly the device application in radar. 

IN THE PAST DECADE, two solid -state 
devices -the tunnel diode and 

transistor -have found application in 
microwave power -generating systems 
because of their small size, modest 
voltage requirements and long life. The 
powers involved are, however, limited 
to a few watts. Besides, they are 
mainly cw devices. 

For pulse applications, electron tubes 
have remained supreme because of 
their huge power handling capacity. 
During the last few years, two new 
solid -state devices -the Gunn diode 
and the avalanche diode -have been 
developed which yield results in 
power generation that begin to chal- 
lenge the electron tube in several appli- 
cations. To date, these two devices 
can generate about 100 times the 
power of cw tunnel diodes or transis- 
tors. The avalanche diode is particu- 
larly interesting because it is usually 
constructed of silicon, a material for 
which the technology is very well 
advanced. 

The silicon avalanche diode has be- 
come even more interesting with the 
discovery at RCA Laboratories of an 
"anomalous" mode diode that is capa- 
ble of generating pulse powers of 
hundreds of watts at over 25% effi- 

ciency. While the work on this diode 
is still in what might be considered an 
exploratory phase, hundreds of diodes 
have already been built and tested in 
a variety of circuits. Among these 
diodes, many have achieved efficien- 
cies exceeding 40 %, and two have 
accumulated thousands of hours of 
continuous life test. Both the efficiency 

The research reported in this paper was jointly 
sponsored by the Air Force Avionics Laboratory, 
Wright- Patterson Air Force Base, Ohio under Con- 
tract No. F33615 -68 -C -1688; and RCA Labora- 
tories, Princeton, N.J. 
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and the long life are vitally important 
for applications requiring high peak 
power. 

Microwave oscillations in silicon 
avalanche diodes 
Semiconductors are known to exhibit 
breakdown in the presence of high 
electrical field. Such fields may be 
reached in a reverse biased P -N junc- 
tion diode. The work of McKayl in 
1954, first experimentally established 
an ionization rate for silicon diodes at 
breakdown as a function of the elec- 
trical field. 

Based on the experimental data on 
electron- hole -pair generation, Read2 
proposed a N +PIP+ structure and pre- 
dicted microwave oscillation in such a 
diode. The model is straight- forward. 
A 7r /2 radian phase shift occurs be- 
tween the electrical field and the car- 
rier current during ionization and 
another 7r/2 radian shift results from 
the transit -time effect of the moving 
carriers through a properly designed 
I region of the diode. The total shift 
by -rr radians leads to a negative resist- 
ance which is responsible for the 
microwave oscillation. In spite of the 
analytically derived prediction such 
an oscillation did not materialize until 
a similar transit -time oscillation was 
found in an avalanching P +NN+ 
diode.3 Since then many IMPATT ava- 
lanche transit -time diodes have been 
developed at X -band or higher fre- 
quencies. These diodes give, typically, 
cw power outputs of less than a watt 
at efficiencies of a few percent. Prac- 
tically no diodes were available for 
the lower -frequency range of UHF and 
L -band. 

A new mode of operation 
of avalanche diodes 
In 1967, Prager, Chang, and Weisbrod 
of RCA Laboratories discovered a 

new mode4 of operation that drama- 
tically deviated from the IMPATT mode 
and opened up the possibility of high 
power at efficiencies in the lower - 
frequency range. To obtain such 
lower- frequency operation, the con- 
ventional avalanche diode was modi- 
fied in its doping profiles and physical 
junction dimensions. In the course of 
this work, we procured from RCA 
Electronic Components Division at 
Somerville some experimental varac- 
tor diodes [H. Kressel designed the 
varactor diode and A. Pikor developed 
the process specifications.] which were 
similar to our avalanche -diode design. 
One of these diodes gave 280 watts 
peak power at 1.05 GHz with an effi- 

ciency of 43 %. Other diodes from the 
batch gave frequencies ranging from 
425 to 1400 MHz, peak powers from 
150 to 435 watts, and efficiencies from 
25% to 40 %. Since that time, several 
hundred of these diodes have been 
made at RCA Laboratories. A sum- 
mary of selected data on such diodes 
is given in Table I. 

Table 1- Selected data on anomalous ava- 
lanche diodes. 

Po (watts) Eff. (%) Freq. (MHz) 

435 22 425 
280 22.5 425 
200 25 420 
420 32.5 1050 
280 43 1050 
177 59 820 
180 60 775 

Subsequent to our observation of this 
new mode of operation, Johnston, 
Scharfetter and Bartelink, observed it 
at 40% efficiency in germanium ava- 
lanche diode oscillators. More re- 
cently, Snapp, Hoefflingere, Grace and 
Gibbons' have also achieved this mode 
with silicon diodes. 

Diode fabrication 
The anomalous diode is a P +NN+ 
structure where the N- region has a 

resistivity of about 5 ohms /cm. The 
depletion layer sweeps across the N- 

region and the diode "punches 
through" before reaching the point of 
avalanche breakdown. Typically, the 
N- region is 8 to 10 microns wide with 
a breakdown voltage of 160 V at a 

punch- through voltage of 75 V. The 
P+ region of the mesa diode is obtained 
through a boron deposition and diffu- 
sion upon the N- layer. The diffused 
P +N junction is of a nearly- abrupt 
type. 

An important step in diode processing 
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is to produce the mesas by photoresist 
masking and chemical etching. [More 
recently, we have had the help of J. 
Assour who processed several wafers 
with his facilities.] An array of mesa 
diodes before dicing is shown in Fig. 
1. Diced diodes are mounted in stan- 
dard "varactor packages" as shown 
in Fig. 2. 

Circuit design 
A tunable coaxial cavity (Fig. 3) was 
chosen as one of the first circuits used 
for our tests. This circuit has the ad- 
vantage of a wide tuning range. Diodes 
operated in this circuit were usually 
found to exhibit AM noise for the 
duration of the RF pulse. The noise 
could sometimes be minimized by 
proper adjustment of a stub tuner. 

In addition to the coaxial cavity, the 
G -R coaxial line, stripline, and lumped 
circuit have also been attempted and 
they all function with proper ad- 
justment. A very simple and yet very 
successful circuit is the combined 
coaxial -lumped circuits (Fig. 4) which 
produced a pulse power output of 
180 watts at 1.3 GHz with an effi- 
ciency of 40 %. The circuit has a 
movable short -circuit and a tunable 
capacitor for impedance matching. 
Continuous frequency tuning from 1.0 
GHz to 1.7 GHz with a variation in 
power output of less than 1 dB has 
been obtained by adjusting the settings 
of the short circuit and capacitor. 

Performance evaluation 
Risetime 

Fig. 5 shows oscilloscope tracings of 
pulse voltage, pulse current, and RF 

power output when the diode is in an 
oscillating condition. Trace B shows 
a typical pulse voltage. One observes 
first a very steep rise to the reverse 
breakdown voltage of the diode and 
then, after a few hundred nanosec- 
onds, an abrupt decrease to a lower 
level. Trace A shows the pulse current 
which rises gradually to a certain 
level until a sharp increase occurs, 
simultaneously with the sharp de- 
crease in the pulse voltage. When the 
pulse current has reached the level 
where it shows the sharp increase, an 
RF power output can be observed as 
shown in trace D. (Trace c is a repe- 
tition of A) . When the circuit is de- 
tuned, the steep changes in the volt- 
age and current pulse disappear as 
does the power output. 

The RF pulse risetime is dependent to 
a large extent on the circuit and to a 
lesser extent on the particular diode. 
Good risetimes were obtained with 
both cavity and lumped circuits. Well - 
fabricated diodes, operated in a prop- 
erly -tuned circuit, exhibit a typical 
rise -time between 50 nsec and 100 
nsec. Fig. 6 shows the RF pulse shape 
and the DC current pulse. The corre- 
sponding output spectrum is shown 
in Fig. 7. 

Delay time 

The delay time (i.e., time from start 
of current pulse to onset of RF oscil- 
lation) appears to be almost entirely 
a function of the pulser and the bias 
network used to drive the device. 
With the pulsers and biasing schemes 
used during these experiments, the 
measured delay times ranged from 50 
nsec to 200 nsec. 

Variations with temperature 

A check of the variation of diode per- 
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Fig. 1- Arrays of mesa diodes (top) under 
16x magnification; and a single diode (bot- 
tom) under 50x magnification. 
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COPPER BRAZE 

Fig. 2- Avalanche diode package. 

SLIDING SNORT 

TRIPLE STUB TUNER 
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Fig. 3- Coaxial cavity with loop coupling. 

formance with temperature showed 
that only the diode breakdown volt- 
age was significantly affected. The 
tests covered the temperature range 
from -61 °C to 150 °C. The change in 
the breakdown voltage, ER, followed 
the expected theoretical variation 
given by, 

ER (T) =ER (T ) [ 1 +ß (T -T ) ] 
where ß =4.4x 10-' / °C. 

When the pulse voltage was changed 
to allow for the change in the break- 
down voltage, the power was found to 
vary less than 1 dB over this tempera- 
ture range. The frequency change over 
this range was approximately 2 MHz. 
(The operating frequency was 760 
MHz) . 

The peak transient temperature rise 
of the diode, due to the energy of the 
individual pulse rather than the aver- 
age dissipated power, depends on the 
thermal constant and on the thermal 
resistance and capacitance of the 
diode structure. With this in mind we 
have briefly investigated the potential 
application of the anomalous ava- 
lanche diode as a solid -state transmit- 
ter for the AIMS AN /APX -70 type of 
transponder. Such an application re- 
quires high -power pulse bursts in a 
variety of coded patterns, with duty 
factors of up to 50% for short periods 
of time. In a simulated transponder 
test we operated these diodes with up 
to 56 -pulse bursts, each 1 microsecond 
in duration and spaced 11/2 micro- 
seconds. Fig. 8 shows the first 14 of 
these pulses; both the RF output power 
(of about 50 watts) and the corre- 
sponding current pulse are recorded. 

Power supply variations 

Once the bias current and the circuit 
are adjusted for an optimum output at 
a particular frequency, small varia- 
tions in bias current will not cause a 
severe shift in frequency. The power 

Fig. 4- Coaxial lumped circuit. 

output, however, has a more critical 
dependence on current level. Tests on 
a typical diode operating at 1.055 
GHz, showed that a 20% change in 
the bias current caused only a 0.2% 
change in frequency, whereas the 
power changed by 47 %. Although 
there are variations from diode to 
diode, these numbers are typical of 
diodes to date and represent the type 
of variations usually encountered. 

Power and efficiency 

We have observed two distinct regimes 
with respect to power and efficiency. 
Diodes with abrupt junctions tend to 
give the largest output powers and 
highest efficiencies. Graded junctions, 
on the other hand, yield lower power 
and efficiency but are much less sus- 
ceptible to burn out. It is extremely 
difficult to strike the delicate balance 
between a junction which is suffi- 
ciently abrupt to yield high powers 
but not so abrupt as to cause it to 
burn out at low current levels. Typical 
output power for the abrupt junctions 
which were successful was in the 
range of 100 to 400 watts. Efficiencies 
for these diodes ranged from 22 to 
60 %. For the graded junctions, typical 
power levels were 20 to 150 watts at 
efficiencies ranging from 15 to 45 %. 

To realize high powers, series and 
parallel operations of diodes have 
been attempted. A four -stacked series 
unit has produced 500 W at 1.14 GHz 
with an efficiency of 25 %, while a 
single diode gives about 125 W with 
approximately the same efficiency. A 
parallel unit has also yielded similar 
results. 

Reliability 

Two diodes were placed on life test 
in September, 1967. One diode started 
at an output of 172 watts with 50% 
efficiency at a frequency of 740 MHz. 
The other diode started at 90 watts 
with 15% efficiency at 1020 MHz. As 
of March 12, these diodes had accu- 
mulated 12,200 and 12,400 hours, re- 
spectively, without degradation in 
power output or change in frequency. 
The duty cycles are 0.04% and 0.02% 
respectively. 

Recently another life test was added 
to evaluate the diodes at a higher duty 
factor. The diode is operated at an out- 
put power of 90 watts, an efficiency of 
21% at 1040 MHz, and with a duty 
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a) 

b) 

c) 

d) 

Fig. 5a -Pulse current at 5 amperes /division; 
b) Pulse voltage at 100 volts /division; c) 
same as a); and d) RF output power at 150 
watts /division. Horizontal time scale for all 
four tracings is 0.5µs /division. 

Fig. 6 -Top, pulse current at 1 ampere /divi- 
sion; bottom, RF output power at 50 watts/ 
division. Horizontal time scale is 100 ns/ 
division. 

Fig. 7- Output spectrum. 

factor of 0.5 %. So far, 3I40 hours 
have elapsed without failure. 

Sample application 

Encouraged by these preliminary re- 
sults, the RCA Laboratories in col- 
laboration with the RCA Missile and 
Surface Radar Division set up an ex- 
periment to demonstrate the feasibility 
of avalanche diodes in radar applica- 
tions. The outcome was so successful 
that it became one of the featured at- 
tractions at the "Open House Exhibit" 
of the 25th Anniversary of RCA Labo- 
ratories in October 1967. In this ex- 
periment a medium -range search radar 
(AN /UPS -1A) was retrofitted by re- 
placing the magnetron (QK 358) of 

rrrrr r r ! rl"r!r 
r-4 r1 0-1 T'lP-4r-r 

II; 11 1 1'. 
. I G". i ..+ 6.4 10+ 1.+ 

Fig. 8- Multiple pulse bursts: top, pulse 
current at 5 amperes /division; bottom, RF 
output power at 150 watts /division. Hori- 
zontal time scale is 2 µs /division. 

the transmitting unit with a single 
"anomalous" avalanche diode. The 
diode was mounted in a mechanically 
tunable coaxial cavity, which had a 
frequency range from 1250 to 1350 
MHz. The pulse width was 1 micro- 
second and the repetition rate 800 
pulses per second. The peak power 
under these conditions was held to 
about 100 watts -a conservative 
value. Using the regular antenna and 
receiver of the radar set, this output 
was sufficient to cover a normal opera- 
tional range of at least 15 miles radius. 
The PPI displayed a clear picture of 
stationary objects and moving aircraft 
within this range. Fig. 9 shows the 
detail of the diode -cavity with a triple - 
stub tuner, and some of the accessory 
equipment. 

Amplifier 

Preliminary experiments have also 
been performed on the possible appli- 
cations of the high -efficiency diodes in 
amplifiers. During the course of these 
experiments, we have observed phase 
locking, a phenomenon that in itself 
has several possible applications. 

One of the observations was made 
with a diode yielding 25 watts of peak 
pulse power at a frequency of 1090 
MHz. A locking signal that was pulsed 
on in synchronization with the diode 
oscillator was injected through a cir- 
culator, and the resultant signal ob- 
served on a spectrum analyzer. Results 
thus far obtained show a locking range 
of 10 MHz at a center frequency of 
1090 MHz, with a locking gain of 
10 dB. 

In another amplifier mode of opera- 
tion, which is still under study, a 
power gain of 10 dB at an output level 
of 30 watts at UHF has been observed. 
The amplifier is found to be linear up 
to 20 watts. At low levels, however, 
the output contains broadband noise 
and is extremely noisy. One of the 
more interesting findings is that no 

Fig. 9- Detail of radar set with diode cavity. 

measurable harmonics or subharmon- 
ics have been noticed. 

Conclusions 
The experimental results already 
achieved show that the anomalous 
avalanche diode has excellent poten- 
tial as a high -power pulsed microwave 
source for operation from 200 to 1500 
MHz. A considerable amount of in- 
formation has been obtained about 
the circuit requirements of these diode 
oscillators. However, further research, 
particularly to reach full understand- 
ing of the mode of operation, is needed 
to achieve the full potential of the 
diode, and this research is being vig- 
orously pursued. 
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Advances in Nb3Sn 
superconductors and their 
applications 
E. R. Schrader H. C. Schindler F. R. Nyman 

The requirement that superconductors operate at a temperature near absolute zero 
introduces a composite of design and operational techniques which are unique and 
for which the RCA Superconductive Operations Department is geared. This three -part 
paper reviews the properties of superconductors, the design and fabrication of RCA 
superconductive ribbon, and the practical considerations in the design of supercon- 
ductor magnets. 

SUPERCONDUCTIVE TECHNOLOGY has 

entered a phase in which it is chal- 
lenging the design of electromagnetic 
devices using conventional conductors. 
Superconductors offer the unique capa- 
bility of conducting current with in- 
significant power loss. High -field 
magnets for research applications are 
now almost exclusively fabricated with 
superconductors,' and much effort is 

being directed toward introducing the 
technology into more sophisticated 
high- energy -physics devices. 

Properties of superconductors 

Idealized superconductors have been 
extensively discussed in the literature 
and can be described by a three - 
dimensional graph of magnetic field, 
critical current, and temperature. Fig. 1 

shows the phase boundary of a typical 
superconductor. Within the bounda- 
ries, the material exhibits superconduc- 
tivity; outside the boundaries, the 
material exhibits normal conduction. 
All superconductors exhibit this type 
of characteristic behavior, but the co- 
ordinate intercepts -H,.,, /,,,, T ,.- 
vary over wide ranges for specific su- 

perconductors. For superconductors 
used in high -field devices, the axial 
intercepts are necessarily very high. 

For a superconductor to have reasona- 
ble current -carrying ability in a high - 
field device, the critical fields and 
currents must be high. The values for 
the four most important high -field 
superconductors are given in Table l' '. 
These values and the resulting critical 
currents vary somewhat depending on 
the relative amounts of the constituent 
metals and the means of preparation 
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At the present time, niobium -tin and 
niobium -titanium are the only materials 
used to any extent in commercial de- 

vices. Niobium -zirconium, the first 
"practical" high -field superconductor, 
has gradually disappeared from com- 
mercial use and has been replaced by 
niobium -titanium and niobium -tin. 
Vanadium- gallium is presently under 
developmental evaluation. 

Low -field instability 

,\ limitation of superconductors that 
has prevented their practical applica- 
tion has been a form of instability that 
occurs in the presence of magnetic 
fields and causes degradation of the 
critical characteristics.' The instability 
occurs while the field is going through 
a change. Any conductor that is sub- 
ject to a changing magnetic field has 
currents induced in it which tend to 
form an opposing field. This phenome- 
non occurs in superconductors, as well 
as in normal conductors such as cop- 
per. The induced currents in copper 
continually decay as a result of dissipa- 
tion through the intrinsic resistance. In 
a superconductor, the induced currents 
do not of themselves dissipate because 
the superconductor has zero resistance. 
These induced currents, called shield- 
ing or magnetization currents, are con- 
tiguous to the immediate conductor and 
no externally completed circuit is 

necessary for their existence. There- 
fore, any device containing a super- 
conductor which is under the influence 
of a magnetic field is subject to the 
presence of these shielding currents. 

In a device such as a superconductive 
solenoid, the useful magnetic field in 
the bore results from the regular trans- 
port current in the turns caused by an 

applied potential at the magnet termi- 

nais. However, as the transport current 
is increased, magnetic fields are gener- 
ated throughout the volume of the sole- 
noid windings as well as in the bore. 
There is, then, in each superconductive 
turn a useful transport current plus a 

multitude of locally induced shielding 
currents which act to keep the changing 
magnetic field from penetrating the 
body of the superconductor. 

As the result of the rapid buildup and 
sudden breakdown of these shielding 
currents as they exceed the critical sur- 
face (Fig. 1) in a superconductor ex- 

posed to changing magnetic flux, the 
flux penetrates in discrete bundles caus- 
ing "flux jumps ". These perturbations 
can be picked up as a noise -like pattern 
of voltage spikes appearing throughout 
a magnet while subject to a changing 
field. As with a normal conductor, the 
magnitude of shielding currents in the 
superconductor depends on the geome- 
try of the conductor as well as its 
inherent current -carrying and heat - 
dissipating capabilities. The quantita- 
tive details of the buildup and break- 
down of these shielding currents are 
not fully understood, but the end result 
is a local, finite dissipation of energy in 
the form of heat. There is little doubt 
that this mechanism is responsible for 
the premature normalcy of supercon- 
ductive devices, referred to earlier as 

device degradation'''. 

The overall result of having unstable 
currents is that less than the maximum 
operating current is attained in the 
superconductor. Essentially combina- 
tions of two principles are used to con- 
trol the amount of device degradation 
caused by induced shielding currents. 
In one approach, a conventional con- 
ductor, such as silver or copper, is inti- 
mately bonded to the superconductor 
(i.e., by plating or cladding) . The nor- 
mal metal electrically parallels the 
superconductor and is capable of 
carrying the transport (operating) cur- 
rent when a local superconductor goes 

prematurely normal for any reason. In 
the second approach, the triggering 
mechanism which initiates shielding - 
current breakdown is minimized by 
conductor design until an acceptably 
high current density is obtained in the 
superconductor windings." Although 
the first method results in a very stable 
mode of operation, the presence of the 
required amount of normal metal and 
space for optimum cooling decreases 
the effective cross -sectional area of the 
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superconductor and thus reduces the 
current density, sometimes below a use- 
ful level. Use of the second approach, 
with far less normal metal, provides a 
high- current -density superconductor in 
a partially stable mode of operation. 
The practical consequences of the two 
approaches are both low- and high - 
current- density superconductive mag- 
nets. A refinement of this approach 
currently under wide investigation is to 
drastically reduce the shielding cur- 
rents by dividing the superconductor 
into very finely divided strands. Such 
conductors theoretically promise to 
yield high stability with high current 
densities. 

Low -current -density magnets 

In low- current -density superconductive 

magnets, enough normal metal is af- 
fixed to the superconductor to carry the 
full design current in the event that the 
superconductor goes normal. In addi- 
tion, the joule heat created during these 
intervals is dissipated by means of 
liquid helium in intimate contact with 
each turn of the magnet. The necessity 
for the use of normal metal and for 
providing cooling passages at each turn 
can result in a large and very costly 
magnet. A typical application is a large - 
bore (order of feet) low -field bubble - 
chamber magnet for high- energy 
particle accelerators, in which the mag- 
nets are a relatively small part of the 
total machine, and extreme reliability 
and predictability of performance is 

essential to success and economy. Ef- 
fects of shielding- current breakdown 

and dependence on charging rates are 
virtually eliminated. As a general rule, 
this type of magnet design should be 
approached as closely as system size 
and cost requirements permit. 

Because the low -current- density ap- 
proach applies primarily to larger mag- 
nets which require correspondingly 
large conductors, RCA makes a 1/2- 

inch-wide conductor series with vary- 
ing thicknesses of copper cladding to 
provide degrees of stability consistent 
with the cooling means determined by 
the magnet designer. A brief under- 
standing of the important parameters 
involved in the design of this type of 
magnet shows the importance of the 
thickness of the copper cladding in the 
use of this conductor. 

Henry C. Schindler 
Superconductive Products Operation 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the BChE from Cooper Union in 1955, and 
the MS in Physics from the Stevens Institute of 
Technology in 1959. Mr. Schindler was employed 
for four years at Picatinny Arsenal where he formu- 
lated and tested rockets and jet devices. Subse- 
quently, he joined General Instrument Corporation 
as a senior engineer in developing semiconductor 
devices. In June 1962, Mr. Schindler was engaged 
by the RCA Superconductor Materials and Devices 
Laboratory of the Special Electronic Components 
Division at Princeton, N.J. He participated in the 
development of the niobiumtin vapor deposition 
process and studies of the effect of the physical, 
chemical, and electrical properties of Nb3Sn. films. 
As a result of this work, he received the RCA Lab- 

oratory Outstanding Achievement Award. In April 
1964, Mr. Schindler transferred to the RCA Super- 
conductive Products Operation. He was initially in- 
volved with the development and electromagnetic 
evaluation of superconductive ribbons for magnet 
applications. In 1968, he assumed the full responsi- 
bility in the design and assembly of all commercial 
magnets systems. He has just recently been as- 
signed to additional responsibility for ribbon devel- 
opment and pilot line production. Mr, Schindler is 

a member of the American Physical Society. 

