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PULSE 
TRANSFORMERS 

MINIATURE STABLE WOUND CORE 

UTC miniature, wound core, pulse transformers 
are precision ( individually adjusted under test 
conditions), high reliability units, hermetically 
sealed by vacuum molding and suited for service 
from -70° C. to + 130° C. Wound core structure 
provides excellent temperature stability (unlike 
ferrite). Designs are high inductance type to pro-
vide minimum of droop and assure true pulse 
width, as indicated on chart below. If used for 
coupling circuit where minimum rise time 
is important, use next lowest type number. 
Rise time will be that listed for this lower 
type number . . . droop will be that listed 
multiplied by ratio cf actual pulse width 
to value listed for this type number. Block-
ing oscillator data listed is obtained in 
standard test circuits shown. Coupling 
data was obtained with H. P. 212A gen-
erator (correlated where necessary) and 
source/load impedance shown. 1:1:1 ratio. 

HERMETIC MIL-T-27A TYPE TF5SX36ZZ 

DEFINITIONS 
Amplitude: Intersection of leading pulse edge 
with smooth curve approximating top of pulse. 
Pulse width: Microseconds between 50% ampli-
tude points on leading and trailing pulse edges. 
Rise Time: Microseconds required to increase 
from 10% to 90% amplitude. 
Overshoot: Percentage by which first excursion 
of pulse exceeds 100% amplitude. 
Droop: Percentage reduction from 100% am-
plitude a specified time after 100% amplitude 
point. 
Backswing: Negative swing after trailing edge 
as percentage of 100% amplitude. 

APPROX. DCR, OPMS I BLOCKING OSCILLATOR PULSE COUPLING CIRCUIT CHARACTERISTICS 

`Xi 
Type 1-2 34 5-6 Width Rise Over Droop 
No. µ Sec. Time Shoot % 

H-45 3 3.5 4 .05 .022 0 20 
M-46 5.5 6.5 7 .10 .024 0 25 
H-47 3.7 4.0 4 .20 .026 0 25 

H-48 5.5 5.8 6 .50 .03 0 20 
H-49 8 8.5 9 1 .04 0 20 

H-50 20 21 22 2 .05 0 20 

H-51 28 31 33 3 AO 1 20 

H-52 36 41 44 5 .13 1 25 

H-53 37 44 49 7 .28 0 25 

H-54 50 58 67 10 .30 0 20 

H-55 78 96 112 16 .75 0 20 

H-56 93 116 138 20 1.25 0 25 

H-57 104 135 165 25 2.0 0 30 

% 
Back P Width Volts 
Swing in Sec. Out 

10 .05 17 
10 .10 19 
8 .20 18 

5 .50 20 
10 1 24 
10 2 27 

8 3 26 

8 5 23 
8 7 24 

8 10 24 

10 16 23 

10 20 23 
10 25 24 

H-60 .124 .14 .05 .05 .016 0 0 30 .05 

H-61 .41 .48 .19 .1 .016 0 0 30 .1  

H-62 .78 .94 .33 .2 022 0 0 18 .2 

N-63 1.86 2.26 .70 .5 .027 2 

H-64 3.73 4.4 1.33 1 .033 0 12 25 1  
H-65 6.2 7.3 2.22 2 .066 0 15 25 2 

H-66 10.2 12 3.6 3 .087 0 18 30 3 

H-87 14.5 17.5 5.14 5 .097 0 23 28 5 
1468 42.3 52.1 14.8 10 .14 0 15 28 10 
Note: 0 =-- Negligible 

H-45, 46, 60 thru 68 are 3/8 cube, 1 gram 

k AND SPECIAL UNITS 
I TO YOUR SPECS 

Write for Catalog for 

full detills en these 

and 1000 other stock items 

Rise 
Time 

.01 

.01  

.01 

.01 

.02 

.05 

.07 

.15 

.20 

.25 

.40 

.6 

1.5 

Over Droop Back Imp. in, 
Shoot % Swing out, ohms 
20 0 35 250 
30 10 50 250 

30 15 65 500 
30 20 65 500 

15 15 65 500 

10 15 35 500 
10 10 35 500 

10 10 45 1000 

10 10 50 1000 

10 10 50 1000 

5 15 20 1000 

5 10 10 1000 

5 10 10 1000 

9.3 .012 0 0 20 50 

8.2 .021 0 0 15 50 

10 20 .5 7.5 .045 0 20 25 100 

7 .078 0 15 23 100 
6.6 .14 0 10 20 100 

6.8 .17 0 10 20 100 
7.9 .2 0 18 28 200 
6.5 .4 0 15 30 200 

H-47 thru 52, 9/16 cube 4 grams 

While stock items cover 
low level uses only, most 
of UTC's production is on 

MIRA 
Vacuum Tube Type Me 1:1:1 

PuLSE 
OUTPUT 

STANDARD TEST CIRCUIT 

Transistor Type Ratio 4:4:1 

TRANSISTOR TEST C.C.? 

H-53 thru 57, 5/8 cube 6, grams 

special units to customers' 
needs, ranging from low 
levels to 10 megawatts. 

UNITED TRANSFORMER CORPORATION 
150 Yorlck Street, New York 13, N. Y. 

PACIFIC MFG. D VISION: 4008 W. JEFFERSON BLVD., LOS ANGELES It, CALIF. 

EXPORT DIVISICN 13 EAST 40th STREET. NEW YORK 16, N. Y. CABLE!. "ARLAB" 
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Information for Authors. 
The readability of any journal 
or periodical is enhanced by the 
use of a uniform format and 

style in the preparation of the manuscripts which it publishes. 
To assure this adequate uniformity, it is customary to provide 
a guide for authors of a specific journal to assist them in the 
preparation of their manuscripts. Such guides may vary from 
the elaborate approach represented by the Style Manual of 
of the AI P (see P & Z, March, 1960) to instructions compris-
ing only general information. IRE has taken an intermediate 
course in the form of its " Information for IRE Authors." This 
document was published in the PROCEEDINGS in November, 
1954 and has now been revised and brought up-to-date by 
the Editorial Board. It is included in this issue of the PRO-
CEEDINGS. 

All prospective authors for IRE publications are urged 
to study the Editorial Board's new " Information" when 
preparing material for publication. The adoption of revised 
abbreviations should be particularly noted. The adopted 
system calls for the use of lower case letters for the abbrevia-
tion of units of measure (exceptions being Angstrom (A) and 
°C, °F, and °K). Capital letters are used for all other abbrevia-
tions ( the exceptions being ac, dc, cgs, mks, rms, rss, and cer-
tain metric symbols listed in the complete document). The 
new guide emphasizes the preference of the Editorial Board 
for the metric prefixes and symbols. It should be observed 
that, for example, gigacycle, nanosecond, and picofarad be-
come the preferred terms. 

In P & Z in May, 1960, the Editor discussed, in an item 
titled " Feedback," the question of abbreviations and the de-
sirability of the use of the metric system. This discussion pro-
voked a most satisfactory response from readers in the form 
of letters expressing points of view in both matters. To those 
who responded, the Editorial Board expresses thanks; the 
comments were extremely helpful in formulating the new 
"Information for IRE Authors." 

Career Brochure. Have you ever asked yourself how young 
people become interested in electronics? The Cedar Rapids 
Section has not only asked itself this question but also, it has 
done something about it. Cedar Rapids realized that IRE has 
always demonstrated its interest in the college student but 
has not participated in activities at the high school level as 
extensively as might be desirable. They conceived the idea of 
preparing material that would be useful to high school coun-
selors and students as a guide to a career in electronics. 

Thus the brochure " Electropics—Career for the Future" 
was born. It has survived its birth pains and is being pub-
lished this month. They have completed a truly monumental 

task and in the excellent fashion that is characteristic of all 
their undertakings. The brochure, in color, features the out-
standing artwork of Ted Papajohn. It is directed to answering 
the questions and doubts that may occur to a youngster con-
sidering a career in electronics. It features sections defining 
electronics, discussing the applications of electronics, com-
munication electronics, instrumentation and control elec-
tronics, computer electronics, solid state electronics, the fu-
ture of electronics, careers in electronics, and planning an 
electronics education. Despite this array of topics, the bro-
chure has been so skillfully assembled that it comprises only 
twenty-three pages of inviting reading. 

IRE has supported the project by financing the printing 
and distribution of a trial run of 10,000 copies. This first 
printing will be used to assess the acceptance and value of 
the brochure. Approximately one-half of the print run will be 
distributed by the Cedar Rapids Section. They plan to dis-
tribute copies to all the high schools in Iowa and to conduct 
an intensive distribution to the students in the high schools 
of the Cedar Rapids area. It is hoped to thus obtain a direct 
feedback from students and counselors to evaluate the useful-
ness of the brochure. 

The other half of the print order will be available for dis-
tribution to interested IRE members through Headquarters. 
Those members who wish copies of the booklet for introduc-
tion to high schools in their area may obtain copies upon re-
quest. It is hoped that many individuals will consider this an 
opportunity and a challenge and will report the reactions that 
the brochure encounters. If the effort of the Cedar Rapids 
Section is as successful as the product deserves, the next 
printing may have to be in megacopies. 

Meetings, Meetings, Meetings. Most IRE members be-
long to more than one professional organization. Even if they 
are not members they are frequently interested in meetings 
and symposia of other societies and institutes. The time seems 
to have come when some consideration should be given to the 
establishment of an agency to be known as OFCDCTAC, an 
abbreviation as difficult to pronounce as it is difficult to 
achieve its aims. The Organization for Convention Date Cor-
relation to Avoid Conflicts should be equipped with the latest 
available communications and computing equipment and 
should be adequately staffed. If all these qualifications are 
met, and it therefore operates successfully, perhaps AIEE 
will not be meeting in Atlantic City while ASEE is meeting 
in Lafayette, and the Conference on Standards and Elec-
tronic Measurements is meeting in Boulder, the Spring Con-
ference on Broadcast and Television Receivers is meeting in 
Chicago, and the Workshop on Solid State Electronics is 
meeting at Purdue.—F. H., Jr. 
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Charles F. Horne, Jr. (A'35—SM'53—F'58), Rear Ad-
miral, U. S. Navy ( Retired), electronics engineer and former 
Civil Aeronautics Administrator, has been Manager of 
Convair/Pomona, Convair Division of General Dynamics 
Corporation, Pomona, Calif., since July 15, 1953. In 
February, 1957, Mr. Horne was elected a Vice President 
of the Convair organization. 

He was born in New York City on January 3,1906, and 
attended public, elementary, and high schools there. He was 
graduated from the United States Naval Academy at 
Annapolis, Md., in 1926. He attended the Navy's post-
graduate school in communications and electronics. In 
1935 he received the master of science degree in communi-
cations and electronics from Harvard University, Cam-
bridge, Mass. 

Admiral Horne was one of the pioneers in the applica-
tion of electronic concepts in the United States Navy. 
During World War II he was Communications and Radar 
Officer, Battleships, Pacific Fleet; Communications Officer, 
South Pacific Area; Communications and Radar Officer, 
Amphibious Forces, Pacific. He received several combat 
citations and campaign ribbons. From 1946-1948 he was 
Deputy Chief, Naval Communications. 

In 1949-1950 he was on loan from the Navy to the 
Civil Aeronautics Administration, where he was Acting 
Director of the Federal Airways Division. Upon his retire-

C. F. Horne 
Director, 1960-1961 

ment from the Navy in 1951, he was appointed by the 
President of the United States as Civil Aeronautics Ad-
ministrator and served in that capacity until 1953. In 1952 
he also was a member of-the Presidential Airport Commis-
sion. He is a recipient of the CAA International Region 
Medal. 

Admiral Horne is a member of the Electronic Industries 
Association's Military Products Division Policy Commit-
tee and Executive Committee, and Chairman of the Asso-
ciation's Military Systems Management Committee. He 
is West Coast adviser to the Radio Technical Commission 
for Aeronautics. He is a member of the Board of Directors 
of the Armed Forces Communications and Electronics 
Association, President of the Aero Club of Southern Cali-
fornia, and Vice President of the Los Angeles Chamber of 
Commerce. He is a member of the Board of Directors of 
Pomona Valley Community Hospital Association, and of 
the Los Angeles Post, American Ordnance Association. He 
is also a member of the Aircraft Owners and Pilots Associa-
tion. 

He has served on the Administrative Committee of 
the IRE Professional Group on Engineering Management 
in 1956-1957. 

One of his chief interests is closer cooperation between 
industry and education. In this area he serves as President 
of the Southern California Industry Education Council. 
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Scanning the Issue 
Information for IRE Authors (p. 1536)—Six years have 

passed since the IRE last published a guide for authors on 
preparing papers for the PROCEEDINGS. The Editorial Board 
has now revised these instructions in order to make them 
applicable to the TRANSACTIONS as well as the PROCEEDINGS, 
and to spell out in greater detail present IRE practices with 
regard to matters of style. Authors will note in particular the 
addition of a section on Units, Abbreviations and Symbols 
which includes examples of commonly misused graphical 
symbols and, in an Appendix, a list of abbreviations used by 
the IRE Editorial Department. With regard to the latter, a 
most important change is the adoption this summer by the 
IRE Editorial Board of the expanded list of metric prefixes 
recently set forth by the International Committee on Weights 
and Measures. The list now includes giga and tera for 109 
and 1012, nano and pico for 10-9 and 10-12, and calls for using 
the capital letter M as the abbreviation for mega in the future 
to differentiate it from m for milli. Reprints of Information for 
IRE Authors are available from the Editorial Department on 
request. 

Theory of a Monolithic Null Device and Some Novel 
Circuits (Kaufman, p. 1540)—A sizable effort is being made 
by many organizations to construct semiconductor blocks 
that will perform the functions of a multiplicity of conven-
tional components. One such development is reported here. A 
semiconductor distributed bridged-T structure has been de-
veloped which, when placed in a feedback path around an 
amplifier, provides a way of tuning the amplifier, even though 
no inductance is obtainable with semiconductor materials. 
This novel concept will be of especial interest in tuned circuit 
applications where small size is of primary importance. 

Video Transmission Over Telephone Cable Pairs by Pulse 
Code Modulation (Carbrey, p. 1546)—This paper describes 
an interesting experiment in which monochrome and color 
television signals of broadcast quality were encoded into a 
seven digit binary code and transmitted over seven pairs of 
regular telephone cable. The results point to two important 
possibilities: first, the use of binary pulse transmission on 
transcontinental coaxial and microwave circuits, which 
would greatly simplify the repeater design requirements be-
cause the signal would be regenerated at each repeater, thus 
avoiding troublesome cumulative effects; and second, the use 
of telephone cables for providing, more economically, addi-
tional short-haul television circuits in metropolitan areas. 

Thin-Film Cryotrons (Smallman, et al., p. 1562)—For the 
third successive month, the PROCEEDINGS reports on impor-
tant progress in the use of thin superconducting films to 
produce a new generation of computer components that are 
extremely compact, very reliable, and readily fabricated in 
large quantities. This paper, which is three papers in one. 
provides an excellent and complete description of the theory 
and applications of thin-film cryotrons. Part 1 discusses the 
properties of thin superconducting films; Part 2, cryotron 
characteristics and applications; and Part 3. cryotron ring 
oscillators. 

Optimum Noise and Gain-Bandwidth Performance for a 
Practical One-Port Parametric Amplifier (Greene and Sard, 
p. 1583)—The analysis presented here provides an important 
step in completing the theoretical picture of junction diode 
parametric amplifier performance. The authors determine the 
conditions under which minimum effective noise temperature 
and maximum gain-bandwidth product can be obtained, and 
develop universal curves for designing optimum amplifiers. 
The analysis reveals that parametric amplifiers operated at 
room temperature are not yet a serious challenge to masers 
with respect to low noise at microwave frequencies. 

Fractional Millimicrosecond Electrical Stroboscope (Good-

all and Dietrich, p. 1591)—This paper describes a novel device 
for displaying extremely high-speed short-term electrical 
waves on an oscilloscope. It operates like a stroboscope for 
light in that it slows down a rapidly recurring phenomenon 
to a speed where it can be observed by sampling the phenome-
non at a regular rate. Waveforms with rise times as fast as 
2X 10-'9 seconds can be displayed with this device, making it 
a valuable tool for millimicrosecond pulse work. 

Symmetrical Matrix Analysis of Parametric Amplifiers 
and Converters (Deutsch, p. 1595)—Although parametric de-
vices have been dealt with at considerable length in the litera-
ture, the expressions for analyzing their characteristics have 
generally proved to be unwieldy. The analysis presented here 
proceeds from a set of four equations which have the virtue 
of being readily manipulated by matrix methods. These equa-
tions and the matrix analysis of them provide a new and 
simpler way of describing the gain, bandwidth, and noise 
figure performance of this important family of devices. 

An Analog Solution for the Static London Equations of 
Superconductivity (Meyers, p. 1603)—The static London 
equations referred to in the title have been found to provide a 
good qualitative description of the behavior of fields and cur-
rents in superconductors. Unfortunately, they are presently 
soluble only in simple one- and two-dimensional problems, 
even with a computer. This paper presents a novel analog 
method of obtaining solutions in more complicated geometries 
which takes advantage of the similarity between skin-effect 
and London equations. This technique will be of considerable 
value to the growing number of cryogenic device designers who 
need practical solutions to problems of this type. 

IRE Standards on Circuits: Definitions of Terms for Linear 
Passive Reciprocal Time Invariant Networks, 1960 (p. 1608) 
—In much of the technical literature on networks, the proper-
ties of physical networks are described in terms of idealized 
mathematical models for convenience of analysis. This Stand-
ard deals with the small but important group of terms by 
which these mathematical concepts are expressed. 

IRE Standards on Circuits: Definitions of Terms for 
Linear Signal Flow Graphs, 1960 (p. 1611)—The appearance of 
this Standard reflects the fact that in the last 7 years the signal 
flow graph has become an increasingly useful analytic tool, 
requiring a language of its own. 

Error Probabilities for Telegraph Signals Transmitted on a 
Fading FM Carrier (Barrow, p. 1613)—The author has made 
a comprehensive study of telegraphy multiplexed by fre-
quency modulation onto an RF carrier. This form of point-
to-point communication seems the most practical way to 
utilize the communication channels afforded by tropospheric 
scattering. Thus, the study will be of interest to many engineers 
engaged in this modern form of radio signaling. A few of the re-
sults are also pertinent to other types of digital modulation on 
ionospheric, tropospheric, or moon-relay circuits. 

Forward Scattering by Coated Objects Illuminated by 
Short Wavelength Radar (Hiatt, et al., p. 1630)—A theoretical 
and confirming experimental study has been made of the 
effects of covering highly conducting objects with radar ab-
sorbing material. The results show that when the wavelength 
is small compared to the dimensions of the object, absorbing 
materials are ineffective in reducing forward scattering, and in 
fact, increase it. 

The Ineffectiveness of Absorbing Coatings on Conducting 
Objects Illuminated by Long Wavelength Radar (Hiatt, 
et al., p. 1636)—Complementing the preceding paper, this 
study dispells the notion that objects can be covered by ab-
sorbing material in order to make them invisible radar targets, 
even at low frequencies. 

Scanning the Transactions appears on page 1670. 
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Information for IRE Authors 

Reprints of these instructions are available on request from the Editorial Department, 
Institute of Radio Engineers, 1 East 79 Street, New York 21, N. Y. 

r- 1HESE instructions are for the guidance of 

authors in preparing papers for the following 
  IRE publications: 

1) PROCEEDINGS OF THE IRE, the monthly journal of 
the IRE, devoted primarily to papers of long-
range importance and general interest. 

2) IRE TRANSACTIONS, published by each of the 
Professional Groups of the IRE at frequencies 
ranging from two to six times a year, and devoted 
principally to papers of specialized interest within 
the field of one Professional Group. 

The instructions that follow have been divided into 
three sections: Organization, Style and Format, and 
Submitting the Paper. Unless otherwise indicated, 
they apply equally well to PROCEEDINGS papers and 
TRANSACTIONS papers. 

PROCEEDINGS authors should bear in mind that the 
PROCEEDINGS serves to keep a wide audience of engi-
neers generally informed on progress in various branches 
of communications and electronics. It is therefore essen-
tial that PROCEEDINGS papers be written in a manner 
intelligible to engineers working in other fields. 

ORGANIZATION 

To be well written, a paper must be well organized. 

IRE papers should ordinarily consist of a Title, Sum-
mary, Introduction, Body of the Paper, and Con-
clusions. Suggestions for preparing each of these parts 
of the paper are offered below. 

The Title 

The title should be short if possible but not so short 
that the subject will not be indicated clearly. Remember 
that a paper is indexed by significant words in the title 
and that many readers select the papers they read from 
the table of contents. The title, therefore, should be 
carefully chosen. Eight words is the usual maximum 
length. 

The Summary 

A well-written summary not only helps the reader to 
determine whether he should read the paper in full, but 
also makes the paper much more suitable for abstracting 
by the major abstract services of the world. 

The summary should state concisely, in less than 200 
words: 

1) What the author has done. 

2) How it was done (if that is important). 
3) The principal results (numerically, when possible). 
4) The significance of the results. 

The summary should not be merely a list of general 
topics covered in the paper. 

The Introduction 

The introduction serves the vital function of orient-

ing the reader with respect to the problem. The fact 
that it need not be long does not diminish its im-

portance. The introduction should briefly tell the reader 
the following: 

1) The nature of the problem. 
2) The background of previous work on the problem, 

including published work. 

3) The purpose of the paper. 

Where applicable, the following points may also be 
included. 

4) The method by which the problem will be attacked. 
5) The organization of the material in the paper. 

The Body of the Paper 

Here, the writer should avoid following a stereotyped 
form and should bear in mind constantly that his object 
is to communicate information effectively to the 
reader. Even workers in the same field appreciate clear 
indications of the line of thought that is being followed. 
Moreover, when writing for the PROCEEDINGS, fre-
quent guideposts are essential for nonspecialists who 
want to understand the general nature of the work and 
its significance but do not want to go into the mathe-
matical details. 

In work that is essentially mathematical, it is most 
helpful to the reader to carry along with the mathe-
matics a physical picture of the successive stages 
through which the work is being carried. It is fre-
quently advantageous to put long, purely mathematical 
derivations in appendices to avoid interrupting the 
main train of thought. 

Figures, tables, curves, etc., should be labelled so 
that they are self-explanatory and can be used with a 
minimum of reference to the text. 
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The Conclusions 

Failure to state the conclusions clearly is perhaps the 
most common fault in writing a scientific paper. It is of 
the greatest importance that the author evaluate what 
he has done. The concluding discussion should cover the 
following points where applicable: 

1) What is shown by this work. 
2) The significance of the results. 
3) Limitations and advantages. 

Where applicable, the following points should be in-

cluded. 

4) Applications of the results. 
5) Recommendations for further work. 

STYLE AND FORMAT 

The review and publication of papers may be seriously 
delayed if manuscripts and illustrations are not sub-
mitted in proper and complete form. This section pro-
vides information on the form and style in which the 

paper should be prepared. 

First Page 

The first page should include the title of the paper, 

author, summary, and a footnote giving the author's 

affiliation. 

Text 

Manuscripts must be typed double spaced on one 
side of the sheet only. Allow ample margins, at least 
one inch on a side. Number all pages, illustrations, 
footnotes and tables. All illustrations must be referred 
to in the text. 

References 

References should be typed as footnotes at the 
bottom of the pages on which they are cited. For ex-
tended bibliographies, however, references may be 
placed at the end of the paper. References must be 
complete and should be in the form shown below. Please 

note that the title of the article must be included. 
For a periodical: R. N. Hall, " Power rectifiers and 

transistors," PROC. IRE, vol. 40, pp. 1512-1518; 
November, 1952. 

For a book: W. A. Edson, "Vacuum Tube Oscilla-
tors," John Wiley and Sons, Inc., New York, N. Y., 
pp. 170-171; 1948. 

Illustrations 

Drawings for printing must be in black ink on white 
paper or tracing cloth. Photographs must be glossy 

prints. The size should not exceed 84X11 inches. 
Identify each illustration by figure number and author's 

name. 
It should be borne in mind that most illustrations 

will be reduced in size to a 34-inch column width when 
printed. It is particularly important, therefore, that all 
letters, numbers, and lines be drawn large enough and 

heavy enough to remain legible after reduction. Letters 
and numbers should be at least -1'11 inch high after 

reduction. 
Drawings with typewriting on them are not accept-

able. All information to be reproduced must be lettered 
in ink. 
Graphs should be drawn with only the major co-

ordinate lines showing. A chart containing a large 
number of closely spaced lines will not reproduce 
legibly. 

Captions, if they are included on the drawing itself, 
should not appear within the area to be reproduced. 
They should be placed under the illustration. 

Captions 

A list of all captions, with figure numbers, should be 
provided on a separate sheet. The captions should be 
self-explanatory. 

Units, Abbreviations and Symbols 

Authors are requested to use the rationalized mksa 
system of units, which has been officially adopted by 
the IRE as the preferred system. 

Abbreviations should be in accordance with IRE 
editorial practice. A list of abbreviations used in IRE 
publications is given in the Appendix. 

Graphical symbols must be drawn in accordance with 
IRE Standards.' Authors should be especially careful 
to employ the proper form of the symbols shown below. 

CAPACITOR: one plate must be curved. 

INDUCTOR: Use scallops instead of loops. 

reYYN 

RESISTOR: Symbol has only 3 peaks. 

SEMICONDUCTOR DEVICES: P emitter arrow-

head should not touch line. 

Mathematical Notation 

Although the printer is familiar with mathematical 
material, reasonable care should be used to ensure that 

subscripts, superscripts, and Greek letters are readily 
recognizable as such. Bold face symbols should be 
underscored with a wavy line. Be particularly certain 

A compilation of all IRE standard graphical symbols, as of 1959, 
is contained in "IRE Dictionary of Electronic Terms and Symbols," 
which is available from the Institute of Radio Engineers at $5.20 per 
copy to IRE members, and $ 10.40 per copy to nonmembers. 
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that there is a clear distinction between the following 
(by means of a note in the margin, if necessary): 

1) Capital and small letters, when used as symbols. 
2) Small letter " 1" (el) and the number "one." 
3) Zero and the letter "o." 

SUBMITTING THE PAPER 

PROCEEDINGS OF THE I RE 

PROCEEDINGS papers should be submitted to the 
Managing Editor, PROCEEDINGS OF THE IRE, Institute 
of Radio Engineers, 1 East 79 Street, New York 21, 
N. Y. The following material is required: 

1) Three copies of the paper for review purposes, 
each copy to include illustrations, a separate list 
of captions, and a summary of less than 200 words. 

2) The original illustrations in a form suitable for 
reproduction. 

3) A photograph and biography ( 125 words) of each 
author. 

IRE TRANSACTIONS 

Items 1 and 2 above are required by all TRANSAC-
TIONS. Item 3 is required only by some. TRANSACTIONS 
papers should be submitted directly to the Editor of the 
appropriate Professional Group TRANSACTIONS rather 
than to IRE headquarters. A list of Professional Groups, 
their Editors and addresses is published every odd-
numbered month in the IRE News and Notes section 
of the PROCEEDINGS OF THE IRE. 
The instructions given under "Submitting the Paper" 

apply also to submitting a letter to the Editor, except 
that the summary and author's photograph and biog-
raphy are not required. 

Further information on any of the foregoing may be 
obtained from the TRANSACTIONS Editors, or from the 
IRE Editorial Department at 1 East 79 Street, New 
York 21, N. Y. 

—The IRE Editorial Board 

APPENDIX 

ABBREVIATIONS USED IN IRE PUBLICATIONS 

In general, all abbreviations for units of measure 
are lower case (the exceptions being Angstrom (A) and 
°C, °F, and °K) and all others are capitalized (the ex-
ceptions being ac, dc, cgs, mks, rms, rss, and certain 
metric symbols shown immediately below). 

Metric Symbols 

In 1958, the International Committee on Weights 
and Measures adopted an expanded list of metric 
prefixes and symbols. This list is regarded by the IRE 
Editorial Board as preferred, and has been so identified 
below. Thus, for example, gigacycle, nanosecond, and 
picofarad become the preferred terms. 

METRIC PREFIXES AND SYMBOLS 

Multiplier 

10'2 
109 
106 
103 
102 
10' 

10-2 
10-2 
10 -6 
10-9 
10-12 

Preferred 
Prefix 

Preferred 
Symbol 

Alternate Alternate 
Prefix Symbol 

tera 
giga 
mega 
kilo 
hecto 
deca 
deci 
centi 
milli 
micro 
nano 
pico 

G 

h 
dk 
d 

ill 

megamega MM 
kilomega kM 

millimicro 
micromicro 

Abbreviation 

A EW 

ac 
AWG 
a 
ah 
AM 
A 
ATR 
ADF 
AFC 
AGC 
AVC 
Bev 
cp 
CRO 
CRT 
°C 
cm 
cgs 
CW 

Cps 
db 
dbm 
dbv 
dbw 

dc 
DF 
DME 
DSB 
emu 
EMF 
ev 
esti 
EH F 
ELF 

°F 
ft 
fc 
il 
FM 
FSK 
Gc 
GCA 
h 
HF 
hr 
IFF 
in 
LC 
ID 
ILS 
IF 
ICW 
°K 
kc 
key 

Term 

airborne early warning 
air-position indicator 
alternating current 
American wire gauge 
ampere 
ampere-hour 
amplitude modulation 
Angstrom 
anti-transmit-receive 
audio frequency 
automatic direction finder 
automatic frequency control 
automatic gain control 
automatic volume control 
billion electron-volt 
candle power 
cathode-ray oscilloscope 
cathode-ray tube 
degree Centigrade 
centimeter 
centimeter-grain-second 
continuous wave 
cycle 
cycle per second 
decibel 
decibel referred to 1 inilliwatt 
decibel referred to 1 volt 
decibel referred to 1 watt 
degree 
direct current 
direction finder 
distance-measuring equipment 
double sideband 
electromagnetic unit 
electromotive force 
electron-volt 
electrostatic unit 
extremely-high frequency 
extremely-low frequency 
farad 
degree Fahrenheit 
foot 
foot-candle 
foot-lambert 
frequency modulation 
frequency-shift keying 
gigacycle per second 
ground-controlled approach 
henry 
high frequency 
hour 
identification friend or foe 
inch 
inductance-capacitance 
inside diameter 
instrument landing system 
intermediate frequency 
interrupted continuous wave 
degree Kelvin 
kilocycle per second 
kiloelectron-volt 
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â 

A bbrevia t ion Term 

kMc kilomegacycle per second 
km kilometer 
kv kilovolt 
kva kilovolt-ampere 
kw kilowatt 
kwh kilowatt-hour 
1 lambert 
LC inductance-capacitance 
LF low frequency 
Im lumen 
MUF maximum usable frequency 
MF medium frequency 
Mc megacycle 
Mw megawatt 
m meter 
mks meter-kilogram-second 
pa microampere 
id microfarad 
ph microhencry 
eimf micromicrofarad 
mmho micromho 
msec microsecond 
ilV microvolt 
pw microwatt 
MEW microwave early warning 
mph mile per hour 
ma milliampere 
mf millifarad 
mh millihenry 
ml millilambert 
mm millimeter 
mpsec millimicrosecond 
Mev million electron-volt 
msec millisecond 
mv millivolt 
mw milliwatt 
MCW modulated continuous wave 
MTI moving-target indicator 
nsec nanosecond 
n ohm 
OD outside diameter 
ppm part per million 
PP peak to peak 
PM phase modulation 
pl picofarad 
PPI plan-position indicator 

Abbreviation 

psi 
PF 
PAM 
PCM 
PCM 
PDM 
PPM 
PRF 
PRR 
PTM 
PWM 
pps 
RDF 
RF 
RF I 
RC 
rpm 
rms 
rss 
sec 
SW 
SN R 
SSB 
SWR 
SHF 
TV 
TVI 
Tc 
TR 
TE 
TEM 
TM 
TWT 
UHF 
VTVM 
VHF 
VLF 
VOR 
VSB 

VR 
VSWR 
va 
vpm 
vu 

wh 

Term 

pound per square inch 
powerfactor 
pulse-amplitude modulation 
pulse-code modulation 
pulse-count modulation 
pulse-duration modulation 
pulse-position modulation 
pulse-repetition frequency 
pulse-repetition rate 
pulse-time modulation 
pulse-width modulation 
pulse per second 
radio direction finder 
radio frequency 
radio frequency interference 
resistance-capacitance 
revolution per minute 
root-mean-square 
root-sum-square 
second 
short wave 
signal-to-noise ratio 
single sideband 
standing-wave ratio 
super-high frequency 
television 
television interference 
teracycle per second 
transmit-receive 
transverse electric 
transverse electromagnetic 
transverse maguetic 
traveling-wave tube 
ultra-high frequency 
vacuum-tube voltmeter 
very-high frequency 
very-low frequency 
VHF omnirange 
vestigial sideband 
volt 
voltage regulator 
voltage standing-wave ratio 
volt-ampere 
volt per meter 
volume unit 
watt 
watt-hour 
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Theory of a Monolithic Null Device 

and Some Novel Circuits* 
W . M . KAUFMANt, MEMBER, IRE 

Summary—An important trend in modern electronics is toward 
decreased size and increased reliability of electronic systems. This 

paper discusses a new simple structure which performs the function 
of a twin-T network, i.e., a null output is produced at a single fre-
quency. This new structure has the advantage of being very small, 

simple to fabricate, and easy to use in conjunction with transistorized 
circuits. The theory of operation of the device, experimental veri-
fication of the theory, and some circuits containing the device is 
also discussed. The structure has been found useful to create a 
high-Q tuned amplifier, an oscillator, and a threshold transducer. 

The physical simplicity of the structure should result in a high degree 
of reliability and uniformity of response. It should be noted that the 
structure can be fabricated from semiconductor materials and is 
thus suited to "molecularized" or "integrated" solid state systems. 

INTRODUCTION 

important trend in modern electronics is toward AN 

decreased size and increased reliability of elec-
tronic systems. One manifestation of this trend 

is the very sizable effort exerted by many organizations 
to construct semiconductor blocks or monoliths that 
will perform electronic functions that presently require 
a multiplicity of components. The development of a 
monolithic null device to replace a twin-T network was 
a direct result of the desire to create a tuned amplifier 
in the form of a semiconductor monolith. The normal 
inductance-capacitance tuned amplifier could not be 
used because, with the present state of the art, signifi-
cant inductance is not obtainable in semiconductor 
structures. However, various references demonstrate 
that frequency selectivity is obtainable by means of a 
narrow band rejection filter (sometimes called a notch 
filter or null circuit) used in a degenerative feedback 
loop around a high gain amplifier.'-3 If a null circuit 

such as a twin-T or a Wien-bridge is used, then the fre-
quency selective system (tuned amplifier) would not 
contain any inductance. For this reason, the first step 
was the design of a monolithic device which would act 
as a notch filter. 

* Received by the IRE, August, 1960; revised manuscript re-
ceived, November 6, 1959. 

t Westinghouse Electric Corp., Research Laboratory, Churchill 
Borough, Pa. 

H. H. Scott, "A new type of selective circuit and some applica-
tions," PROC. I RE, vol. 26, pp. 226-235; February, 1938. 

G. E. Valley, Jr., and H. Wallman, "Vacuum Tube Amplifiers," 
Mass. Inst. Tech., Cambridge, Mass., Rad. Lab. Ser., vol. 18, 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1948. 

S. Seely, "Radio Electronics," McGraw-Hill Book Co., Inc., 
New York. N. Y.: 1956 

PHYSICAL STRUCTURE 

The monolithic structure that was found to possess 

the desired notch filter characteristics has been given the 
name "distributed bridged-T." An idealized distributed 
bridged-T structure is shown in Fig. 1. It consists of a 
capacitor-like sandwich of a dielectric layer between a 
resistive layer and a good conducting layer. Two termi-
nals are connected, one at either end, to the resistive 
strip. A resistor, R, is connected between the good con-
ducting layer and ground. (This resistor, R, could be 
"built in," for example, as a fourth layer of resistive ma-
terial.) Employing the symbolic notation used by Hager, 
the electrical schematic symbol for this structure is also 
shown in Fig. 1.4 An analog to the distributed struc-
ture is shown in Fig. 2. It consists of a multisection r-c 
ladder network (series r, shunt c), with all the capacitors 
connected together to one terminal of a resistor, R; the 
other terminal of R is at ground. 
The idealized structure can also be approximated 

with semiconductor materials. Semiconductor materials 
are of interest for two reasons. One reason is that a 
semiconductor distributed bridged-T is more readily 

Resistive 
Material 

Dielectric 

Good 
Conductor 

o o 

Fig. 2—A lumped circuit analog of the distributed bridged-T. 

Or 

Resistive 
Material 
for R 

Structure 

Fig. 1—An idealized distributed bridged-T filter. 

Symbol 

c \ A tc ---

4 C. K. Hager, " Distributed Parameter Networks for Circuit 
Miniaturization," AIEE-IRE-EIA-WCEMA Joint Electronic Com-
ponents Conference, Philadelphia, Pa.; May, 1959. 



1960 Kaufman: Theory of a Monolithic Null Device and Some Novel Circuits 1541 

employed in monolithic structures with other semi-
conductor devices such as diodes and transistors. An-
other reason is that the properties of semiconductor 
junctions permit electrical adjustment of the bridge 
parameters. A typical semiconductor structure is shown 
in Fig. 3. The distributed resistance is obtained by 
means of a lightly doped layer (shown as p-type in 
Fig. 3). The good conducting layer is obtained by means 
of a heavily doped region (shown as n-type). Distributed 
capacitance is obtained at the p-n junction when a re-
verse bias potential is applied. The resistor, R, can be 
connected externally or may be included as a resistive 
region connected to the highly doped region on the same 
block of semiconductor. Reverse bias can be applied to 
the junction in several ways. For simplicity of the 
sketch, it is shown connected between R and ground. It 
should be noted that the p- and n-impurity types can 
be interchanged; this would merely require a change in 
polarity of the bias supply. 

ELECTRICAL CHARACTERISTICS 

Gain and phase characteristics can be calculated 
readily by employing the lumped circuit analog shown 
in Fig. 2, and then by allowing the number of lumped 
elements to become infinite. A portion of the network 
is shown in Fig. 4. Circuit equations can be written for 

this portion of the system: 

p - type 

(highly doped),/ 

o 

Ohmic Contact 

aec(x) 
i(x) = i(x Ax) càx  

at 

Ohmic 
Contacts 

feF; 
Reverse 
Bias 

Potential 
o 

(1) 

_ p- type 

or (highly doped) _ 
resistive material  

‘"/ Built in R 
Reverse 
Bias 

Potential 

o o 

Fig. 3—Semiconductor structure for a distributed bridged-T. 

rAx 

e(x) e(x) 

o 

TCAX 

x+Ax 
rAx 

iR 
cAx 

Fig. 4—One portion of the lumped analog network. 

o 

e(x) = i(x ààx)ràx e(x Ax), (2) 

e(x) = e(x) + Rio, (3) 

a 
jo = ECX - [ec(sAx)] (4) 

a =0 at 

with neix =X, a constant length. These equations can be 
reduced to partial differential equations in space and 
time by letting Ax—>0. If all time variation is assumed 
sinusoidal (steady-state ac analysis), then the equations 
become ordinary second order differential equations in 
the space variable, x. The equations can then be solved 
for the rms voltage with respect to ground, E(x), at any 
point (0 <x <X) along the structure for any given 
boundary conditions. 
Of particular interest is the expression for complex 

gain as a function of co, the angular frequency of the 
input signal. The gain of the device is defined as the 
ratio of output to input potential, 

E(X) 
G(w) = (5) 

E(0) 

Under no-load conditions, this becomes 

1 — sech u 
G(w) = sech u +  (6) 

a 
1 — cot h u 

u 

or 

where 

G(w) — 
a u sinh u 

a cosh u + u sinh u 

)1 / 2 

u = (1 +j)(-- 
wi 

rX 
a -= — 

R 

2 
= — • 

rcX 2 

(7) 

Eqs. (6) and (7) are two different ways of expressing the 
sanie thing. Eq. (6) is useful in investigating the gain as 
frequency approaches infinity, and ( 7) is useful in deter-

mining gain at zero frequency. 
From (6) 

lim G = 1 

and 

G(0) = 1. 

The notch filter effect is obtained if the numerator of 
(7) can contain a zero as a function of frequency. In-
vestigation has shown that there is an infinite set of 
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values for a which will allow a zero in the numerator of 
(7) for some frequency. The numbers of the set will be 
denoted ao.„, where n can take on any odd integer. The 

integer values of n correspond to the odd numbered inter-
sections of the — tanh (co/coi)" curve with the family of 
curves tan (co/coi)m (see Fig. 5). The values of co/col at 
which an intersection occurs will be denoted by coo,./(01. 
The value of a corresponding to a given intersection is 

1/2 ‘00,n )1 / 2 WO,n )1 / 2 

a0,n ="' 2 (— cosh (— sin 
col 

The first intersection occurs at 

CO Wm 

= = 5.5951 • • • . 
(41 Wi 

(8) 

and the corresponding a is 

ao,i = 17.786 • • • . 

The third intersection and all higher ordered intersec-
tions very nearly occur at 

‘00,n r 

2- = ( n7 (01 4 • 

Further investigation of the gain function has shown 
that there are no zeros of the denominator for real 
frequency. 
The behavior of the gain function for a near a0,1 and 

a0,3 was investigated thoroughly. What has been 
learned can best be presented in the form of a polar plot 
of G(w). The polar plot is created by expressing the com-

plex gain in the form of an amplitude, A, and a phase 
angle, 0. On a polar coordinate system, the radial dis-
tance corresponds to A and the angular position cor-
responds to (/). Thus, the polar plot of the gain function 
is the locus of points (A, cb) for all frequencies, co. Fig. 6 
contains polar plots of G(w) for a in the vicinity of a0,1. 
Fig. 7 contains a polar plot of G(col a = «0,3). Of particu-
lar interest is the fact that for a < a0,1 the plot does not 
encircle the origin; therefore(/' is restricted to —7r < 4) < 7r. 
However, for a > a0,1 the plot does encircle the origin, 
and (1) goes from 0 to 27r. Therefore, there is a discon-
tinuity in (/) for a =a0,1 at co --= coo, i. Furthermore, for 

a0,1<a < ao.a, then 0 <(/) < 2w. But for a0,3 <a <a0.5, 
goes from 0 to 4r, and there is another discontinuity in 

for a= a0.3 at co =04,3. Although it has not been verified 
it is expected that for a0,0 <a < a0,7, 4) will go from 0 to 
67r, etc. Corresponding to the polar plot, both amplitude 
and phase could be plotted as functions of frequency. 
These curves are shown in Fig. 8(a), Fig. 8(b), and Fig. 9. 
For the purpose of comparison, the amplitude response 
curves for the distributed bridged-T (a =a0,1) and for 

the classical twin-T are plotted in Fig. 12. The close 
similarity is apparent from the graphs. 

Fig. 6—Polar plots of the complex gain 
for a in the vicinity of am. 

±7r 

-Tanh (W) '/2 7,7) 

Fig. 5—Tanh (w/cui)i2 and ton (w/col)'/2. 
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±7r 
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Near the Origin 

2 

Fig. 7—Polar plot of the complex gain a = «0,3. 
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or 

o 

-20 

.1z 
-40 

j - 60 

180 

-80 

-100 

120 
0.1 LO 

0.17.8V  

2 

rcX2 
(9) 

.10 
a .15"--- •25 For an abrupt p-n junction, the width of the depletion 

a = 20 layer, and thus the capacitance per unit area, varies in-
versely with the square root of the reverse bias potential. 
For a given device geometry, the capacitance per unit 

length is 

(a) 
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Fig. 8—(a) Amplitude response vs frequency for a in the vicinity of 
(b) Phase vs frequency for a in the vicinity of ao,i. 
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Fig. 9—Amplitude response vs frequency for a -= ao,3. 
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TUNABILITY OF THE SEMICONDUCTOR STRUCTURE 

As was shown above, there is a definite relationship 
between the null frequency and the system parameters. 
The null frequency depends on a and on col. The null 
frequency for ao,„ will be coo,o. As was defined above, 
each number coo,o/coi is an intersection of the negative 
hyperbolic tangent curve with the trigonometric tangent 
curves. Therefore, for given ao,o 

(1) Oda 

= (- ) Wi 

COI 

c =- (10) 

The resistance per unit length is 

r = 
W T 

where 

p = resistivity of material, 
W= width of the device, 
T= thickness of the resistive layer. 

For a particular material and geometry, 

T = To _ (12) 

where 

To = original thickness of the resistive layer, 
T,= the rate of increase of the depletion layer with 

respect to the square root of bias potential. 
Using (10), (11), and ( 12) in (9), and combining 
constants 

wo,„ = --)(AV'n 
W', 

(13) 

Eq. ( 13) describes a parabola in V" with zeroes at 
V"=0 and at V"=A/B, and a maximum for coo,o of 
442/4B occurring at V"=A/2B. This parabola is an 
idealized tuning curve for the distributed bridged-T if 
it is fabricated from a semiconductor with an abrupt 
p-n junction. 

NOVEL CIRCUITS EMPLOYING THE 
DISTRIBUTED BRIDGED-T 

The distributed bridged-T is suitable as a substitute 
for the twin-T null network in essentially all circuits. 
However, the electrical tunability of the semiconductor 
structure and the abrupt change in phase shift charac-
teristics from a < a0,1 to a>a0.1 provide certain ad-
vantages over the lumped parameter twin-T network. 
An important circuit employs the distributed 

bridged-T in conjunction with a high gain amplifier to 
form a narrow band tuned amplifier. This is accom-
plished by connecting the filter in a degenerative feed-
back loop around the amplifier (see Fig. 10). For a high 
gain amplifier, the response will then approach the re-
ciprocal of the filter characteristics. The Q obtainable is 
theoretically unlimited depending only on the gain of 
the amplifier if the filter is properly adjusted to ao,i. An 
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Fig. 10—A high-Q tuned amplifier. 
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Fig. 11—Response of an amplifier employing selective degenera-
tive feedback through a distributed bridged-T. 

example of tuned amplifier characteristics is given in 
Fig. 11. This is a theoretical curve based on an amplifier 
with 54-db voltage gain and negligible phase shift in the 
frequency range of interest. 

This circuit of Fig. 10 can also be used as an oscillator 
with adjustable frequency of oscillation by maintaining 
a > ao.i. Under these conditions, as can be seen from 
the polar plots of Fig. 6, the distributed bridged-T will 
contribute exactly 180 degrees phase shift at some fre-
quency, co.„. If a is just slightly greater than «0,1, then 

will be nearly equal to coo,i. In fact, 

hm Wose = 

However, since a>a0,1 must hold, wo.c<coo. i. With a 
fixed, the frequency of oscillation can be varied by vary-
ing coo,i. As was described above, when using semi-
conductor materials, coo,1 can be changed electrically by 
varying junction bias potential. 
The extreme sensitivity of phase shift to changes in 

a in the vicinity of 04, 1, makes it possible to create a bi-
stable device operating on this principle. Such a system 
would also use the basic circuit of Fig. 10, but the 
lumped resistor, R, is now variable. If the resistance is 
greater than some critical value the system will not 
oscillate. If the resistance is equal to or less than the 
critical value the system will go into oscillation. The 
critical resistance, Rc, satisfies the equation 

KG ( rX co I = — 1. 
R, 

(47) 

For large K, I?, will be slightly less than rX/a0.1. 

rX 
hm R, = — • 
K—. ce aria 

(48) 

This bistable system can be used as a threshold trans-
ducer that would switch to an oscillating condition 
whenever R goes below Rc. The transducer could then 
be used with any physical quantity that can be trans-
formed into an electrical resistance. Some examples are 
temperature, strain, light intensity, atomic radiation, 
and electrical potential. 

EXPERIMENTAL RESULTS 

Certain experiments were performed to verify the 
theoretical conclusions concerning the distributed 
bridged-T. The forward transfer characteristics were 
measured for a distributed bridged-T device, made at 
the Youngwood plant.' The device was fabricated from 
a p-n junction in silicon. Lumped resistor R was applied 
externally. The optimum value of R was found to be 190 
ohms when 1 volt reverse bias was applied. The value of 
rX measured with no bias at dc was found to be ap-
proximately 3200 ohms. The experimental a is then ap-
proximately 16.8. The 6 per cent discrepancy here from 
theoretical 17.8 is probably due to the combination of 
reverse bias of 1 volt and device operation in the mega-
cycle range. Further experimental results agree more 
closely with theory. The measured amplitude response 
is plotted in Fig. 12 along with the theoretical bridged-T 
and the theoretical twin-T response curves. Since only 
the output was measured, the point measured at lowest 
frequency (0.075 mc) was chosen as a reference and was 
assumed to lie on the theoretical curve. All the other 
points were determined with respect to the reference 
point (in db) and were then plotted. It is clear that the 

experimental results agree almost exactly with the 
theoretical curve. The only area of disagreement is the 
depth of the measured null. This is shown in the inset 
of Fig. 12. The theoretical null drops to — 00 but the 
measured null was finite. It was found that the wave 
shape from the signal generator used at the input had 
very high harmonic content, and that the harmonics 
were being passed when the fundamental was being re-
jected at the null frequency. This certainly accounts for 
the discrepancy at the null. To further check this, the 
transfer characteristic of a 10-section lumped approxi-
mation to the distributed system was measured with the 
same equipment. Normalizing the data to the same null 
frequency (actually, the nulls were very close, 1.78 mc 
for the distributed circuit, 1.88 mc for the lumped cir-

cuit), it can be seen in Fig. 13 that the distributed 
system and the 10-section approximation act almost 
identically in the same test setup. The difference here 
between the depths of the nulls is about 4 db and is 
probably due to the fact, as can be seen in Fig. 13, that 
the lumped approximation attenuates harmonics of the 
input to a somewhat greater degree than the distributed 

6 Westinghouse Electric Corp. 



1960 Kaufman: Theory of a Monolithic Null Device and Some Novel Circuits 1545 

-10 

€ -20 
.q 

-30 

-40 

-50 

o 

Reference point, data 
assumed to fit at this point. 
All other dato points plotted (2) 
in db with respect to this 
reference point. 

for Twin-I 

(2) pi for Combined Distributed 
and Lumped Bridged - T 

o Experimental Points for o 
Distributed Bridged - T 

-40db 

-so ' 

o 

(2) 

(2) 

6 WI 

Magnified Scale 

5.6 io 100 
2 w1 --2- for the Combined 

rc I Bridged - T 

Fig. 12—Theoretical curves fort, twin-T and distributed bridged-T, 
and experimental points for the distributed bridged-T. 

o 

-10 

-20 

db 

-30 

-40 

-50 

-60 

I 1 I 

_ I Lumped Filter 
2. Distributed Bridged -T 

01 
t Ill I I It! 

(.0 
WI" 

10 100 

Fig. 13—Experimental comparison between a distributed bridged-T 
and a lumped parameter approximation to it. 

system. Data was also obtained on the variation of null 
frequency with bias voltage. As explained above, the 
theoretical tuning curve is parabolic in the half power of 
the bias potential. This parabolic shape could not be 
fully tested because the junction breakdown voltage 
prevented a wide enough range of test voltages. How-
ever, the curve has been compared with a parabola 
merely to show that some parabola does give a reason-
able fit. This is shown in Fig. 14. The experimental 
curve does not go to dc at V=0, because junctions have 
a depletion layer even with zero externally applied bias, 
and, furthermore, any input signal would cause self-
biasing because of the rectifying action of the junction. 

Experiments were also performed using the dis-
tributed bridged-T device in the circuit of Fig. 10. 
Operation was possible as a frequency controllable oscil-
lator, but the inherent additional 75° phase shift of the 
amplifier caused the oscillation frequency to be quite 
different (and lower) than the null frequency (.4,1. In-
stead of 180° the distributed bridged-T network had to 
contribute only 105°, which occurs at a frequency some-
what lower than coo,i. This oscillator frequency was still 
controllable by varying the bias potential, for the phase 
shift contribution of the filter at any frequency is re-

lated to wo, i. 
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Fig. 14—Tuning curve for a distributed bridged-T filter. 
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CONCLUSIONS 

The primary goal of providing a tuned amplifier with-
out inductance in a monolithic structure has been ac-
complished as described above, and the adjustability of 
the selected frequency by electrical means is a useful 
by-product of the semiconductor embodiment of the 
structure. There is no reason to place all emphasis on the 
semiconductor embodiment of the distributed bridged-T. 
Because of the simplicity of the structure, fabrication of 
the device by means of material deposits on a dielectric 
slab resulting in a configuration similar to Fig. 1 should 
be very inexpensive and should, therefore, provide sig-
nificant competition to the tuned IF transformer in 
those tuned circuit applications where small size is of 
primary importance. An example of the small size ob-
tainable is the fact that sample devices have been con-
structed with nulls at approximately 1 mc, with di-
mensions 0.09 inch by 0.04 inch and 0.003 inch. The 
great similarity between the response of the distributed 
filter and the twin-T network as shown in Fig. 12 indi-
cates that the distributed bridged-T can be used vir-
tually interchangeably with the twin-T circuit. The fact 
that a similar characteristic to that of a twin-T is ob-
tainable in a physically simpler structure indicates that 
there may be much value in investigating general ana-
lytic and synthetic techniques for combined parameter 
systems. 
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Video Transmission Over Telephone Cable Pairs 
by Pulse Code Modulation* 

R. L. CARBREYt, MEMBER, IRE 

Summary—An experimental seven digit pulse code modulation 
(PCM) system has been built for the transmission of monochrome 
and color television signals over seven pairs of 22-gauge exchange 
area telephone cable, installed in the laboratory. A beam coding tube 
converts the signal to seven parallel digits of a binary Gray code at 
a 10 mc rate. All circuits except the coding tube deflection amplifier 
are transistorized. The coded digits are sent over the cable in parallel 
form with alternate groups converted to complements of the coded 

signal, thus substantially removing the low frequency component. 
This makes it possible to use simple repeaters without special com-
pensation for duty factor variation. A repeater group is used after 

every 3000 foot section of cable. One ten megabit repeater, consisting 
of an amplifier and blocking oscillator, is required for each digit. All 

seven digit repeaters are retimed with a common timing wave. At 
the decoding terminal, transmitted complements are restored to 
Gray code before translation to natural binary. A binary weighted 
resistance network decoder converts the signals to a quantized re-
production of the video signal. Good quality composite color and mono-
chrome pictures are obtained with six digits. Seven digits are be-
lieved to be necessary for broadcast quality with some margins. 
Waveform photographs illustrate the various functions, and photo-
graphs of decoded pictures are shown. 

INTRODUCTION 

THIS PAPER describes an experiment whose pri-
mary objective was to encode standard broadcast 

  television signals into seven digit PCM, and to 
transmit the digits in parallel over seven pairs of type 
CSA 22-gauge paper-pulp insulated exchange area tele-
phone cable. Transistors are used in the repeaters as 
well as at the coding and decoding terminals, but they 
are not used for the beam tube coder and its associated 
deflection amplifier. 

In order to add a single television cable circuit using 
present analog signal transmission techniques, it would 
be necessary to bury or pull into cable ducts either a 
coaxial cable, such as that shown at the bottom of Fig. 
1, or a double-shielded balanced 19-gauge pair video 
cable. In large metropolitan areas this is a very expen-
sive operation. However, a signal which has been con-
verted to binary pulse code modulation at the point of 
origin can be transmitted over existing telephone cable 

either directly to the destination, or to a backbone 
transmission system.' This should permit circuits to be 
added more economically with all of the advantages of 
digital transmission provided, of course, that the re-
peaters and terminals have adequate reliability, and 

* Received by the IRE, January 29, 1960; revised manuscript 
received May 30, 1960. 
t Bell Telephone Labs. Inc., Murray Hill, N. J. 
S. E. Miller, "Waveguide as a communication medium," Bell 

Sys. Tech. J., vol. 33, pp. 1209-1266; November, 1954. 

that their installation and manufacturing costs are kept 
within reasonable limits. 

The type of cable which was used for the experiments 
to be described is shown at the top of Fig. 1. It is a 
51-pair cable of the type normally used to connect the 
subscriber's telephone to the central office. It was in-
tended to be used only for short haul voice frequency 
work. The cable attenuation characteristics are shown 
in Fig. 2. The ten mc loss is 116.6 db per mile, the five 
mc loss, which is the major one of interest, is 77.5 db. 
Loading coils are spaced 6000 feet apart in this cable. It 
would be desirable to replace the loading coils with re-
peaters; so one would like to space the repeaters 6000 
feet apart. This requires more gain than should be 

handled in a single repeater. Therefore, the repeaters, 
one per digit, are spaced only 3000 feet apart. The lower 
loss-curve shows the 3000 foot attenuation. At five mc, 
the loss is 44 db. Crosstalk characteristics have been 
measured on the laboratory cable installation and sev-
eral others. The worst far-end crosstalk for ten megabit 
pulses was found to be 45 db below the signal. The 51-
pair cable could he used to transmit seven TV programs 

U11111.1111111111111111111imeilms. 

Fig. 1— Z-inch coaxial cable, and 51-pair exchange area cable. 
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Fig. 2—Attenuation characteristic of 22-gauge cable pairs. 
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in one direction with two pairs left over for spares.2 in-
cidentally, each pair could be used for 178 seven-digit 
voice frequency channels. Most exchange area cables are 
made up of a number of such 50- or 51-pair bundles in-
side a common sheath. 

In an analog system such as that used for transcon-
tinental TV transmission, it is necessary to design and 
maintain the repeaters to a very high degree of preci-
sion.3 Coaxial repeaters are spaced about four miles 
apart, so it is necessary to use almost a thousand re-
peaters in some of the long circuits. Any noise, crosstalk, 
or distortion which occurs will be passed along to the 
rest of the repeaters in the chain. Because the effects 
are cumulative, each repeater must meet requirements 
which are appreciably better than the over-all require-
ments. It is a tribute to the analog transmission art that 
such excellent quality is achieved over circuits of this 
length. In order to do so, however, it is necessary to 
measure some of the coaxial amplifier components to a 
thousandth of a db, and the gains and equalization 
characteristics are frequently held to a hundredth of a 
db. The repeaters must be both expensive and complex, 
and they cannot eliminate unwanted disturbances which 
do occur. 

Although ordinary voice frequency telephone cable 
pairs are capable of passing a wide enough frequency 
band to handle standard broadcast television signals, 
they are subject to so much interpair crosstalk at video 
frequencies, the loss equalization problem is so severe, 
and the total loss is so high, that transmission over ex-
change cable pairs of a broadcast type television signal 
by present conventional analog methods is impractical 
except for very short distances. 
With binary pulse transmission, on the other hand, 

the signal is regenerated at each repeater, so it is neces-
sary only to design the repeaters to be able to handle a 
single span from one repeater to the next. It is theoreti-
cally possible to tolerate a zero-to-peak interference of 
half the amplitude of the peak-to-peak signal. This six 
db limit must usually be reduced to about nine db by 
practical circuit limitations, but even so, considerable 
distortion and interference can be handfed without error 
as will be shown later. It is also theoretically possible 
to transmit a TV signal over any distance by the use of 
regenerative repeaters without increasing the noise or 
getting any more distortion of the signal than would be 
present in transmitting the signal directly from the 
PCM coder to the decoder. The noise which does exist 
is quantizing noise caused by the transmission of a finite 
number of signal levels. With seven digits, 128 levels can 
be transmitted. 

2 Both far-end crosstalk and near-end interaction crosstalk must 
be studied in field installed cable before any definite estimate of the 
possible number of one-way transmission circuits can be made. Near-
end crosstalk would probably limit two-way transmission to carefully 
selected pairs in separate bundles. 

3 See issue on "The L3 coaxial system," Bell Sys. Tech. J., vol. 32, 
pp. 779-1005; July, 1953. 

Transmission of a broad-band signal in pulse form 
permits separating the signal into as many parallel 
paths as desired, so that transmission facilities can be 
used which would be inadequate for transmission of the 
entire signal over a single path. Conversely, the pulse 
signals from more than one signal source can be inter-
laced for transmission over a common path of adequate 
capacity. 

CODING TERMINAL 

The basic system and sampling frequency is set by a 
10-nu- crystal oscillator, so, in accordance with the 
Nyquist theorem,' the maximum frequency which can 
be transmitted is just under 5 inc. The 10-mc sampling 
rate was selected somewhat arbitrarily because it was a 
nice round number, and because it would permit a 
gradual roll-off in the video output filter. This is more 
than adequate for the standard NTSC television signal 
which cuts off to permit the sound carrier to be inserted 
at 4.5 mc. The precise frequency to use in a system ap-
plication must take into account a number of complex 
factors. 