Edward R. Schrader, Ldr. 
Superconductive Products Department 
Industrial Tube Division 
Electronic Components 
Harrison, N.J. 
received the BA in Physics from Columbia Univer- 
sity in 1950 and the MS in Physics from the Poly- 
technic Institute of Brooklyn in 1953. Mr. Schrader 
was associated with the American Museum of Nat- 
ural History in oceanographic exploration in 1950 
and was subsequently employed as a project engi- 
neer in aircraft instrument research by the Sperry 
Gyroscope Company. In 1954 he joined the RCA 
Tube Division in Harrison. New Jersey, where he 
studied the effects of tube materials upon tube per- 
formance. On July 1, 1962, Mr. Schrader was ap- 
pointed to head the Magnet and Measurements 
Group of the newly established RCA Superconduc- 
tor Materials and Devices Laboratory located in 

Princeton, New Jersey. He has been the Senior 
Project Engineer on four contracts with the Lewis 
Research Center, NASA, in which studies were 
made of the feasibility of design ng and construct- 
ing large -bore, high -field superconductive magnets. 
Mr. Schrader is a member of the American Physical 
Society, Sigma Xi, and a Senior Member of the 
IEEE. He originally had the responsibility for mag- 
net design and development and made RCA's first 
commercial magnets. He is an Engineering Leader 
now responsible for a new advanced products 
group. 

F. Russell Nyman 
Cryoelectric Devices Laboratory 
RCA Laboratories 
Princeton, N.J. 
received the BS in Chemistry from Wagner College 
in 1954. From 1954 to 1956 he performed research 
on selective chlor nation of titanium -bearing ores 
and zirconium ores at the research laboratories of 
the National Lead Company. While in the U.S. 
Army between 1956 and 1959, he was attached to 
the U.S. Army Ballistic Missile Agency, Huntsville, 
Alabama, where he performed research on thermal 
properties of materials for use in missile and satel- 
lite programs. Mr. Nyman joined the RCA Semi- 
conductor and Materials Division in March, 1959 
and performed research for the development and 
pilot manufacture of miniature -size tantalum solid 
electrolytic capacitors. In November, 1962, Mr. 
Nyman first became associated with the Supercon- 
ductor Materials and Devices Laboratory at Prince- 
ton where he was responsible for the process 
development of Nb3Sn films on ceramic and metal 
substrates. In connection with this work, he re- 
ceived an RCA Laboratory Outstanding Achieve- 
ment Award. From June 1964 to December 1968 he 
was responsible for ribbon development and pilot 
production facilities at EC &D, Harrison, New Jer- 
sey. In January 1369. Mr. Nyman joined the Cryo- 
electric Devices Laboratory at the RCA Laboratories 
where he will be working on the development of 
permaloy plated wire for use in computer memories. 
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Fig. 1 -The generalized critical surface of a 
high -field superconductor. 
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Fig. 2- Heat -flux transfer to liquid helium. 

Table I- Critical fields for the four major 
superconductors. 

Superconductor Critical Transition 
Feld, I1, °, temperature, 
at 4.2° ( °K) 
(kG) 

Niobium stannide, 
Nb:ISn (Niobium 
Tin) 

Vanadium gallium, 
V Ga 

Niobium- liianium, 
Nb -Ti (alloy) 

Niobium- zirconium, 
Nb -Zr (alloy) 

225 

195 

122 

83 

18.3 

14.0 

8.4 

10.8 

A temporarily normal superconductor 
recovers its superconductivity if the 
temperature of its immediate surround- 
ings is maintained below its critical 
range, as shown in Fig. 1. This require- 
ment is met when the heat generated 
per unit length of conductor by all the 
current in the adjacent copper is trans- 
ferred to the liquid helium without 
raising the temperature of the super- 
conductor above the critical value. Fig. 
2 shows typical values of the heat trans- 
fer coefficient for a metal surface in 
liquid helium"'. Because it is desirable 
to work in the more efficient nucleate 
boiling range of liquid helium, the con- 
ductor must be designed to keep the 
temperature difference between the 
surface of the conductor and the liquid 
helium less than a few tenths of a 

degree. 

With the selection of an acceptable 
design value for the heat -transfer coef- 
ficient and the actual perimeter of the 
conductor in contact with the liquid 
helium, the cross -sectional area of nor- 
mal (copper) conductor required to 
carry the current is selected. Because 
the resistivity of the copper varies as 
a function of magnetic field, being 
over five times higher at 100 kilogauss 
than at zero field, the proper copper 
thickness will have a field dependence. 
Since the choice of conductor para- 
meters greatly depends on other mag- 
net fabrication requirements, such as 
the forces and the possible means of 
holding the conductor, actual design 
involves much iteration of all 
quantities. 

Fig. 3 shows an idealized voltage /cur- 
rent diagram for two superconductors 
with the same current -carrying capa- 
bility but with different thicknesses of 
copper cladding. Equal conditions of 
background magnetic field and cooling 
by direct contact with liquid helium 
are assumed. The superconductors can 
carry a current up to its full critical 
current 1,, after which any excess cur- 
rent transfers to the copper cladding. 
For the lesser -stabilized case, the cop- 
per cladding alone at 4.2 °K has a re- 
sistance shown by the slope of line A. 
In a typical test, the current can be 
increased to I. with zero voltage de- 
veloped across the superconductor. At 
higher currents (between points a, to 
cr.) the current is shared between the 
superconductor and the copper. As- 
suming no heat inputs other than that 
caused by the joule heating in the cop- 
per, the temperature of the composite 
conductor rises until, at point a-., the 
temperature for nucleate boiling is ex- 
ceeded and the conductor jumps to the 
film boiling region (a, to a,) . The tem- 
perature is then high enough so that 
the superconductor goes completely 
normal and no longer shares any por- 
tion of the current, all of it being car- 
ried in the copper. The only way to 
reduce the temperature is to reduce the 
current until the heat transfer is favora- 
ble for recovery into the nucleate boil- 
ing region (a, to a). At this point, the 
composite conductor again becomes 
superconductive (a). Such a conduc- 
tor is fully stable to currents repre- 
sented by point u; because it is always 
in the nucleate boiling region below 
this current. However, for most practi- 
cal purposes the conductor can be op- 

erated in a quasi -stable state to cur- 
rents represented by point a,. 
In a second case, the copper has twice 
the thickness and half the resistance, 
as represented by the slope of line B in 
Fig. 3. With the same dissipation char- 
acteristics assumed, the current /voltage 
relation follows the path b, (same as 
a,) , b_, b,, b4, b,; for this case, the con- 
ductor is fully stable to a current level 
represented by point b.,, which is above 
the critical current in the superconduc- 
tor. The case of higher stability (case 
B) generally results in a lower- current- 
density magnet than case A because of 
the extra volume of windings used for 
stabilizing copper. The only advantage 
of the use of the extra thickness of cop- 
per in a design is the ability of the 
superconductor to reversibly recover 
from a higher takeoff current (point 
b,). 

Actual voltage /current characteristics 
of superconductors are more complex 
than those shown in Fig. 3 because of 
the presence of heat and field perturba- 
tions (flux jumping) and non -ideal 
power- transfer characteristics. The spe- 
cifications for 1/2- inch -wide supercon- 
ductors marketed by RCA to satisfy 
the requirements for fully stable low - 
current- density applications are de- 
scribed below. The tit -inch ribbons are 
also used for very- high- current -density 
applications by use of silver plating or 
thin copper cladding on the ribbon in 
place of the heavier copper cladding. 
In these cases, the operation of the 
ribbon is similar to that under high - 
current- density conditions, and dia- 
grams such as those shown in Fig. 3 

do not apply. 

High- current -density superconductive 
magnets 

Although the low- current -density ap- 
proach is attractive from a design and 
operational point of view, it presents 
an inherent limitation on the range of 
magnet types which can be built. A 
second, more subtle approach actively 
pursued by RCA is to regulate the 
initial "triggering" mechanism so that 
propagating normalcies are not nu- 
cleated until an acceptably high cur- 
rent density is achieved in the magnet. 
As described earlier, the initial stages 
of normalcy are caused by the local 
heating of the superconductor when 
"shielding" currents suddenly break 
down. The addition of relatively minor 
amounts of normal metal, such as cop- 
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per or silver, provides enough of a 

local sink for the energy released to 
prevent the propagation of a normalcy 
up to some acceptably high transport 
current. As a result, greater amounts 
of released energy can be safely tol- 
erated and the magnets can be raised 
to higher currents before an irreversi- 
ble normalcy occurs. Once normalcy 
begins at one spot in the windings and 
begins to propagate, however, the con- 
dition is enhanced by continued dissi- 
pation due to transport current and 
collapsing magnetic -field energy, and 
the heat sinks are not capable of re- 
moving this energy. Therefore, the su- 
perconductor does not recover until 
the total energy has been dissipated to 
the liquid helium at the coil extremities. 
By minimizing the initial triggering ef- 
fects, relatively high currents can be 
attained with only minor additions to 
the superconductive volume by the in- 

clusion of normal -metal energy sinks. 
This partially stable mode of operation 
is subject to additional degradation by 
further alterations in the energy bal- 
ance, such as faster device charging 
rates. Therefore, these higher- current- 
density magnets usually have restric- 
tions with regard to modes of 
operation, speed of charging, and limi- 
tations on AC power -supply ripple. By 
tightly packing the windings (no 
helium flow at conductors) and using 
other published techniques,'`' practi- 
cal high current densities (15 to 35 
kA /cm2) have been achieved in a vast 
range of high -field commercial and re- 
search magnets, both by RCA and 
others. 

The initial problems involved with lack 
of full predictability of the critical cur- 
rents expected with the high- current- 
density approach have been reduced to 
an engineering level such that a practi- 
cal design is usually within 5% of 
anticipated performance. As a result, 
even higher- current -density magnets 
(40 to 60 kA /cm2) are being developed 
for use in particle accelerators in places 
such as Brookhaven and Argonne Na- 
tional Laboratories. These devices use 
the RCA 1/2-inch wide superconductive 
ribbon. 

Design and fabrication of RCA 
superconductive ribbons 

All RCA ribbons are composite struc- 
tures consisting of a strength- bearing 
substrate, the vapor- deposited Nb,Sn, 
and a layer of silver or copper to sta- 

bilize the superconductor. Each portion 
of the composite can be individually 
modified to meet a specific requirement 
in the design of a superconductive de- 
vice. RCA manufactures a series of 
commercial and developmental con- 
ductors in this general configuration to 
meet the needs of the industry. Because 
the processes used to fabricate these 
conductors has been adequately de- 

scribed elsewhere, "" 15 they are only 
briefly discussed here. Instead, the role 
of each member of the composite that 
makes up the conductor is discussed 
and examples are given of its respective 
contribution to the performance of the 
entire conductor. 

Substrate ribbon 

The primary role of the substrate in the 
ribbon is to provide a high- strength 
support for the somewhat brittle Nb,Sn 
superconductive layer. The use of this 
substrate makes possible the winding 
and rewinding of the ribbon without 
fear of damage to its superconductive 
properties. The material selected for 
use as the substrate must have a high 
yield strength, in excess of 75,000 psi, 
to withstand the large hoop stress 
forces generated during operation of a 

magnet. It must also be chemically 
inert to the chloride atmosphere of the 
Nb,Sn vapor- deposition process and 
have a coefficient of thermal expansion 
closely matching that of the Nb,Sn. The 
Hastelloy alloys best meet these re- 
quirements; in particular, Hastelloy B 

is used as the substrate material for all 
RCA commercial ribbons. [Hastelloy 
is a trademark of Hanes -Stellite Co.] 
The substrate dimensions should be as 
small as possible consistent with the 
above requirements because excess 
substrate volume reduces the space 
available for the actual Nb,Sn con- 
ducting layer and normal metal. 
Ideally, the substrate dimensions 
should be varied to meet the different 
hoop- stress force requirements of each 
section of a magnet. A 140- kilogauss, 
6- inch -bore magnet made for NASA, 
for example, uses 1.8 -, 2.5-, and 3 -mil- 
thick Hastelloy ribbons. For small 
magnets, however, a single -size sub- 
strate ribbon can be used throughout 
the windings because the hoop- stress 
forces are only in the order of several 
pounds. 

In the case of very large devices op- 
erating at several hundred to several 
thousand amperes, the tensile forces 
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Fig. 3- Idealized voltage- current diagram for 
a composite superconductor. 
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Fig. 4- Critical current of two superconduc- 
tors as a function of tensile load. 
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Fig. 5 -H -I. characteristics of fully stabilized 
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Fig. 10- Two -section, high -field magnet. 

on the ribbon may reach 200 pounds 
or more. The 1/2- inch -wide family of 
conductors with 5.5 times the strength 
and critical- current capability are used 
in these devices, frequently with addi- 
tional strength- bearing members 
bonded to the Hastelloy -Nb,Sn com- 
posite. In the case of large, low -cur- 
rent- density magnets for use in bubble 
chambers, the large amount of normal 
metal added to the superconductor - 
substrate composite for electromagnetic 
stability provides part of the mechanical 
strength needed in the conductor 
composite. 

The Nb,Sn superconductive layer be- 
gins to lose its ability to carry super - 
currents when the hoop- stress forces 
on the conductor exceed the yield point 
of the Hastelloy ribbon. This point can 
be determined experimentally by 
tensile -loading the sample to various 
levels in liquid helium and determining 
the load at which the critical current 
begins to decrease. Fig. 4 shows the 
critical current as a function of tensile 
load for Type SR2100 conductors hav- 
ing two different value of substrate 
thickness. The dashed portion of the 
curves represents the strength con- 
tributed by the Hastelloy ribbon, with 
its yield point at the end of the dashes. 
The critical current of the Nb,Sn -Has- 
telloy composite does not begin to drop 
until slightly beyond the yield point 
of the Hastelloy alone, indicating that 
the composite is stronger. In normal 
design practice, the substrate thickness 
is selected so that the hoop stress to 
which it would be exposed in the de- 
vice is less than 90% of the Hastelloy 
yield point. 

Nb,Sn superconducting layer 

The vapor -deposition process for the 
production of Nb,Sn is based on the 
simultaneous hydrogen reduction of 
the mixed chlorides of niobium and tin 
at the substrate to form the intermetal- 
lic compound without the formation 
of the free metals. The process is per- 
formed at temperatures between 900 °C 
and 1200 °C according to the following 
chemical reaction: 

3NbCI4+SnC1,+7H,--Nb,Sn+14HC1 

In practice, this process is carefully 
controlled to produce a Nb,Sn product 
which exhibits a specific critical - 
current characteristic for a given cross - 
sectional area of Nb,Sn. It is possible 
to change the cross- sectional area of 

Nb3Sn and therefore the critical cur- 
rent, I,, of the material at a given field 
to meet the needs of a magnet designer. 
As in the case of substrate thickness, 
the thickness of the Nb,Sn could ideally 
be graduated in an almost continuous 
way to meet the H,. I,. requirements 
of each turn in the magnet. Because 
this specification is not practical, rib- 
bons are made to cover certain ranges 
of the He I,. characteristics. All mag- 
nets, however, can be built with either 
the RCA 90 -mil -wide, i /a- or 1/2-inch- 
wide family of ribbons. 

The family of 90 -mil -wide ribbons is 
designed for the fabrication of small - 
size high -current -density research -type 
magnets normally operated at currents 
of 80 to 120 amperes to develop fields 
of 50 to 150 kilogauss. The specific 
conductors are made by applying dif- 
ferent thicknesses of Nb,Sn to the sub- 
strate to obtain critical currents in the 
range from 80 to 120 amperes for use 
in specific field regions of the magnet. 
The inherent short -sample critical - 
current capability of the family of nar- 
row ribbons is shown in Fig. 5 as a 
function of magnetic field. These rib- 
bons are offered as a commercial line 
of silver -plated ribbons and as a de- 
velopmental line of copper -clad rib- 
bons. In the latter case, OFHC copper 
has been soldered to each side of the 
ribbon to provide increased conductor 
stabilization, as discussed previously. 
Selection of ribbons is based on the de- 
sired operating current. For operation 
at 100 amperes, for example, SR2102 
would be used to about 70 kilogauss, 
SR2103 to about 110 kilogauss, SR 
2104 to about 125 kilogauss, and 
SR2105 to about 140 kilogauss. If 
higher fields are desired, specialized 
ribbons are available. 

For larger devices and high -current op- 
eration of the coil (several hundred to 
several thousand amperes) , RCA 
manufactures a series of develop- 
mental 1/2- inch -wide conductors having 
a minimum guaranteed short -sample 
rating of 300, 600, 900, and 1200 am- 
peres at a 100 -kilogauss field environ- 
ment. These current levels are achieved 
by depositing a specified thickness of 
Nb,Sn on the Hastelloy substrate for 
each given performance level. The in- 
herent short -sample critical current of 
these materials as a function of field is 
shown in Fig. 6. As in the narrow rib- 
bons, these materials are offered in both 
silver -plated and copper -clad versions 
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Table Il -RCA superconductive ribbon products. 

Min. guaranteed short - 
sample performance 
Current Field 
(A) (kG) 

Commercial 
types 

SR2102 120 65 
SR2103 120 100 
SR2104 110 125 
SR2105 100 140 

Developmental 
types 

R60381 150 100 
R60382 300 100 
R60383 450 100 
R60384 600 100 

R60297 300 100 
R60300 600 100 
R60331 900 100 
R60299 1200 100 

Recommended coil - 
design parameters 

Field Operating 
(kG) Current (A) 

Width 
(in.) 

Ribbon constituents- typical dimensions 
Nb,Sn 

!fastelloy Layer Copper* 
Thickness Thickness Thickness 
(in.) (in.) (in. /side) 

Total* 
Conductor 
Thickness 
(in.) 

0 -75 90 -110 
55 -100 90 -110 
70 -125 90-110 

100 -140 90 -110 

0 -75 180 -250 
55 -110 180 -250 
70 -125 180 -250 

100 -140 180-250 

Unspecified to allow freedom 
of design for different 
degrees of cooling in magnet 
configurations 

0.090 0.0010 0.0025 0.002 0.0063 
0.090 0.0018 0.0038 0.002 0.0074 
0.090 0.0018 0.0065 0.002 0.0080 
0.090 0.0018 0.0090 0.002 0.0088 

0.250 0.0010 0.0025 0.002 0.0063 
0.250 0.0018 0.0038 0.002 0.0074 
0.250 0.0018 0.0065 0.002 0.0080 
0.250 0.0018 0.0090 0.002 0.0088 

0.500 0.0010 0.0025 0.002 0.007 
0.500 0.0018 0.0038 0.002 0.008 
0.500 0.0018 0.0065 0.002 0.0086 
0.500 0.0018 0.0090 0.002 0.0094 

* Thickness of copper ranging from 0.001 to 0.004 inch available. Total conduct or thickness would be modified accordingly. 

Fig. 11- Two- inch -bore, 100 -kilogauss mag- 
net. 

to provide different stabilization levels 
from which the coil designer may 
select. Table II summarizes the specifi- 
cations for these ribbons. 

Stabilization layer 

The critical- current /critical -field rela- 
tionships shown in Figs. 5 and 6 hold 
quite well for fully stabilized small 
samples of conductor immersed in 
liquid helium. When these materials 
are tested as a Nb,Sn- coated substrate 
without the presence of the stabilizing 
normal metal, however, critical cur- 
rents are considerably lower than the 
values shown in the Figures. These re- 
sults point out the importance of the 
stabilizing metal in achieving high 
currents. As stated earlier, the nor- 
mal metal must have extremely low 
electrical resistance at liquid- helium 
temperatures. Generally, the lower the 
resistance, the greater the stabilizing 

influence a given amount of normal 
metal has on the superconductor. The 
normal metals are often plated on the 
Nb,Sn- coated ribbon under conditions 
which minimize contamination and 
structural defects, the presence of 
which produce a high resistance in the 
normal metal. For copper -clad ribbons, 
only OFHC copper which has been fully 
annealed is used. A typical effect of the 
thickness of the normal -metal layer 
on performance is shown in Fig. 7, 
where the critical current of a short 
sample is plotted as a function of the 
thickness of silver -plated layers having 
the same resistance ratio. The critical 
currents obtained increase from about 
40 amperes for unplated ribbon to 
about 240 amperes for a 0.2 -mil -thick 
plating. At this point, the maximum 
current- carrying capacity of the Nb,Sn 
layer is reached, and the critical cur- 
rent remains constant for increasing 
thicknesses of silver plating. For coil 
use, where thermal and electromag- 
netic characteristics are different, this 
amount of silver is insufficient and a 
minimum of 1 mil must be used. 

RCA superconductive ribbon products 

The above principles and design con- 
cepts have been successfully applied to 
the design of families of ribbons for 
use in fabricating superconductive 
magnets. Two families are offered as a 

standard commercial product line. The 
others are offered as developmental rib- 
bons for use by scientists and engineers 
working on magnetic development pro- 
grams in government, university, and 
industrial laboratories. Table II con- 
tains information on short -sample per- 
formance criteria and recommended 
applications ranges for the commercial 
ribbons and similar information on 

Fig. 12- "Split- pair" magnet with 2.4 -inch 
bore and 11/2 -inch separation between wind- 
ings. 

typical developmental ribbons. Sche- 
matic cross -sections of the various con- 
ductors are shown in Fig. 8, including 
some configurations made for special 
applications. 

Superconductive magnets 

The magnetic field intensity, H, at the 
geometry center of a magnet is given by 

Fa,J 
H= -Fa, J 

where F is a geometric factor; a, is the 
inner winding radius; A is the area per 
conductor; and 1 is the current through 
the conductor. From the definition of A 

and I, it is clear that J is the current 
density. This relationship shows that, 
for a given geometry, the field gener- 
ated in the magnet is proportional to 
the current density in the windings. 
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Fig. 13- Six -inch -bore, 140 -kilogauss magnet. 

Therefore, current density is a very 
important design factor. 

In the fully stabilized low- current- 
density approach to the design of 
superconductive magnets, the current 
density in the windings is approxi- 
mately 4,000 to 6,000 amperes per 
square centimeter. By way of contrast, 
devices designed using the high - 
current- density approach normally 
operate at current densities ranging 
from 15,000 to 25,000 amperes per 
square centimeter and, in special cases, 
sometimes reach as high as 60,000 
A /cm'. This high current density is 
achieved by operating the magnet in 
the partially stabilized mode, i.e., by 
winding the turns without providing 
any liquid cooling passages. In addi- 
tion, less copper or silver is used on the 
Nb Sn than would be used if the design 
were for stable operation. These fea- 
tures permit considerable savings in 
space and result in high current densi- 
ties. The ability to develop high cur- 
rent densities in the windings provides 
some degree of freedom in optimizing 
other desirable characteristics of mag- 
nets, as discussed in the paragraphs 
that follow. 

In the design of a magnet, the follow- 
ing interrelated parameters are often 
of primary importance: 
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Fig. 14- Elliptical dipole magnet. 

Maximum magnetic field, 
Bore diameter, 
Homogeneity within a specified volume 

in the bore, 
Time to reach maximum rated field, and 
Electrical time constant of the magnet. 

The first design factor has readily been 
achieved with the family of supercon- 
ductor ribbons developed by RCA over 
the past few years, which include both 
the silver -plated and copper -clad rib- 
bons previously discussed. This family 
of ribbons spans the range of field in- 
tensities up to 150 kilogauss. 

The second parameter is readily fed 
into the computer computations used 
to establish the magnet design. In gen- 
eral, as the bore diameter increases, the 
amount of ribbon required goes up 
nonlinearly and magnet costs rise rap- 
idly. Consequently, bore size is fre- 
quently limited by budget. 

Homogeneity of the magnetic field over 
a specified bore volume has generally 
been achieved by use of the four mag- 
net designs shown in Fig. 9. The cross- 
hatched sections indicate the areas 
where there are no ribbon windings. 
The windings have been removed in 
the regions to achieve the desired 
homogeneity by preferentially obtain- 
ing field contributions from other 
areas. 

The time to reach the maximum de- 
signed field is related to the equivalent 
circuitry of the magnet as specified by 
the distributed inductances and resist- 
ances, as well as the degree of stability 
designed into the superconductor. For 
a completely stabilized magnet, the 

Fig. 15 -Fou-- inch -bore quadrupo e magne:. 

time may be a matter of a few seconds; 
for a partially stabilized magnet, the 
time may be minutes. However, com- 
promises such as magnet weight, mag- 
net size, and the added quantity of 
ribbon indicate use of as little normal 
metal as possible to meet this require- 
ment. 

The electrical time constant is related 
to the resistance of the shorting strips 
used in the magnet. These strips are 
electrically in parallel with the induc- 
tive windings of the magnet. The ratio 
of the inductance of the magnet to the 
total parallel resistance of the magnet 
is defined as the magnet time constant. 
To limit peak voltages on normalcy, 
shorting strips of varying electrical re- 

sistance are sometimes used in wind- 
ing of the RCA ribbons. The effective 
shorting resistance is related to the 
combinaticn of the resistance of the 
normal metal at 4.2 °K in contact with 
the superconductor, as well as to the 
type of metal in the strip. For example, 
with no background field and with a 

0.001- inch -per -side silver plating on the 
ribbon, the electrical resistance of the 
conductor at liquid helium temperature 
is approximately 1.3x 10' ohms per 
inch, and copper or phosphor -bronze 
shorting strips have been used. With a 

0.001- inch -per -side copper cladding cn 
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Table Ill -List of typical RCA superconductive magnets and systems in service or in process. 

Magnet Type Type No. 
Rated field 
(kG) 

Clear bore 
(inches) 

Homogeneity 
tin a DSV) 

Simple solenoid SM 2814 18 12.125 Not applicable 
Simple solenoid SM 2801 50 1.125 1% in 11/2 inches 
Split coil SM 2819 50 1.000 0.4% in 1 cm 
Simple solenoid SM 2801-VI 70 1.125 1% in 11/2 inches 
Simple solenoid SM 2813 80 1.000 3% in I inch 
Simple solenoid SM 2827 80 1.50 1% in 3,4 inch 
Simple solenoid SM 2803 100 1.000 1% in 1 inch 
Compound solenoid SM 2802 100 1.280 I% in 1 inch 
Simple solenoid SM 2804 100 1.000 0.5% in 1/2 X 1/2" cyl. 
Simple solenoid SM 2815 100 2.500 0.2% in 1 inch 
Split coil SM 2818 100 2.500 0.4% over I cm 
Split coil SM 2829 100 2.500 0.4% over I cm 
Simple solenoid SM 2826 100 2.100 0.75% in 1 x 1/2" cyl. 
Split coil SM 2820 100 2.136 1% in 2 inches 
Simple solenoid SM 2806 125 1.000 I% in 1 inch 
Simple solenoid SM 2816 134 1.500 0.2% in 1.2 inch 
Compound solenoid SM 2805 137 1.930 1 /a% in 1 inch 
Compound solenoid SM 2821 140 6.000 Not applicable 
* diameter spherical volume 

the ribbon having resistivity at 4.2 °K of 
approximately 2.0 x 10 " ohm -cm, both 
phosphor- bronze and stainless -steel 
shorting strips have been used. For a 
superconductor with 0.002 -inch copper 
per side having an electrical resistivity 
at 4.2 °K of approximately 1 x 10-° 

ohms -cm, either stainless -steel or no 
shorting strips have been used. When 
no shorting strips are used, the electri- 
cal time constant of the magnet is only 
limited by the internal resistance of the 
power supply and the effective resis- 
tance of any inductively coupled cir- 

cuits such as metallic coil forms or the 
like. 

The effects of these different construc- 
tion techniques can be illustrated by 
measuring the time required for the 
voltage across a magnet to decay to 1 /e 
of its original value when a fixed cur- 
rent has been reached. Typical times 
for 1- inch -bore, 100 -kilogauss magnets 
are as follows: 

Shorting strip 

Copper 
Phosphor -Bronze 
Hastel loy 
None 

Actual devices 

Resistivity at 100 kG 
and 4.2 °K (ohm -cm) Time 
4.5x10 -` 6 min. 
3x]0' 54 sec. 
150x l0 -f 11 sec. 
supply resistance 

limited only by power 

By use of the high- current -density ap- 
proach, many notable `firsts' in magnets 
were achieved by RCA for the govern- 
ment, such as the construction and test- 
ing of a 6- inch -bore, 140 -kilogauss 
magnet for NASA Lewis Research Cen- 
ter. In addition, many types of 100 - 
kilogauss magnets having bore sizes 
from 1 to 21 inches have been con- 
structed for commercial sale. Fig. 10 
shows the flexibility achieved by use of 
a two -section, high -field magnet. With 
the insert in place, the magnet gene- 
rates 100 kilogauss in a 1.28 -inch bore. 

Dale 
delivered Customer 
fall 1966 
mid 1965 
early 1967 
mid 1966 
early 1967 
mid 1968 
early 1966 
mid 1966 
fall 1966 
mid 1967 
mid 1968 
early 1969 
fall 1968 
mid 1967 
mid 1967 
fall 1968 
mid 1966 
early 1967 

Midwestern univ. Res. Assoc. 
RCA Labs, Princeton 
Andonian Associates 
RCA Labs, Tokyo 
Tokyo University 
RCA Lab -Switzerland 
CERL, England 
Gen. Motors Corp. 
Ames Lab, Iowa 
NASA -Lewis Res. Center 
Ames Lab, Iowa 
Wright Patterson Air Force Base 
Bell Telephone Labs. 
Bell Telephone Labs. 
Rutgers Univ. 
Douglas Adv. Res. Lab. 
RCA Elec. Comp. & Devices 
NASA -Lewis Res. Center 

With the insert removed, the magnet 
generates 60 kilogauss in a 3.3 -inch 
bore. The magnet in Fig. 11 is a 2 -inch- 
bore, 100 -kilogauss magnet. The sep- 
aration of the windings at the center 
is made to obtain greater homogeneity 
of the field in the bore. 

Fig. 12 shows a 2.4- inch -bore, 100- kilo - 
gauss magnet with a 11 /4 -inch separa- 
tion between the windings. Such "split - 
pair" magnets present difficult fabrica- 
tion problems because of very large 
axial forces with which the two magnet 
halves are drawn together when oper- 
ated. When the magnet is powered, the 
edges of the windings are bearing 
against the central separator which 
contains the access holes for the sam- 
pies under test and electromagnetic 
radiation. 

The magnet shown in Fig. 13 was con- 
structed as part of a plasma -physics 
research project for the NASA Lewis 
Research Center. It develops 140 kilo - 
gauss in a 6 -inch bore, contains over 
90 kilometers of 90- mil -wide Nb:,Sn rib- 
bon, and has a magnetic -field energy of 
two megajoules. The magnet is intern- 
ally constructed as separate modules in 
which the module walls bear the forces 
and distribute the axial loads. The 
structure at the top of the Figure is the 
magnet support and dewar cover. 

Table III shows the specifications for a 
variety of magnets made by RCA. The 
wide range in magnetic field, bore size, 
and bore homogeneity should be noted. 
At the present time, 100 -kilogauss, 2- 
inch -bore magnets are relatively rou- 
tine items of manufacture, and a 150 - 
kilogauss 1.5- inch -bore magnet has just 
been successfully completed. Devices 
developing fields of this magnitude 
will satisfy most commercial needs in 
the near future, and the immediate 

trend will be to achieve higher homo- 
genities and faster operation times. 

A somewhat different area of effort is 
the development of dipole and quadru- 
pole magnets by the National Labora- 
tories for use on particle accelerators. 
These windings are as shown in Figs. 
14 and 15, where the radical departure 
from cylindrical symmetry is seen. 
RCA is very active in supplying ribbons 
to satisfy the different requirements and 
fabrication techniques typical of these 
beam -handling devices. 
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Silicon -on- sapphire devices 
Dr. C. W. Mueller Dr. F. P. Heiman 

The excellent mechanical and electrical properties of sapphire coupled with techniques 
of epitaxially growing one micron thick single -crystal silicon on the sapphire have 
allowed reductions of 10 to 100 in device and integrated circuit capacitance. Measure- 
ments on a CMOS memory circuit have shown 1.5 to 2.0 nanoseconds pair delay with 
a power consumption in the microwatt range. Thin -film silicon bipolar transistors and 
14,000 volt integrated rectifier strings have been made. 

Dr. C. W. Mueller 
Semiconductor Device Applied 
Research Laboratory 
RCA Laboratories 
Princeton, N.J. 
received the BSc (magna cum laude) from Notre 
Dame University in 1934, the MSEE and the ScD 
from Massachusetts Institute of Technology in 1936 

and 1942. Between 1936 and 1938 he worked on 

electron tubes at the Raytheon Production Cor- 
poration and, at MIT, he worked on tubes for 
computing purposes. His doctoral work was in 

physical electronics and involved fundamental 
measurements on secondary -electron emission. 
Since 1942, he has been with RCA Laboratories. Dr. 

Mueller worked on beam -deflection tubes for 
operation up to 1200 MHz. A grid -controlled sec- 
ondary- emission tube was also developed. He then 
worked in the field of junction transistors and was 
responsible for the alloy -junction technique used 
in many commercial types. He developed the first 
alloy junction transistor for higher- frequency op- 
eration. He developed the thyristor type switch- 
ing transistor. He supervised the work leading to 
a parametric diode and the development of a low 
inductance ceramic enclosure for diodes. He par- 
ticipated in the development of tunnel diodes for 
which he was one of the recipients of the David 
Sarnoff Team Achievement Award in Science. 
More recently he has been working on the growth 
of single -crystal silicon films on sapphire and the 
use of these films for electron devices and inte- 
grated circuits. He holds many patents in the fields 
of electron tube and solid state devices. In 1961- 
62 Dr. Mueller held the RCA European Study Fel- 
lowship and spent the year on special studies in 

the field of solid state physics at the Swiss Fed- 
eral Institute of Technology in Zurich, Switzerland. 
Dr. Mueller was awarded the David Sarnoff Out- 
standing Achievement Award in Science in 1966 
with the citation "for outstanding contributions to 
semiconductor devices and circuits." He is a 

Fellow of the IEEE, a Fellow on the RCA Labora- 
tories Staff, and a member of the American Physi- 
cal Society and Sigma Xi. 
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Dr. Frederic P. Heiman* 
Semiconductor Applied Research Laboratory 
RCA Laboratories 
Princeton, N.J. 

received the BSEE (summa cum laude) from the 

City College of New York in 1960 and the MSE 

and PhD from Princeton University in 1962 and 

1964, respectively, under a David Sarnoff Fellow- 

ship. Since he joined RCA Laboratories in 1960, he 

worked in the fields of silicon devices and surface 

physics. In collaboration with Dr. S. R. Hofstein, 

he developed the silicon insulated -gate field- effect 

transistor and was co- recipient of an RCA Labora- 

tories Achievement Award in 1963 and the IEEE 

Browder J. Thompson award in 1965 for his work. 

In 1964 he was awarded the David Sarnoff Out- 

standing Achievement Team Award in Science for 

his contributions to silicon -based integrated elec- 

tronics. He has studied the properties of devices 

fabricated in thin silicon films epitaxially depos- 

ited on sapphire and was co- recipient of an RCA 

Laboratories Achievement Award in 1967 for the 

development of a complementary MOS transistor 

integrated memory cell. At present he is investigat- 

ing electron -beam addressed diode arrays for tele- 

vision camera applications. Dr. Heiman is a mem- 

ber of Eta Kappa Nu, Sigma Xi, and a senior 

member of the IEEE. He was Publicity Chairman 

for the Princeton IEEE Section and is now Vice - 

President of the N.J. Chapter of the CCNY Alumni 

Association. 

'Since this paper was written, Dr. Heiman has 
become a Vice President of Princeton Electronic 
Products, Inc. 

IN THE CONSTRUCTION of monolithic 
integrated circuits, isolation be- 

tween elements is necessary. There are 
several ways of obtaining isolation; 
most use single -crystal silicon grown 
in bulk form and obtain isolation by 
means of P -N junctions or by etching 
away the bulk silicon where isolation 
is desired. In some cases the silicon is 
then supported by glass or a combina- 
tion of SiO, and polycrystalline silicon. 
The volume of active Si that is neces- 
sary for devices in the finished circuit 
is quite small. A direct approach to the 
problem of isolation is to start with an 
insulator and use the silicon only 
where it is actually needed. This paper 
discusses the advantages of this ap- 
proach and summarizes the results that 
have been obtained on several devices 
built in the RCA Laboratories. 

Sapphire substrate 

The substrate, of course, must have a 

definite match' to silicon crystal struc- 
ture so that single -crystal silicon can be 
grown on it. High mobility material is 

readily produced and other papers 
have discussed in detail its electrical 
properties: 

One of the outstanding properties of 
sapphire over glass is its good heat con- 
ductivity. Page' has recently shown 
that 10' watts /cm` could be dissipated 
through sapphire whereas only 2x102 

watts /cm` could be dissipated through 
glass under the same conditions (a 
factor of 50 difference) . 

The Table I lists some of the advan- 
tages of silicon -on- sapphire when corn- 
pared with other techniques. Each 
item, of course, does not apply to all 
possible techniques. 

Table I- Advantages of the silicon- on -sap- 
phire technique. 

Electrical Advantages 

Excellent isolation (p> 10" ohm -cm) 
Good high frequency performance (loss tan <10 -4 
at 800 MHz) 
Extremely low capacitance devices and circuits 
No possibility of "4 -layer latch -up" 
No allowance necessary for space- charge spread 
Considerably greater resistance to transient 
radiation 

Mechanical Advantages 

Ability to withstand regular Si processing, tern - 
perature of diffusion, chemical etches, etc. 
High strength, especially at high temperatures 
Good heat conductivity (50X glass) 
Smoothness, no voids 
Very high packing density (105 complementary 
devices per square inch) 
For many circuits fewer processing steps are 
required 
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Silicon -on- sapphire has the disadvan- 
tage of poorer crystal quality; e.g., 
75% of bulk mobility at low doping 
concentrations. Early disadvantages of 
size, cost, and new technology have 
been steadily reduced over the past few 
years and in many cases are no longer 
serious barriers. 

One cannot describe all the devices 
that can be made on silicon- on -sap- 
phire (sos) in a short paper nor would 
there be much point to it. So this dis- 
cussion will be confined to: 

1) An application readily and advan- 
tageously adapted to the sos technology 
(complementary Mos devices and cir- 
cuits) ; 

2) Linear UHF amplifiers; 
3) A difficult device to make (the bi- 
polar transistor) ; 

4) High voltage diode stacks; and 
5) A new visible -light emitting plasma 
phenomenon. 

Complementary MOS memory cell 

Fig. la shows a complementary Mos 
memory cell circuit and Fig. lb its 
integrated form.' There are 6 N -type 
transistors in one row and 4 P-type 
transistors in the other. Note that all 
the parts and interconnections are on 
sapphire and consequently have very 
low capacitance. 

Fig. 2a shows a cross section illustrat- 
ing the construction. At the left is the 
conventional N- channel Mos on P -type 
material. At the right you see a deep - 
depletion transistor° made on the same 
P-type silicon. This transistor is nor- 
mally cut -off at zero bias because the 
P-type film is depleted all the way 
through due to the contact potential 
difference between silicon and the gate 
metal. Applying a voltage to the gate 
then causes current to flow and forms 
an enhancement Mos transistor. The 
magnitude of the threshold of both 
transistors is 1 ±0.5 volt. 

The cross -over technique is shown in 
Fig. 2b. A strip of silicon is doped to 
degeneracy during the source diffusion 
and then oxidized. A metal strip is then 
evaporated across the oxide forming a 
cross -over. 

The fact that there is no silicon under 
any of the junctions reduces the capac- 
itance of source, drain and cross -over 
regions by about 2 orders of magnitude. 

The important question now is how 
fast can these circuits be made to work. 
In the thin film we can conservatively 

get 34 of the mobility obtained on bulk 
silicon devices. However, we can make 
the capacitance so low that the figure 
of merit is increased considerably. Fig. 
3 shows the switching performance of 
the memory cell. One can see that the 
elapsed time between applying the in- 
put write signal and observing the out- 
put sense signal is 6 ns. The quiescent 
power dissipation of the circuit was 7 

p.- watts. Complementary -pair ring os- 
cillators were also constructed that 
operated with a pair delay of 2 ns. In 
this complementary MOs circuit, we 
have demonstrated a very fast circuit 
with a very low power consumption. 

Linear UHF amplifiers 

The use of thin silicon films in linear 
circuits' is more difficult than in digital 
applications. The major advantage of 
an insulating substrate lies in the high 
frequency range where device and cir- 
cuit capacitance is a major problem 
and must be minimized. At 500 MHz 
and above, best results are obtained by 
using the tetrode or double gate struc- 
ture (Fig. 4) . The second gate shields 
the control gate from the drain and 
reduces feed -back capacitance while 
the low drain capacitance due to the 
absence of a conducting substrate re- 
duces the output admittance which is 
nearly constant to 900 MHz. Fig. 5 

shows the gain of a thin -film tetrode as 
a function of frequency indicating that 
useful gain can be obtained in the UHF 
frequency range. 

Monolithic integrated circuits with in- 
ductors and capacitors in the UHF 
frequency range are possible, however, 
economic considerations determined 
largely by yield, at the present state of 
the art, do not justify their use where 
the silicon chip approach is feasible. 
Future monolithic integration can un- 
doubtedly be handled when desirable 
after some technology improvements 
in passive components are developed. 

Bipolar transistors 

Although a great deal of integrated cir- 
cuit work is performed by staying com- 
pletely in the Mos world, engineers 
would like to have bipolar transistors 
on the same chip to shift impedance or 
voltage level or to do some things most 
easily done by bipolar devices. The bi- 
polar transistor's" is more difficult to 
make than the Mos transistor because 
it requires minority carrier lifetime 

WRITE 

Fig. la-Electrical circuit of memory cell. 

Fig. 1b- Integrated memory circuit. 
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Fig. 2a -Cross section of complementary 
MOS transistors. 
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Fig. 2b -Cross section of cross -over tech- 
nique. 
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Fig. 3 -Total delay from write command to 
sense current. 
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Fig. 4 -Cross section of tetrode transistor 75 
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Fig. 7- High- frequency transistor measure- 
ments. 

and /or closely spaced junctions. This 
means a higher degree of perfection in 
the single crystal silicon film. 

After experiments with several meth- 
ods of making bipolar transistors 
including vertical junctions, an epitaxi- 
ally grown junction versions was 
chosen. By consecutively growing 
N +NP N+ layers quickly, difficulties 
with diffusion spikes are minimized. A 
mesa type transistor is then constructed 
from this type of grown multilayer 
structure (Fig. 6) . 

With transistors of this type, a current 
gain of 25 to 30 has been achieved with 
a base width of 0.8µm. High frequency 
measurements (Fig. 7) show an f, of 

350 MHz at 15 mA. Since high speed 
circuits are the major goal of sos work, 
close- spaced transistors as described 
are useful. However, to provide mar- 
gins of safety an improvement in cur- 
rent gain is desirable. This means an 
improvement of material and minority 
carrier lifetime. Several promising 
methods of improving lifetime are 
under development such as the use of 
spinnel as a substrate and the use of 
getters to remove heavy metal ions. 
Improvements of a factor of 20 to 40 
in lifetime have been achieved so far 
in single layer films. 

High voltage rectifier strings and 
diode circuits 

The processing of diodes in silicon -on- 
sapphire is simple and straight- forward 
with no difficult problems.' With the 
sos construction there is no possibility 
of breakdown to the substrate and 
cooling is efficient. Consequently, high 
voltage operation is possible. Fig. 8 

shows a combination of the parallel 
connection of several series strings of 
50 diodes that gives a high degree of 
redundancy and consequently a high 
yield of usable devices. This combina- 
tion when operated as a high voltage 
rectifier will withstand 14,000 volts 
reverse bias and deliver several milli - 
amps in the forward direction. 

An adjustable read -only diode memory 
is now being designed at the request 
of the computer memory group in 
Camden. The sos technology is neces- 
sary to meet the speed requirements. 
One place where isolated diodes on an 
insulating substrate can do things that 
cannot be done conveniently by other 
means is in the addressing of liquid - 
crystal displays. An integrated circuit 
consisting of diodes and capacitors has 
been designed to address a liquid crys- 
tal display and is being constructed. 
[Editor's note: the paper by Dr. G. 
Heilmeier in this issue, describes the 
liquid crystal effect]. 

Plasma emission of light 

An interesting new phenomenon has 
been observed: the emission of visible 
light from an extended plasma° formed 
in silicon -on- sapphire diodes. If the 
diodes in the string previously shown 
(Fig. 8) are reverse biased and the 
reverse voltage is gradually increased 
the usual microplasma breakdown is 

observed as shown in Fig. 9a. As the 
reverse voltage is increased, the light 

emitting region continually increases 
until it extends from the cathode to the 
anode as shown in Fig. 9b. The emitted 
light is white and is easily visible in 
room illumination. The extended 
plasma is formed when the diode goes 
into what is called "second break- 
down", as is evident from V -I oscillo- 
graph traces. The emission of light 
shows a lag of lµs, which is about the 
thermal time constant of the diodes. 
The light goes off in nanoseconds, i.e. 
as quickly as the "second breakdown" 
current decays. The light- emitting 
plasma is stable and we have run it 
over a weekend with no noticeable 
change. It is interesting that this mode 
is stable whereas in ordinary transis- 
tors destruction usually occurs. The 
plasma can be stable in silicon- on -sap- 
phire because of the cooling provided 
by the sapphire and the current limit- 
ing due to the resistance of the film. 
The light is bright because most of it 
can get out whereas in the usual bulk 
device it is absorbed by the surround- 
ing silicon. 

The phenomenon can be used in any 
place where a small high -speed visible 
light source is desired that can be 
formed into strings or integrated into 
various shapes for print -out or similar 
applications. 

The most significant results of the 
studies of the light- emitting plasma 
may very likely be contributions to the 
understanding and controlling of "sec- 
ond breakdown" in silicon. "Second 
breakdown" is an important limitation 
in all high voltage transistors. The 
silicon -on- sapphire construction allows 
one to dissect and examine in detail the 
physics of "second breakdown" under 
controlled conditions. Normally, "sec- 
ond breakdown" is a destructive phe- 
nomenon hidden inside a regular tran- 
sistor and direct observation of what 
is happening is very difficult. 

Present technical status 

Silicon films 2µm thick at a doping 
density of about 1018 /cm' with a hole 
mobility of 250 cm2/volt-sec and an 
electron mobility of 750 cm2/volt-sec 
can be reproducibly grown. At a thick- 
ness of 6µm hole mobility increases to 
350 cm2 /volt -sec. The silicon films 
have been continually improved and 
good, controlled -resistivity films are 
now available from G. Gottlieb and G. 
Cullen of the Process and Materials 
Applied Research Laboratory. The low 
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Fig. 8- 14,000 -volt rectifier. 

temperature processing developed by 
J. Scott of the Integrated Circuit Facil- 
ity produces good complementary MOS 

devices with considerably fewer opera- 
tional steps than are used in bulk sili- 
con devices. Because the mobility is 
usually within 25% of bulk silicon 
values and the capacitance is from I 

to 2 orders of magnitude less, faster 
circuits can be made than by any other 
process by a factor of three minimum." 

The major factor that still causes 
trouble is that shorts occur when thin 
metal strip interconnections pass over 
oxidized steps in the silicon film. This 
difficulty is related to etching and 
photo- resist technology at the steps. 
Several approaches are being worked 
on to solve this problem and it does 
not appear to be a fundamental or in- 
solvable problem. Consequently the 
status appears to be one in which tech- 
niques are available that give results 
not attainable by other means but with 
initial costs that may be higher. 
(Finished product and not wafer costs 
are the factors that must be compared) . 