Fig. 3 is a pictorial diagram of a coder in which only 
five digits are shown for simplicity. A 10-mc pulse is 
used to operate the balanced transistor sample and 
hold gate represented in Fig. 3 as a switch. The switch is 
closed once every 100 nanosecond (nsec) for 50 nsec.5 
During this time, the capacitor is charged to the value 
of the video signal. During the 50-nsec interval when 
the switch is open, the signal level is stored as a flat 
sample. (See Fig. 4.) This is done in order to prevent the 
beam from moving up or down the aperture code plate 
while a decision is being made. A 10-mc sine wave is ap-
plied to the grid of the beam coder which turns the beam 
off during the sampling interval, and turns it on during 
the holding interval. 
The coding tube, Fig. 5, is an improved version of the 

one which was used in some earlier work by W. M. 
Goodall.6 It was developed by the Electron Tube De-
velopment Dept.7 The rectangular gun structure forms 
a ribbon beam instead of the more conventional string 
beam. Referring again to Fig. 3, the held signal sample is 
first amplified by a broad-band deflection amplifier, so 
that a total deflection voltage of about 90 volts is avail-
able. This is the only place in the system where vacuum 
tubes are used. When the ribbon beam is turned on by 
the 10-mc blanking circuit, it will hit the aperture plate 
at a position corresponding to the analog amplitude. 
Where the beam hits the solid metal of the coding plate, 
the electrons are blocked, and a space, or zero condition, 
will appear at the output. Where the beam hits an 

4 H. Nyquist, "Certain topics in telegraph transmission theory," 
Trans. A IEE, vol. 47, pp. 617-644; April, 1928. 

5 One nsec = 10-9 seconds. 
6 W. M. Goodall, "Television by pulse code modulation," Bell 

Sys. Tech. J., vol. 30, no. 1, pp. 33-49; January, 1951. 
R. W. Sears, "Flash coding tube," presented at the IRE 

WESCON Convention, Los Angeles, Calif.; August 21, 1956. 
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Fig. 3—Pictorial diagram of five digit coder. 
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Fig. 4—Sample and hold circuit waveforms. (a) Video input to 
sample and hold circuit. (b) 10-mc control wave. (c) Sampled and 
held output of coder deflection amplifier. Time scale: 100 nisec 
per major division. 

opening in the plate, it " passes" through to the col-
lector electrode. Individual collector electrodes are 
positioned behind each of the seven digit columns. 
The output currents for a beam passing cleanly 

through the holes are of the order of 35 microamperes, 
depending upon the beam intensity and focus. An out-
put pulse will result from this current burst. Because the 
beam has a finite height, it does not always fall in a posi-
tion where it either passes cleanly through the hole or 
is completely stopped. When it hits an edge of a hole 
only partial current appears at the output, and a " may-
be" condition exists instead of a clean-cut yes or no. 

Fig. 5--Beam coder tube and aperture plate. 
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Fig. 6—Gray and natural binary code patterns. 

If we were to use an aperture plate cut out in accord-
ance with the natural binary code, as shown in Fig. 6(b), 
from one to seven separate decisions would have to be 
made when the beam was positioned across the edge of 
an aperture. The stability and precision of simple deci-
sion circuits are such that they all might not make a 
consistent decision. When a "Gray code" patterns of the 
type shown in Fig. 6(a) is used, only a single decision has 
to be made at any transition from one level to the next. 

The output beam current which appears on each of 
the individual collector wires is first amplified, and then 
the amplified output is applied to a blocking oscillator 
which uses a small ferrite core cup-type feedback 
transformer and a diffused base transistor. It is in this 
decision circuit that the quantizing operation really 
takes place. The amplitude of the one input signal which 
is in a "maybe" state is a measure of the quantizing 
error. When it is midway between the pulse and space 
condition, the quantizing error is a half step. 

8 F. Gray, " Pulse code communication," U. S. Patent No. 
2,6.12,058: March 17. 1953. 
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Fig. 7—Coder output regenerator package. 

Fig. 7 is a photograph of one of the coder output re-
generator units. This is a three stage transformer 
coupled amplifier with diode clipping of the center and 
peak levels. A differentiating type transformer is used 
in the input circuit in order to remove the dc component 
from the signal train. The resulting output caused by 
the blanked beam current has the general appearance of 
a 10-mc sine wave whose amplitude is modulated by the 
signal position. Fig. 8(a) shows the output when a saw-
tooth wave with some noise present sweeps the beam 
slowly across the edge of an aperture plate hole in one 
of the digit 5 positions. The blocking oscillator is trig-
gered whenever the negative pulses swing below the 
nominal slicing level which is the second graticule line 
from the bottom. Waveform b shows the resulting out-

put pulses. Observe that good clean decisions are made 
by the transistor blocking oscillator. The slight " fuzz-
ing" at the leading edge of the pulses is caused by the 
variation in trigger time between triggering at the 
—45° and — 90° points on the "sine wave" as well as by 
the finite decision time required. Regating the input 
with a narrow timing pulse could be used to reduce this 
variation further, if desired. The pulses are, of course, 
100 nsec apart. Note that each pulse of about 50 nsec 
duration is followed by a blank interval of about the 
same length in order to give the circuit sufficient time to 
recover to a stable rest point before the next decision 
has to be made. Waveform c shows the amplified output 
wave from the coder tube as the beam sweeps completely 
across a digit 5 hole. The sweep speed is 2 µsec per major 
division. Fig. 8(d) shows the resulting long group of re-

generated pulses. Note that the amplitude regeneration 
is not perfect, and that the height does vary slightly 

with triggering magnitude. 

ALTERNATE INTERCHANGE 

The regenerated pulses from the coder output regen-
erator could be coupled directly to the balanced 22 
gauge cable pair through an unbalance-to-balance 
coupling transformer. It is necessary to use a trans-

former at the input and output of the line, because an 
unbalanced regenerator is used and the transmission 
line must be operated balanced in order to maintain the 
good crosstalk margins. The pulses which are to be 

(c) 

(d) 

Fig. 8—Coder output regenerator vtavelort (a) Amplified output 
with coder beam sweeping across the aperture edge. (b) Blocking 
oscillator output pulses showing decision ( 0.1 11sec/division). 
(c) Output with beam sweeping across digit 5 aperture (2 µsec/di-
vision). (d) Blocking oscillator output pulses for input c. 

transmitted are subject to two major forms of distortion. 
One of these is the spreading out of the pulses caused by 
the marked increase in attenuation with frequency as 
noted in Fig. 2. This can be taken care of by equaliza-
tion as discussed later. The other distortion is caused 

by the low frequency cutoff of the transformers which 
are used. This changes the effective derision level of the 
regenerator as the signal duty factor changes. 

Fig. 9 shows what the low frequency cutoff of the 
transformers does to the signal. Fig. 9(a) shows a train 
of about 500 pulses at the primary side of the line driv-
ing transformer. Fig. 9(b) shows the resulting wave train 
after passing through a balance-to-unbalance trans-
former at the output of 3000 feet of cable. Both the in-
put and output transformers have, naturally, a low fre-
quency cutoff which attenuates the step function. (The 
transmission time is about 3.5 µsec.) Fig. 9(c) shows the 
same wave at the output of the equalized repeater 
amplifier which includes an additional transformer. This 
waveform would be a flat-top-and-bottom square wave 
if the transformers could pass very low frequencies. If 
the second graticule line from the bottom represents 
the slicing level, only about 60 pulses would get through 
correctly in the absence of any interference. Everything 
following would be classified as a space. This is a prob-
lem that arises in ac coupled variable-duty-cycle single 
polarity circuits, even though the runs are not long. 
Designing better transformers, lowering the impedance, 
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a) 

(b) 

(c) 

Fig. 9—Response of transformers and line to long pulse train. ( a) 500-
Pulse group at primary of input transformer to 22-gauge cable 
(10 ;4.sec/division). (b) Transformer coupled unequalized output 
of 3000 feet of cable. (c) Equalized output of repeater amplifier 
showing low frequency cutoff of transformers. 

and equalizing to high frequency would extend the 
pulse handling capacity, but practical limits do exist. 
L. R. Wrathall used quantized feedback to handle pulse 
trains of several seconds duration at 672 kc. 9 Unfor-
tunately, quantized feedback around the whole repeater 
turned out to be difficult at 10 mc. Local quantized 
feedback around the blocking oscillator only could be 
used effectively, but the adjustment must be very pre-
cise. Quantized feedback should always be sufficiently 
less than ideally required, in order to prevent the circuit 
from breaking into spurious operation if the input sig-
nal level drops or the feedback increases slightly. 
An effective method of virtually eliminating the prob-

lem is to modify the signal statistics by a method called 
alternate interchange (AI). Video signals lend them-
selves very well to this process, and most other types of 
ordinary signals are benefited also. First consider the 
statistics as coded. Runs of pulses such as those shown 
in Fig. 9 are not at all uncommon. Indeed, a single line 

of a TV signal between the back porch and the follow-
ing front porch is 52.1 µsec, so a single line at constant 
level would produce 521 pulses or spaces in a row for 
each of the digits. Digit 1, the most significant, is a 
pulse in the grey-to-blacker-than-black region, so it 
might appear as a run of pulses from one commercial 
to the next for a night scene program. The most prob-

9 L. R. Wrathall, "Transistorized binary puke regenerator, 
Bell Sys. Tech. J., vol. 35, pp. 1059-1084; September, 1956. 

(a)-

(b) 

Fig. 10—Alternate interchange at start of pulse train, with pulse 
train shifted to show double space and double pulse transition 
conditions. (a) Coded signal input (0.5 psec/division). (b) 5-inc 
control wave. (c) Repeat of (a). (d) Alternate interchanged out-
put. (e) Pulses period later. ( f) 5-Inc control wave. (g) Repeat 
of ( e). ( h) Alternate interchanged output. 

able next binary signal is a repeat of the one being 
transmitted. 

Fig. 10 shows how changing the pulses to spaces and 
the spaces to pulses in every even numbered time slot 
converts unfavorable runs of spaces or pulses to essen-
tially a 5-nic wave. At the top, the start of a coded 
group of pulses is shown; a 5-mc pulse train is shown 
just below this. If these two waveforms are fed into a 
logic circuit which is essentially a half adder, waveform 
d will result. A half adder operates on the logic aymbina-
tions 0+0=0, 1+0=1, 0+1 = 1, and 1+1=0. There 
fore, when the two inputs are alike, a space output is 
produced. When they are different, a pulse output is 
produced. This changes every other group to its comple-
ment. During the time the input shown at a is a space, 
the output is a 5-inc pulse train in phase with the refer-
ence wave. A double space is produced at the transition 
from spaces to pulses because the first pulse is in phase 
with the 5-mc control wave. During the pulse run, a 5-
mc wave 180° out of phase with the control wave is sent 
out. Had the pulse run started 0.1 µsec later (or earlier) 
as shown in waveform e, a double pulse would have oc-
curred at the transition as shown in h. 

Similarly, at the trailing edge transition, as shown in 
the waveforms of Fig. 11, a double space or a double 

pulse could occur. At every transition from pulse to 
space or from space to pulse, two spaces or two pulses 
will be sent out. If by chance the code should be gen-
erated as a long run of alternate pulses and spaces, this 



1960 Carbrey: Video Transmission Over Telephone Cable Pairs by Pulse Code Modulation 1551 

"""' ''''' - .emiemwiewswigebe....hedbe 

'1I111 , 1.!1 1)1111111ft 

//////i///e,-/".,//.,/j.;riiit 

111111111‘tfttlit , 

t1111111111tillttlittli 

11111 ill It Ft11111! Ulf! 

A/VtANNAANVNAAAA 

MOW U.\\U 
PM\MI,ItisMie (h) 

Fig. 11—Alternate interchange and repeater waveforms at end of 
pulse train. (a) End of coded pulses (0.5 psec/division). (b) Inter-
change showing double space. (c) Pulses period later. (d) Inter-
change showing double puise. (e) Unequalized output of 3000 feet 
of pair for double space. (f) Unequalized output for double pulse. 
(g) Equalized output of amplifier—double space. (h) Equalized 
output of amplifier—double pulse. 

would be converted to all pulses or all spaces, depending 
upon the particular phase. Fortunately, long sequences 
of this type are very unlikely. Any repeated pattern 
which is an odd number of bit intervals long will be con-
verted to a sequence which has an equal number of 
pulses and spaces for every pair of patterns. Repeated 
patterns which are an even number of bit intervals long 
will either be improved, or their duty factor variation 
will remain the same as in the original signal, except for 
the previously mentioned alternate space and pulse pat-

tern. 
Waveforms e and f show the unequalized output of a 

3000-foot line for a double space and a double pulse 

transition, respectively. The bottom pair of waveforms 
shows the corresponding output of the equalized ampli-

fier. This is obviously a far easier signal to regenerate 
than the one of Fig. 9. Fig. 12 shows the original train 
of 500 pulses, the Al sequence as it is transmitted on the 
line, the unequalized output, and finally the amplified 
output which is applied to the blocking oscillator. The 
dc shift is negligible. Homogeniziag the signal in this 
manner is advantageous not only from the standpoint 
of reducing the duty factor variation, but it also insures 
that a steady predominance of transitions between 
pulses and spaces will be present at each repeater in 

order to greatly simplify the timing recovery problem. 
Because the duty factor is 50 per cent, the ac coupling 

to the trigger circuit can automatically adjust the 

(d) 

Fig. 12—Effect of alternate interchange on long pulse groups. (a) 500-
pulse group from regenerated coder output ( 10 14sec/division). 
(b) Same signal after interchange at line input. (c) Unequalized 
output of 3000-foot line (note the two leading edge states). 
(d) Equalized output of repeater amplifier showing no low fre-
quency component. 

trigger level as the signal magnitude varies. In addition, 
the problem of power supply regulation at the repeaters 

is eased appreciably because the load stays practically 
constant all along the transmission line. Elimination of 
the low frequency components reduces the possibility 
of crosstalk into low frequency transmission systems 
which might use the same cable. 
How often and how long a predominance of one condi-

tion or the other occurs is of interest in designing the 
repeater and the timing recovery circuits. Statistical 
measurements of off- the-air program material have not 

as yet been made, but some indication of what to expect 
can be obtained by simple oscillographic methods. These 
show that even for the least significant seventh digit, 
there is so much correlation in the signal as originally 
coded, that runs equivalent to twenty pulses in a row 
after interchange are very rare. 

If the number of digits is increased to the point where 
pulses are coded almost at random for the smallest 
order digit, then the correlation will disappear and in-
terchange will be of no help. When this situation exists 
there is almost no information in that digit anyway so 
falsification or complete elimination of it will have a 

negligible effect on the picture. 
With alternate interchange, it is not necessary to use 

quantized feedback for either color or monochrome 
transmission. We will use some local quantized feed-
back, however, in order to provide an additional margin 
of safety, and to increase the variety of possible signals 

which can be handled. 



1552 PROCEEDINGS OF THE IRE September 

VIDEO 
INPUT 

ANALOG 
AMPLIFIER 
AND DC 
RESTORER 

SAMPLE 
AND 
HOLD 

CIRCUIT 

F 
SAMPLE- 1 

HOLD 
PULSER 

AND I 

BEAM 
CODER 
TUBE 

—0-0 3 /..LSEC 

1 10 MC 
BLANKING 

r CODER OUTPUT 
REGENERATOR 

AMP 

BLOCK 
OSC 

— 7 

r ALTERNATE INTERCHANGE - 1 
LOGIC 

- 

-1 2 1. 0 2 /./ SE 1 

4.41-1,,,,, ',....4- 1-fl / 
I -  

I AMR rBLOCK — 1 4+1 osc —I—N-05445EG 
— - ; DELAY FOR 

TRANSLATOR 

10 MC 

BLANKING 
,..-. PWMSCE 5 MC / 1.1 AMPLI-I- «.-'« TIMING 10 

PULSE R ., 

L ......... 
TIMIN _, G I 
DELAY 1 

Fig. 13—PCM-TV transmitting coder terminal block diagram. 

The transmitting terminal block diagram with Al 
added is shown in Fig. 13. A photograph of the actual 
transmitting terminal is shown in Fig. 14. The coding 
tube is inside the mu-metal shield projecting up from 
the front panel. The output regenerators are connected 
directly to the top of the tube. The deflection amplifier 
is inside the upper part of the cabinet. The alternate 
interchange circuitry appears at the top, and the regu-
lated rectifier supplies and control circuits are mounted 
in the bottom. 
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The foregoing has been concerned with the methods 
of overcoming the low frequency shortcomings of the 
coupling transformers. Now let us take a brief look at 
the effect of the high frequency shortcomings of the 22-
gauge transmission pairs. 

Because of the more than 40-db spread between the 
low and high frequency attenuation of the cable pair, 
the low frequency component of a pulse comes through 
at a much greater magnitude than the high frequency 
component, with the result that the pulses are "smeared 
out" on the time axis. Fig. 15(a) shows a repeated 
1010100000000000 sequence at the input to the line. 
The unequalized output of the line is as shown in b. 
This pattern repeats at about 625 kc, so the low fre-
quency cutoff of the transformers contributes only 
slightly to the distortion. The slicing level should be set 
at about the second graticule line from the top, in order 
to correctly regenerate the first pulse. With this setting, 
the next ten positions would also be classified as pulses, 
so this signal obviously cannot be used as received. The 
solution is to insert sufficient low frequency loss in some 
form of simple equalizer to bring the low frequency loss 

TO 
220A 
CABLE 
PAIRS 

Fig. 14—Complete coder terminal. 
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(a) 

(3) 

(c) 

(d) 

Fig. 15—Waveforms showing need for simple line equalization. 
(a) 10101 input to cable pair. (b) Unequalized output of 3000-foot 
pair showing effect of line distortion. (c) Equalized output of re-
peater amplifier. (d) Regenerated output pulses. 

up to that of the high frequency. Fig. 15(c) shows the re-
sulting waveform after equalization. This is an easy 
signal to regenerate. 

REGENERATIVE REPEATERS 

A single digit repeater section block diagram is shown 
in Fig. 16 together with the over-all characteristic of 
amplifier, transformers, and line. Each of the seven 
digits is sent over a pair of wires, so a total of seven re-
generators is required at each 3000-foot repeater section. 
The block diagram of Fig. 17 shows such a repeater 
group. Each of the individual repeaters could be timed 
separately, but this would create a realignment problem 
at the decoding terminal. Because the delay per repeater 
span is 3.5 µsec, a dispersion of a few per cent at each 
span might result la a substantial spread of the positions 
of the seven digits after many repeaters. By retiming 
the entire group at each span, the dispersion problem is 
reduced to a minimum, and the output of all of the re-
peaters can be used to excite the common timing re-
covery filter. 

In the simplest case, this filter is just a quartz crystal 
filter. A part of the output energy of each of the blocking 
oscillators is coupled to this common filter through an 
individual series tuned filter which serves as a buffer 
between the various digits. Although the blocking oscil-
lators are triggered at essentially a 5-mc rate, the pulses 
are rich in second harmonic energy, so the output of the 
common filter is a 10-mc sine wave of nearly constant 
magnitude which is used for retiming the regenerative 
repeater. A narrow timing pulse gives better cleanup and 
stiffer timing control, but generating such a pulse in a 
common transistor circuit puts a premium on the re-
liability of the transistors in the common circuit. Nor-
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Fig. 16—Single digit regenerative repeater block diagram. 

REGENERATIVE REPEATER GROUP 

  101.1C TIMING 
RECOVERY 

2 

4 

5 

6 

7 

• 

AMP 

AMP 

.P-C PEDESTAL 
BIAS VOLTAGE 

BLOCKING 
  OSCILLATOR 

LREGENERATOR 

2 

3 

BLOCKING 
OSCILLATOR 
REGENERATOR 

7 

4 

 ••• 

 • 

Fig. 17—Repeater block diagram for seven 
digits transmitted in parallel. 
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malty, a failure of a transistor in any one of the digit 
circuits would just cut down the transmission capacity 
by a single digit,'° but failure of the common timing cir-
cuit would wipe out all of the digits. In addition, back-
ward acting timing such as we are using depends upon 
having a finite slope for both the signal and timing 
wave edges. 
The waveforms of Fig. 18 show the input signal, the 

recovered 10-mc timing wave, and the sum of the two 
as they appear at the output of the amplifier of the re-
peater. The regenerated output pulses are shown at the 
bottom. One interesting problem arises with backward 
acting timing of this sort. The normal operating level 
for the blocking oscillator is set halfway between the 
peak of the input signal and the peak of the sum of the 
timing wave and the pulses. Unless a timing wave is 

'° The least significant digit should be the one eliminated by ap-
propriate switching at the terminals. 
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(a) 

(d) 

Fig. 18—Repeater waveforms with additive timing. (a) Equalized 
signal. (b) 10-inc timing wave. (c) Sum of signal and timing 
wave. (d) Regenerated output. 

present, the blocking oscillator would never fire. But, 
there can be no timing pulse unless the blocking oscil-
lators are producing pulses to shock excite the timing 
recovery filter circuit. Thus the system would never 
start into operation. This impasse is resolved by pro-
viding some form of pedestal bias. When the timing 
wave is absent, the dc bias drops to zero, so the blocking 
oscillators are biased to operate at the midlevel of the 
incoming raw signals. As the timing wave magnitude 
builds up, the bias builds up to set the bias at the correct 
operating point for signal plus timing wave. The net 
result is a system which can be made to operate cor-
rectly with or without timing wave. In the event of 
timing circuit failure, the signals would be regenerated 
reasonably well for transmission to the next span whose 
timing wave could clean up the variation permitted by 
the untimed section. The waveforms of Fig. 19 give some 
indication of the effectiveness of the regenerative re-
peater. At the top of the figure, the envelope of an inter-
fering 3-mc sine wave as it appears at the output of the 
repeater amplifier when the signal and timing waves are 
removed is shown. Fig. 19(b) shows an equalized signal 
wave at the same point, with the timing and noise re-
moved. Fig. 19(c) shows the sum of signal, timing, and 
noise. Note that the peak-to-peak sine wave interference 
level was adjusted to about one db below the peak-to-
peak signal. The resulting regenerated output is shown 
in Fig. 19(d). The timing cleanup is not perfect, but the 
signals are adequate for transmission to the following 
span, provided it is not also subject to a high level inter-

fering signal. The one db signal-to-noise ratio is not a 
violation of the theoretical limit of six db, because that 

(a) 

(b) 

(c) 

Fig. 19—Repeater waveforms with high level 3.0-inc sinusoidal inter-
ference added. (a) 3-mc sine wave interference (1 db below signal). 
(b) Signal with trigger level set at second line. (c) Sum of signal, 
timing wave, and noise—trigger level set at second line. (d)Regen-
erated output. 

(a) 

e) 

Fig. 20—Repeater waveforms with interference 6 db below signal. 
(a) Signal alone. (b) Sine wave "noise" 6 db below signal. Cc) Signal 
plus noise. (d) Sum of signal, noise, and timing. (e) Regenerated 
output. 

limit is based on zero-to-peak impulse noise not on 

peak-to-peak sinusoidal interference. It is interesting 
to note, however, that many forms of crosstalk exposure 
are of an ac nature, so that the zero db limit against 
peak-to-peak interference is frequently the limiting one. 

It may be of interest to see how rapidly the regener-
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Fig. 21—Regenerative repeater schematic diagram. 

ated signal improves as the interference is reduced. Fig. 
20 shows the same input signal, but the interfering 
wave amplitude is set to just half of the signal magni-
tude. The sum of signal and noise is shown in c, and the 
sum of signal, noise, and timing is shown in d. The re-
generated output at the bottom varies only a small 
amount. Note also that in this, as in the previous pic-
ture, the trailing edges of the regenerated pulses are sub-
ject to much less timing variation than the leading 

edges. 
Several types of experimental repeater circuits have 

been used, ranging from a single stage tetrode transistor 
amplifier followed by a tetrode transistor blocking os-
cillator, to a unit using five transistors including a tran-
sistor to operate a timing pulse gate. The one used for 
these pictures, and for most of our experiments, is shown 
schematically in Fig. 21, and a photograph of a repeater 
package is shown in Fig. 22. It consists of a two stage 
amplifier followed by a diffused base transistor blocking 
oscillator triggered through a pair of diodes acting as an 
isolation gate. Peak output powers can be set from 90 
milliwatts to about 500 milliwatts. Typical repeater am-
plifier gains are held at 30 db. The balance of the gain 
is in the blocking oscillator. Additional gain could be 
effected in the blocking oscillator by triggering with a 
lower level signal, but this would put a more severe re-
quirement on bias threshold and trigger stability. 
The waveforms of Fig. 20 illustrate the real reason 

for going through all of the trouble to convert what was 
a somewhat less than 5-mc analog signal to a combina-

OUTPUT 
TO LINE 

'DI 

Fig. 22—Experimental regenerati‘e repeater package. 

tion of 70 million bits per second. At each repeater the 
noise, crosstalk, distortion, and phase variation of the 
previous span can be wiped out by complete regenera-
tion, or very substantially reduced by almost complete 
regeneration. Thus, the repeaters have to be designed 
only to handle the signal from one span to the next, and 
not for the complete full length system. If the signals 
can be handled for a single span, it is theoretically 
possible to transmit them through hundreds of spans 
without any additional difficulty. The only limitation 
appears to be one of accumulated timing variation,"-n 

" O. E. De Lange, "The timing of high speed regenerative re-
peaters," Bell Sys. Tech. J., vol. 37, pp. 1455-1486; November, 1958. 
" O. E. De Lange and M. Pustelynick, "Experiments on the 

timing of regenerative repeaters," Bell Sys. Tech. J., vol. 37, pp. 
1487-1500; November, 1958. 

is H. E. Rowe, "Timing in a long chain of regenerative binary re-
peaters," Bell Sys. Tech. J., vol. 37, pp. / 543-1598; November, 1958. 
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Fig. 23—Decoder terminal block diagram. 

which is a problem subject unto itself. Use of an inter-
changed signal simplifies this problem materially, be-
cause pulse pattern variations are reduced. Additive 

backward acting timing is only one of the possible 
methods of operating. This and several other methods 
are being studied. 

DECODER TERMIN 

Ultimately, the signal arrives at the decoder terminal 
for conversion to a quantized analog signal. Fig. 23 
shows a block diagram of the decoding terminal. A con-
ventional seven digit line repeater is first used to re-
generate the signals as they arrive over the transmission 
pairs. The recovered 10-mc signal is used not only for 
operation of the regenerative repeater, but it will also 
be used to control all of the operations in the decoder. 
The 10-mc pulser shown at the upper left generates the 
clock pulses for the decoder. It also drives a 2:1 divider 
blocking oscillator, so a 5-mc control pulse is present at 
the receiver to do the alternate reinterchange operation. 

STANDARD 
CURRENT 
SWITCH 

I R 

This 5-mc wave must be synchronized with that at the 
transmitter. 

Alternate reinterchange is used to restore the signal 
back to the original Gray Code. The operation should 
be performed before translation. The circuit operation is 
identical to that at the transmitter. Fig. 24 shows the 
waveforms associated with this operation. At the top is 
the control 5-mc wave. Fig. 24(b) shows a short section 
of alternate interchanged digit 3 signal. Where pulses or 
spaces are present simultaneously on these two inputs, 
a space output condition will result. Where the two in-
puts are different, a pulse output will result. Fig. 24(c) 
shows an overlay of the upper two waveforms, and 24(d) 
shows the resulting output waveform restored back to 
the original Gray Code. A similar operation takes place 
for all of the other digits. When the 5-mc framing is in-
correct, pulses will replace the spaces, and spaces will re-
place the pulses. The output of the logic circuits is re-
generated as a matter of course in order to mop up any 
slight variations. 
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• 

(a) 

()) 

(d) 

Fig. 24— Alternate reinterchange wa‘eforms. (a) 5-mc control wave 
for alternate reinterchange (0.2 lisee/division). (b) Received digit 
3 signal after regeneration (150 if shunt load). (c) Overlay of a 
and b. (di Digit 3 restored to original Gray code at alternate reinter-
change output. 

GRAY-TO-BINARY CODE TRANSLATION 

Referring again to the block diagram of Fig. 23, the 
Gray Code to conventional binary code translator ap-
pears next. This translator uses the same kind of logic 
operation as the alternate interchange and reinter-
change circuits." In this case, however, the 5-mc control 
wave is replaced with the translated output of the next 
higher order digit. Fortunately, the most significant 
digit, number 1, is the same in both the Gray and con-
ventional code patterns; therefore, this digit does not 
have to be translated, and a starting point is available. 
The output of the alternate reinterchange blocking 

oscillator can be used as the input to the logic circuit of 
the digit 2 translator. Reinterchanged digits 1 and 2 are 
compared in this circuit. Where they are alike, a space 
is produced, and where they are different, a pulse is pro-
duced as the translated digit 2. This is shown in Fig. 25. 
Waveform a represents digit 1 with a sawtooth sweep as 
an input signal. Digit 2 in Gray Code is shown as 25(b). 
The translated output is that shown in 25(c). This trans-
lated signal is passed on to the decoder, and it is also 
used as one of the inputs for the translation of digit 3. 
Time is "used up" in translating and regenerating digit 
2, so the digit 2 output appears later in time than its 
input. This amount of decision time delay has been de-
liberately increased to be a full 100 nsec. Therefore, the 
translated output appears one bit interval late. If digit 

14 R. L. Carbrey, U. S. Patents, No. 2,571,680, October 16, 1951, 
and No. 2,755.459, July 17, 1956. 

d 

(e) 

( f ) 

Fig. 25—Gray-to-natural binary code translator waveforms. (a) Digit 
1, Gray and conventional code into translator. (b) Digit 2, Gray 
code into translator. (c) Translated output—conventional code to 
decoder and digit 3 translator. (d) Translated digit 2 into transla-
tor digit 3. (e) Digit 3—Gray code into translator. (f) Translated 
digit 3 output—conventional code to decoder and digit 4 transla-
tor. 

number 3 had not been delayed one interval at the 
transmitter, it would arrive in the wrong slot for transla-
tion, and an error would occur. As a result of the de-
liberately inserted delay at the transmitter, however, 
this digit arrives at the correct time, and digit 3 is trans-
lated as shown in the lower three waveforms of Fig. 25. 
Once the third digit has been translated, the resulting 

output can be used for comparison with an incoming 
digit 4 pulse which was delayed two intervals at the 
transmitter, thus bringing it to the correct time for 
translation of digit 4. This process is carried on with 
each digit in order until the translation is complete. The 
translation operation is the only one which could not be 
readily carried out independently by parallel trans-
mission of the digits. A form of pseudo serial operation 
is necessary for translation. The staggered outputs from 
the translator must be realigned in a common time slot 
before the decoding operation. This is accomplished by 
delaying each of the digits inversely to the amount al-
ready inserted. Hence, no delay is inserted in the digit 
7 path, while 0.6 µsec delay is inserted in the digit 1 path 
to the pulse stretcher. 

PULSE STRETCHING AND DECODING 

The blocking oscillator output pulses are "on" only for 
a nominal 50 nsec out of each 100 nsec interval. In addi-
tion, the duration of the pulses and the trigger instants 
are subject to a slight variation. Both of these situations 
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add to the problem of correctly decoding and filtering 
the output signal. Therefore, the pulses are first stretched 
out by a balanced diode gate type of sample-and-hold 
circuit. An input digit sequence might appear as shown 
in Fig. 26. Short sampling pulses are used to gate the 
pulse or space condition into a storage capacitor which 
holds the 1 or 0 state until the following sample. The 
output of the storage capacitor is then applied to a tran-
sistor amplifier which is driven to saturation during the 
pulse, and is cut off during the space intervals. The re-
sulting stretched output pulse sequence is as shown in 
26(b). This is the control voltage which is applied to the 
standard current switch of the decoder proper. The bot-
tom two waveforms of Fig. 26 show the corresponding 
input and output conditions when a TV signal is used 
as a signal source instead of a sawtooth wave. This is 
digit 4 with a one second photographic exposure. It is 
important that the crossovers between pulse and space 
or between a space and a pulse of this and the other 
digits all occur at the sanie time to a high degree of pre-
cision. If this is not done, short spikes may be introduced 
at transitions from one code group to an adjacent code 
group. Even though these spikes are as short as one 
nsec, they will have a low frequency energy component 
which can get through the output filter to appear as a 
slight discontinuity in the picture. This is most apparent 

in flat fields where the signal level is switching from the 
code 10000000 to 01111111, or where it is switching in 

the reverse direction. The energy of the short spike gives 
the appearance of increasing the quantizing noise 
slightly, without adding to the contour a mplit uric 
difference. 