Consequently applications must be 
such that the user will pay for the 
increased performance. 

Economics and future applications 

For advice on what the customer will 
pay for, we rely on the guidance of the 
Laboratories' personnel in the Data 

Processing Applied Research section 
who in turn are in contact with the ap- 
propriate product divisions. It is their 
opinion that a computer user will want 
and pay for the additional speed. This 
is especially important because of the 
increased use of time sharing methods. 

The economic factors governing sos 
circuits are not easy to evaluate 
exactly. Since the amount of silicon 
actually used for active devices is very 
small the process of growing a large 
crystal, cutting, polishing, growing epi- 
taxial layers, diffusion of deep wells of 
opposite conductivity type, and diffus- 
ing isolation strips seems an extremely 
round -about process that grew up be- 
cause no one knew how to grow good 
silicon on a good insulator. At present 
we can grow four epitaxial layers 
(N +NPN) directly on sapphire or spin - 
el. The cost of sapphire has been 
steadily decreasing and since polishing 
is about 80 °b of the cost, the use of 
spinel in quantity will greatly reduce 
costs. 

One should not compare only initial 
cost, of course, because the silicon -on- 
sapphire film requires no additional 
polishing as well as fewer and shorter 
device processing steps. High voltage 
devices can be placed closer together. 
Actual costs will have to be evaluated 
when more data on such factors as 
yield of good circuits becomes avail- 
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Fig. 9- Microplasma and extended plasma 
light emission. 

able. In fact, present indications are 
that cost will be set by yield rather 
than by materials cost as is so fre- 
quently the case for complicated 
circuits. 
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High resolution television 
images from space 
M. V. Sullivan F. H. Eastman Ill 

This paper describes a television system capable of producing images with 5000 TV 
lines resolution. A proposed application for this system is in the Earth Resources 
Observation Satellite where three cameras will observe the earth to provide high 
resolution multispectral TV pictures of world resources. The key components in this 
high -resolution TV system are the 2 -inch return- beam -vidicon (RBV) camera for space - 
born use and the laser -beam image reproducer (LBIR) for ground recording on film. 
The primary assets of the RBV are improved signal -to -noise ratio, higher sensitivity, 
and greatly improved resolution. Since the scanning spot of present cathode ray tubes 
is not small enough with sufficient brightness to produce an image of 5000 TV lines, 
a laser -beam image reproducer was developed. The LBIR is an electro-optical- 
mechanical device for recording images on 91/2-inch film. 

IROS, RANGER, NIMBUS, AND ESSA 

spacecraft have successfully ob- 
tained television images from space 
using 1 -inch vidicon cameras. On the 
ground, the video signal is displayed 
on a cathode ray tube and photo- 
graphed with a film camera. The reso- 
lution obtained in these systems is 800 
TV lines. 

The Earth Resources Observation Sat- 
ellite is a proposed program to investi- 
gate the earth's surface through the 
use of ultra -high resolution television 
imaging systems.' This satellite is in- 
tended to serve as an aid in the dis- 
covery, development, and conservation 
of world resources, thus furthering 
technology in agriculture, forestry, 
geology, geography, oceanography, and 
hydrology around the globe. Such a 

system must be able to resolve small 
ground details in the order of 100 feet 
per TV element in a field of 100 x 100 
miles from an altitude of approxi- 
mately 500 miles. 

To accomplish this task, the sensor 
used must have resolution and sensi- 
tivity characteristics an order of magni- 
tude greater than the sensors used in 

current programs. The return beam 
vidicon (Ray) , which is a type of image 
sensing vacuum tube that converts 
optical images into varying electrical 
signals, is capable of producing the 
resolution required in this program. 
For the ground display facility, a laser - 
beam image reproducer (LBIR) has 
been developed to record on film all of 
the video data from the RBV camera 
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without compromise in resolution.' A 

diagram of this proposed space imag- 
ing system is presented in Fig. 1. 

To obtain multispectral information, 
three shuttered cameras would simul- 
taneously image the same area of earth 
at different portions of the spectral 
band: green, red, and near infrared 
filters should be used. Each shutter is 

a focal -plane mechanical type that is 

electronically triggered. Five -inch f/2.8 
lenses are used in the camera optics. 
The vidicon photoconductors store the 
images while each camera is read out 
sequentially. Video signals can then 
be transmitted directly to ground or 
stored in the wideband tape recorder 
for later playback. 

Return beam vidicon 

The primary assets of the 2 -inch RBV 

camera are improved signal -to -noise 
ratio, higher sensitivity, and greatly 
improved resolution. The 2 -inch diam- 
eter of the tube provides a large target 
area (1 inch square) and the modu- 
lated return beam provides the signal. 
The sensor operates with a shuttered 
lens and the high image retention char- 
acteristic of the photoconductor makes 
possible the slow scan readout of a 

high definition nonsmeared image. 

The RBV utilizes a standard ASOS 
vidicon photoconductor and a multi- 
plier gun structure similar to that of 
the image orthicon (Fig. 2) . The elec- 
tron gun consists of a thermionic cath- 
ode, a control grid (G1) , and an 
accelerating grid (G2) . The stream of 
electrons emitted by the cathode pro- 
duces a low velocity electron beam 
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which is deflected vertically and hori- 
zontally across the photoconductor by 
external transverse electromagnetic 
fields. The electron beam is focused on 
the sensing layer by a combination of 
the electrostatic field formed by the 
wall (G4) electrode and the axial elec- 
tromagnetic field produced by the ex- 
ternal focusing coil. 

The G5 electrode adjusts the shape of 
the decelerating field to obtain uniform 
landing of the electrons over the sens- 
ing layer. Major variations in beam 
angle may be corrected for by use of 
an external alignment coil which pro- 
duces two transverse magnetic fields at 
a 90° angle over the gun aperture. A 

fine screen, high transmission decelera- 
tor mesh, spaced close to the target, is 

used to create a high -gradient decel- 
erating field between the mesh and 
sensing layer. This field eliminates the 
varying radial components which the 
beam may experience in different parts 
of the scanning raster, thus providing 
an orthogonal beam landing angle. 

The sensing layer (target) consists of 
an optically flat glass faceplate, a trans- 
parent metallic conducting film called 
the signal plate, and the photoconduc- 
tor. The photoconductor is a light 
sensitive substance which may be 
analyzed as a number of discrete ele- 

ments, each consisting of an incremen- 
tal capacitance shunted by a variable 
resistance. The low lateral leakage of 
the surface permits a high definition 
pattern to be retained on the photo- 
conductor surface. The magnitude of 
the shunt resistance is inversely propor- 
tional to the incident light on the 
photoconductor surface, approaching 
an open circuit for no light and a short 
circuit for high intensity illumination. 
A typical storage characteristic of the 
RBV is presented in Fig. 3 (the storage 
time can be modified if desired) . The 
spectral sensitivity of the ASOS photo- 
conductor is shown in Fig. 4. Super- 
imposed on the curve are the three 
spectral regions of interest. 

RBV operation 

Before exposure, the photoconductor 
surface undergoes a preparation cycle 
whereby any residual image is re- 
moved. This is accomplished by flood- 
ing the photoconductor with light and 
scanning with maximum beam current 
to impress a charge across the photo- 
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Fig. 1- High -resolution television imaging system. 

conductor. The beam deposits elec- 
trons on the scanned surface charging 
it dk ,vn to gun cathode potential. 

The beam is cut off, and, typically, the 
photoconductor is exposed for 1.5 to 
5 ms. During exposure, the imaged 
optical pattern is transformed into a 

charged pattern on the gun side of the 
photoconductor. The dark areas re- 
main at cathode potential while the 
highlight areas discharge towards the 
more positive target potential. 

During the read cycle, the beam scans 
the target and charges each incremen- 
tal element toward cathode potential. 
In the dark areas, the target acts like 
an electron mirror reflecting all imping- 
ing electrons. In areas where the tar- 
get potential is higher due to the image 
charge pattern, the target becomes par- 
tially absorbent and the electrons land. 
This absorption causes a negative 
amplitude modulation of the return 
beam, which is greatest in the highlight 
areas of the pattern. 

The modulated return beam is col- 
lected at the first dynode of a secondary 
emission electron multiplier (Fig. 2). 
The modulated portion of the ampli- 
fied return beam out of the five -stage 
multiplier becomes the video signal. 

Signal -to -noise ratio 

In normal vidicon operation, the elec- 
trons absorbed by the sensing layer 
produce a signal current which is 
sensed through a load resistor. At low 
light levels, the signal current is ex- 
ceedingly small and the sensitivity of 
the device is limited by the noise of the 
preamplifier. Even the low- noise -figure 
field -effect- transistor preamplifiers in 

5x1C.,11F7 

G;10tJNrJ $7r1719k1 

HARD COPY 
PRINTS 

LBIR 

use today produce a fixed noise cur- 
rent, which is significantly greater than 
the signal current at the light levels 
of interest. However, in the RBV, the 
signal -to -noise (S /N) is primarily de- 

termed by the shot noise of the modu- 
lated return beam. Several factors 
affecting the magnitude of the beam 
current must be considered. 

Although a low velocity beam (for 
which the secondary emission ratio is 

less than one) is used to scan the 
photoconductor, some electron scatter- 
ing occurs at the sensing layer due to 
beam -landing errors and the irregular 
photoconductor surface. These elec- 
trons contribute to the total beam cur- 
rent collected at the dynode, but not to 
the signal current. 

The percentage of beam (signal) cur- 
rent absorbed is a function of the 
charge on the photoconductor. Also, if 
the fact is considered that, even in the 
case of a totally reflected dark current 
beam, not all the electrons are collected 
by the multiplier, then it becomes 
apparent that the usable signal current 
is only a small percentage of the total 
return beam. Thus, when all factors 
are considered. the total gain in signal 
amplitude through the multiplier sec- 
tion, when compared to that of the 
signal present at the photoconductor, 
is equal to the product of the multiplier 
gain, the mesh transmission, and the 
percent beam modulation. Typical 
values for these parameters are as 
follows: 

Mesh transmission 40% 
Return beam modulation 10 to 30% 
Multiplier gain 100 

Therefore, the peak -to -peak signal at 
the anode of the multiplier is approxi- 
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Fig. 2- Return beam vidicon (RBV) schematic diagram. 
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mately ten times the signal present at 
the sensing element. 

The shot noise of the return beam be- 
comes the major portion of noise, and 
the RBV S/N is proportional to I /In3'2, 
where IF is the useful signal current 
and I,, is the total beam current. 

Any technique which reduces the total 
beam current results in improved S /N. 
The slow scan mode of operation offers 
one method of reducing the beam cur- 
rent since less beam current density is 
required to discharge the highlights at 
slow scanning rates. 

The mere presence of the multiplier 
results in greater sensitivity at any 
given illumination. Again, this permits 
further reduction of the beam current 
and a corresponding increase in S/N as 
less illumination is required for a given 
output signal. Fig. 5 presents a curve of 
S/N versus exposure for the 2 -inch 
RBV camera. 

Resolution 
The high resolution capability of the 
ASOS target can only be realized by 
obtaining a precise relationship be- 
tween the beam and the electron optics. 
If resolution is defined as the number 
of black and white lines which can 
occur in either the horizontal or verti- 
cal dimension of the format, then the 
ultimate number of lines which can be 
resolved is limited by the spot size of 
the beam. The spot size is in turn de- 
pendent on the focusing ability of the 
electron optics, the diameter of the 
aperture in the accelerating grid, and 
the current density available in the 
beam for discharging the highlights. 

Dr. O. H. Schade, Sr.' has demon- 
strated that the size of the scanning 
beam is directly proportional to the 
beam current. The peak signal current 
is proportional to the number of elec- 
trons which land and discharge the 
highlights on a given incremental ele- 
ment. Slow -scan operation permits the 
beam current to be reduced while 
maintaining the number of landing 
electrons constant. Thus, a smaller spot 
and higher resolution can be obtained. 

The resolution of the 2 -inch RBV is 

specified as 4500 Tv lines with 80% 
corner resolution. In the laboratory, 
6000 lines have been measured on 
some tubes. These numbers reflect lim- 
iting resolution when the measure- 

ments are made with high contrast test 
patterns. The modulation transfer 
function (MTF) of the camera, with 
response plotted against spatial fre- 
quency, is shown in Fig. 6. This curve 
is the result of measurements made on 
one return beam vidicon using white 
light. The response of the Tropel test 
lens is included in the MTF curve. The 
performance characteristics of the 2- 

inch RBV camera are tabulated below: 

Resolution 
Horizontal rate 
Vertical time 
Video bandwidth 
Dynamic range 
Aspect ratio 
Shutter time 

High light 
exposure 

4500 TV lines 
1200 lines /sec 
5 seconds 
4 MHz 
100 to 1 

1toI 
0.0015 to 0.01 

seconds 
0.1 foot -candle 

seconds 

Laser -beam image reproducer 

To record the high resolution image 
produced by the RBV, a laser -beam 
image reproducer (LBIR) has been de- 
veloped.' The scanning spot of present 
cathode ray tubes is not small enough 
with sufficient brightness to produce 
an image of 5000 TV lines. The LBIR is 
an electro- optical -mechanical device 
for recording television images on film. 
A block diagram of the LBIR is shown 
in Fig. 7; the LBIR performance specifi- 
cations are tabulated below: 

Image format 

Image quality 
Resolution 

Tone reproduction 
Density uniformity 
Linearity 

Recording rate 
scanning 

frequency response 

9 x 9 inch image 
Single frame 

75% response 
at 6000 lines 

13 V 2 gray steps 
2% 
0.5% 

1200 lines/ 
second 

5 MHz within 
±0.5 dB 

Basically, the LBIR consists of a light 
source, a modulator that modulates the 
intensity of the light with the video 
signal, optics to focus the beam on the 
film, a mechanical -optic scanner to de- 
flect the beam and to produce hori- 
zontal scan lines, and a transport to 
obtain the vertical movement of the 
film. 

The light is generated by a 20 -mW 
Helium -Neon gas laser, and it is a 
coherent red light at 6328 A. The polar- 
ized 1 -mm diameter beam of light 
passes through a crystal modulator that 
is driven by the amplified video signal. 
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The light modulator consists of a pair 
of ferro- electric ADP crystals. The 
application of an electrostatic field 
essentially causes a rotation of the 
polarization of the light passing 
through the crystals. The degree of 
polarization rotation is dependent on 
the voltage applied. The light then 
passes through a fixed polarizer (ana- 
lyzer) , and the resulting intensity is a 
function of the degree of polarization 
rotation experienced in the light mod- 
ulator. 
The transfer modulation characteristic 
of the modulator is that of a cosine - 
squared function. Thus, video signal 
processing is provided to compensate 
for this nonlinearity as well as correct- 
ing for the gamma of the camera and 
film. 

After modulation, the beam is col- 
lected, enlarged, deflected 90° from the 
optical axis, scanned, and focused on 
the film as an 0.8 -mil high density 
recording spot. The scanning device is 

a four -sided pyramidal beryllium mir- 
ror that is fastened to the shaft of a 

synchronous motor. The beam is en- 
larged to fill the entire area of the 
scanning mirror to obtain negligible 
shading. The imaging lens has a 1.5- 

inch diameter and an f- number of 8.5. 
The laser beam is deflected perpendicu- 
lar to the axis of rotation by each of 
the four mirror faces, which form a 45° 
angle with the axis of rotation. The 
image plane is curved, and conforms 
to a portion of a cylinder with a radius 
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Fig. 6- Modulation transfer function of RBV 
including lens. 

of approximately 6 inches. Cut film 91/2 

by 91'2 inches is located in the cylinder 
section, which serves as the transport 
for the film, and is held in place by 
vacuum. 

The rotating scanning mirror moves 
the spot across the width of the film to 
form a horizontal scan line. As one 
line is completed, the next line is pro- 
duced from the adjacent mirror face. 
The scanning drive is an air bearing 
hysteresis -type synchronous motor that 
runs at 18,000 r /min; it is servo - 
controlled to synchronize the scanning 
lines to the video signals. The film car- 
riage is synchronized to the video 
frame and is moved at a constant 
velocity to provide vertical scam. The 
carriage is an air table moved by a 
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Fig. 7 -Laser beam image reproducer. 

precision ball -screw and nut driven by 
a servo -controlled motor. 

Conclusions 
The 2 -inch RBV and I.Bm combination 
provides a means of obtaining tele- 
vision images with resolution far in 
excess of what has been possible in the 
past. Fig. 8, which is a picture taken 
through the RBV and LBIR systems, il- 

lustrates the effectiveness of the com- 
bined systems. 

The current 4500 TV line capability of 
the RBV /LBIR system has demonstrated 
the feasibility of this new approach to 
high resolution imagery. Further im- 
provement in the RBV is certainly a 
possibility, for larger sensors are pres- 
ently under investigation to obtain 
even greater resolution. Concurrently, 
since the spot size of the LBIR can 
readily be reduced, and techniques are 
available for handling greater band- 
widths; the performance of the LBIR 

can also be improved. Plans are under- 
way to incorporate a completely auto- 
matic continuous motion film unit 
including processing into the LBIR. 
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Integrated parametric amplifiers 
with IMPATT -diode pumping 

Bura 
P. Bura I W. Y. Pan 
S. Yuan 
Defense Advanced 
Communication 
Laboratory 
Princeton, N.J. 

Pan Yuan 

Hybrid integrated parametric amplifiers (paramps) have been 
developed for different S -band frequencies. The amplifier circuits 
were etched on a 1 X 1 -in. copper -on- alumina substrate. Voltage 
gain- bandwidth products of 800 MHz and noise figures as low as 
1.2 dB were measured. An IMPATT -diode oscillator was used as 

the pump source. The paramp noise problem due to the IMPATT 
oscillator was determined and remedied. 

Microwave integrated circuits, using microstrip on an alumina 
dielectric, offer considerable size and cost reductions in the 
construction of parametric amplifiers, without any sacrifice 
in performance. 

A hybrid integrated 1.8 -GHz paramp was first described by P. 
Bura, et al.' The design equations are: 

G= (R, +ß -R,) / (R, -ß +R,) (1) 

Glossary 

G Available power gain (reflection type) ; 

R, Generator resistance at varactor terminals; 
R, Signal circuit resistance, including varactor series 

resistance R.; 
m, Elastance modulation ratio; 

f., f., f; Cutoff, signal, and idler frequencies, respectively 
R2 Idler circuit resistance 

ß 
m2if gR2, 

f.f;R2 

For any required gain, G, the required varactor loading resis- 
tance, R can be found as a function of the varactor and circuit 
parameters and the operating frequencies. The bandwidth, B, is 
given by: 

R, +R, -ß 
B 

R, +R, ß (2) 
B. + B. 

where B. and B. are the loaded signal and idler bandwidths, re- 
spectively. The noise -figure expression is given by: 

F= 1 + {(G- 1) /GI {[(f. /f:) ß +R,] /(ß -R,)} (3) 
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The design requirements are then summarized by: 

1) Resonate the varactors at the signal, idler, and pump fre- 
quencies; 

2) Provide correct loading, R,, at the signal frequency; 
3) Provide a ground return for the idler current; 
4) Match the pump source to the varactor; and 
5) Isolate the three circuits from each other. 

The design of the 1.8 -GHz paramp is shown in Fig. 1. It was 
designed for low -power pump operation, which was achieved 
by operation with zero bias on the varactor. Pump power re- 
quirements in all designs described are low enough to permit 
use of an IMPArT -diode source. The idler frequency was chosen 
to be the self- resonant frequency of the varactor. The idler cur- 
rent was returned to ground through a X/, open- circuited stub. 
This insured, in addition, that no idler current leaked into the 
signal and pump circuits. The signal circuit was resonated by 
means of a line length and two capacitive stubs. One of the 
stubs was 3X/4 long at the pump frequency, thus preventing 
pump leakage. The amplifier can be operated with as little as 
2 -mW pump power for 4 -dB gain and a noise figure below 2 dB. 
For larger pump power, higher gain and a noise as low as 1.2 dB 
were measured. 

Fig. 2 shows the design for a wideband paramp operating at a 

signal frequency of 2.25 GHz. Bandwidth improvement is 
achieved by eliminating the idler return stub and using low -im- 
pedance stubs in the signal circuit. The idler current return is 
accomplished by adjusting the distance between the varactor 
and the pump filter, which appears as an open circuit to the 
idler frequency. Bandwidths in excess of 150 MHz with 13 -dB 
gain were measured. Further increase in bandwidth can be 
achieved by double -tuning the signal -input circuit. The noise 
figure was below 2 dB. 

INPUT 

Fig. 1 -1.8 -GHz amplifier; noise 
figure = 1.3dB; 3 -dB bandwidth = 
50 MHz; gain =l6dB; pump fre- 
quency = 8.5 GHz; pump power= 
5mW. 

Fig. 2- 2.25 -GHz wideband para- 
metric amplifier; noise figure= 
2.0dB; 3 -dB bandwidth = 150 MHz; 
gain =l2dB; pump frequency= 
8.7 GHz; pump power =l6mW. 

Fig. 3 shows a 3.5 -GHz paramp. It uses a design similar to that 
of the 2.25 -GHz paramp, but since wide bandwidth was not 
required, higher -impedance stubs were used in the signal circuit. 
And, since a self -resonant idler circuit again was used, a cor- 
respondingly higher pump frequency, 11.5 GHz, was used. A 
noise figure of 2.5 dB was measured, which included the circula- 
tor loss and the contribution of the following mixer stage. Pump 
power required was 30 mW. 

Fig. 3 -3.5 -GHz amplifier; noise 
figure= 2.5dB; 3 -dB bandwidth= 
60 MHz; gain =l3dB; pump fre- 
quency =11.5 GHz; pump power 
=30mW. 

Fig. 4-3.5 -GHz amplifier with 
IMPATT pump source. 

Fig. 4 shows a combined 3.5 -GHz amplifier and pump source 
package. Less than 1 W DC power was required to operate the 
amplifier. 
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Fig. 5 -Gain and noise figure of 1.8 -GHz amplifier. 

Figs. 5 and 6 show the performance curves of the 1.8 GHz ampli- 
fier. The receiver noise figure, as low as 1.2 dB, was measured 
with a mixer with a 7.0 -dB noise figure. To check whether the 
IMPATT -diode current had any effect on the amplifier noise 
figure, it was measured at different current values and with an 
attenuator adjusted to feed a constant 4 mW of pump power to 
the amplifier. Negligible variation in the noise figure was ob- 
served with change in the current, as shown in Fig. 6. 

5 6 

2 

PUMP POWER - 4 mW 

2 4 6 8 10 

IMPATT -DIODE CURRENT - mA 

Fig. 6 -Noise figure as a function of IMPATT 
current. 

12 

When the IMPATT -diode source was connected directly to the 
paramp, as in Fig. 4, amplifier performance became very noisy 
at some local -oscillator (Lo) frequencies. This was traced to 
Lo leakage into the paramp, which then produced a correspond- 
ing idler frequency. These two components together, through the 
nonlinear varactor capacitance, influenced the IMPATT -diode os- 
cillator, resulting in "noisy" performance. By improving Lo 
matching in the mixer, or providing additional isolation between 
mixer and paramp, large noise -figure variations were avoided, re- 
sulting in a noise figure as low as that measured with a klystron 
pump. Similar "quiet" performance was achieved by incor- 
porating isolation between the IMPATT -diode oscillator and the 
amplifier pump -input port. 
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200 -watt solid -state UHF amplifier 

David Staiman and 
Maurice Breese 
Advanced Microwave 
Technology 
Missile Surface Radar 
Division 
Moorestown, New Jersey 

Staiman Breese 

A high power transistor amplifier with an output of 200 W peak 
at a center frequency of 432 MHz is described. Eight TRW 
2N5177 transistors are operated in parallel by means of a net- 
work of split -tee hybrid junctions as shown in Fig. 1. The indi- 
vidual amplifier circuits, as well as the hybrid junction network, 
are etched microstrip circuits on high purity alumina substrates. 
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25A 

- 

_J10011 I OOA L 

5011 

SPLIT -T 
JUNCTION 

RF 
INPUT 5, 

MODIFIED 
SPLIT -T 
JUNCTION 

TRANSISTOR 
AMPLIFIER 

2512 

5011 `k--- 
2511 

1-50Á `` II 
DIPOLE 

I 7 7"4ANTENNA 

VJv 

D.C. INPUT 

MODIFIED 
SPLIT- T 
JUNCTION 

Fig. 1- 200 -watt amplifier schematic. 

The circuit for the individual amplifiers was designed by deter- 
mining the generator and load impedances required for maxi- 
mum gain and bandwidth', and designing circuits to present 
these impedances at the transistor terminals. Several iterations 
are necessary in this procedure since the transistors are operated 
in a class -C mode to attain high power and efficiency, and the 
resulting non -linearity causes significant variations in apparent 
impedance as the operating point is changed. The final circuit is 
shown schematically in Fig. 2. An important feature of the design 
is the elimination of tuning adjustments. 

Alsimag 772 was selected as a substrate material, with a thick- 
ness of 0.025 inch to permit an adequate range of characteristic 
impedances to be realized with practical widths and tolerable 
loss. The metallization consisted of vacuum deposited chromium, 
covered with vacuum deposited gold, and finally electroplated 
gold to a thickness of approximately 0.0005 inch. To minimize 
interconnections, substrates of both 1 x4- and 4x4 -inch di- 
mensions were utilized. A completed 200 -W amplifier is shown 
in Fig. 3. As can be readily observed, in a more refined version, 
many of the circuit paths could be folded to occupy less area, 
permitting the use of much smaller substrates. The input match- 
ing networks for four transistors, along with three hybrid junc- 
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Fig. 2- Microstrip amplifier schematic. 

tions, are etched on a 4x4 -inch substrate. Two such substrates 
together with a 1 x4 -inch substrate for the input hybrid junction 
complete the input circuit from a 3 -mm connector. The output 
is similarly formed by three separate substrates. The intercon- 
necting lines in the power dividing /combining networks have 
a characteristic impedance of 25 ohms to reduce losses and per- 
mit tighter control of tolerance. The input and output hybrid 
junctions are of modified design, including a half -wavelength 
line to the resistive termination, to provide a symmetrical circuit 
while permitting the utilization of separate substrates as shown. 
The terminating resistors and the blocking capacitors in the 
output are mounted on the microstrip circuit by soldering to 
small pads. The output connection is by means of a right -angle 
coaxial adapter, with the center conductor penetrating a small 
hole in the ceramic, in order to facilitate driving a dipole on the 
opposite side of the common ground plane structure. 

Fig. 3 -200 -watt amplifier. 

The data obtained from a breadboard amplifier are shown in 
Fig. 4. The 1 -dB bandwidth exceeds 35 MHz, with a 3 dB band- 
width of nearly 100 MHz. The Dc to RF conversion efficiency is 
over 40% at center frequency. These data were measured at a 
pulse width of 50 µs and a repetition rate of 500 /second. One 
of the advantages of the design is the capability to utilize an 
unmodulated collector voltage and obtain the pulsed output by 
simply using a pulsed drive signal. The transistors were operated 
at a collector voltage of 36V. 
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Fig. 5 -800 -watt array. 
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Fig. 6- Comparison of four amplifiers. 

Four 200 -W amplifiers were fabricated and assembled as a broad 
side transmitting array as shown in Fig. 5. The radiating elements 
are half -wavelength dipoles spaced slightly less than one wave- 
length for maximum gain. The four amplifiers were measured 
individually with the results shown in Fig. 6. Over the design 
band of 422 to 442 MHz all exhibit gain within a total spread of 
0.9 dB. (The difference in measured output power was due to 
difficulty in exactly re- setting the drive power level.) Gain for 
the amplifiers operating in the four -element array was measured 
by far field intensity measurements relative to an identical array 
without amplifiers. This gain was 4.38 dB at 432 MHz, demon- 
strating excellent phase uniformity. 
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High -power solid -state TR switch 

W. W. Siekanowicz 
D. J. Blattner 
T. E. Walsh 
R. W. Paglione 
Electronic Components 
Princeton, New Jersey 

From left to right are Walsh, Paglione, Blattner, and Siekanowicz. 

A new type of transmit -receive (TR) switch that improves the 
noise figure, life, and reliability of radar receivers has been 
developed by the Microwave Applied Research' group of Elec- 
tronic Components. These improvements result from the use of 
ferrite phase shifters, instead of a gas discharge tube, in the 
new device. The new switch, which operates at C -band, provides 

LOAD 

ANTENNA)-- 

--I TRANSMITTER 

RECEIVER 

RF FLOW DURING TRANSMISSION 
-+- + RF FLOW DURING RECEPTION 

Fig. 1- Simplified schematic diagram of TR 
switch. 

essentially constant isolation and insertion loss over a wide tem- 
perature range, independence of isolation and loss with respect 
to power at levels up to 130 kw, and full receiver protection 
against driver failure or antenna breakdown. 

The switch consists of a 3 -dB waveguide power divider, followed 
by a dual waveguide containing the ferrite phase shifters and 
a second 3 -dB coupler for reconstitution of the output signal. 
When the ferrites are latched to the desired phase, RF signals are 

made to travel either straight through or diagonally through the 
switch, as illustrated in Fig. 1. The ferrites are latched to carry 
power diagonally through the switch when the transmitter is 
to be connected to the antenna. When the receiver is to be con- 
nected to the antenna, the ferrites are latched to permit power 
flow directly through the switch. This latching is performed in 
less than a microsecond by application of a short pulse of cur- 
rent through a wire threading the ferrites. The energy required 
to switch from one condition to the other is only about 150 
microjoules. 

Fig. 2-TR switch with cover removed. 

Fig. 2 is a photograph of the switch with its cover removed to 
show the ferrite -loaded dual waveguide section. The width of 
the waveguide is reduced in the toroid region to eliminate 
spurious modes. For receiver isolation of 40 dB, the vswR at the 
ferrite must be 1.02 or less. Such low reflections are achieved 
by a combination of quarter -wavelength impedance transformers 
and trimming screws. (The screws are not visible in Fig. 2.) 
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Fig. 3 -TR switch performance. 

The performance of the switch is shown in Fig. 3: isolation is 
greater than 20 dB, insertion loss less than 1 dB, and vswR below 
1.5 over a 12% bandwidth. Temperature- chamber measurements 
have shown that isolation varies less than 3 dB, and insertion 
loss remains unchanged, over the temperature range from -40°C 
to +75°C. Further details of the design and performance of this 
TR unit are reported elsewhere: Its development was supported 
and encouraged by the RCA Aviation Equipment Department. 
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N.J.; 6/4/69 

MICROWAVE INTEGRATED CIRCUITS, 
Measurements on the Properties of -M. 
Caulton, B. Hershenov, S. P. Knight, L. S. 
Napoli (Labs., Pr) 1969 G -MTT Interna- 
tional Microwave Symposium, Dallas, 
Texas; 5/18 -23/69 

MICROWAVE INTEGRATED CIRCUITS, 
Measurements and the properties of -S. 
P. Knight, P. Holtzman (AED, Pr) IEEE 
G -MTT International Microwave Sympo- 
sium, Dallas, Texas; 5/5 -7/69 

MICROWAVE INTEGRATED CIRCUITS, 
Lumped -Element -H. Sobol (EC, Som) 
IEEE Groups on Antennas and Propaga- 
tion and Microwave Theory and Tech- 
niques, Baltimore, Md. 5/14/69 

NEW RCA GATE -PROTECTED FET in 
Amateur Receivers, Using the-G. D. 
Hanchett (EC, Som) ARRL National Con- 
vention, Des Moines, Iowa; 6/20 -22/69 

RELIABLE MICROWAVE EQUIPMENT, 
Using Tests and Analysis to Achieve -H. 
Anderson, V. Stachejko (MSR, Mrstn) 2nd 
Annual Seminar on Failure Analy. Alumni 
Hall Towne School, U. of Penna; 5/22/69 

THIN -FILM MICROELECTRONIC Compo- 
nents, Transition Metal Oxide -C. C. 
Wang, K. H. Zaininger (Labs., Pr) 1969 
Electronic Component Conference, Wash- 
ington, D.C.; 5/1/69 

UHF AMPLIFIER, 200 Watt Solid- State- 
M. Breese, D. Staiman (MSR, Mrstn) IEEE 
G -MTT Intl Microwave Symp., Dallas, 
Texas; 5/5 -8/69 

VARACTOR DOUBLERS, Coupled Micro - 
strip- Line -E. F. Belohoubek, A. Rosen 
(EC, Pr) IEEE Transactions on Microwave 
Theory and Techniques (Correspon- 
dence); 5/69 

COMMUNICATIONS SYSTEMS 

COMMUNICATIONS on the Air Force 
Eastern Test Range -J. Simpson (MTP, 
Cocoa Beach) National Utility Radio 
Assoc., Miami Beach, Fla.; 6/23/69 

MOBILE RADIO SYSTEM, A Dynamic 
Space Division Multiplex -H. Staras, L. 
Schiff (Labs., Pr) 3rd Annual IEEE sym- 
posium on Vehicular Communications 
Systems, Los Angeles. Calif.; 5/13/69 

TRANSOCEANIC SERVICE, A Multi - 
Function NAV /tc system for -M. W. 
Mitchell, J. D. Sarnia, L. J. Tangradi 
(SEER, Mrstn) Electro- Technology; Vol. 
83, No. 6, pp. 51 -60; 6/69 

COMPUTER APPLICATIONS 

INTERACTIVE GRAPHIC PROCESSING 
Lecture -W. B. Schaming (ATL, Cam) 
IEEE Group on Parts, Material & Packag- 
ing, RCA Bldg. 2, Camden, N.J.; 4/15/69 

SOLIDS MASS SPECTROGRAPHIC DATA 
via Time -Sharing with Semi- Automatic 
Data Acquisition, Processing of -J. R. 
Woolston, E. M. Botnick (Labs., Pr) 17th 
Annual Conference on Mass Spectrom- 
etry, Dallas, Texas; 5/18 -23/69 

COMPUTERS, PROGRAMMING 

COMPUTER DESCRIPTION LANGUAGE 
and Associated Design Aid Systems, A 
Discussion of CDL1 -C. V. Srinivasan 
(Labs., Pr) 6th Annual Design Automation 
Workshop, Miami, Fla.; 6/8 -12/69 

NETWORK REPRESENTATION for Pro - 
grams-S. Y. Levy (Labs., Pr) ACM Sym- 
posium on Theory of Computing, Marina 
del Rey, Calif.; 5/5 -6/69 

PROCESSOR CONSTRUCTION, Efficent 
LR (1) -A. J. Korenjak (Labs., Pr) ACM 
Symposium on the Theory of Computing, 
Los Angeles, Calif.; 5/5 -6/69 

UTILIZATION OF A CACHE in a Third 
Generation Computer System -B. Wag- 
ner (ATL, Cam) Master's Thesis, Moore 
School, University of Penna., Phila., Pa.; 
5/1/69 

COMPUTER STORAGE 

COMPUTER MEMORIES -J. A. Rajchman 
(Labs., Pr) Stanford Computer Forum at 
Stanford University, Palo Alto, Calif.; 
5/26/69 

CONTROL SYSTEMS 

POST -ATTACK AND CONTROL SYSTEM 
Airborne Data Automation -E. J. Diete- 
rich, E. H. Miller, P. T. Frawley (ASD, Burl) 
NAECON 1969, Dayton, Ohio; 5/20/68; 
NAECON 1969 Record 
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DISPLAYS 

CURIE POINT WRITING of Magnetic 
Holograms on MnBi -R. S. Mezrich 
(Labs., Pr) Applied Physics Letters, Vol. 
14, No. 4; 2/15/69 

HOLOGRAPHIC DIFFRACTION GRAT- 
INGS for Maximum Efficiency. The 
Bleaching of -J. N. Latta (Labs., Pr) 
Applied Optics, Vol. 7. No. 12; 12/68 

LIQUID CRYSTAL MATRIX DISPLAYS - 
B. J. Lechner (Labs., Pr) Seminar, Ohio 
State University, Columbus, Ohio; 5/22/69 

REFLECTIVE OPTICAL STORAGE EF- 
FECT in Mixed Liquid Crystal Systems, A 
New Optical Field Controlled -G. H. Heil - 
meier, J. E. Goldmacher (Labs., Pr) Pro- 
ceedings of the IEEE, Vol. 57, No. 1; 1/69 

VISUAL AIDS, Introducing Multi -Color 
Backgrounds to Simple Black- and -White 
Copy for Effective Low -Cost -J. Semo- 
nish (EC, Som) Society of Photographic 
Scientists and Engineers Spring Confer- 
ence, Los Angeles, Calif.; 5/12 -16/69 

DOCUMENTATION 

PUBLISHING THE RESULTS OF RE- 
SEARCH A. From the Viewpoint of the 
Scientists. B. From the Viewpoint of 
Management -C. W. Sall (Labs., Pr) 
American Management Association, New 
York; 5/6/69 

EDUCATION 

CONFESSIONS of a Junior Engineer -B. 
Bendel (ASD, Burl) IEEE Student Journal; 
5/69 

ENGINEERING, Introduction to -L. R. 

Simmering (ATL, Cam) Electrical Engi- 
neering 300 Lecture Series, Penn State 
University; 4/9/69 

ELECTRO- OPTICS 

IMAGE CONVERTERS Using Optically 
Nonlinear Materials, The Imaging Prop- 
erties of -A. H. Firester (Labs., Pr) IEEE 
Conference on Laser Engineering and 
Applications, Washington, D.C.; 5/26- 
29/69 

ENERGY CONVERSION 

POWER SUPPLY for Transistor Circuits 
-R. Mendelson (EC, Som) Tri- County 
Amateur Radio Club, Plainfield, N.J.; 
5/12/69 

ENVIRONMENTAL ENGINEERING 

HEAT PIPE, Constant- Temperature -A 
Unique Device for the Thermal Control 
of Spacecraft Components -R. C. Turner 
(EC, Lanc) AIAA Thermophysics Confer- 
ence, San Francisco, Calif.; 6/69 

SHEET METAL JOINTS in a Vacuum, 
Thermal Resistance of Bolted or Screwed 
-E. D. Veilleux, M. Mark (ASD, Burl) 
J. of Spacecraft and Rockets, Vol. 6, No. 
3; 3/69 

FILTERS, ELECTRIC 

TRANSMISSION AND REFLECTION 
GROUP DELAY of Butterworth, Cheby- 
chev, and Elliptic Filters -C. M. Kudsia, 
N. K. M. Chitre (RCA Ltd., Montreal) RCA 
Review, Vol. 30, No. 2; 6/69 

GEOPHYSICS 

EARTH RESOURCES IMAGERY, Photo - 
grammetric Factors in -P. Wood (AED, 
Pr) 1969 Annual Conference on Photo- 
graphic Science & Engineering, Los 
Angeles, Calif.; 6/12/69 

GRAPHIC ARTS 

ELECTRONIC COLOR SEPARATION 
with Laser Light Sources -D. Meyerhofer, 
A. W. Stephens, J. J. Walsh (Labs., Pr) 
International Communications Confer- 
ence, Boulder, Colorado; 6/9/69 

ELECTRONIC TYPESETTING AND COM- 
POSITION-G. O. Walter (GSD, Dayton) 
IEEE Technical Activities Board, New 
York; 5/14/69 

IS PRINT DEAD ? -K. H. Fischbeck 
(Labs., Pr) International Center for the 
Communications Arts and Sciences, Lin- 
coln Center, New York; 5/13/69 

VISUAL AIDS, Introducing Multi -Color 
Backgrounds to Simple Black- and -White 
Copy for Effective Low -Cost -J. Semo- 
nish (EC, Som) Society of Photographic 
Scientists and Engineers Spring Confer- 
ence, Los Angeles, Calif.; 5/12 -16/69 

INFORMATION THEORY 

BINARY DATA TRANSMISSION Over the 
Additive Band- Limited Gaussian Chan- 
nel, High- Speed -L. Schiff, J. K. Wolf 
(Labs., Pr) IEEE Trans. on Information 
Theory, Vol. IT -15, No. 2; 3/69 

CONTEXT -FREE GRAMMARS, Structural 
Equivalence of -M. C. Paull, S. H. Unger 
(Labs., Pr) J. of Computer and System 
Sciences, Vol. 2, No. 4; 12/68 

MODEL SYNTAX ANALYZERS, Using Re- 
duction Procedures to -A. J. Korenjak, 
D. A. Walters (Labs., Pr) International 
Joint Conference on Artificial Intelli- 
gence, Washington, D.C.; 5/7 -9/69 

PARSING PROCEDURES, A Representa- 
tion System for -D. Walters (Labs., Pr) 
Spring Joint Computer Conference, Bos- 
ton, Mass.; 5/13 -15/69 

TRANSMISSION OF ORTHOGONAL SIG- 
NALS over the Generalized Incoherent 
Channel, The Asymptotic Error Proba- 
bility for -L. Schiff (Labs., Pr) IEEE Trans. 
on Information Theory, Vol. IT -15, No. 1; 
1/69 

INTERFERENCE 
VISIBILITY OF LINE PATTERNS in Elec- 
tronically Generated Noise -B. Eckhardt 
(ASD, Burl) Association of Research in 
Opthalmology, Sarasota, Florida; 4/22- 
23/69 

LABORATORY TECHNIQUES 
ANALYSIS OF TRACE RARE EARTHS, 
Cathode -Ray -Excited Emission Spectro- 
scopic-S. Larach, R. E. Shrader (Labs., 
Pr) Analytica Chimica Acta, Vol. 45; 1969 

CHEMICAL ANALYSIS by X -Ray Secon- 
dary- Emission (Fluorescence) Spectrom- 
etry, Practical Aspects of -E. P. Bertin 
(EC, Hr) Workshop in X -Ray Spectrom- 
etry, State University of New York at 
Albany, N.Y.; 6/9 -13/69 

CHROME- PHOTOMASKING OPERATION 
from the Laboratory to Production, The 
Maturation of a -H. A. Stern (EC, Som) 
Kodak Seminar on Microminiaturization, 
Phila., Pa.; 5/19 -20/69 

SCANNING ELECTRON MICROSCOPY - 
E. R. Levin (Labs., Pr) Air Reduction Re- 
search Laboratories, Murray Hill, N.J.; 
6/6/69 

SOLIDS MASS SPECTROGRAPHIC DATA 
via Time- Sharing with Semi -Automatic 
Data Acquisition, Processing of -J. R. 
Woolston, E. M. Botnick (Labs., Pr) 17th 
Annual Conference on Mass Spectrom- 
etry, Dallas, Texas; 5/18 -23/69 

STEP TABLE in the Evaluation of a New 
Positive Photoresist, Using a -I. F. Stacy 
(EC, Som) Kodak Seminar on Microminia- 
turization, Phila., Pa.; 5/19 -20/69 

LASERS 

GATED LASERS FOR SEEING THROUGH 
THE FOG, The Possibilities of -H. J. 
Wetzstein, E. Kornstein (ASD, Burl) Air 
Transport Association Symposium, Wash- 
ington, D.C.; 5/8/69 

LASERS -Dr. J. Vollmer (ATL, Cam) Talk 
to Pennsauken High School, Little Thea- 
ter, RCA Bldg. 2 -1, Camden, N.J.; 4/16/69 

LASER TECHNOLOGY -T. Schein (ASD, 
Burl) IEEE Student Chapter, Northeastern 
University; 4/29/69 

P/N JUNCTION LASERS: A Status Report 
-H. Kressel, H. Nelson (Labs., Pr) IEEE 
-OSA Conference on Laser Engineering 
and Applications, Washington, D.C.; 5/26- 
28/69 

SEALED -OFF He ' -Cd10 LASER, Charac- 
teristics of a -J. R. Fendley, I. Gorog, K. 

G. Hernqvist, C. Sun (EC, Pr) IEEE Laser 
Applications Conf., Washington, D.C.; 
5/26 -28/69 

SINGLE -FREQUENCY ARGON LASER - 
L. Gorog, F. W. Spong (Labs., Pr) RCA 
Review, Vol. 30, No. 2; 6/69 

SMALL- OBSTACLE DETECTION SYSTEM 
for High Speed Train Roadbeds, An Auto- 
matic Laser -B. Clay, E. Kornstein, N. 

Luce, H. Wetzstein (ASD, Burl) F. Bern- 
stein, L. Conant, J. Heck (Labs., Pr) 1969 
IEEE Conf. on Laser Engrg. and Applica- 
tions, Washington, D.C.; 5/27/69 

THREE- TERMINAL GUNN DEVICES by 
Optical Means, Frequency Modulation of 
-F. P. Califano (Labs., Pr) IEEE Trans. 
on Electron Devices, Vol. ED -16, No. 1; 
1/69 

UNDERWATER LASER COMMUNICA- 
TIONS-H. Wetzstein (ASD, Burl) Ocean- 
ology Yearbook, 1969 

LINGUISTICS 

AUTOMATIC QUESTION- ANSWERING of 
English -Like Questions about Arithmetic 
-M. Kochen (Labs., Pr) International 
Joint Conference on Artificial Intelligence, 
Washington, D.C.; 5/7 -9/69 

SPEECH RECOGNITION, Automatic -W. 
F. Meeker (ATL, Cam) Acoustical Society 
Meeting, Phila., Pa.; 4/8/69 

SPEECH RECOGNITION, Automatic -T. 
B. Martin (ATL, Cam) Acoustical Society 
Meeting, Phila., Pa.; 4/8/69 

SPEECH TRANSLATING SYSTEM, Nu- 
meric-T. Martin, H. Zadell, E. Grunza, 
M. Herscher (ATL, Cam) IEEE Post Office 
Symposium on Automatic Pattern Recog- 
nition, Washington, D C.; 5/6/69 

LOGIC THEORY 

HEURISTIC PROBLEM SOLVING -S. 
Amarel (Labs., Pr) International Joint 
Conference on Artificial Intelligence, 
Washington, D.C.; 5/7 -9/69 

INTEGRATED THRESHOLD LOGIC -i. 
Beinart, D. Hempel, K. Prost (DACL, W. 
Windsor) R. O. Winder (Labs., Pr) and L. 