DECODER N ETWORK 

The decoder is a simple binary weighted voltage ad-
dition network type of decoder,i5 as shown in the block 
diagram of Fig. 23. When a space condition is present 
at each of the input diodes to the standard current 
switch, the standard current flows through this diode 
to the high negative reference voltage V, and no current 
flows in the network. If a pulse is present on digit 1, for 
example, the stretcher output voltage will be more nega-
tive than any decoder output voltage, so the input diode 
is open circuited, and all of the current flows from 
ground through the bi.nary weighted resistance network, 
through the output diode of the standard current switch, 
and then through the standard current resistor to the 
reference battery V. Suppose this current is 1 ma, and 
that R is one ohm, then 

32R+161?-{-8R+4R+21?-1-R+R=64 ohms, 

and the total voltage drop will be 64 inv. This produces 
the most significant digit voltage step. When the second 

16 R. L. Carbrey, U. S. Patents, No. 2,610,295, September 9, 1952, 
and No. 2,636,159, October 30, 1947. 

tt I 
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Fig. 26----Decoder pulse stretcher waveforms. (a) Blocking oscillator 
pulses from emitter of translator. (b) Stretched output to standard 
current switch of decoder. (c) Same as a, with TV signal source 
(1 sec exposure). (d) Same as b, with T'signal source (1 sec ex-
posure). 

digit only is a pulse, the current will flow through a total 
of 32 ohms to produce a 32-inv step. If both the first 
and second are present, the output drop would equal the 
sum of the two, so that the total would be 96 mv. The 
other digits act similarly with the effective resistance 
being cut in half for each lower order of digit, with the 
result that digit 7 can contribute only a 1-mv step. The 
possible combinations of pulses and spaces range from 
all zeros where no voltage is developed, to all ones where 
127 mv would be developed. 

In actual practice, R was set at four ohms and the 
standard current was set at five ma. The total network 
resistance is then 254 ohms, which is matched by the 
sanie impedance in the output filter network which is 
connected directly across the "high end" of the resist-
ance network. The maximum voltage swing is, therefore, 
limited to 1.27 volts. The waveforms of Fig. 27 show a 
buildup of a sawtooth wave across the binary resistance 
network when one digit at a time is added, starting with 
the most significant digit. The bottom wave is the 
filtered output for the input shown just above. The out-
put low-pass filter removes the sampling frequency com-
ponents, leaving a quantized analog voltage reproduc-
tion of the input signal which is amplified to the stand-
ard voltage and impedance. Fig. 28 is a photograph of 
the decoder terminal with power supplies and video 
switching gear in the base cabinet. Fig. 29 is a photo-
graph of the decoder chassis. 
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Fig. 27—Quantized approximation of coded samooth signal by addi-
tion of one digit at a time. (Shown before filter, except for lower 
right which is filter output with six digits.) 

Fig. 28—Complete decoder terminal. 

PHOTOGRAPHS OF OUTPUT PICTURES 

Still photographs are not a completely accurate way 
of illustrating the subjective effects of any TV modula-
tion process, but they will have to suffice here. Fig. 30 
was taken from the TV monitor, with the signal applied 
directly instead of by way of the PCM system. Fig. 31 

C. 

2‘..•7-31 re Mt 

Fig. 29—Decoder terminal chassis. 

shows the same picture as it appears after being coded 
in a seven digit system, and transmitted through ex-
change area cable. Fig. 32 shows the same picture trans-
mitted with two, three, four, five, six, and seven digits. 
The synchronizing signal is included in the transmission 
in its standard set-up value, 25 per cent, which means 
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Fig. 30—Direct display of TV picture. Fig. 31—TV picture after transmiion as seven digit PCM. 

Fig. 32—TV picture showing the effect of adding one digit at a time, starting with two digits and ending at seven digits. 
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Fig. 33—Monochrome display of color picture after 
transmission as seven digit PCM. 

that one-fourth of the possible combinations is used for 
the transmission of this information. (Thus, only three 
levels are visible for the two digit signal. Six levels out 
of the possible eight are visible with the three digit 
signal.) 

This is wasteful of transmission capacity, when com-
posite monochrome signals are transmitted. Color car-
rier signals extend almost to the top of the blacker-than-
black level, so the full range is utilized more effectively 
with color transmission. 
A monochrome display of a decoded color signal is 

shown in Fig. 33. Incidentally, getting a good mono-
chrome reproduction of a coded color signal turned out 
to be more difficult than getting a good color display. 
All of these pictures are subject to the limitations of 
photographic integration and printing reproduction. 

CONCLUSIONS 

A. What Has Been Shown 

It has been demonstrated that a beam coder tube and 
transistorized circuitry can be used to encode and de-
code both monochrome and color television signals. 
When seven digit PCM is used, the decoded signals are 
of a quality suitable for broadcast transmission. Sub-
jective tests with six digits indicate that this number is 
adequate for many types of programs. This digital sys-
tem is being used only in an experimental study of a 
possible alternate to coaxial cable or microwave radio 
transmission of the analog signal. It could be adapted 
to transmission over coaxial cable, microwave radio, or 
waveguide, but for these tests exchange area telephone 
cable was used. 
The PCM signals can be transmitted over 22-gauge 

cable by using one pair for each of the digits, and a re-
peater spacing of the order of 3000 feet. Ten million bits 
per second were transmitted over each pair in this test. 
The repeater spacing or gain can be adjusted to accom-
modate other gauge cables. The problem of variation of 
the duty factor can be reduced appreciably by changing 
the pulses to spaces and the spaces to pulses in every 

other time slot, before the signals are applied to the 
transmission circuit. This alternate interchange opera-
tion is effective with both color and monochrome 
signals. 

B. What Has Not Been Shown 

The subjective effect of coding and decoding the 
same signal several times has not been determined. 
One or more additional digits may be required if this 
is done. The transmission tests were carried out on a 
cable installed in the laboratory, so it was not sub-
ject to the impulse noise or cable discontinuities which 
might appear on an in-service telephone cable. The effect 
of cumulative noise on the recovered timing wave has 
not been adequately determined, so the number of re-
peaters which can be connected in tandem is not known. 
Several methods of timing recovery are still being 
studied. Which one is best has not been determined. 
The problem of supplying the dc power over the trans-
mission line has been ignored. Before any system of this 
type could be used, it would have to be subjected to both 
temperature and long term reliability studies. 
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Thin-Film Cryotrons* 
C. R. SMALLMANt, A. E. SLADEt AND M. L. COHENt, MEMBER, IRE 

Part I—Properties of Thin Superconducting Films 

C. R. SMALLMAN 

Summary—This paper, consisting of three parts, describes the 
thin-film cryotron. This device, constructed by vacuum deposition of 
layers of lead, tin and silicon monoxide, is considerably smaller and 
faster than its wire-wound predecessor. 

Part I describes the characteristics of evaporated superconductive 
films as they apply to cryotrons. Their current-carrying capacity has 
been found to be proportional to width and proportional to thickness 
when the film is thinner than twice the penetration depth. Thermal 
effects caused by poor heat transfer to the bath distort the data, and 
the use of quartz substrates and low duty cycle pulse measurements 
help to reduce this distortion. The function of a superconductive re-
flector or ground plane under a film is discussed. The current-carry-
ing capacity of such a film is increased because of effective cancella-
tion of the normal component of magnetic field. 

INTRODUCTION 

/
N 1954, D. A. Buck demonstrated the feasibility of 
using the phenomenon of superconductivity to con-
struct an active computer component.' Since that 

time several papers have described the character-
istics of the cryoton2-4 and other superconductive 
devices." 

Limitations in speed, size, and fabrication of wire-
wound cryotron circuits have suggested another geome-
try in the form of an eVaporated film structure wherein 
entire circuits can be fabricated by vacuum deposition 
of successive layers of superconductive metals and 
insulation. 
The first part of this paper describes the electrical and 

physical properties of superconducting films. Vacuum-

* Received by the IRE, January 28, 1960. The work reported 
here is supported by the U. S. Army Signal Corps under Contract 
No. DA-18- 119-SC-45. The contributions of Dr. John Miles are 
gratefully acknowledged. 
t Arthur D. Little, Inc., Acorn Park, Cambridge, Mass. 
1 D. A. Buck, "The cryotron—a superconductive computer com-

ponent," PRoc. IRE, vol. 44, pp. 482-493; April, 1956. 
2 A. E. Slade and H. O. McMahon, "A cryotron catalog memory 

system," Proc. Eastern Joint Computer Conf., pp. 115-120; December, 
1956. 

3 A. E. Slade, "The woven cryotron memory," Proc. Internat!. 
Symp. on the Theory of Switching, Part 11, Cambridge, Mass., Har-
vard University Press, Cambridge, Mass., vol. XXX, pp. 326-333; 
1959. 

A. E. Slade and H. O. McMahon, "A review of superconductive 
switching circuits," 1957 Proc. National Electronics Conf., Chicago, 
Ill., vol. 13, p. 574; 1958. 

6 E. C. Crittenden, Jr., "A Computer Memory Element Employ-
ing Super-conducting Persistent Currents," presented at the Fifth 
International Conference on Low Temperature Physics and Chemis-
try Session 22-3, Madison, Wis.; August, 1957. 
° M. J. Buckingham, "The Persistatron: A Superconducting 

Memory and Switching Element for Computers," presented at the 
Fifth International Conference on Low Temperature Physics and 
Chemistry, Session 22-5, Madison, Wis.; August, 1957. 

J. W. Crowe, "Trapped-flux superconducting memory," IBM 
J. Res. Des., vol. 1, p. 295; October, 1957. 

evaporated superconducting films have been of interest 
to a number of investigators since 1938, when Shalni-
kovs studied the variation in critical external magnetic 
fields with the size of tin and lead films, and Appleyard 
et al. 8 made a detailed study of critical field variation 
with the size and temperature of mercury films. 
Alekseyevskys made similar studies of tin films in 1941. 
In 1951, Lock' completed measurements of the magnet-
ization curves of tin, indium, and lead films on mica. 
Very few experimental data that pertain to the criti-

cal currents in thin, flat specimens have been published, 
however, and the data provided by Shalnikov are not 
comprehensive enough to be useful in cryotron design 
work. Theoretical treatment of the current-carrying 
properties of thin films is problematical because, except 
for two limiting cases (which do not correspond to films 
having dimensions and shapes that would be of interest 
in cryotron development work), it is difficult to find a 
solution for the current distribution in a thin, rectangu-
lar strip according to London's equations. 

Because of the nature of most cryotron circuits, cur-
rent passing through the control element of a cryotron 
must produce a magnetic field of sufficient strength to 
switch the gate element, and that same current must be 
borne by a gate somewhere else in the circuit. The 
amount of current a thin, flat superconducting film can 
carry without quenching9 and the magnetic field effects 
associated with that current in both the control and gate 
elements are, therefore, of vital interest in thin-film 
cryotron work. 

CURRENT-CARRYING CAPACITY OF SUPER-
CONDUCTING FILMS 

As is true of any superconductor below its critical 
temperature (e.g., a wire), there is a maximum (critical) 
current that a thin superconducting film can carry be-
fore the magnetic field associated with that current 
causes restoration of resistance in the film. 

Restoration of resistance in a round wire occurs at 
the same value of the tangential magnetic field, regard-
less of whether the field is internally generated by cur-
rent flow or externally applied. This phenomenon, 
known as Silsbee's Hypothesis, can be derived from 

D. Schoenberg, "Superconductivity," Cambridge University 
Press, Cambridge, Eng., pp. 166-168; 1952. 

Quenching means switching from the super-conducting (zero 
resistance) state to the resistive or normal state. 
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London's equations and has been experimentally veri-

fied with the use of pure materials." 
To predict how much current a thin film can carry, 

we may assume that Silsbee's rule applies and consider 
two simple choices of current distribution in the film. 
We may assume either that the current distribution 
will be able to maintain B=0 in the film, or that the 
current will be distributed uniformly across the width 

of the film. 
Under the first assumption, the current is concen-

trated at the edges of the film where the curvature is 
greatest. By using an elliptical cross section to approxi-
mate the rectangular cross section of the film, it can be 
shown that the exterior magnetic field is greatest at the 
ends of the major axes (edges of the film), and that the 
critical current where destruction of superconductivity 
occurs is independent of the film width. Experimental 
values of critical current are much greater than those 
predicted by this assumption and are not independent 
of width; it must therefore be assumed that the super-
current is more uniformly distributed over the width of 

the film. 
Under the second assumption (uniform current dis-

tribution), the width of the film is assumed to be in-
finite so that edge effects do not have to be considered. 
This leads to the following equation, which can be de-
rived from London's equations:" 

101-/c 
Jena = --- tan h — 

27r 2X 

where 

Peru = the critical current per unit width of film 
(a/cm), 

H, =the critical magnetic field for the bulk 

specimen, 

X = the penetration depth, and 

t = the thickness of the film. 

(1) 

For small limiting values of t/2X as t/2X approaches 
zero, we see from ( 1) that ferit approaches the value 
10 Mt/47X; as t/2X becomes very large, fcri, approaches 
the value 10 1-1,./27r. The critical current for a film should 
therefore be proportional to the critical magnetic field, 
the width of the film, and (for thin films) the thickness 

of the film. 
For thick films, the critical current should be inde-

pendent of thickness, and the crossover between thick 
and thin films should be in the region of thickness equal 
to twice the penetration depth, or about 3000 A for a tin 
film at a temperature of 0.25°K below Tc. 
The assumption of uniform current distribution leads 

to calculated values of critical current per unit width of 

12 R. B. Scott, " Destruction of superconductivity by current," 
NBS J. Res., vol. 41, p. 581; December, 1948. 

11 J. Daunt, private communication. 

film that are about five times greater than experi-
mentally observed values. 
The discrepancy between the theory and the experi-

mental results indicates that there is no obvious model 
for detailed theoretical treatment involving edge effects, 
surface-energy terms, and imperfect metallic homo-

geneity of the film. The shape of the film is such that 
Silsbee's rule probably does not apply, because of the 
extreme distortion of the magnetic field at the edge of 
the film when the film is carrying current. Furthermore, 
the metallic perfection of the film is to be questioned 
because of the method by which the film is made. 
Evaporated metal films are indeed not homogeneous, 
nor are they likely to be strain-free." Fig. 1, an electron 
micrograph of a typical evaporated tin film, 1620 
thick deposited on a glass substrate, reveals a rough 
surface and numerous holes that penetrate the film al-
most completely. These imperfections undoubtedly 
lower the true critical-current values, since such be-
havior is known to occur in bulk specimens that have 
been locally strained or made nonhomogeneous. 

Fig. 1—Electron micrograph, 16,000X, of a replica of a 1620 A thick 
evaporated tin film showing an irregular surface and numerous 
holes. 

EXPERIMENTAL RESULTS 

In the present work, we have been primarily con-

cerned with the current-carrying capacity of thin tin 
films, because tin is a potential gate material for thin-
film cryotrons. The films were prepared by conventional 
vacuum-evaporation techniques. Pure tin was evapo-

12 L. Holland, "Vacuum Deposition of Thin Films," J. Wiley & 
Sons, Inc., New York, N. Y., pp. 212-215; 1956. 
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rated from a heated molybdenum boat in a vacuum 
of the order of 10-8 mm Hg and deposited on a glass or 
quartz substrate after passing through a mask that 
governed the shape of the deposited film. The majority 
of the specimens were deposited onto substrates at room 
temperature. Thickness was measured by a multiple-
beam interferometer, and later experimentation re-
vealed that the evaporation of weighed amounts from a 
suitably shaped boat was sufficient to establish repro-
ducible film thicknesses. Fig. 2 is a photograph of some 
typical test specimens. 
The helium cryostat used to test the films was ar-

ranged so that the pressure on the helium bath could be 
lowered with a vacuum pump; a mercury manometer 
was used to measure the temperature of the bath. 
The four-wire method of resistance measurement was 

used where current was passed through the specimen 
longitudinally, and voltage drop across the specimen 
was sensed by two taps placed at the sides of the film. 
Fig. 3 shows the results of an experiment where voltage 
drop across the film is measured as a function of current 
through the film. 
As current is increased from zero, the specimen is 

superconducting in the region A—B, and there is no 
voltage drop across it; at B, resistance begins to appear 
in the specimen; and, from B to C, the resistance in-
creases nonlinearly with applied current as the transi-

(a) 

11111.11111111111  

i INCHES 

(b) 

Fig. 2—Test specimens. (a) Tin film for current carrying-
capacity measurements. (b) Single cryotron. 

tion from superconducting to completely normal takes 
place. At C, resistance is completely restored; and from 
C to D, the voltage is a linear function of the current. 
Since current flowing through the restored resistance 
produces Joule heat, there is a limit to the amount of 
current that can be passed through the sample before 
the sample becomes almost completely thermally iso-
lated from the bath. If too much current is passed 
through the sample, a gas film forms on the surface of 
the specimen. At this point, D, the sample may burn out 
if a constant current source is used. The curve from 
point B and beyond is distorted because resistive heat-
ing changes the specimen's temperature, which, in turn, 
increases the resistance. Thus, the resistive heating pro-
duces a positive feedback effect. 

A. Thermal Effects 

Mitigating factors in the phenomenon of Joule heat-
ing are the heat transfer to both the bath and the sub-
strate and the heat capacity and thermal conductivity 
of the substrate. 

We can change the equilibrium temperature of the 
film somewhat by choosing a suitable substrate material 
and by working at bath temperatures above and below 
the lambda point (a temperature where the thermal 
conductivity of the bath changes markedly). However, 
the thermal conductivity of the substrate and the heat 
transfer coefficient cannot be made infinite; and when 
fairly wide tin films are being tested, the critical current 
becomes inconveniently high below the lambda tem-
perature. 

Fig. 4 compares the voltage drop-current character-
istics of two tin films deposited on different substrates. 
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Fig. 3—Schematic behavior of a superconductive film carrying cur-
rent showing the transition from superconducting to normal 
states and the effect of Joule heating. 
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Fig. 4—Effect of thermal conductivity of the substrate upon the 
transition from superconducting to normal states of a tin film. 
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The temperature and dimensions of the films were con-
stant so that the effect of thermal conductivity of the 
substrate on the current-carrying capacity could be 
compared directly. These curves show that at a critical 
value of current some resistance appears in the film and 
that the film undergoes a more rapid transition at a 
higher value of current. The rapid transition of the film 
on glass at the lower value of current indicates that the 
film starts to heat with the appearance of the first trace 
of resistance, whereas the film on quartz apparently dis-
sipates its heat to the bath more effectively because of 
the higher thermal conductivity of quartz at low tem-
peratures.'3 The rapid transition is not a " thermal run-
away," but the shape of the whole transition curve is 
distorted by heating. The effect of heating can be further 
minimized if the heat input to the specimen is limited 
by the use of pulsed current rather than direct current. 
By using triangular-shaped pulses of adjustable current 
amplitude, duration, and repetition rate, it is possible 
to sweep through the current range of interest in both 
directions; information on restored resistance vs current 
was displayed on an oscilloscope. This method is used 
primarily for measuring the current-carrying capacity 
of tin films. Because of the difficulty of isolating the 
high input-current signal from the low-voltage output 
signal, we found it virtually impossible to test cryotrons 
by pulsing the control. 
The rate of rise of the current pulse has been made as 

high as possible without introducing excessive errors 
that would be caused by film inductance or phase shift 

'3 R. L. Powell and W. A. Blampied, "Thermal Conductivity of 
Metals and Alloys at Low Temperatures," Nat'l. Bur. Stand.. 
Washington, D. C., Circ. 556, 59, 63; 1954. 
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Fig. 5-Pulse test oscillograms. (a) 
(c) 
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in the oscilloscope. A short pulse duration also mini-
mized the amount of energy introduced into the film, 
and a slow repetition rate was used to prevent cumula-
tive heating effects. 

Fig. 5 is an example of the kind of information avail-
able from pulse measurements. Fig. 5(a) is an oscillo-
gram of a 100-µsec pulse input having a peak current of 
2 amperes and a repetition rate of 100 pulses/sec. Fig. 
5(b) is a voltage-vs-current trace of a film on glass in 
the normal state at 3.9°K. Fig. 5(c) is a voltage-current 
trace of a filin at 3.65°K and 3.56°K. According to the 
slope of the voltage-current curve in Fig. 5(b), the re-
sistance of the film between voltage taps is 0.075 ohm. 
From Fig. 5(c), we know that the critical currents at the 
half-resistance points are 0.86 ampere at 3.65°K and 
1.20 amperes at 3.56°K. A sufficient number of measure-
ments on this film yields data that can be reduced to 
give a critical temperature of 3.84°K and a current-
carrying capacity of 4.3 a/degree K (the slope of the 
/„_crit vs temperature curve). 

Fig. 5(c) also shows a hysteresis effect, in which the 
return to the superconducting state is not coincident 
with the critical current of the super-to-normal transi-
tion. We can estimate the temperature rise of the filin by 
dividing this A/ by the current-carrying capacity of the 
film in a/degree. The temperature rises obtained in 
this way are approximately 0.15°K and 0.20°K. Since the 
repetition rate of the pulses was low enough to prevent 
cumulative heating, the temperature rise of the film was 
caused by the energy of a single pulse. We can deter-
mine the energy of this pulse by integrating I2RdT or 
(E2/R)dT for a single pulse. Pulse energies used in this 
experiment were of the order of 10 µwatt-sec. 
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Input-current wave shape. (13) Voltage drop-current trace of a tin film in the 
Voltage drop-current trace of a film at 3.65°K and 3.56°K. 
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Fig. 6—Comparison of dc and pulse tests of films 
on glass and on quartz substrates. 

Fig. 6 is a plot of J' (a/cm width) vs temperature for 
two films of comparable thickness. One film was de-
posited on glass; the other, on quartz. Both dc and pulse 
measurements were made on these films, and the plot 
effectively summarizes the thermal problem. The dc 
tests yield lower values of critical current than pulse 
tests, and quartz increases the current-carrying capacity 
of the films, regardless of the method of measurement. 
A comparison of critical-current information obtained 

by the pulse technique with that obtained by the dc 
method indicates the magnitude of error caused by Joule 
heating. However, because of limitations imposed by 
oscilloscopes, which must be used in pulse tests, the 
pulse test data are not as numerically accurate as the 
dc test data. 

B. Films Under DC Test 

Several film sets were measured, each of which con-
sisted of four different widths of film prepared by one 
evaporation so that the thicknesses would be identical. 
Figs. 7 and 8 show typical curves of critical current 
(taken at the half-resistance point) vs temperature for 
widths of 0.2, 0.1, 0.05, and 0.025 cm. Fig. 7 shows a 
thin film of 3000 A, and Fig. 8 represents a thick film 
of 16,300 A. The curves show a linear dependence on 
width that is plotted in Fig. 9. Appraisal of data from 
many specimens indicates a slight increase in J' as width 
decreases. However, the concept of fcri.(4,it/width) 
appears to be reasonable. 

According to Silsbee's rule, the critical current should 
show a parabolic dependence upon temperature of oppo-
site curvature from that shown in Fig. 7; however, the 
curvature would not be conspicuous over the limited 
temperature range under consideration. The critical 
temperature for bulk tin given in the literature is 
3.73°K. The critical temperature is higher for both of 
these samples, the Tr of the thinner film more nearly 
approaching the bulk value of Tr°. 
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Fig. 7—Critical current vs temperature for various 
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Data from 17 specimens of different thicknesses are 
presented as a curve of -Peru vs thickness at a constant 
reduced temperature in Fig. 10. There is a great deal of 
scatter; but the curve [see ( 1) j drawn through the 
points indicates that there is some tendency for fed. 
to be independent of thickness for thick films; it also 
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20 

shows a crossover between thick and thin films in the 
region of 5000 A. Neither of these characteristics is .so 
prominent as the theoretical treatment indicates, but 
the general behavior does not disagree with the theory. 
It was not possible to prepare films much thinner than 
1000 A on a 300°K substrate, since the film's agglomera-
tion destroys conduction. 

C. Resistivity of Tin Films 

The measured low-temperature resistivity of tin films 

is presented as a function of film thickness in Fig. 11. A 
typical value of resistivity for pure pulk tin at 4.2°K is 
13/28,000 µohm cm, whereas our thick films approach 
a value of 0.1 µohm cm, indicating that all the factors 
which influence bulk resistivity, such as strain, impurity 
and metallic inhomogeneity, are probably present to a 
high degree in these films. High resistivity in these 
films is a desirable feature, however, if they are being 
considered as a gate material in film cryotrons. 

D. Magnetic Field Effects 

Our measurements of the critical, tangential, ex-

ternally applied magnetic field are presented in Fig. 12 
as initial slope of the critical field curve vs thickness. 
The curve drawn through the scattered points was de-
rived from the following empirical equation given in 
Shoenberg" 

where 

14/H, = 1 4- — 
2a 

dh,\ idlIc\ é 1500\ 

(17' )vc- dTirc\i t 

1500) = 150 (1 — 

(2) 

(3) 

for tin films where t is thickness in Angstrom Units. 
The magnetic fields associated with current flow in a 

thin filin can be derived from Ampere's law.'5 If we as-
sume an infinitely long film of rectangular cross section, 
uniform current distribution, and negligibly small thick-

" Shoenberg, op. cit., p. 17. 
" L. Page, " Introduction to Theoretical Physics," D. Van Nos-

trand Co., Inc., New York, N. Y., p. 370; 1928. 
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Fig. 12—Initial slope of the critical magnetic field curves for 
several tin films vs thickness of the film. 

ness, the tangential (I17) and normal (H.) components 
of the field at a point, p, outside the film are given by 

—4, 
5w 

and 

HT = 

I ri 
= — In — 

5u, r2 

(4) 

(5) 

where I is the total current, w is the width, r1 and r2 the 
distances from the point, p, to the edges of the film, and 
cp is the angle formed by lines projected from the edge 
of the film to point, p. Therefore, at the surface of the 
film, the tangential field has the constant value of //5w; 
and the normal field varies logarithmically across the 
width. If we integrate Ampere's law without neglecting 
thickness, we find that the normal component at the 
edge of the film has a maximum value of 

5w(1 ± In 

and does not become infinite as shown in (5). 
For a typical film, w/t is 103-105, the logarithmic term 

is 8-12.5, and the maximum normal field is therefore 



1568 PROCEEDINGS OF THE IRE September 

2.5-4 times the tangential field. Since its shape gives the 
film a high demagnetization coefficient when it is sub-
jected to a normal field, and since the normal component 
is 2.5-4 times the tangential component, we must con-
clude that the normal field associated with the edge of 
the film is important in the quenching process. 

Interestingly enough, when the film was deposited in 
the shape of a cylinder so that no normal component 

existed, the increase in critical-current density, -Peru, 
was about equal to the ratio of the maximum normal 
field to the tangential field. 

E. The Ground Plane 

Early work with superconductive tantalum foils at 
this laboratory verified our prediction that the critical 
current of the foil could be increased by placing it close 
to a parallel lead foil. Similarly, when a tin film is de-
posited upon an insulated lead film, we find that the 
critical current of the tin film is higher than it is if the 
lead is not present. At the critical temperature of tin, 
the lead remains superconducting. Thus the lead resists 
penetration of a magnetic field normal to its surface by 
a mechanism, whereby induced circulating currents 
flowing on the surface of the lead create a magnetic 
field which effectively cancels the imposed normal mag-
netic field. 

The sensitivity of the edges of a tin film to a magnetic 
field normal to the plane of the film has been previously 
discussed, and we have seen an increase in critical cur-
rent when the tin film is deposited in a cylindrical shape 
where no normal component can exist. By the use of the 
lead ground plane, we now have another method of elim-
inating the normal component of magnetic field while 
preserving the planar nature of the film. The magnitude 
of the increase in critical current of a tin filin on a 
ground plane agrees with that of a comparable film in 
the shape of a cylinder and amounts to a factor of 
about 24. 

In experiments with persistent current loops of tin 
films with and without a ground plane, we have found 
that for equal film and loop dimensions it was possible 
to induce and maintain a persistent current equal to the 
critical current of the tin film on a ground plane, whereas 
the induced current in the tin loop without a ground 
plane rapidly fell off to a very low value in a fraction of 
a second. This experiment clearly shows that 1) a tin 
film is very susceptible to normal field, 2) the normal 
field is effectively canceled by the ground plane and 3) 
the use of a ground plane makes possible circuitry which 
depends upon storage of a persistent current (e.g., flip-
flops which remember the state they were in when the 
supply current has been shut off and restored again). 
The ground plane also serves as a means of reducing 

circuit inductance to a low value.m 

18 A. E. Slade, "Thin film cryotrons; Part 11—Cryotron charac-
teristics and circuit applications," PROC. IRE, this issue, p. 1569. 

DISCUSSION 

Although there is qualitative agreement between 
theory and experimental results in that critical current 
of a thick tin film is substantially independent of thick-

ness and that the critical current of a thin filin is propor-
tional to the width and thickness, experimentally meas-
ured films will carry only one-fifth of the current indi-
cated by ( 1). Electron micrographs of evaporated films 
indicate that the evaporated film is metallographically 
poor and that we are working with a system which is so 
far from perfect that the experimental approach seems 
to be the only reasonable one. There is little doubt that 
some improvement in films can be realized by evapora-
tion of pure material in extremely good vacuum but 
operable cryotrons have been made with the materials 
and conditions at hand and we have studied these films 
in order to gain some knowledge of their behavior. 

The comparison of the transition behavior of a film 
on glass with that of a film on quartz illustrates a heat-
ing effect which must be considered in circuit design. 
Because quartz is unavailable in large sheets and is ex-
pensive, most circuits will be made on glass although a 
substrate with a higher thermal conductivity may re-
place glass in the future. The heating effect also depends 
upon the duty cycle of the operating circuit. The dc 
characteristics of a circuit will differ from the ac char-

acteristics and this should be considered in the design 
of a circuit. 

The high resistivity of these films at 4.2°K is a de-
sirable feature in that the higher the value of restored 
resistance, the lower the L/R time constant of the cryo-
tron, hence the higher the speed of the cryotron circuit. 
The resistivity of bulk specimens can be increased by 

alloying with another metal. However, high resistivity 
of films is primarily due to surface scattering of the elec-
trons and the contribution to resistivity of impurity 
scattering, as in the case of an alloy, is relatively small. 
Also, alloying cannot be done indiscriminately because 
of an effect whereby the critical external magnetic field 
becomes larger than the critical internal (due to cur-
rent flow) magnetic field. This effect is a disadvantage 
in cryotron design. 