Micheel (WPAFB, Mass) NAECON, Day- 
ton, Ohio; 5/21/69 

MANAGEMENT 

COST /SCHEDULE CONTROL SYSTEMS 
CRITERIA (C /SCSC) -P. Coben (MSR, 
Mrstn) AllE Conference, Houston, Texas; 
5/15/69 

DATA PROCESSING OPERATION, Man- 
aging the -E. Palmer (ASD, Burl) New 
England Systems Seminar, Wayfarer Inn, 
Manchester, New Hampshire; 6/13/69 

EFFECTIVE SCHEDULING -J. Valtos 
(EASD, Van Nuys) Graphic Science; 4/69 

MIS Long Range Program Planning -F. 
P. Congdon, Jr. (ASD, Burl) Tenth Annual 
Southwest Systems Conf. (ASM), Phoenix, 
Arizona; 5/9/69 

PUBLISHING THE RESULTS OF RE- 
SEARCH A. From the Viewpoint of the 
Scientist. B. From the Viewpoint of 
Management -C. W. Sall (Labs., Pr) 
American Management Association, New 
York; 5/6/69 

TECHNOLOGY GAP through R & D, How 
Canada can Close the -M. P. Bachynski 
(RCA Ltd., Montreal) Science Forum, Vol. 
2, No. 1; 2/69 

TOTAL SYSTEM MANUFACTURING -G. 
A. McAlpine (CESD, Ply., Mich) ASTME, 
Chicgo, Ill.; 5/7/69 

VENDOR AWARD PROGRAM, RCA's -W. 
E. Shaw (CED, Indpls) American Society 
for Zero Defects, 2nd Annual National 
Symposium, Bedford, New Hampshire; 
5/20/69 

MASERS 

S -BAND MASER, Wide Tuning Range - 
D. Miller (ATL, Cam) Proceedings of the 
IEEE, Vol. 57, No. 5; pg. 796 -797; 5/69 

MATHEMATICS 
ANHARMONIC LATTICES, Derivation of 
Transport Equations for -R. Klein, R. K. 
Wehner (Labs., Pr) Swiss Physical Soci- 
ety Meeting; 5/2 -3/69 

HEURISTIC PROBLEM SOLVING -S. 
Amarel (Labs., Pr) International Joint 
Conference on Artificial Intelligence, 
Washington, D.C.; 5/7 -9/69 

LARGE- SIGNAL MODELING Needs for 
Equipment and System Circuit Designers 
-A. Feller (ATL, Cam) 7th Annual Sem- 
inar on Solid State, Madison, Wisc.: 
5/8 -9/69 

NEW LEAST SQUARES ADJUSTMENT of 
the Fundamental Constants and its Impli- 
cations for Quantum Electro- dynamics- 
B. N. Taylor (Labs., Pr) American Physical 
Society Meeting, Rochester, New York; 
6/18 -20/69 

TABLE ERRATA -M. S. Corrington (ATL, 
Cam) Mathematics of Computation, Vol. 
23, pgs. 468 -471; 4/69 

TRANSCENDENTAL -FUNCTION COMPU- 
TATION, Digit -by- Digit -R. J. Linhardt 
(ISD, Cam) and H. S. Miiller (Labs., Pr) 
RCA Review, Vol. 30, No. 2; 6/69 

MECHANICAL DEVICES 
ANGULAR POSITION SENSOR -J. A. 

Strother (AED, Pr) Technical Note; 
5/12/69 

SHEET METAL JOINTS in a Vacuum, 
Thermal Resistance of Bolted or Screwed 
-E. D. Veilleux, M. Mark (ASD, Burl) 
J. of Spacecraft and Rockets, Vol. 6, No. 
3; 3/69 

OPTICS 

IMAGE CONVERTERS Using Optically 
Nonlinear Materials, The Imaging Prop- 
erties of -A. H. Firester (Labs., Pr) IEEE 
Conference on Laser Engineering and 
Application, Washington, D.C.; 5/26 -29/69 

MOSAIC -MIRROR CAMERA for Multiple 
Image, High Resolution Photography -A. 
I. Carswell, C. Richard, E. N. Almey (RCA 
Ltd., Montreal) Applied Optics, Vol. 8, 
No. 3; 3/69 

REFLECTIVE OPTICAL STORAGE EF- 
FECT in Mixed Liquid Crystal Systems, 
A New Optical Field Controllled -G. H. 
Heilmeier, J. E. Goldmacher (Labs., Pr) 
Proceedings of the IEEE, Vol 57, No. 1; 
1'69 

THREE -TERMINAL GUNN DEVICES by 
Optical Means, Frequency Modulation of 
-F. P. Califano (Labs., Pr) IEEE Trans. 
on Electron Devices, Vol. ED -16, No. 1; 
1/69 

PLASMA PHYSICS 
PLASMA FORMATION in Avalanche 
Diodes, Theory of -L. S. Napoli, R. J. 
Ikoia, A. S. Clorfeine (Labs., Pr) 1969 
Device Research Conference, Rochester, 
New York; 6/23 -26/69 

PROPERTIES, ATOMIC 
ANOMALOUS POPULATION DISTRIBU- 
TIONS in an Optically Excited Metastable 
Level in CaF::Tm' -C. H. Anderson, E. 

S. Sabisky (Labs., Pr) The Physical Re- 
view, Vol. 178, No. 2; 2/10/69 
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PROPERTIES, MOLECULAR 

BARRIER RECOMBINATION on Produc- 
tion of Hot Electrons in a Metal by For- 
ward Bias Injection in a Schottky Diode, 
The Effect of -R. Williams (Labs., Pr) 
RCA Review, Vol. 30, No. 2; 6/69 

CADMIUM SULFIDE on Gallium Arse- 
nide, The Epitaxial Growth of -B. J. Cur- 
tis, H. Brunner (Labs., Pr) Meeting of the 
Swiss Crystallographic Society, Berne, 
Switzerland; 6/7/69 

CRYSTAL GROWTH AND STOICHIOME- 
TRY In Magnetic Semiconducting Spinets 
-H. L. Pinch (Labs., Pr) Spring Meeting 
of the Metallurgical Society of the AIME, 
Pittsburgh, Pa.; 5/12/69 

DISLOCATION MORPHOLOGY in Graded 
Heterojunctions: GaAs - P. -M. S. Abra- 
hams, L. R. Weisberg, C. J. Cuiocchi, J. 
Blanc (Labs., Pr) J. of Materials Science, 
Vol. 4; 1969 

EXCITONIC MOLECULE, on the-R. K. 
Wehner (Labs., Pr) Solid State Communi- 
cation, Vol. 7, No. 5; 1969 

EPITAXIAL SILICON, Substrate Use of 
Spinel for -C. C. Wang (Labs., Pr) Elec- 
trochemical Society Meeting, New York 
City; 5/4 -9/69 

HOMOEPITAXIAL SILICON GROWN at 
Low Temperature from Silane, Prepara- 
tion and Properties of -D. Richman, R. 
H. Arlett (Labs., Pr) Electrochemical So- 
ciety Meeting, New York, N.Y.; 5/7/69 

LIQUID CRYSTALS, Recent Develop- 
ments in the Chemistry and Physics of- 
J. A. Castellano (Labs., Pr) Electronic 
Research Center, NASA, Cambridge, 
Mass.; 6/18/69 

MATERIALS REVIEW -T. J. Arnold (ASD, 
Burl) National Security Industrial Asso- 
ciation, Boston Chapter Mtg., Waltham, 
Mass.; 6/18/69 

MERCURY- CHROMIUM -CHALCOGEN- 
IDE- SPINELS, Crystal Growth of -F. P. 
Emmenegger (Labs., Pr) Meeting of the 
Swiss Crystallographic Society, Berne, 
Switzerland; 6/7/69 

MIXED LIQUID CRYSTAL SYSTEMS, 
Electric Field Induced Cholesteric-Nem - 
atic Phase Changes in -G. H. Heilmeier, 
J. E. Goldmacher (Labs., Pr) 1969 Device 
Research Conference, Rochester, N.Y. 
6/23 -26/69 

NEW SINGLE -CRYSTALLINE PHASES in 
the System Cu -Nb -S, Vapour Growth of 
-R. Nitsche, P. Wild (Labs., Pr) J. of 
Crystal Growth, Vol. 3, No. 4; 1968 

Si -DOPED GaAs Prepared by Vapour 
Phase Growth, Properties of -H. Kressel, 
H. von Philipsborn (Labs., Pr) Electro- 
mechanical Society Meeting, New York 
City; 5/4 -9/69 

SINGLE- CRYSTAL CdCr,Se., a Ferromag- 
netic Semiconducting Spinet, Device Ap- 
plication Feasibility of -C. P. Wen, B. 
Hershenov, H. von Philipsborn, H. Pinch 
(Labs., Pr) IEEE Trans. on Magnetics, Vol. 
Mag -4, No. 4; 12/68 

TERNARY METAL OXIDES by Chemical 
Transport, Crystal Growth of -F. P. Em- 
menegger (Labs., Pr) J. of Crystal Growth, 
Vol. 3, No. 4; 1968 

TRANSIENT DOUBLE INJECTION in Trap - 
Free Semiconductors -R. H. Dean (Labs., 
Pr) J. of Applied Physics, Vol. 40, No. 2; 
2/69 

TRANSIENT DOUBLE INJECTION In 
Semiconductors with Traps -R. H. Dean 
(Labs., Pr) J. of Applied Physics, Vol. 40, 
No. 2; 2/69 

VAPOR -PHASE GROWTH of Epitaxial 
GaAs, -xSbx Alloys Using Arsine and Sti- 
bine-R. B. Clough, J. J. Tietjen (Labs., 
Pr) Trans. of the Metallurgical Soc. of the 
AIME, Vol. 245; 3/69 

PROPERTIES, SURFACE 

ELECTRON PARAMAGNETIC RESO- 
NANCE Investigation of the Si -SiO, Inter - 
face-A. G. Revesz, B. Goldstein (Labs., 
Pr) Surface Science, Vol. 14, No. 2; 4/69 

ELEMENTAL AND COMPOUND SEMI- 
CONDUCTORS, The Nature of Surface 
States on -J. D. Levine (Labs., Pr) Sec- 
ond Combined Symposium on Modern 
Aspects of Vacuum and Thin Film 
Science, Bell Telephone Laboratories, 
Murray Hill, N.J.; 5/7/69 

FERROMAGNETIC HgCr,Se., Crystal 
Growth, Optical and Semiconducting 
Properties of -H. W. Lehmann, F. P. Em- 
menegger (Labs., Pr) Third International 
Conference on Solid Compounds of Tran- 
sition Elements, Oslo, Norway; 6/16 -20/69 

NEMATIC LIQUID CRYSTALS of p- Azoxy- 
anisole, Optical- Rotary Power and Linear 
Electro -optic Effect in -R. Williams 
(Labs., Pr) J. of Chemical Physics, Vol. 
50, No. 3; 2/1/69 

SILICON FILMS ON SPINEL, Epitaxial 
Growth and Electrical Properties of -G. 
W. Cullen, G. E. Gottlieb, C. C. Wang 
(Labs., Pr) Electromechanical Society 
Meeting, New York; 5/4 -9/69 

STOICHIOMETRIC SPINEL, Heteroepi- 
taxy of Silicon on -C. C. Wang, G. E. Got - 
lieb, G. W. Cullen, S. H. McFarlane Ill, 
K. H. Zaininger (Labs., Pr) Trans. of the 
Metallurgical Society of AIME, Vol. 245; 
3/69 

STRAIN SENSOR, An Evaporated Hetero- 
junction Diode -R. M. Moore, C. J. Buse - 
novich (Labs., Pr) Proc. of the IEEE, Vol. 
57, No. 4; 4/69 

SURFACE- CHARGE Wave Propagation 
and Proposed Devices -M. Toda, S. 
Tosima (Labs., Pr) Japanese Journal of 
Applied Physics, Vol. 8, No. 2; 2/69 

THIN -FILM MICROELECTRONIC COM- 
PONENTS, Transition Metal Oxide -C. C. 
Wang, K. H. Zaininger (Labs., Pr) Proc. 
of the 1969 Electronic Components Cont.; 
4/30/69 

THIN -FILM MICROELECTRONIC Com- 
ponents, Transition Metal Oxide -C. C. 
Wang, K. H. Zaininger (Labs., Pr) 1969 
Electronic Component Conference, Wash- 
ington, D.C.; 5/1/69 

THIN -FILM SILICON: Preparation, Prop- 
erties and Device Applications -F. P. 
Heiman, C. W. Mueller (Labs., Pr) Con- 
ference on Properties and Uses of MIS 
Structures, Grenoble, France; 6/19/69 

THIN GERMANIUM FILMS, Growth and 
Properties of -D. J. Dumin (Labs., Pr) 
Electrochemical Society Meeting, New 
York; 5/4 -9/69 

PROPERTIES, ACOUSTIC 

PIEZOELECTRIC SEMICONDUCTORS, 
Anistropy Effects of the Acoustioelectric 
Interaction on -R. Klein (Labs., Pr) Swiss 
Physical Society Meeting; 5/2 -3/69 

TRANSVERSE ACOUSTIC WAVES in 
Metals, Direct Electromagnetic Genera- 
tion of -R. C. Alig (Labs., Pr) The Phys- 
ical Review, Vol. 178, No. 3; 2/15/69 

PROPERTIES, CHEMICAL 

CADMIUM SULFIDE, Impact Ionization 
of Filled Traps in -M. Simhony, R. Wil- 
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Meyerhofer, D. graphic arts 
Mezrich, R. S. displays 
Moore, R. M. solid -state devices 
Moore, R. M. circuit analysis 
Moore, R. M. properties, surface 
Mueller, C. W. properties, surface 
Napoli, L. S. circuits, integrated 
Napoli, L. S. communications 

components 
Napoli, L. S. solid -state devices 
Napoli, L. S. plasma physics 
Napoli, L. S. transmission lines 
Nelson, H. lasers 
Nitsche, R. properties, molecular 
Nuese, C. J. properties, optical 
Nuese, C. J. solid -state devices 
Paull, M. C. information theory 
Pinch, H. L. properties, molecular 
Poole, W. E. amplification 
Poole, W. E. circuits, integrated 
Poole, W. E. communications 

components 
Prager, H. J. amplification 
Prager, H. J. solid -state devices 
Pruss, T. V. properties, mechanical 
Pruss, T. V. superconductivity 
Rajchman, J. A. computer storage 
Revesz, A. G. properties, surface 
Richamn, D. properties, molecular 
Riley, G. A. properties, chemical 
Risko, J. J. solid -state devices 
Robinson, P. H. solid -state devices 
Ross, E. C. solid -state devices 
Sabisky, E. S. properties, atomic 
Sahm, P. R. properties, mechanical 
Sahm, P. R. superconductivity 

Sall, C. W. documentation 
Sall, C. W. management 
Schade, H. properties, optical 
Schade, H. solid -state devices 
Schiff, L. communications systems 
Schiff, L. information theory 
Scott, J. H. solid -state devices 
Shahbender, R. recording, audio 
Shrader, R. E. laboratory techniques 
Shrader, R. E. properties, optical 
Simhony, M. properties, chemical 
Spong, F. W. lasers 
Srinivasan, C. V. computers, 

programming 
Staebler, D. L. properties, electrical 
Staras, H. communications systems 
Staras, H. antennas 
Steele, M. C. solid -state devices 
Stephens, A. W. graphic arts 
Taylor, B. N. mathematics 
Tietjen, J. J. properties, molecular 
Tietjen, J. J. properties, chemical 
Toda, M. properties, surface 
Tosatti, E. properties, optical 
Tosima, S. properties, surface 
Unger, S. H. information theory 
Von Philipsborn, H. properties, 

molecular 
Wallmark, J. T. solid -state devices 
Walsh, J. J. graphic arts 
Walters, D. information theory 
Wang, C. C. properties, molecular 
Wang, C. C. properties, surface 
Wang, C. C. communications 

components 
Wehner, R. K. properties, molecular 
Wehner, R. K. mathematics 
Weisberg, L. R. properties, molecular 
Weisbrod, S. amplification 
Weisbrod, S. solid -state devices 
Wen, C. P. transmission lines 
Wen, C. P. properties, molecular 
Wilm, P. properties, molecular 
Williams, R. properties, molecular 
Williams, R. properties, surface 
Wiliams, R. properties, chemical 
Winder, R. O. logic theory 
Wolf, J. K. information theory 
Woolston, J. R. computer applications 
Woolston, J. R. laboratory techniques 
Wronski, C. R. properties, electrical 
Yocom, P. N. properties, optical 
Zaininger, K. H. properties, surface 
Zaininger, K. H. communications 

components 
Zaininger, K. H. radiation effects 

DEFENSE ADVANCED 
COMMUNICATIONS LABORATORY 

Beinart, J. logic theory 
Hempel, D. logic theory 
Prost, K. logic theory 

Patents 
G ranted 
to RCA Engineers 

As reported by RCA Domestic Patents, 
Princeton 

COMMERCIAL ELECTRONIC 
SYSTEMS DIVISION 

Coordinated sensitivity and amplification 
control system -R. A. Dischert, N. L. 
Hobson (CESD, Cam) U.S. Pat. 3,445,590; 
May 20, 1969 

ELECTRONIC COMPONENTS 

High speed controlled rectifiers with 
deep level dopants -T. J. Desmond, L. S. 
Greenberg, H. Weisberg (EC, Mntp) U.S. 
Pat. 3,445,735; May 20, 1969 

Semiconductor device having increased 
resistance to second breakdown -F. 
Cohen (EC, Som) U.S. Pat. 3,448,354; 
June 3, 1969 

Shaped -loss attenuator for equalizing the 
gain of a traveling wave tube amplifier - 
H. J. Wolkstein (EC, Hr) U.S. Pat. 3,440,- 
555; April 22, 1969 

Television deflection circuits -C. F. 

Wheatley (EC, Som) U.S. Pat. 3,449,622; 
June 10, 1969 

Remote cutoff junction gate field effect 
transistor -J. H. Scott, J. A. Olmstead 
(EC, Som) U.S. Pat. 3,449,647; June 10, 
1969 

Television scanning and power supply 
system -M. B. Knight (EC, Som) U.S. Pat. 
3,450,936; June 17, 1969 

LABORATORIES 

Thermal feedback for stabilization of dif- 
ferential amplifier unbalance -J. J. 
Amodei (Labs., Pr) U.S. Pat. 3,445,777; 
May 20, 1969 

Differential amplifier -H. R. Beelitz 
(Labs., Pr) U.S. Pat. 3,445,780 

Half wavelength monopole antenna with 
spaced loading coils -R. F, Sanford 
(Labs., Pr) U.S. Pat. 3,445,849; May 20, 
1969 

Laser digital device -W. F. Kosonocky 
(Labs., Pr) U.S. Pat. 3,430,160; February 
25, 1969; Assigned to U.S. Government 

Luminescent materials and apparatus for 
generating coherent radiation -Z. J. Kiss 
(Labs., Pr) U.S. Pat. 3,447,097 

Light deflecting apparatus -W. H. Bar - 
kow, D. Brasen (Labs., Pr) U.S. Pat. 
3,447,853; June 3, 1969 

Method for pressing particulate material 
-H. I. Moss, W. P. Stoller (Labs., Pr) 
U.S. Pat. 3,448,184; June 3, 1969 

Semiconductor laser components for dig- 
ital logic -W. F. Kosonocky (Labs., Pr) 
U.S. Pat. 3,439,289; April 15, 1969 

Wire handling apparatus -H. D. G. Schef- 
fer (Labs., Pr) U.S. Pat. 3,448,777; June 
10, 1969 

Logic circuits employing complementary 
pairs of field- effect transistors -J. J. 
Gibson, J. R. Burns (Labs., Pr) U.S. Pat. 
3,449,594; June 10, 1969 

Probe assembly for testing semiconduc- 
tor wafers including a wafer vibrator for 
effecting good connections -W. L. Oates 
(Labs., Pr) U.S. Pat. 3,453,545; July 1, 1969 

Grooved bulk semiconductor oscillator - 
G. A. Swartz (Labs., Pr) U.S. Pat, 3,453,- 
560; July 1, 1969 

Method for preparing a ferroelectric body 
and devices -G. H. Heilmeier, L. A. Za- 
noni (Labs., Pr) U.S. Pat. 3,449,824; June 
17, 1969 

Ferroelectric insulated gate field effect 
device -S. S. Perlman. R. S. Silver (Labs., 
Pr) U.S. Pat. 3,450,966; June 17, 1969 

Luminescent material and laser apparatus 
utilizing said material -D. L. Ross (Labs., 
Pr) U.S. Pat. 3,451,009; June 17, 1969 

DEFENSE ELECTRONIC PRODUCTS 

Printer with print bars supported by par- 
allelogram linkage arrangement -E. D. 
Simshauser (Labs., Pr) U.S. Pat. 3,444,975; 
May 20, 1969 

ELECTROMAGNETIC AND 
AVIATION SYSTEMS DIVISION 

Current limiting voltage regulator -F. C. 
Easter (EASD, Van Nuys) U.S. Pat. 3,445,- 
751; May 20, 1969 

DEFENSE MICROELECTRONICS 

Phase splitting circuit for a direct cou- 
pled push -pull amplifier -A. J. Leidich 
(DME, Som) U.S. Pat. 3,445,776; May 20, 
1969 
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INFORMATION SYSTEMS DIVISION Helical coaxial resonator RF filter -W 
M. Myron (AED, Pr) U.S. Pat. 3,437,959 

Memory accessing system -R. S. Y. Yen April 8, 1969 
(ISD, Cam) U.S. Pat. 3,445,818; May 20, 
1969 

Conversion from self -clocking code to 
NRZ code -J. A. Vallee (ISD, Palm 
Beach) U.S. Pat. 3,448.445; June 3, 1969 

PARTS & ACCESSORIES 

Antenna -J. D. Callaghan (P &A, Dept.) 
U.S. Pat. 3,445,854; May 20, 1969 

ASTRO- ELECTRONICS DIVISION 

Connector strips -C. R. Peek, L. E. Bood- 
ley (AED, Pr) U.S. Pat. 3,422,213; January 
14, 1969; Assigned to the U.S. Govern- 
ment 

DEFENSE COMMUNICATIONS 
SYSTEMS DIVISION 

Input buffer -R. S. Klein (DCSD, Cam) 
U.S. Pat. 3,407,389; October 22, 1968; 
Assigned to the U.S. Government 

Capacitor anode holder -S. Lynn, W. C. 
Ries (DCSD, Cam) U.S. Pat. 3,449,650; 
June 10, 1969 

AEROSPACE SYSTEMS DIVISION 

Stepping switch employing chain of logic 
gates having means for locking a gate in 
a given state -W. Henn (ASD, Burl) U.S. 
Pat. 3,450,897; June 17, 1969 

HOME INSTRUMENTS 

Protection circuit -N. W. Hursh (HI, 
Indpls) U.S. Pat. 3,450,935; June 17, 1969 

Television kinescope voltage cable as- 
sembly-R. C. Owens (HI, Indpls) U.S. 
Pat. 3,448,323; June 3, 1969 

Electron beam deflection circuit -W. F. 

W. Dietz (HI, Indpls) U.S. Pat. 3,449,623; 
June 10, 1969 

ADVANCED TECHNOLOGY 
LABORATORIES 

Magneto -optic display system -H. E. 

Haynes, K. C. Hudson (ATL, Cam) U.S. 
Pat. 3,448,211; June 3, 1969 

Circuit that analyzes transient signals In 
both the time and frequency domains - 
G. J. Dusheck (ATL, Cam) U.S. Pat. 
3,453,540; July 1, 1969 

MISSILE AND SURFACE RADAR 
DIVISION 

Monostable wide range multivibrator- 
A. A. Gorski (M &SR, Mrstn) U.S. Pat. 
3,428,902; February 18, 1969 

Contradirectional waveguide coupler-J. 
S. Daglian, J. W. Grace, C. P. Clasen 
(M &SR, Mrstn) U.S. Pat. 3,427,570; Feb- 
ruary 11, 1969 

Electronic crowbar -W. H. Cheever 
(M &SR, Mrstn) U.S. Pat. 3,418,530; De- 
cember 24, 1968; Assigned to the U.S. 
Government 

Professional 
Meetings 

*1 Ì f- Dates and 
Deadlines 

Be sure deadlines are met -consult 
your Technical Publications Adminis- 
trator or your Editorial Representative 
for the lead time necessary to obtain 
RCA approvals (and government ap- 
provals, if applicable). Remember, ab- 
stracts and manuscripts must be so 
approved BEFORE sending them to 
the meeting committee. 

Calls For Papers 

JAN. 19 -21, 1970: AIAA 8th Aerospace 
Sciences Meeting, Statler- Hilton Ho- 
tel, New York, New York. Deadline 
info: (abst), 8/18/69; 12/8/69 (pa- 
pers to: Robert A. Gross, School of 
Engineering and Applied Science, 
Columbia University, New York, N.Y. 
10027. 

JAN. 25 -30, 1970; Winter Power Mtg., 
Statler Hilton Hotel, New York, N.Y. 
Deadline info: 9/15/69 (papers) to: 
IEEE Hdqs., Tech. Conf. Svcs., 345 E. 
47th St., New York, N.Y. 10017. 

JAN. 27 -29, 1969: Reliability Sympos- 
ium, Ambassador Hotel, Los Angeles, 
Calif. Deadline info: (abst.) 5/1/69, 
(papers) 8/15/69 to: W. R. Abbott, 
D60- 01/B104, Lockheed Miss. & Space 
Co., POB 504, Sunnyvale, Cal. 