The use of the ground plane under a tin film produces 
a significant increase in the critical current of the tin 
film. The ground plane, however, increases the proba-
bility of short-circuiting the circuitry placed upon it, 
because the entire area covered by the circuit must be 
insulated from the ground plane by a silicon monoxide 
layer of the order of 3000 A thick. The cause of short 
circuits is presently being studied, but dust on the sub-
strate prior to deposition and spatter of metal from the 
sources during deposition of the circuit appear to be the 
principal causes of shorts. The advantages of the ground 
plane in reducing inductance and increasing critical cur-
rent of films placed upon it assure its use in almost all 
cryotron circuitry. 
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Part II—Cryotron Characteristics and Circuit Applications 

A. E. SLADE 

Summary—Part II describes the characteristics of the thin-film 
cryotron. The superconducting to normal transition in a tin gate 
0.125 inch wide and 3X10-5 cm thick is controlled by current in a 
single lead control, 0.006 inch wide, which crosses the gate. Silicon 

monoxide is used for insulation. The switching time of a cryotron 
circuit is dependent upon the inductance and resistance of the cir-

cuit. Therefore, it is important to reduce the inductance by using a 
superconductive ground plane and by reducing the length of all inter-

connecting leads. Nonlocking flip-flops have been constructed, and a 
ring of five flip-flops have operated with a delay per stage of !, µsec. 

INTRODUCTION 

T
HE purpose of this paper is to describe the 
characteristics of thin-film cryotrons and their ap-
plication to computer circuits. 

Thin-film cryotrons have many advantages over their 
wire-wound predecessors.' They are easier to construct 
and assemble into circuits and they are 1000 times 
faster than wire-wound cryotrons. A typical configura-
tion for a test cryotron is shown in Fig. 1. The control 
is 0.006 inch wide, the gate is 0.125 inch wide, and the 
lead, tin, and silicon monoxide are all 3000 À thick. 

TIN 

GATE 

SILICON 

MONOXIDE 
INSULATION 

LEAD CONTROL 

GLASS SUBSTRATE 

VOLTAGE 
PROBES 

LEAD GROUND 
PLANE 

Fig. 1—Thin-film-cryotron configuration used 
for testing a single cryotron. 

The cryotrons and the circuit interconnections are 
constructed at the same time by the evaporation of 

superconductive metals in a vacuum bell jar and the 
deposition of their vapors through suitable metal masks 
onto a glass substrate. Simultaneous deposition of the 
devices and their interconnections greatly simplifies the 
construction of circuits and challenges the engineer to 
design circuit configurations that utilize the advantages 
of their small dimensions. 

CURRENT GAIN 

Cryotrons are interconnected in circuits in much the 
same way as relay circuits. It is not necessary to use any 
component but the cryotron in designing a circuit. The 
low impedance of the cryotron dictates the use of a cur-
rent source, and this current flows in series through the 
gates and controls of the circuit. 
The concept of current gain follows directly from the 

necessity of having the saine current flowing in both 
gate and control. Current gain (G) is defined as the 
maximum current the gate can carry without quenching, 
divided by the minimum current in the control neces-
sary to quench the gate. 

Critical gate current 
G =   (1) 

Critical controlling current 

The current gain must be at least unity, and in prac-
tice it is made equal to 2 or 3 to provide a margin of 
safety against variations in cryotrons. 

In thin-film cryotrons, the current gain is governed 
by the relative widths of the gate and control conduc-
tors. In the previous paper, it was shown that the criti-
cal gate current is proportional to the width of the gate, 
and experiments have shown that the critical controlling 
current is proportional to the width of the control. A 
typical cryotron with a gate width of 0.125 inch and 
control width of 0.006 inch has a current gain of unity 
at about 3.7°K. 

GATE CURRENT VS CONTROL-CURRENT 
CHARACTERISTICS 

Fig. 2 shows the gate-current-vs-control-current 
curves for a typical cryotron. These curves represent the 
threshold between the superconductive and resistive 
regions at various temperatures. One can determine the 
current gain from the graph by dividing the x intercept 
by the y intercept. Another design parameter, the incre-
mental current gain, is defined as the slope of the curves 
at a specified operating point. The incremental current 
gain 0.0 is important in small signal applications such 
as current amplifiers, and it is also important in many 
switching circuits where the current does not swing 
from zero to critical.2 

Both the current gain and the incremental current 
gain increase with lower temperature. For example, in 
Fig. 2 the current gain is j. at 3.73°K, and it increases 
to 1.6 at 3.55°K; by the same token, the incremental 
current gain at /,=- /a is 0.14 at 3.73°K, and it increases 

1 D. A. Buck, "The cryotron—a superconductive computer 
component," Pitoc. IRE, vol. 44, pp. 482-493; April, 1956. 

2 M. L. Cohen, "Thin Win cryotrons. Part III—An analysis of 
cryotron ring oscillators," PRoc. IRE, this issue, p. 1576. 



1570 PROCEEDINGS OF THE IRE September 

O 

O 

, GATE WIDTH . 0125 INCHES 

CONTROL WIDTH . 0 006 INCHES 

GATE THICKNESS. 30 ANGSTROM 
UNITS 

4 

3 

2 

I 

0 

9 
3.55* K 

3.64•K 

.e 

.7 

5 
3.68* K 

4 — 3.70•K 

.3 
372. K 

2.---......1IL 

1 3.73•K ..1\ 

0.2 0.4 0.6 0.8 I 0 

CONTROL CURRENT IN AMPERES 
1.2 

Fig. 2—Gate current vs control current of a thin-film 
cryotron for various temperatures. 

to 2.4 at 3.55°K. Operating at lower temperatures has 
the advantage of higher current gain and the disadvan-
tage of higher current. A lower limit in operating temper-
ature is reached when the current becomes large enough 
to self-quench the control. 

THE SUPERCONDUCTIVE GROUND PLANE 

The use of a ground plane is well known to those work-
ing with very high frequencies. The ground plane has 
added significance, however, when it is superconduct-
ing. A superconductive ground plane is a thin film of 
lead deposited directly under the gate of the cryotron 
and as close to the gate as insulation will allow. Be-
cause of its high transition temperature, the lead is al-
ways superconducting during the operation of the cir-
cuit. 

Since flux cannot penetrate a superconducting ma-
terial, the normal components of field at the surface of 
the ground plane must be zero.' Presumably, the ground 
plane satisfies this requirement by generating eddy cur-
rents that produce a field which exactly opposes the ap-
plied field. In a superconductor, of course, an eddy cur-
rent does not decay with time. 
The ground plane affects both the inductance and the 

resistance of a cryotron in the following ways. 

A. Inductance 

In cryotron circuits, the impedance levels are so 
small that capacitance can be ignored. The switching 
speed of a circuit is dependent upon the L/R time con-
stant. Therefore, one of the most important effects of a 
ground plane is that it reduces the inductance of the 

3 C. R. Smallman, "Thin film cryotrons. Part I—Properties of 
thin superconducting films," Paoc. IRE, this issue, p. 1562. 

cryotron and the interconnecting leads. The inductance 
of a superconducting film without a ground plane can 
be approximated by 

2d 
L = 2 (in — — 1) X 10-8 henry/cm, (2) 

where d is the distance between the conductor and the 
return path and w is the width of the conductor.' 
The inductance of a superconducting film with a 

ground plane can be calculated from 

2W 

The energy W is 

(3) 

1 
W = — f BHdy X 10-' watt seconds. (4) 

8 n 

If we assume that the energy is nearly all confined to 
the volume between the conductor and the ground 
plane and that the current is uniformly distributed in 
the film, then the magnetic field is constant in that vol-
ume and equal to 

B = H = 
47r/ 

10w 
(5) 

The volume is dXwX1; thus, the inductance per unit 
length is 

d 
L = 47r — X 10-8 henry/cm. (6) 

From an examination of (2) and (6) it can be seen 
that the inductance is reduced by several orders of 
magnitude through the use of a ground plane. The in-
ductance with a ground plane is proportional to the 
distance between the conductor and the ground plane, 
whereas the inductance without a ground plane is pro-
portional to the distance between the conductor and its 
return path. This conclusion is important when the de-
sign of cryotron circuits is discussed, since one can calcu-
late the inductance of any path in a circuit simply by 
knowing the dimensions of the conductor. It is not neces-
sary to consider the return path, since the ground plane 
is the return path as far as calculations of inductance 
are concerned. 

Typical values of inductance for conductors 0.02 cm 
wide with and without a superconductive ground plane 
are 10-" henrys/cm and 10-8 henrys/cm, respectively 

(assuming that in the no-ground-plane case the return 
path is 1 cm from the conductor). 

° The usual formula for round wires ( K-Henny, " Radio Engineer-
ing Handbook," McGraw-Hill, New York, N. Y., 3rd Ed., pp. 70-
100 is 

2 ( ln —d — 1) X 10-9 henry/cm. 

The assumption has been made that w/2 may be substituted for r for 
a first approximation. 
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B. Resistance 

The resistance restored in a gate as a function of con-
trol current is plotted in Fig. 3. When no ground plane 
is used, the field around the control is not restricted, and 
the amount of gate that is quenched is proportional to 
the control current. When a ground plane is used, how-

ever, the normal component of field is cancelled and re-
sistance is restored because of the tangential com-
ponent of field in that portion of the gate which is 

directly under the control. 
One can measure the effect of the addition of a ground 

plane on the charaeteristics of a cryotron by testing a 
cryotron that has been constructed with the gate on top 
of the control. After this test, a ground plane may be 
added and the test repeated. The results of this proce-
dure are shown in Fig. 3. 
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Fig. 3—Restoration of gate resistance vs control current 
for a cryotron with and without a ground plane. 

The no-ground-plane curve shows the presence of gate 
resistance even when there is no control current. This 
residual resistance is present in many no-ground-plane 
cryotrons, and it is significant that the addition of a 

ground plane completely eliminates it—presumably by 
cancellation of the normal fields. 

"UNDER AND OVER" CRYOTRON 

In the previous section, the difference in the charac-
teristics of a cryotron with and without a ground plane 
was attributed to the effects of normal and tangential 
fields. So that these effects could be investigated more 
carefully, a cryotron was constructed with one control 
under the gate and another control over the gate. 
The "under and over" control provides a simple 

means of generating a field that is either normal to the 
gate or tangential. If current flows in the same direc-
tion in both controls, the tangential component of field 
at the surface of the gate will be cancelled and only 
normal field will be present. The normal field is greatest 
at the edge of the control, diminishing with distance 
away from the control. 

On the other hand, if current flows in opposite direc-
tions in the controls, the normal component of field at 

the surface of the gate will be cancelled and only 
tangential field will be present. The magnitude of the 
tangential field is constant between the controls; it be-
comes negligible at a distance from the edge that is 
equal to the separation between the controls. Since the 
controls are about 200 times wider than the distance be-
tween them, the tangential field can be considered to 
exist only between the controls. 

Fig. 4 is a plot of gate resistance vs control current for 
the under and over cryotron. The restoration of re-
sistance resulting from the normal field (control cur-
rents in the same direction) begins at a low value of 
control current and increases with increasing control 
current; the restoration of resistance caused by the 
tangential field (control currents in opposite direc-
tions) starts at higher values of control current and 
reaches a value that is independent of control current. 
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Fig. 4—Restoration of gate resistance vs control 
current for " under and over" cryotron. 

The curves show that less normal field than tan-
gential field is required to quench the gate. The curves 
of Fig. 4 also bear a close resemblance to the curves of 
Fig. 3; this similarity indicates that the ground plane 
does cancel the normal field just as effectively as a 

second control does. 

CALCULATION OF SWITCHING TIMES 
FOR CRYOTRON CIRCUITS 

The calculation of switching times of cryotron cir-
cuits is considerably different than the same calcula-
tions for transistor circuits. The resistances involved 
are so low that capacitance can be ignored, but all cir-
cuit inductances must be considered. The time required 
for current to switch from one path to another is given 
by the inductance of the cryotrons and their intercon-
necting leads divided by the resistance that is causing 
the change to occur. Very often, the interconnecting 

leads have more inductance than the cryotrons. 
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It becomes a matter of considerable importance, then, 
to construct compact, minimum-time-constant circuits. 
In fact, the time constant of a circuit cannot be dis-
cussed before a layout is decided upon. 

Fortunately, as was pointed out in the section on 
ground planes, the inductance of a loop in which the 
current is changing does not depend upon the area en-
closed by that loop, but only upon the length and width 
of the leads involved. Clearly, then, the object, of the 
circuit designer should be to make all leads as short and 
as wide as possible. 

TIME CONSTANT OF A CRYOTRON 

The time constant of a single device is, of course, 
meaningless. Nevertheless, it is useful to calculate the 
inductance of a control and the resistance of a gate and 
to call the ratio of L,./R, the time constant of a cryo-
tron. This time constant is useful in calculating circuit 
time constants, and it can also be used to compare the 
merits of different cryotron designs. 
To discuss time constants, one must be more specific 

about the definition of a control and a gate. The con-
trol of a cryotron is only that length of conductor which 
is directly on top of the gate; conversely, the gate of a 
cryotron is only that portion which is directly under the 
control. The rest of the conductors are considered to be 
interconnecting leads. 
The inductance of a control (for a cryotron with a 

control 0.006 inch wide and a gate 0.125 inch wide) can 
be calculated from (6). 

where 

and 

dl, 
Lc =- 47-- X 10-9 henry, 

7vc 

2v, = 1.5 X 10 cm 

(6) 

4 = 31 X 10-2 cm. 

The distance between the control and ground plane is 

d = 10-4 cm; 

therefore, 

Lc 3 X 10-" henrys. 

The inductance of a gate by the same calculation is 
only 2 X 10-" henrys and can therefore be neglected. 
The gate resistance is given by 

Pig 
R, 

hvg (7) 

where 

and 

/0, the length of the gate, = 1.5 X10-2 cm, 
w„, the width of the gate, = 31 X10-2 cm, 

t, the thickness of the gate, = 3X10 5 cm, 

p, the resistivity of the gate, = 3X10-7 ohm-cm. 

Therefore, the resistance of the quenched area is 

RG = 5 X 10-4 ohm, 

and the calculated L/R time constant of a single cryo-
tron is 

L/R = 6 X 10-8 second 

TIME CONSTANT OF A CRYOTRON FLIP-FLOP 

Fig. 5 is a circuit diagram of a cryotron flip-flop. This 
circuit differs from the usual flip-flop in that it is non-

latching; there is no feedback coupled from one branch 
of the flip-flop to the other. Operation of the circuit is 
as follows. 

The supply current is initially divided equally be-
tween the ONE and the ZERO branches, which, at this 
time, have zero resistance. When sufficient current is 
applied to the ZERO IN control, the gate of that cryo-
tron becomes resistive and the supply current redis-
tributes to the ONE branch of the circuit. When the cur-
rent in the ZERO IN control is removed, the current 

remains in the ONE branch indefinitely, since there is 
no resistance to cause the current to redistribute. Sim-
ilarly, a pulse of current in the ONE IN control causes 
the current to redistribute to the ZERO branch of the 
flip-flop. 

The time constant for the current redistribution is 
two to five times the L/R of a single cryotron, depend-
ing upon the amount of inductance in the interconnect-
ing leads. Fig. 6 shows the actual circuit layout of a flip-
flop designed for minimum inductance in which the time 
constant is approximately three times that of a single 
cryotron. 

ZERO OUT 

ONE OUT 

Fig. 5—Circuit diagram of nonlocking cryotron flip-flop. 

INSULATION 

Fig. 6—Nonlocking cryotron flip-flop: actual 
layout of deposited circuit. 

•, 
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The output of the flip-flop is in the form of current in 
either the ZERO or ONE output lead. If a ZERO is 
stored in the flip-flop, current is flowing in the ZERO 
output lead. 
One can calculate the L/R time constant for the re-

distribution of current from the ZERO path to the ONE 
path by adding the inductance of the interconnecting 
leads to the inductance of the cryotrons and dividing by 
the resistance of one gate. Usually, the interconnecting 
leads can be made quite short. For instance, Fig. 6 
shows the actual circuit layout of a flip-flop in which the 
inductance of the interconnecting leads is about twice 
the inductance of a single cryotron. The time constant 
for this circuit is therefore 

Lc 
4 — = 2.4 X 10-7 second. 
Rc 

THE COMPLEMENT TIME OF A FLIP-FLOP 

The time constant of a flip-flop defines the rate at 
which current redistributes from one branch to the 
other. The actual time required to complement the flip-
flop depends upon the amount of current that must be 
switched. 
By definition, the flip-flop is completely comple-

mented when the current in the output control has 
reached the critical value necessary to quench the out-
put gate. The amount of current which must be switched 
so that it will be possible to reach this critical value de-
pends upon the magnitude of the supply current. For 
instance, if the supply current is 1 ampere and is di-
vided so that a critical current of 0.8 ampere flows in 
the ZERO path and 0.2 ampere flows in the ONE path, 
then to complement the flip-flop it is necessary to 
switch 0.6 ampere. If the supply current is 1.4 amperes, 
however, and it is divided so that a critical current of 0.8 
ampere flows in the ZERO path and 0.6 ampere flows 
in the ONE path, then to complement the flip-flop it is 
necessary to switch only 0.2 ampere. 
The flip-flop supply current acts as a self-bias; it 

biases the controls closer to critical. The dependence of 
complement time on supply current can be expressed as 

41' (In a ), 
./? a — 1 

where 4L is the inductance of the flip-flop loop, 

R is the resistance of one gate, 

(8) 

and 

a is the ratio of supply current to critical control current, 

IC crit 

Applying (8), we find that 

when /„ = 1/,...it, 

when /„ = 1.1/, cra, 

'complement = 

/complement = 9.6 — ; 

and 

when I, = 2/, crit, 'Complement = 2.8 — • 

In an experiment, a flip-flop was complemented in 20 
µsec with a supply current 1.1 times /, ont. If we use 
(8), the time constant of this flip-flop can be calculated; 
it is about 2 X10-6 second. 

This time constant, derived from a measurement of 
the complement time, is not in agreement with the calcu-
lated time constant. The reason for this is not fully 
understood. Part of the discrepancy results from the 
fact that at the saine time the input control current is 
increasing (causing the gate resistance to increase) the 
gate current is decreasing. The decreasing gate current 
reduces the magnetic field and tends to reduce the gate 
resistance. This has the effect of negative feedback, 
which increases the switching time. The magnitude of 
the negative feedback is proportional to the incremental 
current gain.' Similar time constants have been meas-
ured in a circuit composed of a ring of flip-flops; a cir-
cuit of this kind is discussed in the last section of this 
paper. 

RELATIONSHIP BETWEEN SWITCHING TIME AND SIZE 

It is interesting to note that the switching time of 
cryotron circuits does not decrease with miniaturization 
of the circuit. This seems to be contrary to general no-
tions about size and speed relationships. 
The usual conclusions are based upon a reduction of 

volume. In cryotron circuits, however, the thickness is 
already minimum, and size reduction may be considered 
in only two dimensions. 
The relationship between size and the time constant 

is apparent when the expression for the time constant 
is arranged as follows: 

L dl lc log 
— = — X —w, X X 10-8 second. 
R p  

If the length and width of the cryotron are changed 
by the same amount, the ratio of /r/w, and w9/19 will 
not change, and the value of the expression will be in-
variant with size (assuming a constant thickness). 
The critical current is directly proportional to the 

width of the control; thus, the current does decrease di-
rectly with size. The total power dissipated decreases as 
the square of the size reduction, and therefore the power 
dissipated per square centimeter of circuit, is not af-
fected by miniaturization. 

(9) 

TIME CONSTANTS OF EXTERNALLY 

DRIVEN CRYOTRONS 

When cryotrons are used in circuits such as tree 
switches or translators, their controls may be driven 
from an external pulse source; in these cases, it is not 
necessary to have a current gain greater than unity. The 
time constant of externally driven cryotrons can be con-
siderably shorter than that of cryotrons which are re-
quired to have current gain for the following reasons: 
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1) If all controls are driven from current sources ex-
ternal to the cryotron circuit, then the only in-
ductances in the cryotron switching network must 
result from the gates and their interconnecting 
leads. Gate inductance is, of course, much lower 
than control inductance. 

2) The externally driven controls can be made wider 
than controls for cryotrons that must have current 
gain; therefore, more of the gate is made resistive. 

3) The gate resistance can be restored in a shorter 
time, since the rise time of the control current can 
be extremely short when the controls are driven 
by external pulse generators. 

The time constant of a cryotron is defined as the 
inductance of the control divided by the resistance of the 
gate. The time constant of an externally driven cryo-
tron, however, is defined as the inductance of the gate 
divided by the resistance of the gate. From (9) 

L, dl l wo dl 
— = — X — X — 10-8 = — X 10-8 second. 
Ro p 2v, 1. 

and 

Lo 2 X 10-5 X 2 X 10-5 
  X 10-8 10-" second. 

Ro 3 X 10-7 

The Cryotron Catalog Memory' is an excellent ex-
ample of the application of externally driven cryotrons. 
The Catalog Memory is a recognition circuit that simul-
taneously compares a binary word with a large store of 
words. The output of the memory can be either a "yes" 
or "no" answer as to the comparison, or, in a more com-
plicated circuit, the answer can be information about 
the stored word. The recognition time for a simple yes-
no comparison in a memory containing 4000 twenty-
five-bit words is calculated to be 10-8 second for thin-
film cryotrons. Other similar applications such as trans-
lators or function tables have equally interesting calcu-
lated time constants. It should be emphasized that in-
ductive coupling between input and output or heating 
effects may increase the time constants beyond the cal-
culated value. 

A CRYOTRON RING OSCILLATOR 

So that the feasibility of thin-film cryotron circuits 
could be demonstrated and the switching characteristics 
of cryotron flip-flops could be studied, a ring of five flip-
flops was constructed. Each stage of the ring is the same 
as the flip-flop shown schematically in Fig. 5. 
A circuit diagram of the ring is shown in Fig. 7. The 

flip-flops are arranged so that the output of one stage 
complements the next stage and the output of the last 
stage is fed back to the input of the first stage 180 de-
grees out of phase. The circuit oscillates at a frequency 

6 A. E. Slade and H. O. McMahon, "A cryotron catalog memory 
system," Proc. Eastern Joint Computer Conf., pp. 115-120; December, 
1956. 

TO SCOPE 

I SUPPLY I SUPPLY 

TO SCOPE 

Fig. 7—Circuit diagram of five-stage flip-flop ring. 

determined by the switching times of the flip-flops. 
One can obtain an approximate prediction of the be-

havior of a flip-flop ring as a function of supply current 
and temperature by rearranging (8). 

where 

and 

1 
fos. — K  

In 

a — 1 

la 
a —   

le cri t 

K = — • 
4L 

(10) 

As the supply current increases, the value of a in-
creases and therefore the frequency of oscillation in-
creases. If the temperature is reduced, the value of a 
will be smaller and the frequency of oscillation will be 
reduced, since a reduction in temperature is equivalent 
to increasing I, crit. (See Fig. 2.) The use of a ground 
plane, of course, reduces L/R and thus increases the 
maximum frequency of oscillation. 
A complete analysis of the circuit is discussed in the 

next paper.2 
Fig. 8 shows the measured characteristics of a typical 

flip-flop ring. The measured characteristics agree with 
the above predictions. This ring was constructed upside-
down so that it could first be tested without a ground 
plane and then be retested after the addition of a 
ground plane. 
The highest frequency that has been observed for a 

five-stage ring is 200 kc. During the time of one period 
(5 X10-8 second), each flip-flop is complemented twice; 
the delay per stage is therefore approximately µsec. 
From the characteristics shown in Fig. 8, L/R can be 
computed to be about 10-8 second. 

So that inductance in the actual circuit layout could 
be minimized, the interconnecting leads were reduced 
to a minimum. As a result, the input gates are pushed 
together, the output controls are only slightly longer 
than one gate width, and the feedback line from output 

t. 

•. 
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Fig. 8—Oscillating frequency vs supply current at two 
temperatures for five-stage flip-flop ring. 

to input is as wide as possible. The completed circuit 
is shown in Fig. 9. 
The size of this circuit containing 10 cryotrons is 1 

inch by 2 inches. The lead controls are 0.008 inch wide, 
and the tin gates are 0.250 inch wide. Identical circuits 
were also constructed that were one half this size. 
Further size reductions are possible; however, the con-
struction of masks limits the minimum line width to 
about 0.003 inch at present. The present state of the art 
makes possible packing densities ranging from 200 
cryotrons per cubic inch for the ring oscillators to 4000 
cryotrons per cubic inch for some memory circuits. 

DISCUSSION 

The feasibility of constructing switching circuits from 
thin-film cryotrons has been demonstrated. Thin-film-
cryotron circuits are microminiature, solid-state cir-
cuits. They have an equivalent parts density of 2 X10-6 
parts per cubic foot at the present time, and further re-
duction in size is feasible. 
The anticipated advantages of cryotron circuitry are 

high packing density and reliability; it should also be 
possible to construct this circuitry automatically and at 
a low cost. At present, however, it is too early to know 
to what extent these advantages will be realized. 
One disadvantage of cryotron circuitry is the require-

ment of a low-temperature refrigerator. Present-day 
cryostats do not meet the requirement of reliability, 
which is necessary for computer applications. Research 

Fig. 9—A five-stage flip-flop ring circuit. 

is in progress in this area, however, and a small, reliable 
refrigerator will be available when cryotrons are beyond 
the research stage and ready for applications.' 
There are a number of temporary disadvantages that 

should not be overlooked. 

1) Short circuits do, at times, occur between layers of 
metal. Shorting is caused by a flaw (dust or splat-
tered metal) in the insulation layer. The probabil-
ity of a short is, of course, dependent upon how ex-
tensive the circuitry is. A single cryotron is very 
seldom shorted; however, about 10 per cent of the 
ring oscillator circuits were found to have shorts. 
The reduction of short circuits is only a matter of 
refining our present techniques. 

2) The requirements on device reproducibility are 
severe when a large number of devices are simul-
taneously manufactured and interconnected in a 
circuit. At present, cryotrons made at the same 
time are similar, but they differ somewhat from 
cryotrons made at a later time. Critical tempera-
tures will vary by as little as 3.85 + 0.01°K for one 
series of cryotrons and by as much as + 0.07°K for 
another. A typical operating point for our work to 
date has been 0.25 degree below critical, and 
therefore a variation of + 0.07 degree would not 

H. O. McMahon and W. E. Gifford, "A New Low Temperature 
Gas Expansion Cycle," presented at the Cryogenic Engineering Con-
ference, Berkeley, Calif.; September 2-4. 1959. 
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be acceptable. Improvements are being made in 
reproducibility, and the causes of variations are 
being investigated. 

3) Although the frequency response of externally 
driven cryotrons is quite adequate, the response 
time of cryotrons that must have current gain is 
not acceptable for many applications. It may be 
possible to increase frequency response by the use 
of superconductive alloys. It is difficult, however, 
to deposit an alloy having a higher resistance that 
at the same time retains a sharp superconductive-
to-normal transition and a high current gain. 

None of the problems enumerated above will prevent 
the cryotron from becoming a useful and versatile com-
puter component. The general acceptance of the cryo-
tron by computer designers will depend upon the cryo-

tron's ability to solve problems at a lower cost, at a 
higher speed, or with more reliability than other solid-
state, microminiature concepts. 
The cost of cryotron circuits, even including the cost 

of the refrigerator, will probably be competitive with 
that of other solid-state circuits and be considerably 
less than that of circuits constructed by present-day 
techniques. Reliability is hard to predict; however, 
superconductors have the advantage of operating at a 
constant temperature near absolute zero, where chemi-
cal-activity and diffusion processes have essentially 
stopped. Because of their unique property of zero re-
sistance, cryotrons can be used in circuits that are im-
practical to consider with any other component. There-
fore, many problems such as storage and retrieval of 
information can be solved at a higher speed with less 
complex circuitry. 

Part III—An Analysis of Cryotron Ring Oscillators 

M. L. COHEN 

Summary— Part III is a circuit analysis of cryotron ring oscilla-
tors. Ring oscillators have been constructed so that the dynamic be-

havior of film cryotrons in circuits could be studied. The analysis is 
concerned with the frequency-L/R time constant and circuit re-

sistance-gate resistance relationships so that the results of measure-
ments on oscillators can be properly interpreted. Two analyses, 
based on different ideal characteristics, are made. The first treats 
each stage as a linear amplifier, and the second treats each stage as a 
switching circuit. Although the two analyses start with rather differ-
ent assumed ideal characteristics, the results agree in many respects. 

INTRODUCTION 

N THE course of film cryotron development, ring 
/  oscillators' were made so that the dynamic behavior 

of film cryotrons in circuits could be studied. Of 
particular interest are the L/R time constants of cryo-
tron circuits. A typical oscillator (shown in Fig. 1) is a 

Fig. 1—Cryotron ring oscillator. 

closed ring of identical amplifier stages. Suitable anal-
yses of these circuits are necessary if the results of 
measurements on these oscillators are to be properly 

l A. E. Slade, "Thin film cryotrons. Part II—Cryotron character-
istics and circuit applications," PROC. IRE, this issue, p. 1569. 

interpreted. Since the characteristics of real cryotrons 
are highly nonlinear, linear or ideal characteristics must 
be assumed for the purpose of circuit analysis. In this 
paper two analyses, based on different ideal character-
istics, will be made in an attempt to bracket the behav-
ior of real cryotron oscillators. The first analysis will 
treat each stage as a linear amplifier. Expressions for 
stage gain and phase shift will be derived, and the op-
erating range and frequency of the oscillators thus de-
termined. The second analysis will treat each stage of 
the oscillator as a switching circuit and, assuming oscil-
lation, will determine the frequency of oscillation. Both 
analyses also consider the relation between the resist-
ance of a single gate and the resistance the whole oscil-
lator presents to the supply current. If this relationship 
is known, the gate resistance while the circuit is in oscil-
lation may be computed, since the resistance of the 
whole circuit is readily measured. 

LINEAR AMPLIFIER ANALYSIS 

Consider a single stage, push-pull cryotron amplifier. 
(See Fig. 2.) The dc supply current, 1,, is assumed to di-
vide equally. The ac input current, iin, modulates the 
resistances of the cryotron gates, R1 and R2, so as to pro-
duce an ac output current, io. In the linear small signal 
analysis;we assume first that the gate resistance, R9, is 
a linear function of current, I, above some critical value. 

R„ = m(1 — (1) 
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Fig. 2—Single-stage equivalent circuit. 

We also assume that the current I is a linear combina-
tion of control and gate currents. 

I = I„ — (2) 

where 12 is the incremental current gain, arg/aL. Com-
bination of (1) and (2) give 

R, = — — /era). (3) 

These assumptions are shown graphically in Figs. 3(a) 
and 3(b). 
The loop equation for Fig. 2 is 

O = iO(RI + R2 ± 2jcuL) ,7  ( R2 — R1) 

I CRIT 

(a) 

CRIT Xe 

(b) 

Fig. 3—Assumed ideal characteristics. (a) Quenching 
characteristic; (h) Control characteristic. 

(4) these gates are in opposite directions also; thus, the total 
ac voltage in the loop is 

and, since the operating point is /e= = is/2, we have 
from (3) 

= 

Ry 

m[ ) -71, ± lio + j0) 
g 2 

• [L2„ ¡in + (1.1 io) le, I . 

2 
(5) 

Substituting (5) in (4) and solving for gain, we obtain 

jo 1 
A = =  (6) 

iin 2 2 2jo.,I, 
1 ± 

g a ml, 

where 

a = 

There is a less rigorous approach which gives more in-
sight into the operation of the circuit. Consider the in-
cremental current gain to be infinite; that is, gate cur-
rent has no effect on gate resistance. The alternating 
component of resistance in each gate is then 

= mii„,. 

The two alternating resistance components are out of 
phase; that is, as the resistance of one gate increases, the 
resistance of the other decreases. The currents through 

(7) 

L. 
V = — 

2 

and the output current is 

V tn/sii„ 

io = —Z = 2(Ru -I- jcol,) 

The stage gain is therefore 

jo ml, 
= =   
tin 2(R, ± joyL) 

(8) 

(9) 

(10) 

Finite incremental current gain is, in effect, internal 
negative feedback. As control current increases, gate re-
sistance increases, and gate current decreases. The de-
crease in gate current tends to decrease gate resistance. 
Since the dc values of gate and control current are equal, 
the feedback is 1/µ. The gain is therefore 

A =   (11) 

2(R„ ± jcol.) ± 

and by substituting (3) for an operating point, I, = 
=1,72, we obtain (6). 
A necessary requirement for oscillation is that the 

loop gain of the oscillator be 1 ±j0. If there are n stages 
in the cryotron ring oscillator connected with 180 degree 
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phase shift, the required phase shift per stage at the fre-
quency of oscillation is 180°/n. Eq. ( 11) shows that the 
phase shift per stage is tan-' coL/Re, where Reg, the 
equivalent resistance, is 

m/. 2 2 
(1 _ 

2 a 

Therefore, the frequency of oscillation is given by 

1 Re, 180° 
f05. = — — tan (12) — 

h. L 

At low frequencies, coL is small compared with Reg, and 
the gain is 

A LP — 
1 

2 2 
1 — - 

a 

(13) 

The gain at the frequency of oscillation is less than the 
low-frequency gain by a factor equal to the cosine of the 
phase shift per stage. Thus, the minimum low-fre-
quency gain, 

A LF = 
180° 

sec (14) 

determines the upper current limit of operation. If we 
assume that no oscillation can occur until some resist-
ance is restored, then the lower current limit of oscilla-
tion is 

(15) 

since this current, equally divided, will cause both gates 
to be on the verge of resistance. 
These results are shown graphically in Fig. 4, a plot 

of operating range vs incremental current gain, and 
Fig. 5, frequency vs current for various values of p. 
Plotted in Fig. 4 are the contours of constant low-fre-
quency gain which form the upper current limit of op-
eration for three-, four-, and five-stage oscillators. Con-
tours of constant ratio, R„/R, are also shown. 

.4. Resistance Relationship in the Linear Analysis 

The power dissipated in a ring oscillator is 

P = Is2Ro (16) 

where Is is the supply current, Vs is the supply voltage 
and Ro is the effective resistance of the oscillator (Fig. 
2). However, from a consideration of the currents and 
resistances in a single stage of the oscillator, we have 

P = n[C-8)2 i521 (Ri+ R2) 
2 

where n is the number of stages, io is the rms value of 
the ac output current, and R1 and R2 are the gate re-
sistances. But 

(17) 

R1 + R2 = 2R9 a constant (18) 
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R, 2 1 

Ro n 912 
1 +— ( 

I, 

(19) 

For very weak oscillations, io is negligible, compared 
with Is, and for n = 5, 

R, 2 
= 0.4. _  

Ro 
(20) 

The maximum value io may have without any clip-
ping occurring is 0.707 /a/2. In this case (a moderately 
strong oscillation), 

R, 4 
— = — = 0.27 
Ro 3n 

(21) 

for n=5. 
Thus, Ro/R0 may be expected to range from about 

0.2 to 0.4, and a good estimate of this ratio may be made 
by observing the wave shape and amplitude of the os-
cillator output. 

B. Extension of the Linear Analysis 

The usefulness of the second, less rigorous approach 
will be demonstrated by two examples. First, let us con-
sider a more general resistance-current function of the 
form 
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R, = K(I — icritr (22) 

where as before I= lei-4/M. 
We now replace m in ( 11) by aR,,/ale, with the result 

and 

But 

and 

A — 

aR, 
— 
arc 

aR„ 
2(R„ jceL) — 

1 
ALP = 

arc 

(23) 

(24) 

ie 
R, = K — — lent) ' (25) 

aR0 P-1 

-(37/ = PIC _ iarit) (26) 

Substituting these above expressions in (24), at the 
operating point /, = /‘, = /8/2, we have 

ALP — 
p + 1 2 

a 

(27) 

The maximum operating current is still determined 
by the minimum stage gain (sec 1807n). Curvature of 
the resistance characteristic increases the gain and, 
consequently, the operating range. Fig. 6 shows this 
effect for n=5 and several values of the exponent p. 
Note that slight nonlinearity greatly increases the 
range of operation. 
As a second example, let us consider a more compli-

cated circuit, the flip-flop ring oscillator shown in Fig. 7. 
Again, assume the linear characteristics used for the 

amplifier ring. 
This circuit differs from the amplifier ring only in 

that there is unit positive feedback and twice the And 
impedance. Therefore, 
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Fig. 7—Single-stage equivalent circuit for a flip-flop ring. 

and the low-frequency gain is 

mI, 

4R„ 
ALP = 

4R„ ml„(-2 — 1) 

Substituting for R, 

R, = 

R„ 

ALP -= 

ml„ 2 1+ _1 _ _ \ 

2 bi al 

3_ 2 \. 

2\2 µ al 

1 

m/a 4 4 
A. —   (28) 1 — — — 

4(R, -I- jcuL) — mí8 14 a 

A negative feedback effect of finite current gain is The results of the above analysis are summarized in 
now 2/µ, since there are two gates in each circuit Fig. 8, a graph of operating range similar to Fig. 4. 
branch. Hence, There is an additional restriction on minimum operat-

ing current. R„ may not be negative; therefore, 

4a 
a >   (35) 

et+ 4 

Note that the operation of a flip-flop ring is rather 
similar to that of an amplifier ring, except that since the 
ratio of R„ to R is smaller, the frequency will be lower 

4 ei for the same L/R time constant. 

(31) 

(32) 

(33) 

(34) 

ml, 
A —   (29) 

4(R, + :non ml(— — 1) 

The equivalent resistance is now 

ml3 Reg = R, ( 2 _ 1) (30) 
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gain for flip-flop ring oscillators. 

SWITCHING ANALYSIS 

For the switching analysis, we assume that the gate 
resistance, R„, is a discontinuous function of current, I, 
as shown in Fig. 9. 

/ < /era R9 = 0 

/ > /4,i4 R = R. (36) 

As assumed in the linear analysis, I is a linear combina-
tion of gate and control currents. 

I = I, — • (37) 

We will now assume that the circuit is in oscillation 
and examine the nature of the transients in each stage 
of the oscillator. Note that there are two modes of 
operation. For small values of supply current, I„ there 
will be some time interval when neither gate in a stage 
is resistive. For large values of supply current, there will 
be a time interval when both gates are resistive. We will 
call these the first and second modes of operation, re-
spectively. These transients are shown in Figs. 10 and 
11. All currents have been normalized with respect to 
the critical current, /grit; a is the ratio of supply current 
to critical current, and x is the ratio of the transient cur-
rent to critical current. 

Consider the first mode of operation (Fig. 10). Dur-
ing the time interval 13-14, neither gate is resistive and 
the currents are constant. At time 12, the rising control 
current, x = 52, switches a gate to the resistive state. This 
corresponds to time 14 for that gate; that is, the current 
in that gate is a— b. Therefore, from (36) and (37), 

a — b 
S2 +  — 1. (38) 

At time ti, the falling control current, a—x=a—s1, 
switches a resistive gate to the superconducting state. 
This corresponds to time 13 for current in the opposite 
gate, or time 0 for that gate; the current in the gate be-
ing switched is b. Therefore, from (36) and (37). 

a — si — = 1. (39) 

Rg 

o 

c-b 

$2 

cmr 

Fig. 9—Ideal quenching characteristic assumed 
in the switching analysis. 

a-b 

t3 t4 

2 

Fig. 10—First mode transients. 

Fig. 11—Second mode transients. 

7. T I ME 

We also recognize that during the time interval ti— t2 
for the control current, neither gate associated with 
these controls is resistive. Therefore, 

1$t1 = 14-13. (40) 

The delay time of a stage is 12, for this is the time from 
the start of a transient in one stage to the start of a 
transient in the next stage. Therefore, 

r = 2/4 = 2n12 (41) 

where r is the period of the oscillator and n is the num-
ber of stages. 

Finally, time and current are related by the following: 

2L a — b 
= — in  
R a — 

2L a — b 
= — In — 
R a — 

2L a — b 
13 = — In  

Substituting (41) and (42) in (40), we obtain 

ti 

(42) 
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or 

a - b a - b a - b a - b 
In  In  - n In  ln  (43) 

a - S2 a - Si a - Si b 

a _ b ) n-1 a- si 

a - S2 
(44) 

and substituting the values of sl and so obtained from 
(38) and (39) yields 

b = - b(a(µ + 1) - - by-1. 
(45) 

u" a - b 

For desired values of a and µ, b may be computed 
through the use of this last equation in a first-order 
iterative process. The frequency of oscillation in terms 
of R/L may then be found from the values of a, b and µ 
using 

1 1 [4nL (a - b)j.i 1-1 
f = =  In   (46) 

r 2nto R a(1.4 -I- 1) - - bJ 

A similar solution may be made for the second mode 
of operation. Consider Fig. 11. During the time interval 
13-4, both gates are resistive and the currents tend 
toward an equal division. At time to, the rising control 
current, X=52, switches a gate resistive. As before, this 
corresponds to time to for that gate, and the current in 
that gate is a - b. At time 12, the falling control current, 
a - x = a -so, switches a resistive gate to the supercon-
ducting state. This corresponds to time 0 for that gate, 
or time 14 for the opposite gate, and the current in the 
switched gate is c. Therefore, corresponding to (38) and 
(39) for the first mode, the following equations are 
derived: 

a - b 
S2 +  = 1 

and 

a - si — = 1. 

As before 

12 — li = 14 — to 

and 

= 2nto. 

Replacing (42) we have 

2L a - c 
= — In — 
R O-32 

2L a - c 
12= — In — 

R a-Si 

2L a - c 
13= — ln — 

R b 

L a/2 - b 
14- to = ln  

R a/2 - c 

(47) 

(48) 

and by substitution, we obtain 

a(1-1- 1)-µ-brc r 
and 

b - (50) 
;hit a - c 

a ( a 
c = — - — - b C  

2 2 )[a(ei + 1) - u - b i2 (51) 

As before, these last equations may be solved by itera-
tive methods, and the values of c thus obtained may be 
used to find the frequency of oscillation by use of 

f = — = 1 — [4nL = — I j.4(a -  n 
r 2nt? R 

1  

- c 
(52) 

These calculations have been made for n=5 and val-
ues of la of 1.5, 2, 3, 4, 10, and ez , for both the first and 
second modes. The crossover between modes occurs 
when sl= so. The value of a at crossover, az, is 

= 

21.4 

I_L + 1 
(53) 

Note that this is the minimum current assumed in the 
linear analysis. 
The range of a for which the calculations were made 

was that for which the equations applied. The minimum 
value of a was that which made so = b; the maximum 
value of a was that which made s2= c. 
The results are shown in Fig. 12, a graph of frequency 

vs current for the several values of 12. 

A. Resistance Relationship for the Switching Analysis 

The energy, W, dissipated per stage per cycle may be 
computed by integrating Joule's law for the instantane-
ous power in the gates over one cycle. For the first mode, 

go 
W = 2/c2Rf (a - x)2dt. (54) 

The power input to the oscillator must equal the 
power dissipated; thus, 

to 
(40) P = 142R0 = 2nfIc2R f (a - x)2d1 (55) 

o 

(41) and 

(49) 

a2 

Ro 14 
2nf f (a - x)2dt 

0 

(56) 

The transient current, a - x, is 

a - x = (a - b)e-R112L; (57) 

f is given by ( 17) and to by ( 13). Performing the indi-
cated substitutions and integration we have 

2a a - b 
 ln  

Ro a - 2b a - 
(58) 
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Fig. 12—Frequency vs supply current, switching analysis. 

This ratio has been computed for n 5 and = 1.5, 2, 
3, . 4 and 10, and the results are shown graphically in 
Fig. 13 as a function of a. 

DISCUSSION 

Although the two above analyses start with rather 
different assumptions, the results agree in many re-
spects. The current range of oscillation increases with 
increasing incremental current gain. Frequency in, 
creases with increasing current. Frequency is approxi-
mately one tenth R/L or ml.„/L, and R is of the order of 
0.2 to 2 times Ro. Thus, if we measure the frequency of a 
real oscillator and its resistance to the supply current, 
we may readily estimate L/R, R, and L for the circuit. 
The characteristics of a cryotron without a ground 

plane' fit the model used in the linear analysis quite 
well, except that is a function of current. DC measure-
ments on ground-plane cryotrons give a resistance-cur-
rent characteristic similar to that shown in Fig. 14.' 
This is not very different from that assumed in the 
switching analysis, except that there is some small re-
sistance for currents below critical. It is believed that 
these oscillators operate mostly in the first mode, and 
that this resistance "toe" provides the starting mecha-
nism for oscillation. 

Measurements made on five-stage ring oscillators and 
treated as described above result in the following ap-
proximate values: No ground plane: 

f 100 cps to 10 kc 

— 2 X 10-3 to 2 X 10-5 seconds 

R 5 X 10-6 to 5 X 10-i ohm 

L 108 henry. 

No 

4 

40 

ee 

32 

2 

2. 

20 

1.6 

WO 

12 

uns -.._ . 

'`....,........ 

.e -... 

.4 

0 
10 II 12 13 14 IS IS I.? il 

SUPPLY CURRENT a 

Fig. 13—Resistance ratio vs supply current, switching analysis. 

" TOE" 

I 

Fig. 14—Typical quenching characteristic 
of a ground plane cryotron. 

These values are in good agreement with those ex-
pected from the dimensions of the cryotrons involved. 
Furthermore, contours of constant resistance and con-
tours of constant frequency coincide in a current-tem-
perature plane with surprising accuracy and thus con-
firm the analysis. Ground plane: 

f 10 kc to 200 kc 

,-•-• 10-6 seconds 

R 10-4 ohm 

L 10-" henry. 

The expected values2 are 5 X10-4 ohm and 3 X 10-" 
henry for R and L, respectively. Here the agreement is 
not good, the discrepancy being about an order of mag-
nitude for both L and R. Further investigations, now 
in progress, should clarify this matter. 

Ibid., see for the calculation of expected values. 
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Optimum Noise and Gain-Bandwidth Performance 
for a Practical One-Port Parametric Amplifier* 

J. C. GREENEt AND E. W . smult , MEMBER, IRE 

Summary—A practical one-port parametric amplifier is analyzed 
to determine the conditions under which minimum effective noise 
temperature and maximum gain-bandwidth product can be ob-
tained. The analysis considers the effects of resistive loss and stray 
parasitic reactance in the junction-diode that provides the essential 
nonlinear reactance. It is shown that the conditions necessary for 
minimum noise temperature are compatible with those necessary 
for maximum gain-bandwidth product only if the diode has a high 
self-resonant frequency (the frequency at which the average diode 
capacitance resonates with the diode lead inductance). It is also 
shown that minimum noise temperature is always achieved when the 
diode loss alone is used as the idler circuit loading (regardless of the 

temperature of any additional idler loading), that there is a character-
istic figure of merit for the diode, and that there is an optimum pump 
frequency. 

Based on the equations derived, universal curves have been 
drawn that enable the design of an optimum amplifier when the signal 
frequency and diode characteristics are specified. In conclusion, it is 
shown that if junction-diode parametric amplifiers operated at room 

temperature are to seriously challenge the low-noise performance of 
the maser at microwave frequencies, a substantial improvement in 
the diode figure of merit is required. 

I. INTRODUCTION 

/
NTENSE interest has been aroused by the low-noise 
potential of junction-diode parametric amplifiers, 
resulting in considerable efforts at many labora-

tories directed toward developing such devices. The 
most useful amplifier of this type for microwave fre-
quencies has an inherent negative conductance char-
acteristic, and provides an amplified output signal at 
the same frequency as the input signal. Because of its 
negative-conductance characteristic, the amplifier has a 
nearly constant gain-bandwidth product, and stable 
amplification is obtained only when the net loading 
from the signal source conductance and post-receiver 
input conductance counterbalances the amplifier nega-
tive conductance. 

For large amplifier gains, the negative and net posi-
tive conductances are nearly equal. Consequently, 
small changes in the loading admittances, when these 
admittances are connected directly to the amplifier 
terminals, can produce large gain fluctuations or even 
sustained oscillation. The use of nonreciprocal devices, 
such as circulators and isolators, minimizes the effective 
change in loading admittance seen by the amplifier, re-
sulting in a gain characteristic that is stable and reliable. 
In turn, the stable gain characteristic allows the low-
noise potential of these amplifiers to be realized in prac-
tice by keeping the gain fluctuation noise level below 
the internally generated noise level (a serious problem 

*Received by the IRE, December 28, 1959. The work reported 
here was performed under Air Force Contract AF 30(602)-1854. 
t Airborne Instruments Lab., Melville, N. Y. 

without the use of nonreciprocal devices, since the an-
tenna and post-receiver admittances usually vary sig-
nificantly in practical systems). 
The performance of this amplifier will be related in de-

tail to junction-diode characteristics, the limitations 
imposed by diode resistive loss and stray parasitic re-
actances, and the pump frequency. This analysis is sub-
ject to the restrictions that the amplifier is operated in 
conjunction with an ideal circulator and that the diode 
is only moderately lossy at the frequencies involved. As 
already described, the circulator is necessary for practi-
cal reasons; in addition, the presence of the circulator 
1) allows achievement of the maximum possible gain-
bandwidth product for the amplifier, 2) if ideal, will 
not degrade the minimum achievable noise figure when 
the amplifier gain is large, and 3) permits a straightfor-
ward derivation of effective noise temperature and gain-
bandwidth product for the negative-conductance ampli-
fier, since the resulting input and output conductances 
are positive. 

In particular, expressions are derived for the mini-
mum effective noise temperature and the maximum 
gain-bandwidth product of the amplifier in terms of 
diode characteristics and an optimum pump frequency. 

It is shown that the conditions necessary for minimum 
noise temperature are compatible with those necessary 
for maximum gain-bandwidth product only if the diode 
has a high self-resonant frequency (the frequency at 
which the average diode capacitance resonates with the 
diode lead inductance). Furthermore, it is shown that 
minimum noise temperature is always achieved when 
the diode loss alone is used as the idler circuit loading, 
regardless of the temperature of any additional idler 
loading. The analysis also indicates that there is a 
characteristic figure of merit for the junction diode. 

Based on the equations derived, universal curves have 
been drawn that enable the design of an optimum ampli-
fier when the signal frequency and diode characteristics 

are specified. By inserting typical values for presently 
available diodes into these curves, performance results 

to be expected at the present state of the art are set 
forth. In conclusion, it is shown that if junction-diode 
parametric amplifiers operated at room temperature are 
to seriously challenge the low-noise performance of the 
maser at microwave frequencies, a substantial improve-
ment in the diode figure of merit is required. 

II. EFFECTIVE INPUT NOISE TEMPERATURE 

We shall first derive a general expression for the effec-
tive input noise temperature of a one-port parametric 
amplifier operated in conjunction with an ideal circu-
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lator, but using a moderately lossy junction-diode. In 
this derivation, it is assumed that the signal and idler 
terminals are each shunted by a single loss conductance, 
G1 and G2 respectively, that includes the effects of diode 
loss, circuit loss, and any intentional loading. The re-
sulting expression will then be analyzed to determine 
the conditions under which the minimum effective noise 
temperature is obtainable. 

Fig. 1 is a small-signal equivalent circuit of the as-

OUTPUT 

II, 11„,,, •,...v.• 

514NAL FREQUENCY 
TERIRINALS 

NETWORK REPRESENTING 
IIONLINEAR CafoCITAPCT 

[II 01 

101.10 FREONENCI 

I. FYI& FRRQUERCY 

Fig. 1—Small-signal circuit of one-port parametric amplifier 
operated with an ideal circulator. 

stinted amplifier-circulator combination. It is similar to 
that proposed by Rowe' and includes conductance com-
ponents G1 and G2 in the admittances ( Y1 and Y2) of the 
signal and idler tuning circuits, respectively, and an 
ideal transformer preceding the network representing 
the nonlinear capacitance. The ideal transformer per-
mits the choice of any effective generator conductance, 
GG =Go/ n2, despite the fixed characteristic conductance 
(Go) of the ideal circulator. 
The available power gain from the input to the output 

port of the circulator is merely the square of the reflec-
tion coefficient at the terminals of the ideal transformer 
and will be required in the subsequent noise temperature 
derivation. From Fig. 1, and adapting ( 18) of footnote 1, 
this reflection coefficient is 

where 

and 

GG (171 
r =   

GG (Y1 + Yu.) 

GG — [i Bll 

GG 171 + 

/312B21  1 

vs — jB22 _1 

B,2 B2, 

Y25 — jB22 

/71 = GI ± iBI 

/72 = G2 ± f82, 

GG = Go/n2, 

Ylin = I1/171. 

, (1) 

(In contrast to footnote 1, B2I and B22 are positive, since 
the idler current rather than its conjugate is used here.) 

' H. E. Rowe, "Some general properties of nonlinear elements." 
"II. Small signal theory," PROC. IRE, vol. 46, pp. 850-860; May, 
1958. 

Considering midband conditions only (Bii+Bi = B22 
+B2=0), the midband value of YI-F Ynn is 

[Yi = (GG + GOO — a) — GO, (2) 

and the midband available power gain is thus 

where 

Ko=P02 =[ 1 + a G,1 2 
1 — a GG 

(3) 

B,2 B,, 
a =   (4) 

G2(GG 

(same as a of [ lb. 

Next consider Fig. 2, which is an equivalent circuit 

PORT I 

Eil] .T.t.iT) L e. 

PORT 2 

Fig. 2—Equivalent circuit (includi ig noise sources) of one-port 
parametric amplifier operated with ideal circulator. 

of the amplifier-circulator combination including noise 
sources corresponding to conductances GI and G2 at 
temperatures T1 and T2. It is desired to calculate the 
available output noise power of the circuit of Fig. 1, 
exclusive of noise contributed by the generator at the 
input port of the circulator. Referring to Fig. 2, and be-
cause of the presence of the circulator, this is equivalent 
to calculating the power from noise sources ji2 and -2.2 de-
veloped in equivalent generator conductance G6. Thus, 
the available output noise power, exclusive of the gen-
erator contribution, is 

ii2GG 
No' =   

G. + 17 110,1 2 

VI 

102 

where IV/ G2 is the ratio of voltage developed at port 1 
in response to a current generator connected to port 2. 
Substitution of the terminal conditions, /2= /G2— Y2 V2 
and II= —(GG+ Yi) VI, into the network equations of 
Fig. 1 gives the value of the ratio 

v, jI312 

1G2 G ± I7 I + jB11)( 172* B22 ) B I 2B2I 
(6) 

After again substituting the midband conditions (Bn 
+Bi = B224- B2= (1), ( 5) reduces to 

[ 1  = 
I G2 0 

jB12 

G2(GG + G,)(1 — a) 
(7) 
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Effective input noise temperature is defined as 

No' 
T. 

KkB 
(8) 

where K = available power gain, k= Boltzmann's con-
stant, and B= bandwidth. Substitution of (5), (2), ( 7), 
(3), and the relations for and 122 in Fig. 2 into (8) 
gives the midband effective input noise temperature 

1 -I- a — — (1 — a) 

2 2 

GG 

bo ( G1 
•[— + a — (9) 
GG 120 GG 

where the relation /312/B22=f 10//20 has been used, with 
fio and f20 being the center values of ft and12, the signal 
and idler frequencies respectively. Only the high gain 
condition (a = 1) is normally of interest, and thus the 
midband effective input noise temperature reduces to 

[Te]o G1  fiol T -±G )T 
Ga 1 120 Ga 

tance defined in [ 1], and the only losses are in the form 
of series resistance R.) at both fl and 12, the non-ideal 
nonlinear capacitor can be approximated by an ideal 
capacitor of the same capacitance shunted by loss con-
ductances GD1 and GD2 at center signal and idler fre-
quencies fio and120 

4721102CO2R. — 

G02 -1721-202CO2R. = 

27rfio2Co 

fc 

27,1202C0 

f. 

where the cutoff frequency is f, = 1/2irCoRs.2 
The other loss conductance to be considered is the de-

liberate loading of G 1 having a temperature Ti at the 

idler frequency. The quantities GI, G2y T1y and T2 in 
(10) can now be identified as 

= GDly 

G2 = GD2 Gi, 

T1 = TD, 

GD2TD Gir 
(10) T2 =   

G02 + Gi 

It is of interest to note that under low gain conditions, 
(9) predicts that the presence of the ideal circulator de-
grades the noise temperature of the one-port parametric 
amplifier by the factor 

2 

F 
[1 -G1 (1 — 

since it can be shown that T. for the amplifier without a 
circulator is just 

r Ti afio ( G1 1 + 7,21. 

L Go 120 \ GO J 

III. MINIMUM EFFECTIVE NOISE TEMPERATURE 

It is evident that to obtain minimum effective noise 
temperature, the incidental losses associated with the 
signal and idler resonant circuits, as well as the losses 
associated with the diode linear parasitic reactances, 
should be negligible. It is not evident whether the pres-
ence of an intentionally controlled idler load that is re-
frigerated will or will not degrade the minimum achiev-
able noise temperature. In the following analysis it is 
therefore assumed that conductance G1 in the signal cir-
cuit is due only to the loss associated with the nonlinear 
diode capacitance, and that conductance G2 in the idler 
circuit is due to both the loss in the nonlinear diode 
capacitance and that of an intentionally added load 
conductance. 

If the nonlinear capacitance has moderately high Q 
(Q=1/2irf CoR,, where Co is the average pumped capaci-

(12a) 

(12b) 

(12c) 

(12d) 

where TD is the temperature of the nonlinear capacitor 
(diode). Substitution of ( 12) and ( 11) into ( 10) then 
gives 

[Te]o 

TD 

subject 

where 

_ x 11 [l ± 1 (1 ± 1 — t\]_ 
1 (13a) 

\ z 

to the high gain condition 

a = rxyz .-e• 1, 

Ga 
X = 1+ — e 

GD1 

120 
= 

110 

• Gi 
z = 1+ - 1 

GD2 

r = éflo C0\2 

\fCJ \CI; 

Ti 
t = — • 

TD 

(13b) 

(13c) 

(13d) 

(13e) 

(13f) 

(13g) 

(Note: (4) and the values of 1312 2irfiCi and B21 

= 2irf2Ci from footnote 1 have been used in ( 13b).) 
The merits of additional idler loading (z> 1) can be 

investigated by eliminating y from ( 13a) and ( 13b). 

2 Just how high a value of Q is required to make this a good ap-
proximation is not known. A more exact analysis of the effect of 
series resistance would have to consider signal voltages at frequencies 
other than fi and fs, and thus could not be based on In 

2 
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There results 

[Tjo 
[— 1[1 rx rxt(z — 1)1— 1. (14) 
Lx- 1J 1 

Examination of ( 14) shows that the effect of additional 
idler loading is to increase the effective input noise 
temperature through the presence of the term (rxt)(z 
—1). This term will be absent only if there is no extra 
idler loading (z = 1), or if the temperature of the addi-
tional idler loading equals 0°K (t = 0). Thus, additional 
refrigerated idler loading can never improve the opti-
mum noise performance and, in general, will degrade 
noise performance. Qualitatively this happens because 
additional idler loading necessitates a less favorable 
impedance transformation at the signal frequency to 

maintain a high gain condition. In the remainder of this 
section, therefore, no additional idler loading or 
z = I will be assumed. 

Optimum values of x and y can now be derived. Sub-
stituting z = 1 into ( 14), differentiating, and equating to 
zero, gives the condition for optimum generator con-
ductance, 

xopt = 1 -I- 4/ 1 1 — • (15a) 

From (13b) (with z = 1) the corresponding optimum 
value of y is 

>Poe = 4/ 1 1 — — 1. 

An alternative form of ( 15b) is 

= 4/1 — [f° 1 
fto opt 

where fo =flo-Ff2o is the pump frequency. 
Finally, from ( 14) (with z = 1) and ( 15a), the 

mum effective input noise temperature is 

LT el0 ,min 
T» 

(15b) 

(15c) 

[Te]o min 2 if:1.º\ (9\r1+(f)(9)-1 
T» f L Vc / (16d) 

Eqs. ( 15) and ( 16) suggest the importance of a figure of 
merit, fc(Cl/C0), that determines the optimum noise 
performance at a given signal frequency. Eq. (16c) is 
also of interest, because it predicts a constant optimum 
pump frequency (equal to the figure of merit) for any 
signal frequency. Eqs. ( 15c) and ( 15d) are plotted versus 
(r)" as the solid curves in Figs. 3 and 4 (opposite). 

IV. MAXIMUM GAIN-BANDWIDTH PRODUCT 

We next consider the conditions under which maxi-
mum gain-bandwidth product can be achieved with the 
amplifier-circulator combination. The following analysis 
assumes that, 1) singly resonant networks are used in 
the signal and idler circuits, 2) the nonlinear capacitance 
diode has a series resistance and a parasitic lead in-
ductance (in general a function of the diode mount), 3) 
the diode parasitic shunt capacitance has a negligible 

effect on the external circuits (since it can usually be 
made very small by proper mounting, for example by 
using coaxial structures), 4) incidental circuit losses 
are negligible, and 5) a controllable conductance can 
be added in the idler circuit (if needed) to broaden the 
bandwidth. The use of multiply resonant networks in 
the signal and idler circuits will, of course, yield larger 
bandwidths than those obtainable with singly resonant 
networks, but for the sake of simplicity they are not 
considered.' The analysis presented here is, however, 
applicable to the use of more complex resonant struc-
tures. 