FEB. 4 -6, 1970: AIAA Advanced Space 
Transportation Meeting, Cocoa Beach, 
Fla. Deadline info: 9/4/69 (abst); 10/ 
15/69 (ms) to: Alfred C. Draper, Air 
Force Flight Dynamics Lab. (FDM), 
Wright- Patterson Air Force Base, Ohio 
45433. 

MARCH 6 -7, 1970: AIAA Fighter Air- 
craft Conference, St. Louis, Missouri. 
Deadline info: (abst.) 10/30/69, (ms) 
1/12/70 to: Robert W. Bratt, Advanced 
Aircraft Systems, Norair /Northrop 
Corp., 3901 West Broadway, Haw- 
thorne, Calif. 

MARCH 17 -20, 1970: Symposium on 
Management & Economics in the Elec- 
tronics Industry, Univ. of Edinburg, 
Edinburg, Scotland. Deadline info: 
(syn.) 5/1/69 to: IEEE. Savoy Place, 
London W. C. 2 England. 

APRIL 1 -3, 1970: AIAA Test Effective- 
ness in the 70's Conference, Palo Alto, 
Calif. Deadline into: (abet.) 11/3/69 to: 
Co. Frank Borman USAF, Room 342, 
Building CB, NASA Manned Spacecraft 
Center, Houston, Texas 77058. 

APRIL 6 -8, 1970: AIAA 3rd Communi- 
cations Satellite Systems Conference, 
International Hotel, Los Angeles, 
Calif. Deadline info: 2/2/1970 (papers) 
to: Nathaniel E. Feldman, The Rand 
Corporation, 1700 Main Street. Santa 
Monica, Calif. 90406. 

APRIL 16 -18, 1970: 1970 Carnahan 
Conference on Electronic Crime Coun- 
termeasures, Carnahan House, Uni- 
versity of Kentucky, Lexington, Ken- 
tucky. Deadline info: (abst.) 11/15/69, 
(papers) 2/15/70 to: Prof. J. S. Jack- 
son, Department of Electrical Engi- 
neering, University of Kentucky, Lex- 
ington, Kentucky 40506. 

APRIL 22 -24, 1970: AIAA /ASME 11th 
Structures, Structural Dynamics, and 
Materials Conference, Denver, Colo. 
Deadline info: (abst.) 9/12/69, (ms) 
3/9/70 to: Structures, Roger A. Ander- 
son, Structures Research Division, 
Mail Stop 188, NASA Langley Re- 
search Center, Langley Station, Hamp- 
ton, Va. 23365; Materials, Dr. Edward 
Epremian, Carbon Products Division, 
Union Carbide Corp., 270 Park Av- 
enue, New York, N.Y. 10017; Struc- 
tural Dynamics, Dr. H. M. Voss, Mail 
Stop 8R -34, The Boeing Co., P. 0. 
Box 3999, Seattle, Washington 98124; 
Other areas, Dr. H. M. Voss, Mail 
Stop 8R -34, The Boeing Co., P. 0. 
Box 3999, Seattle, Wash. 98124. 

MAY 4 -5, 1970: Transducer Confer- 
ence, Nat'l Bureau of Standards, 
Washington, D. C. Deadline info: 
(papers) 11/1/69, (ms) 2/15/70 to: 
Dr. Robert B. Spooner, IMPAC In- 
strument Service, 201 East Carson 
Street, Pittsburgh, Pennsylvania 15219. 

MAY 4 -6, 1970: AIAA Navy Marine Sys- 
tems, Propulsion, and ASW Meeting, 
Newport, R.I. Deadline info: (abst.) 
9/19 /69 to: Gerald G. Gould, Techni- 
cal Director, Naval Underwater Wea- 
pons Research and Engineering 
Station, Newport, R.I. 02840. 

MAY 4 -7, 1970: 4th Conference on 
Aerospace Meteorology (AMS /AIAA/ 
IES), Las Vegas, Nev. Deadline into: 
(abst.) 9/1/69, (papers) 12/15/69 to: 
Norman Sissenwine, AFCRL (CREW), 
L. G. Hanscom Field, Bedford, Mass. 
01730- meteorological studies; William 
W. Vaughan, NASA Marshall Space 
Flight Center, Code: S &E- AERO -Y, 
Huntsvil'e, Ala. 35812- engineering 
studies. 

MAY 5 -6, 1970: Appliance Technical 
Conference, Leland Motor Hotel, 
Mansfield, Ohio. Deadline info: R. G. 

LaBudde, Westinghouse Elec. Corp., 
246 E. 4th Street, Mansfield, Ohio 
44902. 

MAY 13 -15, 1970: AIAA Atmospheric 
Flight Mechanics Conference, Tulla- 
homa, Tenn. Deadline into: (abst.) 
10/15/69 to: Missiles, Lester L. Cron - 
vich, Applied Physics Lab., Johns 
Hopkins University, 8621 Georgia Ave., 
Silver Spring, Md. 20910; Ordnance, 
Warren H. Curry, Experimental Aero- 
dynamics, Division 9322, Sandia Labs, 
Albuquerque, N. Mex. 87115; V /Stol, 
John Zvara, Kaman Corp., 2nd Avenue, 
Northwest Industrial Park, Burlington, 
Mass. 01803; Entry Vehicles, Victor 
Stevens, Mail Stop 229 -3, NASA Ames 
Research Center, Moffett Field, Calif. 
94035; Aircraft, Martin T. Moul, NASA 
Langley Research Center, Hampton, 
Va. 23490; Other areas, C. J. Schueler 
von Karman Gas Dynamics Facility, 
Arnold Engineering Development Cen- 
ter, Arnold Air Force Station, Tenn. 
37389. 

MAY 18 -20, 1970: AIAA 5th Aerody- 
namic Testing Conference, University 
of Tennessee Space Institute, Tulla- 
homa, Tenn. Deadline info: (abst.) 
9/8/69, (papers) 11/15/69 to: Dr. 
Hans K. Doetsch, Arnold Engineering 
Development Center (AELR), Arnold 
Air Force Station, Tenn. 37389. 

MAY 19 -21, 1970: Conference on Sig- 
nal Processing Methods for Radio Tel- 
ephony, London, England. Deadline 
info: (syn.) 8/25/69, (ms) 12/29/69 to: 
IEEE Office, 345 East 47th Street, New 
York, N.Y. 10017. 

Meetings 

SEPT. 7 -11, 1969: Electrical Insulation 
Conference, G -E I, NEMA, NAVSEC, 
Sheraton- Boston Hotel & War Mem. 
Aud., Boston, Mass. Prog info: H. P. 
Walker, NAVSEC, Code 6156D, Wash- 
ington, D.C. 

SEPT. 8 -12, 1969: 'European Micro- 
wave Conference, IEE, IRE, IERE, 
G -MTT, London, England. Prog info: 
IEE, Savoy Place, London, W. C. 2 
England. 

SEPT. 8 -12, 1969: *Intl Man -Machine 
Systems Symposium, G -MMS, Ergo- 
nomics, Res. Soc., St. John's College, 
Cambridge, Eng. Prog info: W. T. 
Singleton, Applied Psychology Dept., 
Univ. of Aston in Birmingham, Bir- 
mingham 4, England. 

SEPT. 14 -17, 1969: Petroleum & Chem- 
ical Industry Technical Conference, 
G -IGA, Statler Hilton Hotel, Los An- 
geles, Calif. Prog. info: R. L. Dhuy, 
Westinghouse Elec. Corp., 6252 E. 
Telegraph Rd., City of Commerce, 
Calif. 90022. 

SEPT. 16 -19, 1969: `Solid State De- 
vices Conference, Inst. of Phys. & 

Phys. Soc., IEE, IERE, IEEE U. K. & 

Rep. of Ire. Sec., Univ. of Exeter, 
Exeter, Devon, England. Prog info: 
P. C. Newman, Allen Clark Res. Ctr., 
Caswell, Towcester, Northampton- 
shire, England. 

SEPT. 21 -25, 1969: Joint Power Gen- 
eration Conference, G -P, ASME, White 
House Inn, Charlotte, North Carolina. 
Prog info: R. A. Budenholzer, III. Inst. 
of Tech. Ctr., Chicago, Illinois 60616. 

SEPT. 21 -26, 1969: Intersociety En- 
ergy Conversion Engineering Confer- 
ence, AIChe, G -ED, AES, ASME, ANS, 
SAE, ACS, MTS' AIAA, Statler Hilton 
Hotel, Washington, D.C. Prog info: 
T. G. Kirkland, U.S. Army R & D Ctr., 
Fort Belvoir, Va. 

SEPT. 24 -26. 1969: Ultrasonics Sym- 
posium, G -SU, Chase Park Plaza 
Hotel, St. Louis, Missouri. Prog info: 
C. K. Jones, Westinghouse R &D, 
Churchill Boro, Pittsburgh, Penna. 
15235. 

SEPT. 29 -Oct. 2, 1969: International 
Orbiting Laboratory and Space Sci- 
ences Conference, A IAA, Cloudcroft, 
New Mex. Prog info: Secretary, Inter- 

national Academy of Astronautics, 250 
Rue Saint -Jacques, 75 - Paris 5, 
France, 

SEPT. 28 -Oct. 3, 1969: 106th Technical 
Conference of the SMPTE, Century 
Plaza Hotel, Los Angeles, Calif. Prog 
info: Warren Strang, Hollywood Film 
Co., Hollywood, Calif. 

OCT. 6 -8, 1969: Intl Electronic Cont. 
& Exposition of Canadian Region of 
IEEE, Automotive Bldg., Canadian 
Nat'l Exh. Grounds, Toronto, Canada. 
Prog into: R. DeBuda, Intl Elec. Conf., 
1819 Yonge St., Toronto 7, Ontario, 
Canada. 

OCT. 8 -10, 1969: Allerton Conference 
on Circuit & System Theory, Allerton 
House, Un.v. of Ill., Monticello, Ill. 
Prog info: G. Metze, Univ. of Ill., 
Dept. of EE, Urbana, Ill. 61801. 

OCT. 9 -10, 1969: Joint Engineering 
Management Conference, Bonaventure 
Hotel, Montreal, Quebec, Canada. 
Prog info: James G. Ripley, General 
Conference Chairman, Management 
Engineering Division, c/o William A. 
McDill, Manager of Technical Services, 
Engineering Institute of Canada, 2050 
Mansfield Street, Montreal, 110, or 
Walter A. Stanbury, Publicity Chair- 
man, Chief Editor, Product Engineer- 
ing, McGraw -Hill Publications, 330 W. 
42nd Street, New York, N.V. 10036. 

OCT. 15 -17, 1969: 1969 American 
Ceramic Society's Pacific Coast 
Regional Meeting, Washington Plaza 
Hotel, Seattle, Washington. Prog info: 
Frank P. Reid, The American Ceramic 
Society, Inc., 4055 North High Street, 
Columbus, Ohio 43214. 

OCT. 15 -17, 1969: Nuclear Division of 
the American Ceramic Society, Wash- 
ington Plaza Hotel, Seattle, Washing- 
ton. Prog info: Frank P. Reid, The 
American Ceramic Society, Inc., 4055 
North High Street, Columbus, Ohio 
43214. 

OCT. 15 -17, 1969: Switching & Auto- 
mata Theory Symposium, Univ. of 
Waterloo, Waterloo, Ontario, Canada. 
Prog info: John Hoperoft, Computer 
Sci. Dept., Upson Hall, Cornell Univ., 
Ithaca, N.Y. 14851. 

OCT. 21 -23, 1969: Thermionic Energy 
Conversion Specialists Conference, 
Holiday Inn of Carmel -by the sea, 
Carmel, Calif. Prog info: F. Rufeh, 
Thermo Electron Corp., 85 1st Av., 
Waltham, Mass. 02154. 

OCT. 22 -24, 1969: Systems Science 
and Cybernetics Conference, Univ. of 
Penna., & Warwick Hotel, Phila., 
Penna. Prog info: H. A. Raymond, 
2446 UVF -STC, Gen'I Elec. Co., POB 
8555, Phila., Penna. 19101. 

OCT. 26 -29. 1969: Conference on Elec- 
trical Insulation & Dielectric Phe- 
nomena, The Inn, Buck Hill Falls, 
Penna. Proq info: A. M. Sletten, High 
Voltage & Gas Physics, Westinghouse 
Elec. Corp., Pittsburgh, Penna. 15235. 

OCT. 26 -30, 1969: Jt. Conference on 
Mathematical & Computer Aids to 
Design, Disneyland Hotel, Anaheim 
Cony. Ctr., Anaheim, Calif. Prog info: 
J. F. Traub, Bell Telephone Labs., 
Mountain Av., Murray Hill, N.J. 07974. 91 

www.americanradiohistory.com

www.americanradiohistory.com


Engineering 

Professional activities 
Central Engineering 

D. R. Crosby has been elected as Secretary 
of the IEEE Group on Circuit Theory. 

Magnetic Products, Indianapolis 

A. L. Stance] has been elected to be Vice 
Chairman of the USASI Task Group 
X3.2.1 on Computer Tape and Transports. 
He was also appointed as a member of the 
SMPTE Video Tape and Reels Committee. 

Missile Test Project 

Dorsey Dean, Research Mathematician, 
has been re- elected Southeast Regional Di- 
rector for the American Society for 
Quality Control. 

Dr. L. E. Mertens and William N. Beall 
have been appointed to serve on the newly - 
formed Oceanography Advisory Commit- 
tee for Brevard Junior College. 

Dorsey Dean and John Fahning have been 
appointed members of the Brevard Junior 
College Quality Control and Reliability 
Advisory Committee. 

Electromagnetic and Aviation Systems 
Division 

George F. Fairhurst, Manager of Engineer- 
ing Support and Logistics was recently 
elected to the Board of Directors of the 
American Institute for Design and 
Drafting. 

Laboratories 

J. E. Benbenek has been named national 
chairman of the American Scientific Glass 
Society, He will serve as Chairman of the 
Technical Papers Committee at the 14th 
ASGS Symposium this month in Albany, 
New York. 

News and Highlights 

Aerospace Systems Division 

O. T. Carver, Manager Systems Analysis 
& ATE was elected as Vice Chairman, 
Support Equipment Panel of the Mainte- 
nance Advisory Committee of the Na- 
tional Security Industrial Assoc. 

Electronic Components, Somerville 

Dr. Ronald B. Schilling, Engineering Ldr., 
Microwave Microelectronics has been 
elected Chairman, New Technical Scien- 
tific Activities Committee of the New 
York Section of the IEEE for 1969 -1970. 
Dr. Schilling recently served as co- chair- 
man of a seminar on Computer -Aided De- 
vice Analysis and Design, sponsored by 
NUTSAC. 

Electronic Components, Harrison 

Dr. Otto Schade, Sr., Staff Engineer in 
Special Products Engineering, has won the 
Technical Achievement Award from the 
American Society of Magazine Photogra- 
phers. The award was given "for his 
contribution to photography by effecting 
a marriage of electronics and optics which 
revolutionized the design and evaluation 
of optical systems and made possible 
sophisticated designs of lenses ". 

Electronic Components, Lancaster 

J. M. Forman, Administrator, Special En- 
gineering Services has been elected to the 
position of Chairman of the Lancaster 
Engineering Education Committee. His 
fellow members are: 1st Vice Chairman, 
J. A. Zollman, Ldr., Product Development, 
Conversion Tubes; 2nd Vice Chairman, 
R. W. Hagmann, Mgr., Color Application 
and Reliability Engineering. 

Six members of the RCA Consumer Electronics Technical Service Activity were recognized 
for their contributions to the advancement of Engineering education by the Central Indiana 
IEEE. Left to right are: N. E. Egler, C. F. Moeller, L. M. Krugman (representing IEEE), C. 
W. Mitchell, H. C. Horton, G. F. Corne, and E. M. Milbourn. 

92 

Best paper award for W. F. Dietz 

Wolfgang F. Dietz recently received an 
award for the best paper appearing in the 
Transactions of the Broadcast and Tele- 
vision Receivers Group of the Institute of 
Electrical and Electronic Engineers. The 
award- winning paper was entitled "An 
SCR Horizontal Sawtooth Current and 
High -Voltage Generator for Magnetically 
Deflected Picture Tubes. This paper also 
appeared in the RCA ENGINEER, Vol. 15, 
No. 1, June -July 1969. 

W. F. Dietz 

Mr. Dietz is presently an applications en- 
gineer with the thyristor products group 
of the Electronic Components in Somer- 
ville, N.J. He received the BSEE from 
Staatstechnicum Konstanz in Germany in 
1948. After working for several other 
manufacturers of FM and TV receivers in 
Europe and the United States, he joined 
RCA in 1958. He was located at the David 
Sarnoff Research Laboratories until 1962, 
where he engaged in various advanced 
development projects. From 1962 to 1968, 
he was a design engineer in the RCA Con- 
sumer Electronics Division at Indianap- 
olis, Ind., investigating various kinds of 
solid -state deflection circuits and other 
areas of color TV. 

ASD holds Professional Recognition 
Reception 

The Aerospace Systems Division recently 
cited those members of the ASD technical 
staff "who have, through significant con- 
tributions, increased their professional 
stature while adding to RCA's prestige in 
the Electronics Community." This group 
included engineers and scientists who had 
published technical articles, received 
Technical Excellence Awards, or served 
on National Committees. The engineers 
and their wives were invited to a Pro- 
fessional Recognition Reception held in 
their honor at the Boston 1800 restaurant. 
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RCA to build glass manufacturing plant 

RCA announced plans to build a $19 mil- 
lion plant at Circleville, Ohio to produce 
glass bulbs for color television tubes. The 
new glass plant will make RCA the in- 
dustry's most fully- integrated color tele- 
vision manufacturer, from component 
parts to completed receivers. The glass 
components will be used only in RCA's 
own production of color television picture 
tubes. However, RCA plans to continue 
to buy the major portion of its glass bulb 
requirements for TV picture tubes from 
outside sources. Architect's drawing of proposed manufacturing plant. 

Reprints of RCA Engineer Articles 

Any articles from past RCA ENGINEER 
issues are available for reprinting. Ar- 
ticles may be reprinted individually or 
several articles may be grouped together 
(and mixed from several issues) to form 
a reprint booklet. Covers for reprints 
may be tailored to your own use. The 
RCA ENGINEER editorial staff will pro- 
vide assistance on such matters as cover 
layout and utilization of reprints. 

The RCA ENGINEER editorial office ad- 
ministers all policy on reprint content, 
availability, and utilization since addi- 
tional changes must be made to the ar- 
ticles before they can be distributed. 
Reprints can be obtained only through 
the RCA ENGINEER editorial office. 

How reprints are used 

The various divisions of RCA use over 
100,000 copies of reprints of RCA ENGI- 
NEER articles each year. Such reprints 
range from simple, two -page leaflets to 
88 -page booklets with full -color covers. 
Reprints supplied by Technical Publica- 
tions, Corporate Engineering Services, 
are inexpensive and may be used in nu- 
merous ways: 

1) As information brochures or descrip- 
tive bulletins; 

2) To display engineering and technical 
skills; 

3) For marketing and sales mailings and 
handouts; 

4) For mailings to prospects, customers, 
and opinion leaders; 

5) For answering any inquiries that re- 
quire technical explanations; 

6) For use with commercial and govern- 
ment proposals; and 

7) To give to personnel groups for ori- 
entation, training, and recruiting. 

Various types of reprints recently pro- 
duced are pictured at the top of this page. 

Covers 

On single -article reprints, a simple title - 
page imprint (article title, author, RCA 

u Computer design 

logotype, and division) is included when 
a blank page is available. For economy, 
reprints are prepared in increments of 
four pages each; thus, a three -page article 
would be printed as a four -page reprint 
with the extra page used as a cover. In a 

four -page article, the cover information 
is placed on the title page of the article 
unless the separate title page is requested; 
the four -page article is then handled (and 
priced) as an eight -page reprint. 

On the booklet reprints, covers are 
custom -designed to suit the "theme" of 
the articles, using typography and artwork 
to suit. These booklets also can utilize 
previous RCA ENGINEER covers in either 
full color or in black- and -white. Cover 
messages, marketing contacts, or other 
additional information appropriate to the 
purpose of the booklet may be placed on 
the inside front and back covers. 

Delivery 

Four- and eight -page reprints can be sup- 
plied within two weeks of the receipt of 

RCA microscope business sold 

RCA has sold its electron microscope busi- 
ness to the Forgflo Corporation, Sunbury, 
Pennsylvania, and a subsidiary of Wal- 
tham Industries, for more than $3 million 
in cash and notes. The agreement has been 
approved by the Boards of Directors of 
RCA, Waltham Industries and Forgflo and 
is effective June 30. It includes RCA's in- 
ventory of electron microscopes, sub- 
assemblies in process, microscope patents 
and all other data required for conduct 
of the business. No RCA plant facilities 
are involved in the transaction. 

the order. Reprint booklets are available 
on a four- to eight -week time cycle, de- 
pending on the complexity of the addi- 
tional cover material. Rush schedules may 
affect price and should be handled on an 
individual basis. 

How to order 

All reprints are ordered from the RCA 
ENGINEER Editorial Office, Radio Cor- 
poration of America, Bldg. 2 -8, Front and 
Cooper Sts., Camden, N.J. For rush 
orders, phone WO 3 -8000, Ext. PC 3396. 
The following information must be sup- 
plied with each order: 

f) Article or articles desired; 
2) Special instructions on cover require- 

ments or special information to be 
added; 

3) Quantity desired; 
4) Delivery requirements (time and 

place) ; and 
5) Account No. (not a purchase order) . 

RCA Engineer binders available 
Wire -rod -type, brown, simulated- leather bind- 
ers are available for binding back issues of the 
RCA ENGINEER. The binders are 914 x 12 x 

311, and will hold about 10 issues each. The 
magazines are held in place by wire rods (sup- 
plied) that run along the center fold of the 
magazine and snap in place (no need to punch 
holes or otherwise mutilate the issue). These 
binders may be ordered directly for two -week 
delivery as follows: Order by stock number 
and description exactly as below; make check 
or money order payable directly to the vendor, 
and specify method of shipment: 

Binder, rod type. No. 1534, price $3.66 each. 

ORDER FROM: Mr. Schaffer, A. Pomerantz 
d' Co. 1525 Chestnut St., Philadelphia, Pa. 
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Staff Announcements D. C. Crosby as Manager, Quality 
Improvement. 

Electronic Components 

J. B. Farese, Executive Vice President, 
Electronic Components, has appointed L. 
Gillon, General Manager, Television Pic- 
ture Tube Division; and H. R. Seelen, 
Division Vice President, International De- 
velopment and Glass Operations. 

H. R. Seelen, Division Vice President, In- 
ternational Development and Glass Op- 
erations has appointed C. T. Lattimer, 
Manager, Operations Planning -Glass Op- 
erations and J. G. VanDermark, Manager, 
Personnel -Circleville Glass Operations. 

H. R. Seelen, Division Vice President, In- 
ternational Development and Glass Op- 
erations has appointed A. B. Dickinson to 
the newly established position of Manager, 
New Project Development. 

H. R. Seelen, Division Vice President, In- 
ternational Development and Glass Op- 
erations, announced the appointment of 
D. E. Marquardt as Manager, Financial 
Operations, Circleville -Glass Opera- 
tions; and R. K. Schneider as Manager, 
Glass Technology, Glass Operations. 

Aerospace Systems Division 

j. R. McAllister, Division Vice President 
and General Manager, has appointed F. J. 
Gardiner, Manager, Systems Development 
and Application; S. S. Kolodkin, Manager, 
Tactical and Space Programs; and E. F. 
Lockwood, Manager, Command and Con- 
trol Programs. 

Defense Communications Systems Division 

J. F. Burlingame, Division Vice President 
and General Manager, has appointed S. Z. 
Daroff as Manager, Resources Utilization. 