The voltage gain-fractional bandwidth' product for 
the amplifier-circulator combination, based on an ex-
pression previously derived [(20a) of footnote 6], can 
be written as 

1 — 
woi „2 r1 [GG + a 1 (17a) 

mini- 1 + [fio(i + _1)1 
GG fi, 02 

2r [1 ± 4/1 ± —1 ]. (15d) 

Eqs. ( 15) can be further simplified if r«1. There results 
fusing ( 130], 

xopt 1 -I- (-f-e-)(C' 
\fio/ \Col, 

ho CO 

trot. fe (D, 

where /3, al, and 132 are, respectively, the bandwidths of 
the overall amplifier, the signal circuit, and the idler cir-
cuit. 

Again, the high gain condition (a -, 1) is usually the 
only one of interest, and ( 17a) reduces to 

WojI/2 [fia] 
2  lr 1  

H GI 1 1 
-- flo(— 
GG 131 02 

(I7b) 

3 H. Seidel and G. F. Herrmann, "Circuit aspects of parametric 
amplifiers," 1959 IRE WESCON CONVENTION RECORD, pt. 2, pp. 
83-90. 

E. W. Sard, "Tunnel ( Esaki) diode amplifiers with unusually 
large bandwidths," PROC. IRE, vol. 48, pp. 357-358; March, 1960. 

5 Fractional bandwidth is the amplification bandwidth divided 
by the signal frequency. 
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Fig. 3—Range of pump frequency for one-port parametric 
amplifier with ideal circulator. 
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Fig. 4—Range of effective input noise temperatures for one-port 
parametric amplifier with ideal circulator. 

Next, expressions that consider four possibilities are 

required for 131 and (32. These are case la), flo <fr, and 
f20 < fD ; case lb), flo<fp andf20>fp; case 2a),fio>fp and 
f20<fp; and case 2b), flo>fp and f2o>fp, where fp is 
the self-resonant frequency of a nonlinear capacitor hav-
ing series inductance, as given in the article by Lom-
bardo and Bard.' By extension of ( 29) and (37) of foot-
note 6, the values of 01 and e, to be used are 

GG G1 
01 110 ≤ ID, (18a) 

27C0 

[-GG + GI] [1 ho ≥ ID, on)2, 
L 22rCo Lfio 

G2 

120 f», (18c) 
32 ee 22,-co 

e, r  G2  ir fo1 2 

Lucoi L _I 120 ≥ fDt (18d) 

where conductances G0, G1, and G2 are effective values 
as transformed to the terminals of the ideal nonlinear 
capacitance in Fig. 1. 

Eqs. ( 11a), ( 11b), ( 12a), and ( 12b) still apply, and 
thus ( 18) reduce to 

fi o2 
atX — 

f. 
1,02 
. ,131 x 
f 

1202 
32 AD z — 

fc 

fo 2 
82 AD Z e 

f. 

(19a) 

(19b) 

(19c) 

120 (19d) 

where x and z are defined by ( 13c) and ( 13e). From 
(17b), ( 19), ( 12a), ( 13b), and ( 13c), the gain-bandwidth 
products for the four cases are 

Case la, [KoP/2• [ —13 - 
ft. L rx2 

1 — 
Y 

Case lb, 11C0]1/2- [ 113 
ful 

[ 2flo ][ x — 1 

fc je2).\2rx2y 

fp/ 

(20a) 

(20b) 

• P. P. Lombardo and E. W. Sard, "Low-noise microwave react-
ance amplifiers with large gain-bandwidth products," 1959 IRE 
WESCON CONVENTION RECORD, pt. 1, pp. 83-98. 
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Case 2a, [KoP• [ 

— 1 

[ ( rx2 

,fto / y 

Case 2b, [Ko]1/2• [ 
110 

x  
L fo iLfi0J L + rx2y 

(20c) 

(20d) 

Optimum values of x, y, and z can now be derived, keep-

ing in mind the transitions from one case to another. 
First, consider fio<fo, cases la) and lb). For a par-

ticular value of fio/fo <1, assume that the conditions 

for maximum gain-bandwidth product are such that 
foo<fo, subject to later verification. This is case la), 
and (20a) applies. Examination of (20a) shows that it 
is maximized for a given value of y when x is given by 

xopt = 1 -F 4/1 — • 

The corresponding optimum value of z is 

Zopt =   
rxorty 

(21a) 

Yr 
(21b) 

Y2 

Furthermore, the corresponding maximum value of 
gain-bandwidth product is 

(EK0P12 . [.+;(]). [ fi-1[4/1 2P-r — 1. (21c) 

From (21c), it is seen that the largest possible value of y 
should be used. The largest possible value of y is de-
termined either from the assumption that this is case 
la) (then yupt—fp/fio) or by (21b), calling for a value 

of z„,,, < 1. Investigating (21b) further, z„„, > 1 requires 

1 
r <   
— Y1 -I- 2y 

Zopt 

([Kd1/2. [ 
/10 

where 

1 

September 

(23b) 

1 1] (23c) 
r( 

\ fo / 

[f.flo [ V 1+ 1 
ho) 

r(— 
J.D 

r1 

(23d) 

(23e) 

For r>ri, it is seen from the above reasoning that 
zoo. = 1. To determine the corresponding optimum val-
ues of x and y requires going back to (20a) and substitut-
ing ( 13b) with z = 1. The result is 

[Ko]I/2. [ 7:1-01 1± r2 
2ff ° [ x- 1e1 

(24) 

Examination of ( 24) shows that it is maximized for x.pt 
a root of 

1 
— 3x,12 — — = O. 

r2 

The corresponding values of y and z are 

Yoo, 
1 

 — -V2x,,pt — 3, 
rXopeopt 

Zopt = 1. 

(25a) 

(25b) 

(25c) 

Furthermore, the corresponding maximum value of 
gain-bandwidth product is 

(22) 

([KoP 12 . [ 1 ]) 
flo 

As the nonlinear capacitance becomes more and more 
ideal with respect to losses, r—÷0, and inequality (22) will 
ultimately be satisfied for the maximum value of y in 
case la), or yopt =fiilf 10. Thus for r <ri, (21) for case la) 
reduce to 

V 1 :NA = I -I- I ±   r , (23a) 
e22) 
\ fL, / 

[born- 2(2xopt, — 3)  1 JL 3 j . (25d) 

Recalling that this is assumed to be case la), it still must 

be true that yopt<fo/fio. Then, from (25a) and (25b), 
there results 

r > r2 — (25e) 
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Eqs. (25e) and (23e) are used to plot (ri)" and (r2)" where 
vs fio/fp in Fig. 5, and it is seen that for fio/fp <1, 
r2>ri. Thus, still assuming case la), optimum condi-
tions for r <ri are given by (23a) through (23d), whereas 
optimum conditions for r > r2 are given by (25a) through If r>ri, 
(25d). The optimum conditions for the small region in 
between, ri<r<r2, must then be 

1 fio 
Xopt =   y 

ntoptZopt r D 

1 

Yopt 

(f1.0 

fD 

(26a) 

(26b) 

zopt = 1, (26c) 

([K°]"2 [11+01)... 
1(1_ li 

I 2fiol r  fp . (26d) 

fe 1+-1(13 
r fp 

All that remains is to show that the assumption of 
case lb) gives no larger gain-bandwidth products than 
does the previous assumption of case la). Therefore, 
assume now that for a particular value of fio/fD < 1, 
the conditions for maximum gain-bandwidth product 
are such that f2o>fp. This is case lb), and (20b) applies. 
Reasoning similar to the foregoing then gives the same 
results as previously for r <ri and for ri < r < r2. Further-
more, for r> r2, case lb) no longer is possible, and the 
previous results also hold. This completes the case of 

hio≤fD. 
In a similar manner, if fio >fp, cases 2a) and 2b), 

there result the following conditions for maximum gain-
bandwidth product. If r <r3, 

1  xopi 1 (fio = -I- — , (27a) 
r fp 

1 
Yopt =   (27b) 

(fio 

fp 

1 ( fio 
zop, = 4/1 — — 1, 

r fp 

( [K(11/2 VO-Dmax 

Vi+ 2,7 _ 
(ffily 

([Ko]i/2. 

where 

r3 = 

71 ( j..j1 . 

(ff: ) 2 

2s00 3 + 3 xopt,2   — 0, (28a) 
r2 

N/2Xopt — 3 
Yopt =   Y (28b) 

( fp) 

Copt = ly (28c) 

[: D .  [fio] 2(2x,i — 3) , 
(28d) 

( ffp) 

rt = 

If r3<r <r4, 

1 éfio\ 

2 \ fp 

( flO 

Xopt = 

r fp 

1 
Yopt =   

fD 

%opt = y 

(EK0P121f1.11. 
— 1 

r fp  

_ _ F 1 
r \ fD/ 

(27e) 

(28e) 

(29a) 

(29b) 

(29c) 

(29d) 

The quantities (r3)1/2 and (r4)in are also plotted in Fig. 
(27c) 5 with the quantities (ri) I/2 and (r2) in, the dividing line 

being f to/ fp = 1. 
The appropriate expressions for maximum gain-band-

width product [(23d), (25d), (26d), (27d), (28d), or 
(29d)] are plotted for several values of fio/fp as dashed 
lines in Fig. 6. For comparison, solid lines show the (gen-
erally lower) gain-bandwidth products under conditions 
of minimunt effective input noise temperature, ob-

(27d) tamed by substituting (15a) and (15b) into the appro-
priate expression for gain-bandwidth product, (20a), 
(20b), (20c), or (20d). Furthermore, for comparison in 
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Fig. 5—Transition regions in adjusting for maximum gain-band-
width product of one-port parametric amplifier with ideal cir-
culator. 

Fig. 4, the (generally higher) values of effective input 
noise temperature corresponding to the conditions for 
maximum gain-bandwidth product are plotted as 
dashed lines by substituting xopt and yopt from the ap-
propriate equations [(23a), (25a), (26a), (27a), (28a), 
or (29a) and (23b), (25b), (26b), (27b), (28b), or (29b)] 
and 1=1 into ( 13a). Finally, for comparison in Fig. 3, 
the (generally different) values of ( 1±yopt) correspond-
ing to the conditions for maximum gain-bandwidth 
product [(23b), (25b), (26b), (27b), (28b), or (29b)] are 
plotted as dashed lines. Figs. 3, 4 and 6 show that mini-
mum noise temperature and maximum gain-bandwidth 
product are generally compatible when the diode self-
resonant frequency is high compared with the signal 
frequency. 

V. DISCUSSION OF UNIVERSAL CURVES 

For the best commercially available silicon varactor 
diodes, the cutoff frequency under operating conditions 
will typically be 50 kmc, Ci/Co will be about 0.16, and 
the diode self-resonant frequency will be about 5000 
mc. Inserting these values into Figs. 4 and 6, the follow-
ing results are predicted for a one-port amplifier op-

erated at room temperature (290°K): 
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Fig. 6—Range of gain-bandwidth products for one-port parametric 
amplifier with ideal circulator. 

Signal Frequency 
(mc) 

400 
1000 
2800 
5000 

Minimum Effective 
Noise Temperature 

(degrees K) 

30 
82 
290 
650 

Approximate Maximum 
Gain-Bandwidth 
Product (mc) 

Compatible with 
Minimum Effective 
Noise Temperature 

112 
260 
392 
500 

It is interesting to note that this performance is ob-
tained for a relatively constant optimum pump fre-
quency of about 8000 mc (see Fig. 3). 
These data show that if the one-port parametric 

amplifier operated at room temperature is to seriously 
challenge the maser at microwave frequencies, an im-
provement of at least 10 in diode figure of merit is re-
quired. If such improvements cannot be obtained, the 
varactor diode (like the maser) will have to be cooled. 
This implies that the diode must be designed to main-
tain its figure of merit at reduced temperatures, or still 
better, that the figure of merit is improved as the tem-
perature is lowered. 
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Fractional Millimicrosecond Electrical Stroboscope* 
W . M . GOODALLt, FELLOW, IRE, AND A. F. DIETRICHt 

Summary—A simple electrical stroboscope having a rise time 
of 6X10-" seconds and a 6-db bandwidth of 5.5 kmc is described. 
Oscillograms showing 160-mc square waves and 640 million pulses 
per second are shown. These waveforms display rise times as fast 
as 2 X 10-" seconds. Instrumentation includes a strobe-pulse genera-
tor, a coaxial gate using a gallium-arsenide point-contact crystal, 
suitable wide-band coaxial attenuators, a low-pass integrating filter 
and a low-frequency oscilloscope. 

INTRODUCTION 

I
N high-frequency work an oscilloscope has coule to 
be a commonplace instrument. Nowhere is this 
more true than for high-speed short-pulse studies. 

In communication applications the pulse patterns may 
change in a random or in a regular manner. For study 
purposes, much can be learned by using an oscilloscope 
with suitable sweep circuits to observe repetitive pulse 
patterns. Improvements in short-pulse techniques go 
hand in hand with improved oscilloscopes. 

For high-speed pulses the two most important oscillo-
scope characteristics are the rise time and the sensitiv-
ity. In conventional oscilloscopes, where broad-band 
electrical amplifiers are used, fast rise time is obtained 
at the expense of reduced amplifier gain and, conversely, 
high sensitivity is obtained at the expense of fast rise 
time. 
The traveling-wave-deflection oscilloscope' improves 

the sensitivity of the oscilloscope tube. With optical or 
electron-optical magnification, conventional electrical 
amplifiers can be avoided. The resulting device, while 
very useful, still has a relatively poor sensitivity. 

For repetitive patterns another technique can be used 
in which fast rise time and high sensitivity are not 
mutually exclusive, as they are for conventional ampli-
fiers. In an electrical stroboscope or sampling oscillo-
scope the rise time depends primarily upon the band-
width of the sampling circuits and the effective duration 
of the strobe pulse, while the sensitivity depends upon 
the gain of the electrical amplifier used in the low-
frequency part of the oscilloscope. The penalty paid for 
these advantages is the time required for integration. 

ELECTRICAL STROBOSCOPE 

A stroboscope for light consists of a suitable light 
source which emits short pulses of light. When these 
pulses occur at a regular rate, the stroboscope produces 
the optical effect of slowing down or stopping the motion 
of the recurrent phenomena. An electrical stroboscope 
can be made which does the same thing for recurrent 

* Received by the IRE, January 16, 1960; revised manuscript 
received, April 15, 1960. 
t Bell Telephone Labs., Inc., Holmdel, N. J. 
J. R. Pierce, "Traveling wave oscilloscope," Electronics, vol. 22, 

pp. 97-99; November, 1949. 

electrical waves. In a simple form it consists of a gate, 
a strobe-pulse generator, a low-pass integrating filter, 
and a low-frequency oscilloscope. When the repetition 
rates of the signal and the strobe pulse are the same, the 
stroboscope continues to observe the same part of the 
signal. When the repetition rate of the strobe pulse is 
less than that of the signal by a constant amount, the 
signal interval is scanned repetitively and the output of 
the gate reproduces the signal on a slowed-down basis. 
If the difference between the recurrence frequencies of 
the signal and pulse is ô cps, the recurrence frequency 
of the gate output will be e5 cps. 

This paper describes a simple electrical stroboscope 
which has a 10 to 90 per cent rise time of 6 X 10-" sec-
onds, and an over-all sensitivity of 2 mv/cm. It is being 
used in studies of binary pulses in the range of 1000 
megabits. As will be seen, the simple instrumentation 
described above is especially suitable for work with syn-
chronous communication pulses. 

Early electrical stroboscopes, or sampling oscillo-
scopes, used synchronous or quasi-synchronous opera-
tion." Recently more sophisticated devices“ have been 
made which can display pulse shapes for similar pulses 
that repeat in a nonsynchronous as well as a synchro-
nous manner. As this paper is being written, commercial 
versions of these latter oscilloscopes have been an-
nounced by several companies. 
A block diagram of a simple electrical stroboscope is 

shown in Fig. 1. The gate blocks the input signal except 
when it is opened by the strobe pulse. When the strobe-
pulse frequency is identical with the recurrence fre-
quency of the signal, the output of the filter will be a 

constant dc representing the amplitude of the signal at 
the time the gate is opened. Suppose we had a variable 
delay in the line between the gate and the strobe pulse 
generator. If we changed this delay in small steps, and 
observed the output for each step, we could trace the 
waveform of the recurrent signal. Our instrumentation 
is similar to this. However, instead of changing the delay 
we use a strobe frequency that is lower than the recur-
rent frequency of the signal by a small constant amount, 
8. After one cycle of the (5 frequency, we have scanned 
one interval of the complete high-frequency signal wave. 
Thus, we have slowed down the wave in the ratio of 8/f 
where f is the recurrent frequency of the signal wave. 

2 J. M. L. Jansen, "An experimental 'stroboscopic' oscilloscope 
for frequencies up to about 50 mc/s—I. Fundamentals," Philips Tech. 
Rev., vol. 12, pp. 52-57; August, 1950. 

J. G. McQueen, "The monitoring of high speed waveforms," 
Electronic Engrg., vol. 24, pp. 436-441; October, 1952. 

4 R. Sugarman, "Sampling oscilloscope for statistically varying 
pulses," Rev. Sci. Instr., vol. 28, p. 933; November, 1957. 

5 G. B. B. Chaplin, "Avalanche Circuits with Application to a 
Sensitive Transistor Oscilloscope," presented at Transistor and Solid-
State Conference, Philadelphia, Pa.; February, 1958. 
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Fig. 1—Electrical stroboscope—block diagram. 

As in other time-division systems, the sampling 
theorem applies and the theoretical cutoff frequency 
for the low-pass filter would be f/  2 where f is the signal 
recurrence frequency. The value f/2 is an upper bound. 
If the high-frequency signal requires a band of nf where 
n is the number of harmonics of the recurrence fre-
quency, f, then 

nô < f/2, 

which insures that the number of harmonics required 
to represent the slowed down signal will be transmitted 
by the low-pass filter. 

FRACTIONAL M ILL! MICROSECOND STROBOSCOPE 

In working with ultra-wide-band components and 
systems we have frequently found that the best results 
are obtained by simplifying the experimental gear and 
by reducing the size and number of components to a 
bare minimum. Not only does this improve the opera-
tion of broad-band systems, but it also tends to improve 
reliability since, in general, fewer components give 
less trouble. For these reasons we have chosen the 
simple instrumentation represented by the block dia-
gram of Fig. 1 for our electrical stroboscope. 

In our experimental work on a 640-megabit micro-
wave regenerative repeater we have need for an oscillo-
scope that will adequately display timing pulses having 
durations in the order of 3 X 10-" seconds. We know 
that the signal pulses will repeat at a regular rate, and 
that our pulse groups will be repeated at a 10-mc rate, 
determined by a quartz-crystal oscillator. To simplify 
our stroboscope, we have taken advantage of this and 
have generated our strobe pulse from a second quartz-
crystal oscillator. The difference frequency, 8, re-
mains sufficiently constant for our purposes and no 
control or lock between our signal and strobe frequency 
is required. 

Although it is not critical, we have chosen the 8 fre-
quency to be 100 cycles when f is 10 mc. In Fig. 1 the 
low-frequency oscilloscope shown is one with a 300-kc 
band. Because this oscilloscope has negligible trans-
mission at 10 mc, only a nominal low-pass filter is re-
quired. The two critical broad-band elements are the 
strobe-pulse generator and the gate. 

STROBE-PULSE GENERATOR6 

The technique of clipping high-amplitude sine waves 
has provided a means of generating short timing pulses 
at rates of 160, 320, and 640 million pulses per second, 
for use in our microwave regenerative repeater studies. 
In our arrangement a 10-mc control frequency is har-
monically multiplied to 160 mc. A high-amplitude 160-
mc sine wave is applied to the grid of a 6AK5 tube with 
a broad-band output circuit. By applying proper nega-
tive bias on the grid, conduction takes place for only a 
small part of the 160-mc sine wave. A short pulse with 
half amplitude duration of less than 10-" seconds is pro-
duced in the plate circuit output. 

In the present strobe application, the crystal-con-
trolled 10-mc strobe frequency is multiplied in a series of 
harmonic generators to 320 mc. A sine wave of this 
frequency is applied to the grid of a special ceramic 
tetrode.7 A short negative pulse having a half-amplitude 
duration of 3 X10-9 seconds and a 10-mc repetition fre-
quency is simultaneously applied to the cathode of the 
same tetrode. This pulse repetition frequency is deter-
mined by the crystal-controlled, strobe-frequency oscil-
lator. Delays are adjusted so that each 10-mc pulse 
occurs in coincidence with the positive maximum of one 
of the sine wave cycles. With proper negative bias on the 
grid of the tetrode it acts as an AND gate, because it 
conducts plate current only when the pulse and a posi-
tive maximum occur simultaneously. In this way only 
one out of every 32 sine wave cycles produces an output. 
Conduction takes place during only a small part of a 
cycle. The final result, at the plate of the tube, is a train 
of pulses occurring at a 10-mc rate and having a half-
amplitude duration of less than 3 X10-" seconds. 

Short pulses of this same duration have also been ob-
tained from another pulse-generator circuit, in which a 
WE 416B planar triode has been used as the output 
clipper. In this generator the triode is used in a grounded-
grid circuit and both the 320-mc sine wave, a short 10-
mc pulse, and dc bias are applied to the cathode. 

GATE 

A cross section of the gate is shown in Fig. 2 and a 
block schematic of a gate test circuit is shown in Fig. 3. 
The gate uses a special gallium-arsenide point-contact 
rectifier,9 which is mounted between the inner and outer 
conductors of a 50-ohm coaxial line. A small by-pass 
capacitor C between the ground side of the crystal and 
the outer conductor presents a low impedance to the 
strobe and signal-frequency harmonics and a high im-
pedance to the gate output. This capacitor and the 
shunt resistance in the gate output form a simple low-
pass integrating filter. 

6 An alternate method of generating strobe pulses i$ given in 
A. F. Dietrich and W. M. Goodall, "Solid state generator for 2 X 10-'° 
second pulses," PROC. IRE, vol. 48, pp. 791-792; April, 1960. 

7 This experimental tube, A1983, designed by L. H. Von Ohlsen, 
has been supplied to the authors by R. E. Caffrey, both of the Bell 
Telephone Laboratories. 

W. M. Sharpless, "High-frequency gallium arsenide point-con-
tract rectifiers," Bell Sys. Tech. J., vol. 38, pp. 259-270; January, 
1959. 
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Fig. 3—Block schematic of gate test circuit and curve of CW 
power required for constant output vs frequency. 

In our stroboscope the gate functions as a peak detec-
tor and the output of the gate, after the low-pass filter, 
is the envelope of the product of the strobe and signal 
pulses. The gate was tested as shown in Fig. 3. The 
points show the signal power in dbm as a function of 
frequency, as measured by the bolometer, required to 
produce a constant dc voltage in the output. This dc 
voltage was measured by means of a high sensitivity 
dc voltmeter. Good agreement was obtained between 
the bolometer and signal generator power readings, 
which showed that little power was required by the de-
tector crystal. 

It is believed that the smooth curve would represent 
the response of the gate as a peak voltmeter, except for 
standing waves produced by the terminating load cir-
cuit. The rising characteristic is believed to be due to 
series resonance of the diode capacity and the induct-
ance of the leads including the "cat whisker." 

It should be noted that the curve on Fig. 3 gives the 
frequency response of the gate to CW test signals and 
does not represent the over-all response of the electrical 
stroboscope. 

OVER-ALL RESPONSE 

The over-all response of the electrical stroboscope 
(Fig. 1) can be given in terms of its impulse response, or 
in terms of its frequency response. When the gate, at-
tenuators, and other coaxial circuits are sufficiently 
broad-band, the impulse response of the electrical strobo-

scope is given by the duration of the effective strobe 
pulse. The frequency response of the stroboscope to CW 
test signals is similar to that of a comb filter, with a 
series of responses centered about harmonics of the base 
strobe frequency; 10 mc in the present example. For the 
case where the broad-band circuits are not limiting the 
performance, the frequency response of the stroboscope 
would be given by the frequency transform of the time 
function. The time function is specified by the shape, 
i.e., the duration and amplitude, of the effective strobe 
pulses. 
The measured frequency response taken with respect 

to multiples of 25 harmonics of 10 mc, i.e., taken every 
250 mc, is given by the points shown on Fig. 4. These 
data were obtained with a gallium arsenide point-
contact crystal' in a gate of the type shown in Fig. 2, 
using a solid-state strobe-pulse generator.' For later 
reference the strobe pulse amplitude of the crystal was 
approximately as shown in Fig. 5(b), with a base dura-
tion, T2, of 6X10'° seconds. 
The solid curve of Fig. 4 is a theoretical curve which 

gives the envelope of the harmonics of the 10-mc strobe 
frequency for cosine-squared pulses. The curve shown 
on Fig. 4 is 6 db down at 5.5 kmc, which gives a good 
fit for the data for frequencies up to 7 kmc and a satis-
factory fit over the whole frequency spectrum up to 
10 kmc. 

It should be noted that impulse response correspond-
ing to the curve on Fig. 4, 1.8 X 10-" seconds, is appreci-
ably shorter than the duration of the pulse from the 
strobe generator, 6 X 10-lo seconds. An explanation of 
this apparent discrepancy is given by the curves on 
Fig. 5. 

Because of the wide-band performance of the gallium-
arsenide crystal in the gate circuit, additional clipping 
of the strobe pulse occurs in the gate and the effective 
strobe pulse is even shorter than that provided by the 
strobe-pulse generator. 
The curves on Fig. 5 indicate in a general way how 

this clipping action occurs. Fig. 5(a) gives the dc 
voltage-current characteristic for a typical diode.' Fig. 
5(b) shows the voltage waveform of a strobe pulse ap-
plied to the diode. Fig. 5(c) gives the resulting current 
waveform. The average value of this current pulse for 
a 10-mc repetition rate is approximately 6.0 X10-6 
amperes, which is the value of current required to de-
velop 0.6 volt in a 100,000-ohm resistor. Note that the 
base duration of the current pulse T1 is about 0.3 of T2, 
the base duration of the voltage pulse. The 0.3 factor 
also applies to the half-amplitude durations of these 
pulses. These curves assume no frequency limitation in 
the operation of the diode. It is possible that with volt-
age pulses having a half-amplitude duration as short as 
3 X 10-" seconds, some frequency limitation is present. 
However, experimental results show that appreciable 
clipping action must be realized in order to obtain the 
observed resolution of the oscilloscope. 

9 See Fig. 1, curve B of Sharpless, ibid. 
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Fig. 4—Over-all frequency response. 
Circles: measured data. 
Curve: frequency transform for 1.8 X10-10 seconds base duration 
cosine-squared pulse. 6 db down at 5.5 kinc. 

Conclusion: Impulse response of stroboscope 1.8 X10-1° seconds. 

11 
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Fig. 5—(a) Diode characteristic. (b) Strobe pulse voltage 
waveform. (c) Strobe pulse diode current waveform. 

(e) 

To the extent that the clipping action represented by 
Fig. 4 is present for pulses this short, 

= T2 X 0.3 = 1.8 X 10-t° seconds, 

based on the measured value of T2= 6 X10-1° seconds. 
In review, we now have two values for Ti: one based 

on the frequency response of the stroboscope, and the 
other based on the measured value of the strope pulse 
duration and the clipping action of the gallium-arsenide 
diode. Both values of T1 are 1.8X 10-'° seconds. This 
agreement is much better than could be expected, due 
to uncertainties in the 6-db bandwidth of the frequency 
curve and in the ratio of T1 to T2. 

One additional point can be mentioned. The observed 
2 X 10-1° second base duration pulses6 are the shortest 
pulses we have been able to generate. Because the im-
pulse response of our stroboscope is 1.8 X10-1° seconds 

[
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(a) 

(c) 

Fig. 6-0scillograms. (a) 0.5-volt, 640-ene, negative puises, half-
amplitude duration 4X10'° seconds. Horizontal sensitivity 
5X10'° seconds per large division. (b) 0.3-volt, 160-mc square 
wave. (e) 2X10-'0 second rise time for 160-mc square wave. Hori-
zontal sensitivity 2 X10-1° seconds per large division. 

it is likely that it was limiting the resolution and that 
these test pulses were appreciably shorter than 2 X 10-n 
seconds, and in fact may have been as short as 0.9 X 10-"' 
seconds base duration. 

In summary, we have shown that our electrical 
stroboscope has a 6-db bandwidth of 5.5 kmc, with a 
corresponding impulse response of 1.8 X 10-t° seconds 

base duration or of 9 X10-" seconds half-amplitude 
duration. The corresponding 10 to 90 per cent rise time 
would be 6X 10" seconds. 

OscILLocumus 

Oscillograms of 640-mc pulses and a 160-mc square 
wave are shown on Fig. 6. The 160-mc square wave was 
generated using a special Esaki tunnel diode.'° The oscil-
logram in the center of Fig. 6 shows the 160-mc square 
wave, while the bottom oscillogram shows the rise time 
for this same square wave. The time scale for the rise 
time is 2 X10-l° seconds for one large division. It will be 
noted that these waveforms do not fully test the ex-
pected rise time. Other tests not reported in this paper 

indicate that a rise time of at least as short as 1 X 10-to 
seconds can be displayed satisfactorily by our strobo-
scope.6 

'0 R. L. Batdorf, G. C Dacey, R. L. Wallace, and D. J. Walsh, 
"An Esaki diode in InSb," J. Appt. Phys.. vol. 31, pp. 613-614; 
March, 1960. 

4 • 
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Symmetrical Matrix Analysis of Parametric 
Amplifiers and Converters* 

SID DEUTSCHt, MEMBER, IRE 

Summary—It is shown that the parametric amplifier and fre-
quency converter can be described by four equations whose coeffi-
cients form a matrix that is symmetrical. Because of this symmetry, 
the calculations for gain, bandwidth, and noise figure yield simple 
and manageable results. By regarding the matrix as a nodal admit-
tance array, an equivalent conductance circuit is constructed. 

The derived expressions show that, for low noise figure, the idle-
frequency should be much higher than the signal-frequency. This is 
also the requirement for wide bandwidth. Numerical examples of 
amplifier and converter design are given. 

INTRODUCTION 

THE parametric (variable reactance) amplifier and 
frequency converter have been thoroughly ana-

  lyzed in regard to gain, bandwidth, and noise 
figure.'-9 Unfortunately, these analyses have employed 
unwieldy equations; this has undoubtedly hindered the 
full exploitation of this important new field. 

In this paper it is shown that the parametric device 
can be described by four equations whose coefficients 
form a determinant or matrix that is symmetrical. Be-
cause of this symmetry, the calculations for gain, band-
width, and noise figure yield simple and manageable 
results. 
The circuit of Fig. 1 is used as the model for further 

discussion. Here the "signal" branch, in combination 
with Cy, is series-resonant at the nominal signal-
frequency, cos. The signal to be amplified is the antenna 
voltage, Vi„s. Power is supplied by the relatively large-
amplitude "local oscillator" or pump at the frequency 

* Received by the IRE, July 31, 1959; revised manuscript re-
ceived March 30, 1960. This work was supported in part by the AF 
Cambridge Research Center under Contract AF-19(604)-4143. 
t Microwave Research Inst., Polytechnic Institute of Brooklyn, 

Brooklyn, N. Y. 
I J. M. Manley and H. E. Rowe, "Some general properties of 

nonlinear elements," " Part I. General energy relations," PROC. IRE, 
vol. 44, pp. 904-913; July, 1956. 