Missile and Surface Radar Division 

P. A. Piro, General Manager, has ap- 
pointed M. N. Cinelli, Manager Special 
Manufacturing Programs; and R. V. 
Donato, Plant Manager, Moorestown 
Plant. 

RCA Staff 

Dr. G. H. Brown, Executive Vice Presi- 
dent, Patents and Licensing, has an- 
nounced the organization of Patents and 
Licensing as follows: S. S. Barone, Staff 
Vice President, International Licensing; 
J. J. Benavie, Staff Vice President, Domes- 
tic Licensing; J. Epstein, Administrator, 
Staff Services; A. D. Gordon, Manager, 
Planning and Coordination; H. R. L. La- 
mont, Director, European Technical Re- 
lations; H. W. Leverenz, Staff Vice 
President; J. V. Regan, Staff Vice Presi- 
dent, Patent Operations. 

G. A. Fadler, Vice President, Manufactur- 
ing Services and Materials has appointed 
J. L. Kidwell as Staff Vice President, Prod- 
uct Reliability and Quality. 

J. L. Kidwell, Staff Vice President, Prod- 
uct Reliability and Quality has appointed 
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Services 

A. L. Conrad, Executive Vice President, 
Services has appointed D. M. Knight to 
the newly established position of Division 
Vice President, Educational Development. 

Education Systems 

D. M. Knight, Division Vice President, 
Educational Development, has appointed 
L. F. Jones, as Director, Education Sys- 
tems Projects. 

Awards 
Electromagnetic and Aviation 
Systems Division 

Robert B. Strohm of the Electronic War- 
fare Systems and Equipments activity was 
a recent recipient of the Professional Ex- 
cellence Engineer Award. Mr. Strohm was 
cited for his continued outstanding per- 
formance in program direction of various 
technique contracts. Robert J. Wayner, 
also of EW Systems and Techniques, re- 
ceived a recent Professional Excellence 
Engineer Award. Mr. Wayne received his 
award because of his exceptional engi- 
neering effort on the Silicon Integrated 
Circuit Program. 

Missile and Surface Radar Division 

Three engineers were Technical Excel- 
lence Award winners for the first quarter 

of 1969: R. E. Bender -for his outstanding 
technical accomplishment in the design of 
a communications security system for the 
AN /FPS -95 radar site; S. D. Gross -for 
superior performance as technical director 
of the Camel radar design study program; 
and R. W. Ottinger -for significant con- 
tributions to the enhancement of 
TRADEX data gathering capability, in- 
volving conceptual analysis and basic 
design of a chafftracking subsystem for 
the TRADEX sensor. 

Aerospace Systems Division 

Leo C. Kaye, Engineering Scientist of Data 
Processing Engineering, has been selected 
as Engineer of the Month for April for 
his contributions to the logic design of 
advanced aerospace multiprocessors. He 
is recognized for his exceptional perfor- 
mance in the logic design of central 
processors. 

The team of R. W. Price, D. W. Smelser, 
and M. H. Zelnick from Data Processing 
Engineering received a Technical Excel- 
lence Team Award for April for their 
outstanding performance in the electrical 
and mechanical design of the read -only 
memory for Advanced Aerospace 
Computer. 

Astro- Electronics Division 

The following have received Engineering 
Excellence Awards: Jack Rebman for 
April; Frank Lang for May; and H. R. 
Mathwick for June. 

Degrees granted 

J. R. Fendley, Jr., EC, Lane. MS, Engineering, University of Pennsylvania, 6/69 
D. H. Cooper, EC, Lanc. ....ME, Engineering Science, Penn State University, 6/69 
J. A. Eshleman, EC, Lanc. MS, Physics, Franklin & Marshall College, 6/69 
P. D. Birdwell, MTP, Cocoa Beach BSEE, Florida Institute of Technology, 6/69 
I. B. Cottrell, MTP, Cocoa Beach BS, Math, Florida Institute of Technology, 6/69 
L. L. Crabtree, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
A. J. Edison, MTP, Cocoa Beach MS, Space Technology, Florida Institute of Tech., 6/69 
D. B. Gennery, MTP, Cocoa Beach MS, Physics, Florida Institute of Tech., 6/69 
C. E. Harris, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
L. M. Hayes, Jr., MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
R. Lastra, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
E. V. Lofgren, MTP, Cocoa Beach MS, Operations Research, Florida Inst. of Tech., 6/69 
W. Lutz, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
L. R. Minton, MTP, Cocoa Beach MS, Math, Florida Institute of Technology, 6/69 
D. R. Partyka, MTP, Cocoa Beach BSEE, Florida Institute of Technology, 6/69 
A. G. Roy, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
H. A. Siemen, Sr., MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
R. C. Walter, MTP, Cocoa Beach MSEE, Florida Institute of Technology, 6/69 
N. U. Huffmaster, AED MSEE, Drexel Institute of Technology, 6/14/69 
J. J. Hawley, AED MSEE, Drexel Institute of Technology, 6/14/69 
P. Curran, AED MS, Rutgers University, 6/69 
C. Devieux, AED PhD, Polytechnic Institute of Brooklyn, 6/12/69 
R. Marsala, AED MSEE, Princeton University, 6/69 
F. G. Adams, M &SR MS, Mechanical Engineering, Drexel Institute of Tech., 6/69 
R. S. Torrisi, M &SR MBA, Industrial Management, Temple University, 6/69 
T. J. Horner, Mag. Prod., Indpls. BA, Chemistry, Manchester College, 6/69 
A. G. Evans, Mag. Prod., Indpls. MS, Engineering, Purdue University, 6/69 
M. J. Markulec, Jr., EC, Pr. BSEE, Newark College of Engineering, 6/69 
J. P. Paczkowski, EC, Pr. BS, Physics, Brooklyn Polytechnic Institute, 6/69 
D. L. Hill, MTP, Cocoa Beach MS Systems Management, Florida Institute of Tech., 6/69 
Ted Hopson, MTP, Cocoa Beach .. MS Systems Management, Florida Inst. of Tech., 6/69 
W. R. Mack, MTP, Cocoa Beach .. MS Systems Management, Florida Inst. of Tech., 6/69 
L. Ulu, ISD, Camden PhD, University of Pennsylvania, 7/69 
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Promotions 

Astro- Electronics Division 

A. J. Aukstikalnis: from Adm. New Tech. 
to Mgr. Engrg. (W. Manger, Princeton) 

G. A. Beck: from Adm. Systems Engrg. to 
Mgr. (Spec) Engrg. (M. Cohen, 
Princeton) 

M. S. Feryszka: from Sr. Mem. Tech. Staff 
to Mgr. (Spec) Engrg. (W. Manger, 
Princeton) 

L. A. Freedman: from Sr. Eng. to Mgr. 
Project (C. Hume, Princeton) 

A. R. Garfinkel: from Adm. Syst. Engrg. 
to Mgr. (Spec) Engrg. (W. Manger, 
Princeton) 

L. W. Jones: from Engr. to Mgr. (Spec) 
Engrg. (A. Schnapf, Princeton) 

G. K. Martch: from Engr. to Mgr. (Spec) 
Engrg. (A. Schnapf, Princeton) 

M. H. Mesner: from Sr. Mem. Tech. Staff 
to Mgr. (Spec) Engrg. (G. Barna, 
Princeton) 

A. G. Holmes Siedle: from Ldr. Engrgs. to 
Mgr. (Spec) Engrg. (W. Manger, 
Princeton) 

L. Weinreb: from Sr. Eng. to Mgr. Project 
(C. Hume, Princeton) 

RCA Global Communications, Inc. 

D. Epstein: from Design Engineer to 
Group Leader (J. R. McDonald, New 
York) 

R. Jemison: from Design Engineer to 
Group Leader (J. R. McDonald, New 
York) 

J. R. McDonald: from Mgr., New York 
Telex Engineering to Mgr., Telex En- 
gineering (I. K. Given, New York) 

RCA Service Company 

W. R. Haldane: from Ldr., Engrs. to Mgr. 
Princeton Project Support (W. M. 
McGuffin- Cherry Hill) 

W. J. Eddy: from I & M Engr. to Ldr., 
Systems Service Engrs. (H. Chadderton, 
Cherry Hill) 

B. J. Ranjo: from I & M Engr. to Ldr., 
Systems Service Engrs. (W. J. Siddall- 
Cherry Hill) 

Electromagnetic and Aviation Systems 
Division 

E. B. Gamble: from Pm. Mbr., D &D 
Engrg. Staff to Staff Engrg. Scientist (J. 
MacFarlane, Van Nuys) 

J. MacFarlane: from Sr. Mbr. D &D Engrg. 
Staff to Mgr. Design Supt. Engrg. (G. 
Fairhurst, Van Nuys) 

Electronic Components 

M. Ammenwerth: from Sr. Engr. Product 
Develop. to Eng. Ldr., Product Develop. 
(B. Halpern, Harrison) 

G. D. Cartwright: from Engr, Mfg. to 
Engrg. Ldr., Mfg. (J. Kindbom, Lan- 
caster) 

G. R. Fadner: from Sr. Engr., Product 
Dev. to Engrg. Ldr., Product Dev. (R. 
Nolen, Lancaster) 

T. Walsh: from Mbr. Tech. Staff (Prince- 
ton) to Mgr., Microwave Solid St. Tech. 
Ctr. (H. K. Jenny, Harrison) 

GSD honors authors and speakers 

The Graphic Systems Division recently 
held a reception and dinner for those 
engineers who had authored a technical 
paper or presentation. After dinner at the 
Forsgate Country Club in Jamesburg, N.J., 
each author received a handsome brief- 
case as a memento of the affair. 

Automatic retrieval computer 
The Computer Telegram Systems (CTS) 
was the first step in the modernization of 
RCA Globcom's message telegram service. 
The CTS provides automatic switching of 
telegrams which are properly formatted 
within seconds. However, approximately 
15 to 20% of the telegrams entering the 
system are rejected and sent to the manual 
refile section for the following reasons: 

The message contains a format error. 
The message is a fully addressed tele- 
gram for delivery in New York. 
The registered address contained in the 
telegram is not listed in the CTS drum. 
(The CTS drum can only accommodate 
9,000 of the 26,000 registered addresses 
in New York City.) 

To increase the speed of handling of these 
rejected telegrams and improve efficiency, 
it was determined that an Automatic 
Retrieval Computer (ARC) system be 
developed. 

The ARC system is designed so that num- 
ber lists and other statistical type pro- 
grams can be run at the same time as 
messages are being received, corrected and 
retransmitted by the ARC system. This 
feature will make it possible for the CTS 
to run in a fully redundant mode and 
eliminate outages. It also provides for a 
wider range of statistical data to be gen- 
erated which, in turn, will speed the opera- 
tion of the Service Department. 

It is expected that all messages which will 
be automatically corrected will spend less 
than 8 seconds in the ARC system. This 
is a tremendous improvement in service. 

Future operations of the ARC system will 
consist of providing the ability to auto- 
matically dial directly into the CTE 
(Computer Telex Exchange) and permit 
automatic delivery of messages destined 
for Private Tieline subscribers. 

Breakthrough allows holograms to be erased magnetically for the first time. 

RCA recently announced the first method 
for producing holograms that can be erased 
magnetically. The holograms -called 
phase holograms -are produced on a 
special magnetic surface through the inter- 
action of both the heat and light inherent 
in a laser beam. 

The significance of the new technique is 
that it could make possible an optical 
computer memory able to store 100 mil- 
lion bits of data in a film one inch square, 
and this data could be read out, erased, 
and re -used repeatedly. 
Present experimental techniques are based 
on the use of photographic film or similar 
photosensitive materials which cannot be 
erased because they undergo permanent 
chemical changes when exposed to light; 
therefore, these can only be changed or 
updated by removing them and inserting a 
fresh film -a very slow process. 

By contrast, the new technique makes it 
possible to "write" information into a 
magnetic film in 10 billionths of a second, 
and to erase it in 20 millionths of a second. 

Reuben S. Mezrich, who developed the 
novel technique under the direction of Dr. 
Jan A. Rajchman, Staff Vice President, 
Information Sciences, described it as 
follows: 

An extremely thin film of manganese 
bismuth, a magnetic material, is deposited 
in a single -crystal layer two -millionths 
of an inch thick on a base of mica. The 
film is then subjected to a strong magnetic 
field that forces all its magnetic atoms to 
line up with their north poles in one 
direction, their south poles in the other. 

Next, the light from a pulsed laser is split 
into two beams, one going directly to the 
film and the other going first to the in- 
formation -bit pattern to be recorded and 

then to the film. At those points where the 
two beams interfere constructively (add 
their power together) the heat from the 
laser beams warms the magnetic material 
sufficiently to allow its magnetic atoms to 
realign themselves so that the north poles 
of those in the heated portions now point 
in the same direction as the south poles in 
the unheated portions. Where the two 
beams interfere destructively (tend to can- 
cel each other) nothing happens. Thus, a 
magnetic pattern is created in the film that 
corresponds to the interference pattern 
created by the converging laser beams, 
and a magnetic hologram is born. 

The magnetic hologram can be read out in 
two ways: either by transmitting a laser 
beam through it, or by reflecting the beam 
from it. 

The hologram can be erased simply by 
pulsing a nearby wire coil that subjects 
the film to a strong magnetic field and 
forces the magnetic atoms to line up, as 
at first, with all north poles in one direc- 
tion, all south poles in the other. 

The speed and ease of making and erasing 
magnetic holograms coupled with the fact 
that their resolution (2000 line /milli- 
meter) far surpasses that of ordinary 
photographic materials makes the process 
extremely attractive for achieving an op- 
tical computer memory. 

Thus far, also, there is no indication that 
the process causes any thermal decay or 
other type of fatigue in the material. Ap- 
parently, the write -erase cycle can be re- 
peated indefinitely, and, because of the 
inherent redundancy of holographic stor- 
age, dust or minor imperfections in the 
magnetic film do not seriously affect the 
hologram readout which can be detected, 
or read, by light sensitive devices, includ- 
ing the human eye. 
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W. Leis A. Liguori 

New TPA's and Ed Reps 

Mr. Walter S. Leis has been appointed 
Technical Publications Administrator 
(TPA) for RCA Global Communications, 
Inc., and Mr. Anthony Liguori has been 
appointed TPA for the Defense Communi- 
cations Systems Division of Defense Elec- 
tronic Products. As TPA's, Messrs Leis 
and Liguori are responsible for the review 
and approval of technical papers; for co- 
ordinating the technical reporting pro- 
gram; and for promoting the preparation 
of papers for the RCA ENGINEER and 
other journals, both internal and external. 

Mr. Arthur G. Evans has been appointed 
Editorial Representative for the Magnetic 
Products Division of Information Systems, 
and Mr. Milton R. Sherman has been ap- 
pointed Editorial Representative for 
Defense Microelectronics of Defense Elec- 
tronic Products. The Editorial Represen- 
tatives are responsible for planning and 
processing articles for the RCA ENGINEER, 
and for supporting the activities of the 
TPA's in their respective divisions. 

A complete listing of Technical Publica- 
tions Administrators and Editorial Repre- 
sentatives is given on the inside back 
cover of each issue of the RCA ENGINEER. 

Mr. Leis is presently a Staff Engineer with 
RCA Global Communications, New York, 
New York, where he is engaged in digital 
communications activities. He received 
the BEE from the University of Detroit in 
January, 1952. From 1951 to 1961 he was 

M. R. Sherman 

with the RCA Laboratories at Riverhead, 
New York, a division of RCA Labora- 
tories, Princeton, New Jersey. His work 
was centered around radio wave propaga- 
tion analysis. 

Mr. Liguori is presently Manager of R & D 
Planning and Coordination for the De- 
fense Communications Systems Division. 
He has had over twenty four years of 
professional experience, starting with the 
RCA Laboratories in 1944. Mr. Liguori 
holds 21 patents in electronics and com- 
munications. He received RCA Labora- 
tories Awards for outstanding work in 
research in 1950 and 1956. He is a Senior 
Member of the IEEE. 

Mr. Sherman is presently Manager of 
Technical Programs for Defense Micro- 
electronics. He received the BA in Mathe- 
matics from New York University in 
1952 and studied Electrical Engineering 
and Applied Mathematics at Brooklyn 
Polytechnic Institute from 1952 to 1956. 
Mr. Sherman joined RCA after eighteen 
years of semiconductor research, develop- 
ment, and production experience with 
General Instruments, Texas Instruments, 
Semiconductor Products, Motorola, and 
Radio Receptor Co. He is a Member of 
the IEEE and the Electrochemical Society. 

Mr. Evans has been Leader of the Mag- 
netic Tape Engineering Group for the 
Magnetic Products Division since 1964. 
He is responsible for development of new 
test equipment and test methods for new 
tape products in the Electronics Engineer- 
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A. G. Evans 

ing Group. He received the BSEE from 
the University of Illinois in 1947. After 
graduation, he joined RCA as a member 
of the Engineering Department of the 
Record Division. Mr. Evans is a member 
of IEEE, Eta Kappa Nu and a Fellow of 
the Audio Engineering Society. 

You and your engineering paper 

Your technical paper is a valuable asset to 
RCA and to you as a professional engineer. 
To ensure that maximum value is gained 
for your paper, you should: 

I. Contact your Technical Publications 
Administrator (TPA) or Editorial 
Representative (Ed Rep) and select 
the best journal in which to publish. 
These men are acquainted with the 
requirements of many journals and 
know how to contact the editors. 

2. When your paper appears in print, be 
sure to report this fact at once to your 
TPA or Ed Rep. He will see that this 
is recorded in the Pen & Podium 
Index. 

3. When your paper appears in an in- 
ternal publication such as the RCA 
ENGINEER, contact your TPA or Ed 
Rep to explore the possibility of fur- 
ther publication in outside journals. 
They can assist you in slanting your 
paper toward the needs of another 
journal. 

4. Determine whether your division can 
use your paper to advantage in other 
technical media, such as bulletins, 
catalog sheets, proposals and reprints. 
At least contact the responsible group 
to let them know you have informa- 
tion available for them. 

5. Feel free to contact RCA Staff Tech- 
nical Publication (Bldg. 2 -8, Camden, 
PC -4018) for additional information 
on any of the above suggestions. 

A listing of Ed Reps and TPAs is given on 
the inside back cover. 

Professional engineers 

G. R. Gaschnig, Information Systems Di- 
vision, PE 16926; New Jersey 

Charles E. Small, Aerospace Systems Di- 
vision, PE #22737; Mass. 

H. Ketler, Aerospace Systems Division, 
PE #22677; Mass. 

Paul Wright, Advanced Technology Lab- 
oratories, PE #17027; New Jersey 
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e ells eCtl'on c -roducts 
Aerospace Systems Division 

Electromagnetic and Aviation Systems Division 

Astro- Electronics Division 

Missile & Surface Radar Division 

Defense Communications Systems Division 
Defense Engineering 

w 

1. 

Commercial Electronics Systems 
Division 

Industrial and Automation Systems 

Information Systems Division 

Magnetic Products Division 
Memory Products Division 

Graphic Systems Division 

The Editorial Representative in your group is the one you should contact in scheduling 
technical papers and announcements of your professional activities. 

D. B. DOBSON* Engineering, Burlington, Mass. 

R. J. ELLIS* Engineering, Van Nuys, Calif. 
J. McDONOUGH Engineering, West Los Angeles, Calif. 

I. M. SEIDEMAN* Engineering, Princeton, N.J. 
S. WEISBERGER Advanced Development and Research, Princeton, N.J. 

T. G. GREENE* Engineering, Moorestown, N.J. 

A. LIGUORI* Engineering, Camden, N.J. 

M. G. PIETZ* Advanced Technology, Camden, N.J. 
M. R. SHERMAN Defense Microelectronics, Somerville, N.J. 
E. J. PODELL Systems Engineering, Evaluation, and Research, Moorestown, N.J. 
J. E. FRIEDMAN Advanced Technology, Camden, N.J. 
J. L. KRAGER Central Engineering, Camden, N.J. 

D. R. PRATT* Chairman, Editorial Board, Camden, N.J. 
N. C. COLBY Mobile Communications Engineering, Meadow Lands, Pa. 
C. E. HITTLE Professional Electronic Systems, Burbank, Calif. 
R. N. HURST Studio, Recording, & Scientic Equip. Engineering, Camden, N.J. 
K. C. SHAVER Microwave Engineering, Camden, N.J. 
R. E. WINN Broadcast Transmitter & Antenna Eng., Gibbsboro, N.J. 

H. COLESTOCK Engineering, Plymouth, Mich. 

M. F. KAMINSKY* Engineering, Camden, N.J. 
M. MOFFA Engineering, Camden, N.J. 
S. B. PONDER Palm Beach Engineering, West Palm Beach, Fla. 
R. J. McLAUGHLIN Engineering, Marlboro, Mass. 
A. G. EVANS Development, Indianapolis, Ind. 
G. R. KORNFELD Engineering, Needham, Mass. 

J. GOLD* Engineering, Dayton, N.J. 

Laboratories c. W. SALL* Research, Princeton, N.J. 

Electronic Components 
Solid State and Receiving Tube Division 

Television Picture Tube Division 

Industrial Tube Division 

Technical Programs 

Consumer Electronics Division 

RCA Service Company 

RCA Glob .0 mmunications, Inc. 

Record Division 

RCA Ltd. 

C. A. MEYER* Chairman, Editorial Board, Harrison, N.J. 

M. B. ALEXANDER Solid State Power Device Engrg., Somerville, N.J. 
R. W. MAY Commercial Receiving Tube and Semiconductor Engineering, Somerville, N.J. 
I. H. KALISH Solid State Signal Device Engrg., Somerville, N.J. 
J. KOFF Receiving Tube Operations, Woodbridge, N.J. 
K. LOOFBURROW Semiconductor and Conversion Tube Operations, Mountaintop, Pa. 
R. J. MASON Receiving Tube Operations, Cincinnati, Ohio 
J. D. YOUNG Semiconductor Operations, Findlay, Ohio 

J. H. LIPSCOMBE Television Picture Tube Operations, Marion, Ind. 
E. K. MADENFORD Television Picture Tube Operations, Lancaster, Pa. 

J. M. FORMAN Industrial Tube Operations. Lancaster, Pa. 
H. J. WOLKSTEIN Microwave Tube Operations, Harrison, N.J. 

D. H. WAMSLEY Engineering, Harrison, N.J. 

C. HOYT* Chairman, Editorial Board, Indianapolis, Ind. 
D. J. CARLSON Advanced Devel., Indianapolis, Ind. 
R. C. GRAHAM Radio "Victrola" Product Eng., Indianapolis, Ind. 
P. G. McCABE TV Product Eng., Indianapolis, Ind. 
J. OSMAN Electromech. Product Eng., Indianapolis, Ind. 
L. R. WOLTER TV Product Eng., Indianapolis, Ind. 
R. F. SHELTON Resident Eng., Bloomington, Ind. 

B. AARONT EDP Service Dept., Cherry Hill, N.J. 
W. W. COOK Consumer Products Service Dept., Cherry Hill, N.J. 
D. HALL Govt. Service Dept., Cherry Hill, N.J. 
M. G. GANDER* Consumer Product Administration, Cherry Hill, N.J. 
K. HAYWOOD Tech. Products, Adm. & Tech. Support, Cherry Hill, N.J. 
W. R. MACK Missile Test Project, Cape Kennedy, Fla. 

W. S. LEIS* RCA Global Communications, Inc., New York, N.Y. 

W. A. HOWARD* Staff Eng., New York, N.Y. 
M. L. WHITEHURST* Record Eng., Indianapolis, Ind. 

C. A. PASSAVANT* Clark, N.J. 

W. A. CHISHOLM* Research & Eng., Montreal, Canada 

Instructional Systems E. M. MORTENSON* Instructional Systems Engineering, Palo Alto, Cal. 

* Technical Publication Administrators listed above ore 
responsible for review and approval of 
papers and presentations. 
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