2 B. Salzberg, " Masers and reactance amplifiers—basic power re-
lations," PROC. IRE, vol. 45, pp. 1544-1545; November, 1957. 

3 S. Bloom and K. K. N. Chang, "Theory of parametric amplifica-
tion using nonlinear reactances," RCA Rev., vol. 18, pp. 578-593; 
December, 1957. 

H. Heffner and G. Wade, "Gain, bandwidth and noise character-
istics of the variable-parameter amplifier," J. App!. Phys., vol. 29, 
pp. 1321-1331; September, 1958. 

6 P. A. Clavier, "The Manley-Rowe relations," PROC. IRE, vol. 
47, pp. 1781-1782; October, 1959. 
° J. M. Manley and H. E. Rowe, "General energy relations in 

nonlinear reactances," PROC. IRE, vol. 47, pp. 2115-2116; December, 
1959. 

7 H. E. Rowe, "Some general properties of nonlinear elements." 
"II. Small signal theory," PROC. IRE, vol. 46, pp. 850-860; May, 
1958. 

8 K. L. Kotzebue, "A Semiconductor-Diode Parametric Amplifier 
at Microwave Frequencies," Electronics Lab., Stanford University, 
Stanford, Calif., Rept. No. 49; November, 1958. 

9 M. Uenohara, "Noise considerations of the variable capacitance 
parametric amplifier." PROC. IRE, vol. 48, pp. 169-179; February, 
1960. 

cop = cos -kor. The "idle" branch, in combination with C.'', 
is series-resonant at the nominal beat or idle-frequency, 
orr. The dotted 17 1 generator in the idle-branch will 
subsequently be used in the calculation for noise figure, 
but it is not normally present as an idle-signal source. 
The capacitance of the shunt element, Cy, is a function 

of its voltage, yy. An idealized plot of Cy vs yy is shown 
in Fig. 2(a). The capacitor voltage usually includes a 
de bias component, but this contributes nothing to the 
ac analysis and is therefore omitted. As defined in Fig. 
2(a), Cy has the nominal value Co when 14 is zero, and 
dCr/dv„= — m. 

Signet 
Rrench 

Idle 
Rrench 

C4gOddreir 

Pump 
Irench 

Fig. 1—Parametric amplifier and frequency converter circuit. 

c, 

VV 

(a) (b) 

Fig. 2—Idealized variable-capacitor curves. (a) Capacitance as 
a function of voltage. (b) Voltage as a function of charge. 

For our purposes, it is more convenient to give y, as 
a function of its charge, q„. For a fixed capacitor, y =q/C. 
The nonlinearities of a " varactor" can be represented 
by q,2, q„3, etc., terms. For a first approximation, we can 
omit cubic and higher power terms, as in Fig. 2(b), 
retaining 

q, 
= — Sq„2. 
Co 

(1) 

The constant S is given as a function of Co and m in 
Appendix I. 

In Fig. 1, outputs can either be taken at the signal-
frequency across Rs or at the idle-frequency across Rr. 
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Wa 

à 

It is assumed that the impedance of each branch is in-
finite at frequencies removed from the vicinity of reso-
nance. It is also assumed that the variable capacitor is 
lossless. This is adequate for a first approximation; in 
practice, the losses that are associated with C, can sig-
nificantly increase the noise figure. 9-" 
No loss of generality is incurred by assuming that the 

signal source is a sine function while the pump current 
is a cosine function, as in Fig. 1, because cos and cop are 
usually incommensurate. The phase shift between input 
and output voltages can be handled by means of in-
phase and quadrature components. It is the use of these 
components, rather than phase angles, that leads to the 
symmetrical matrix formulation. 

DERIVATION OF SYMMETRICAL MATRIX 

The circuit behavior can be completely described in 
ternis of the 12 quantities of Table I. 

TABLE I 

Co Nominal value of variable capacitance. 
Cs Nominal capacitance tuning the signal loop, Cs = CoCi/ (Co+ Ci). 
CI Nominal capacitance tuning the idle loop, CI= COC2/ (Co+ C2)• 
R„ Antenna resistance. 
Rs Signal-branch load resistance. 
R, Idle branch load resistance. 
Vi„s Antenna peak signal voltage. 
t Time. 

Nominal signal frequency. 
Relative deviation from the nominal signal frequency. 
Nominal idle frequency. 
A gain factor, 1—y= (5C,.)2/I4C04coscuiR,(R,,±Rs)1. 

Although the symbols in Table I will be used when the 
design equations are presented in final form, the interim 
derivations will be carried out with more convenient 
symbols. Some of these are defined in Fig. 1. 
As shown in Fig. 1, the current in the variable capaci-

tor is given by 

= 'Si sin (cos + eicos)/ + is, cos (ws .Cicos)t 

¡ii sin (col — àcos)1 + I r, cos (col — Acos)t 

± Ip cos (cos cor)/. (2) 

I° G. F. Herrmann, M. Uenohara, and A. Uhlir, Jr., "Noise figure 
measurements on two types of variable reactance amplifiers using 
semiconductor diodes," Puoc. IRE, vol. 46, pp. 1301-1303; June, 
1958. 

II R. C. Knechtli and R. D. Weglein, "Low noise parametric 
amplifier," Flux. IRE, vol. 47, pp. 584-585; April, 1959. 

N. Houlding, "Low-noise parametric amplifier." PROC. IRE, 
v01.47, p. 2025; November, 1959. 

18 M. Uenohara and A. E. Bakanowski, "Low-noise parametric 
amplifier using germanium p-n junction diode at 6 kmc," PROC. IRE, 
v01.47, pp. 2113-2114; December, 1959. 
" M. Uenohara and W. M. Sharpless, "An extremely low-noise 

6-kmc parametric amplifier using gallium arsenide point-contact 
diodes," PROC. I RE, vol. 47, pp. 2114-2115; December, 1959. 

IS B. C. DeLoach and W. M. Sharpless, "X-band parametric am-
plifier noise figure," Pnoc. IRE, vol. 47, p. 2115; December, 1959. 

The instantaneous charge is, therefore, 

q, = f ivdt =  cos ws(1 + ti)1 
cos(1 + à) 

Is, 
  sin cos(1 ,à)t + • • • . (3) 
cos(1 ± à) 

[In (3) to ( 5), only the signal-frequency components are 
given since the idle- and pump-frequency components 
have a similar form.] We next find qr2 by squaring the 
right-hand side of (3). This is the heart of the amplifica-
tion process, for the idle- and pump-frequency compo-
nents beat to produce signal-frequency components, 
etc. We get 

qv2 
(WS + CO/) ((Or AWS) 

IpIr, 

(cos + cor)(cor — àcos) 

sin cos(1 .Ci)/ 

cos cos(1 )1 ± • • •. (4) 

When (3) and (4) are substituted into ( 1), we obtain 

[ s, SI phi 

co sC 0(1 à) (cos + (01)4 — Awe) 

• sin ws(1 A)/ 

V, 

[ ./ s; S/p/h, 

cosCo(1 A) (cos + cur)(cor — àces) J 

•cos‘os(l + à),+ • • • . (5) 

The product of j, and v, in ( 2) and (5) will show that 
the Manley- Rowe power relations are satisfied; that is, 
pump-frequency power enters C, and is converted into 
signal-frequency power (P5) and idle-frequency power 
(P in accordance with 

Ps Pr 

tos(1 + à) WI — àcos 
(6) 

This is incidental, however, to what follows. 
The summation of voltage drops along the "signal" 

branch of Fig. 1 is now set equal to the signal-frequency 
components of v,, as shown in Appendix II. When vs 
and vr (the voltages across Rs and R1, respectively) are 
employed in place of isRs and irRr, the sin cos(l+A)t 
coefficients yield 

esVsi — 24,3à Vs, — MV, = corRiVCsCiV ins 

while the cos cos(1 --l-A)t coefficients yield 

— 2&z Vs, — — MV,, = 0, 

where 

co,R, VC, 
= — 
toes Cs 

rif — 
SIpN/CsCi 

(7) 

(8) 
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and Ds is the reciprocal of the signal-frequency loop Q; 
i.e., .11V.  

Ds = cosCs(R. + Rs). 

In an analogous manner, the summation of voltage 
drops along the "idle" branch of Fig. 1 is set equal to 
the idle-frequency components of v,. The sin (wr —Acos)t 

coefficients then give 

Dr 2pà 
— MV51 — - Vrq = CdsReVCsCIV jar (12) 

while the cos (col — àws)t coefficients result in 

2pà Dr 
— MVsq+ Vii Vrq= 0, 

where 

(13) 

W s 
P = (14) 

and Dr is the reciprocal of the idle-frequency loop Q, or 

Dr = corRICr. (15) 

Eqs. (7), (8), ( 12), and (13) form a set of 4 equations 
with the 4 unknowns Vsi, Vsq, Vri, and Vig. In matrix 

form the set appears as 

[0),9 —20 
— 24 —4/Ds 
—M 0 

0 —M 

— M 

o 
Dr/1,G 

2pA/ti, 

— 

2p,à/e 

Vlq 

curRrVCsCIV 

wsRs-VCsCrV Jed 

(16) 

Notice that the square array in ( 16) is a symmetrical 

matrix. 

EQUIVALENT CIRCUIT 

If the square array in ( 16) is regarded as a nodal ad-
mittance matrix, we can construct the network of Fig. 3 
as an equivalent circuit representation of the parametric 

device. The current and conductance values are nor-
malized, but the node voltages have the units of volts. 
The dotted Vie generator of Fig. 1 has been omitted, 

as it normally would be. 
The circuit of Fig. 3 is not particularly useful because 

it is only equivalent in a mathematical but not physical 
sense. The circuit does show at a glance, however, that 
if the input signal is at band center (A = 0), then 17sq 
and Vi„ vanish. If the pump is removed (M=0), then 

Vri and Vrg vanish. 

vs! cosRsCs 
(18) 

D8(1 
Dspri 

M 2 \ 

The characteristics of the amplifier are critically de-
pendent on the 1 — M2/DsDi term. In order to obtain 
reasonable gain, the capacitance modulation ratio, M, 
must be chosen so that the term is much less than unity. 
A slight decrease in M then results in a large loss of 
gain; a slight increase in M results in infinite gain or 
oscillations. The 1 — M2/DsDr term is one of the im-
portant design quantities of a parametric device, and 
is listed in Table I in the form of the gain factor, -y: 

'Tins 

.11 InS CS I*  
-2Peg 

tips-21:16-( ;/ 

1§-01Dierit(-sDse;) Ds-....s2s(DeDs) D1-0,1%21 

Fig. 3—The equivalent conductance circuit. 

DI /442pAlti-it 

112.̀ "'et25201(ReRs)(1-11 

GAIN AS AN AMPLIFIER 

If the input signal is at band center and V,nr is zero, 
(16) simplifies to 

pi,Ds _kfir vsii= rc,„Rwcscivinsi 
L — m DileiLvi,J L • (17) 

The signal-frequency voltage gain is then, since 

IVs I = Vss, 

M2 
y 1 — (19) 

DSDI 

As y decreases, the amplifier becomes unstable and 
may break into oscillations; as y increases, the amplifier 

gain becomes too low to overcome second-stage noise. 
The value .y = 0.2 is a reasonable compromise between 

these two extremes. 
As shown later, the input resistance to a parametric 

amplifier is negative. It is, therefore, meaningless to de-
fine the power gain as the output power divided by the 
input power. Instead, we can define the insertion power 
gain as the output power with the parametric device 
inserted divided by the output power across a matched 
load, R., when the device is removed. As a function of 

Table I quantities, (18) shows that the insertion power 

gain is 

4R.Rs 
(IPG) =   (20) 

y2(R,, Rs) 2 

For given values of R. and 7, Rs should be chosen so 
as to maximize the insertion power gain. This occurs 
when Rs= R.. We then have simply 

1 
(/PG)... = — • (21) 
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INPUT RESISTANCE 

At band center, the signal-branch current is given by 
(18) as 

Ivs I I is = 
ins 

Rs 7(R. + Rs) 
(22) 

The resistance seen by the Vins generator is, therefore, 

7(Ra-1-Rs) ohms. The resistance seen from the antenna 
terminals of Fig. 1 is this value less Ra ohms, or 

Rtnput = — [R. — 7(R. + Rs)]. (23) 

For example, if Ra= Rs= 50 ohms and 7=0.2, then the 

antenna sees — 30 ohms. If this is the case, it is ordi-
narily impossible to match a 50-ohm antenna trans-
mission line to the input resistance of the amplifier. To 
avoid standing waves, it is necessary to mount the 
parametric amplifier at the antenna. The load resistor 
Rs can then take the form of a 50-ohm transmission line 
feeding a conventional receiver. 

At microwave frequencies, it becomes feasible to em-
ploy nonreciprocal devices such as gyrators, isolators, 
and circulators. These make it possible to match a trans-

mission line or waveguide to the input resistance of the 
amplifier. The literature describes many practical appli-
cations of nonreciprocal devices to parametric ampli-
fiers. 7-10,16-19 

BANDWIDTH AS AN AMPLIFIER 

Returning to ( 16) and solving for the in-phase signal-
frequency gain, we get 

V si cusRsCsDs(yDr2 4p23,2) 

Vj.S Denom 

while the quadrature gain is 

Vs, — losRsCsà(Dr2 pM2 4p2A2) 

vins Denom 

(24) 

(25) 

where 

Denom = 16p2à4 4à2(p2Ds2 2pM2) 

(-yDsDr)2. (26) 

The total gain, V 175,2+Vs,2/17.5, appears after simpli-
fication as 

vs l Di2 4p23,2 

V,,,5 Denom 
WSRSCS 

le F. A. Brand, W. G. Matthei, and T. Saad, "The reactatron— 
a low-noise, semiconductor diode, microwave amplifier," PROC. IRE, 
vol. 47, pp. 42-44; January, 1959. 

17 L. U. Kibler, " Directional bridge parametric amplifier," PROC. 
IRE, vol. 47, pp. 583-584; April, 1959. 

18 B. B. Bossard, "Superregenerative reactance amplifier," PROC. 
IRE, vol. 47, pp. 1269-1271; July, 1959. 

19 C. B. DeLoach, and W. M. Sharpless, "An X-band parametric 
amplifier," PROC. IRE, vol. 47, pp. 1664-1665; September, 1959. 

Note that at band center, where à = 0, (18) and (27) 
become identical. 

We define the relative bandwidth as 2às, where AB is 
the relative deviation from cos at which a 3-db loss in 
gain is experienced. From ( 18) and (27), the following 
quadratic form is obtained: 

16/Ms4 4à82[):•2Ds2(1 — 272) + D12 + 2pM2] 

— (7DsDr)2 = 0. (28) 

The exact solution for 2às in (28) is quite complicated. 
Fortunately, for typical numerical values, the solution 
can be simplified. If Ds and Dr are replaced by their re-

ciprocals Qs and Qr, respectively, the relative band-
width is given, with negligible error, by 

7 

WS 
Qs ± Qr 

(29) 

This is illustrated by the following: Suppose that 
7=0.2, D5 '°' 0.2, D1=0.25, p =0.5, and M=0.2 (these 

values are used later in a numerical example). Then 

(28) yields M B =0.02989 while (29) yields 2às = 0.02857. 
For design purposes, (29) can be rewritten using 

Table I symbols. If in addition R5= R0, 

2às 
2-ycosRaCs 

=•.   

max power out 1 -I- 2cos2RaCs 

col' RIC r 

(30) 

For wide bandwidth, co, should be much greater than cos 
and Rr should be large (i.e., the Q of the idle loop should 
be low). When cor and Rr are increased, however, it be-

comes difficult to obtain the desired value of -y because 
the capacitance modulation ratio, M, must then be in-

creased (i.e., a greater pumping amplitude is required). 
The gain-bandwidth product of an amplifier is useful 

information when gain can be traded for bandwidth. A 
limited degree of " trading" is possible with a para-
metric amplifier, where gain must be selected so that 

second-stage noise is overcome while good stability is 
maintained. We can multiply the square-root of the in-
sertion power gain in (21) by the actual bandwidth to 
get the gain-bandwidth product: 

2.C.Rws-x/ l PG1 
max power out 

2cos2RaCs 

1 + 2cos2RaCs 

cor2RICr 

(27) NOISE FIGURE AS AN AMPLIFIER 

As usually defined, noise figure is the available signal-

to-noise power ratio at the receiver input divided by the 
signal-to-noise power ratio at the output (before de-

modulation). It is more convenient to express the noise 
figure in terms of voltages, as per the model of Fig. 4. 
Here the antenna is not necessarily matched to the 
receiver input impedance. As shown in Appendix III, 

the definition of noise figure becomes 

(31) 
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F — Vriout2 

4kR.T.B(VG) 2 
(32) 

where 

vnont, is the output noise voltage, 
k is Boltzmann's constant, 

T. is the absolute temperature of R., 
B is the noise bandwidth, (VG) is the voltage 

gain from the antenna source to the output. 

In using (32), it is assumed that the IF bandwidth of the 
receiver is much less than that of the parametric ampli-
fier. In other words, the gain of the latter is approx-
imately constant from cos— (B/2) to cos+ (B/2) and is 
equal to the gain at band center (i.e., at 

'rite 

Fig. 4—The model used to derive a simplified 
expression for noise figure. 

_JL 
RI v1.2 

„2-4103(Et.i...R.T.) • o2 IT 

Fig. 5—The assumed noise sources and voltages 
of the parametric device. 

Noise that is generated in R., Rs, and RI can be 
represented by v02 sources, as in Fig. 5. Eq. ( 18) gives 
the output voltage across Rs caused by a voltage source 
in the signal-frequency branch. From ( 18), the output 
noise voltage squared because of R. and Rs, is given by 

4kBRs2(R.T.-F RsTs) 
e802 = (33) 

due to R«. Rs 72(Ra ± Rs) -

To find the contribution caused by Rr, we set and 
Vins equal to zero in ( 16) to get 

I vs I McosRsVCsCr 
(34) 

Vi,,, 71),SDI 

When Vie is replaced by the noise voltage source of 
Fig. 5, the contribution caused by RI is given by 

4kBcosTIRs2(1 — 
tgn 2 (35) 

(0/72(R. ± Rs) 

From (33) and (35), the total output noise voltage 
squared is 

due to Ri 

4kBRs2 

VSn2 — 

72(Ra Rs) 2 

sTr(Ra+ Rs)(1— y)] •[ co R.T. RsTs   . (36) 
WI 

In (32), we can now substitute (36) for the numerator 
and ( 18) for the ( VG) term to get 

F = 1 ±  
RsTs cosTr(R. Rs)(1 —  

(37) 

Under the condition of maximum signal power output, 
where Rs = R., 

F I Ts  = 1 -- lesTr(1 — 7) 

max power out T. corT. 
(38) 

A brief discussion of the various quantities in (38) 
follows: 
Ts: In a typical application, Rs will be the input re-

sistance of a conventional receiver and, in the absence 
of refrigeration, Ts will be 293 degrees or more. The 
antenna temperature, on the other hand, may be much 
less than 293 degrees. The Ts/ T. terni in (38) can there-
fore cause a large deterioration in noise figure. 

Tr: The idle-branch resistor should be at a low effec-
tive temperature. One ingenious way of accomplishing 
this is to use an antenna in place of RI. The antenna is 
then directed toward a low-noise region of the sky. 

cor: For low noise figure, COr should be much greater 
than cos. This is also the requirement for wide band-
width. 

Note that the measurement of noise figure for a para-
metric amplifier requires special techniques because the 
input resistance is negative. If a 30-db attenuator is 
inserted between the parametric device and the noise 
source, the latter will be properly matched, but 30 db 
must be subtracted from the noise figure reading. It is 
obvious that a slight error in the attenuator calibration 
will result in a large error in measured noise figure. 

Eq. (37) and the subsequent discussion become 
modified when nonreciprocal devices are employed. The 
reader should refer to the aforementioned literature. 

NUMERICAL EXAMPLE OF AN AMPLIFIER DESIGN 

As a numerical example, suppose that the following 
Table I values are employed: 

Co = 2 1.4if 
Cs = 1 
Cr = 1 1.4 
R0=10 ohms 
Rs=10 ohms 
RI= 12.5 ohms 
cos =10" radians/sec ( 1592 mc) 
cor -- 2 X10" radians/sec (3183 mc) 
7=0.2. 

The resistance values that are listed above are the 
equivalent values seen in combination with matching 
transformers and 50-ohm lines. 
The numerical values cannot be chosen arbitrarily. 

Capacitors Cs and Cr must be smaller than Co. The 
gain factor, -y, and the peak capacitance swing (8C„), 
are related as shown in Appendix I. For the above set 
of values, 
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(C) = 2Co2VwswiRr(Ra Rs)(1 — 7) = 1-6 /44 

which is physically possible in view of the fact that 
Co = 

The Q's are given by 

Qs = 1/ [wsCs(R. + Rs)] = 5 

and 

Qr = 1/(corRrCr) = 4. 

Since Rs =R., the gain, bandwidth, and noise figure 
appear as 

(21): (IPG) = 1/72 = 25 = 13.98 db, 

(29): 2.4s = ywr/(corQs wsQr) = 0.02857, 

Mitts = 45.48 mc, 

Ts 2wsTr(1 — 7) 
(38): F = 1 —  — 2.8 = 4.47 db, 

corn 

(T. = Ts = Ti). 

GAIN AS A CONVERTER 

The remaining sections of this paper consider the 

parametric device as a frequency converter. The output 
is taken across RI at the idle-frequency. 

If the input signal is at band center, ( 17) gives the 
conversion voltage gain as 

I vl I MwrRr-VCsCr 

V i.s 7DsDr 
(39) 

As a function of Table I quantities, (39) shows that the 
insertion power gain is 

4corR.(1 — y) 
(IPG) =   

72ws(R.2 Rs) (40) 

Notice that the power output is independent of Rr. For 

given values of R., cos, and 7, the insertion power gain 

is maximum when Rs is zero and (or is large. For Rs =0 
we get 

4)1(1 — 7) 
=   

72(.03 

BANDWIDTH AS A CONVERTER 

(41) 

Solving for the in-phase idle-frequency gain in ( 16), 
we get 

Vii 

Vi.8 

McorRrN/Cser(yDsDr — 4pA2) 

Denom 

while the quadrature gain is 

Vins 

2111curRr.V.C.sEr(PDs -I- DI) 

Denom 

where "Denom" is given by (26). The total gain, 

Vr,2+ 17r.2/ V,03, appears after simplification as 

I vil CsCr 
= MierRr it   

V ins V Denom 
(44) 

At band center, where i=0, (39) and (44) become 
identical. 

From (39) and (44), the following quadratic form for 
the relative bandwidth 2,Cis is obtained: 

142AB' 4AB2(P2Ds2 Dr2 2pM2) 

— (7DsDr)2 = 0. (45) 

Notice that (45) and (28) are identical except for a 
1 — 272 terni. In practice, 1 — 272 .1, so that (29) also 
expresses the bandwidth of the converter, relative to 
cos, with negligible error. 

For design purposes, (29) can be rewritten using Table 
I symbols. If in addition R3=0, 

2AB 

7wsRaCs 

max power out 1 ± Ws2R.Cs 

cor2RICr 

The discussion relating to the bandwidth as an amplifier 
again applies: For wide bandwidth, the device should be 
used as an up-converter and the Q of the idle-branch 
should be low. 

(46) 

NOISE FIGURE AS A CONVERTER 

Eq. (39) gives the output voltage across Rr caused by 
a voltage source in the signal-frequency branch. From 

this, the output noise voltage squared, because of R. and 
Rs, is given by 

4kBcorR1(1 — 7)(R.T. RsTs) 
  (47) 

due to Ra. Rs 72WS(Ra RS) 

To find the contribution caused by Rr, we set à and 
V"is equal to zero in ( 16) to get 

vr 1 

Vie 7 
(48) 

When 171„, is replaced by the noise voltage source of 
Fig. 5, the contribution caused by RI is given by 

2,1.2 
4kBRIT, 

due to RI 7 2 
(49) 

From (47) and (49), the total output noise voltage 
(42) squared is 

4k13corRi(l — 7) 
11.2 = 

72(.0.s(Ra+ Rs) 

(43) cosTr(R.-1- [R.T. -Rs) F RsTs   . (50) 
wr(1 — 7) ]  
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In (32), we can now substitute (50) for the numerator 
and (39) for the (VG) term to get 

RsTs cosTr(R. -I- Rs) 
F = 1 -F   -F  R.T. wiR.T.(1 — (51) y) 

Notice that the noise figure depends on the temperature 
of RI but not on its resistance value. Under the condi-
tion of maximum signal power output, where Rs=0, 

= 1 + 

max power out corT.(1 — 

w5Tz 
(52) 

In a typical application, RI will be the input resistance 
of a conventional receiver and, in the absence of re-
frigeration, Tr will be 293 degrees or more. The ratio 
Tr/T, can therefore cause a large deterioration in noise 
figure. 

For low noise figure, the device should be used as an 
up-converter. This is also the requirement for wide 
bandwidth. 
Eq. (51) and the subsequent discussion become 

modified when nonreciprocal devices are emeloyed. 

NUMERICAL EXAMPLE OF A CONVERTER DESIGN 

Suppose that the previous numerical amplifier exam-
ple is modified so that the output is taken across Rr 
rather than Rs. The following Table 1 values are 
employed: 

Co = 2 µµf 

Cs =1 itiif 
Cr = 1 mg( 
R.= 10 ohms 
R5=0 
R1=25 ohms 
cos =10'° radians/sec ( 1592 mc) 
cor = 2 X 10to radians/sec (3183 mc) 
y = 0.2. 

In choosing R,=25 ohms, it is assumed that the previ-
ous peak capacitance swing of (SC.) = 1.6 µµf is retained 
(see Appendix I). 
The Q's are now given by 

Qs = lIciesCs(R. + Rs)] -= 10 

and 

= 1/(co/RrCr) = 2. 

Since Rs = 0, the gain, bandwidth, and noise figure 
appear as 

(41): (IPG) --= 4,(1 — -y)/(-y2cos) = 160 = 22.04 db. 

(29): 2às = -ywr/(cürQs cosQr) = 0.01818, 

M ies = 28.94 mc/sec. 

(52): F = 1 -I-
wiT.(1 — -y) 

(T. = Ti). 

CORTI 
— 1.625 = 2.109 db, 

Comparing the amplifier with the converter, we see 
that the latter is much better in regard to gain and 
noise figure. This is partly because cur is greater than 
cos and partly because Rs has been allowed to vanish in 
the above numerical example, whereas RI must be finite 
when the device is employed as an amplifier. 

APPENDIX 1 

VARIABLE CAPACITOR RELATIONSHIPS 

The following expression is assumed for the variable 
capacitor: 

q, 
VV = —c. + Sq,2. 

Solving for q., we get 

=  
2SCo 

(53) 

(54) 

This can be expanded into 

q, = Coy. — SCo3v.2 -1- 2S2CO3v.3 — (55) 

so that the instantaneous capacitance, dqvldv., becomes 

C. = Co — 2SCoav, 6S2Cev.2 — • • • . (56) 

Comparing (56) with the form assumed in Fig. 2(a), 
where 

we see that 

C. = CO — nzvv (57) 

(SC.) 
S -2+_' 2CO3 if  « 1. (58) 

C44 

It is useful to relate the variable capacitance modu-
lation ratio, M, to the peak capacitance swing, (SC.). 
As defined in ( 10), 

= sipvc-s-G 
COp 

(59) 

But the peak pump current, /p, is accompanied by a 
peak voltage swing 

1p (8C,) 
(024) =   =  

COpCo 
(60) 

Substituting for S and /p from (58) and (60), we get 

M  — (dC.)N/CsCr 

2CO2 
(61) 

Furthermore, since 1 --y = 212/(DsDr) from ( 19), we 
have 

(W.) 2 

4Co'coscorRe.1- Rs) 
(62) 
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APPENDIX II 

DERIVATION OF THE OUTPUT VOLTAGE EQUATIONS 

The signal-frequency components of v„ are given by 
(5). These must equal the summation of voltage drops 
along the "signal" branch of Fig. 1. Using Ldi/dt for 
coil voltage and C-ifidt for capacitor voltage, the 
sin ws(1-Fz1)1 coefficients around the signal loop yield 

Wen+ Rs) — wsLs(1 A)Isg -1-
cosCi(1 

Is 

+ wsCo(1 A) 

Is, SIpIri 

(ws + Gor — Acos) 

while the cos cos(1-FA)t coefficients give 

I sq(R„ ± Rs) ± wsLs(1 A)Is, 
cosCi(1 6,) 

SI ph, 

'Si 

V18, (63) 

  = 0. (64) 
wsCo(1 A) (Ws ± wr) 1/4 / — Aws) 

The signal loop is series-resonant at cos. This permits 
Ls and C1 to be replaced by 

and 

1 
= 

COs 3 

1.1 1 

— Fo • 

Also, it is assumed that the relative deviation from the 
nominal signal-frequency, A, will be small. In that event, 

1 
  2f 1 and cor — àws Wi. (68) 
1 ± A 

These approximations are subsequently justified when 
it turns out that the bandwidth of the device is rela-
tively narrow, so that A will be of the order of 1 per cent 
or less. 

When (65) to (68) are applied to (63), the latter be-
comes 

Ds/si 2A/5,2 Sipirj 

wsC s wsCs wi(ws ± cur) 

The substitution of V3 /R5 for 'Si and VsgiRs for /.sq, 
and multiplication by corR/ N/CsCr, then yields ( 7). The 
remaining output voltage equations—(8), (12), and(13) 
—are derived by a similar process. 

= V (69) 

APPENDIX III 

DERIVATION OF NOISE FIGURE EQUATION 

For Fig. 4, we have 

Available signal power at receiver input 
=v,„s2/(4/?,.) (70) 

(65) Available noise power at receiver input = kTo/3 ( 71) 
Signal power at receiver output =v.„s2( VG)2/RL (72) 
Noise power at receiver output =v,.....VRL. (73) 

Substituting the above in the definition for noise figure, 

(66) (70)(73) Vnout2 

F =   (74) 
(71)(72) 4kRoT„B(VG)2 

For convenience, Ra+Rs can be expressed as a function 
of the reciprocal Q, Ds: 

Ds 
Ra + Rs — 

wsC3 
(67) 
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An Analog Solution for the Static London 

Equations of Superconductivity* 

NORMAN H. MEYERSt, SENIOR MEMBER, IRE 

Summary—Growing interest in the theoretical as well as applied 

aspects of superconductivity has focused considerable attention upon 
the static London equations. These macroscopic relationships de-
scribe the spatial distribution of magnetic fields and currents in 
superconductors. In this paper a novel analog method of obtaining 

solutions in complicated geometries is discussed. The method makes 
use of the similarity in form of the static London equations and the 

dynamic skin-effect equations of normal conduction under exponen-
tially-growing steady-state conditions. Conveniently scaled copper 
models of superconducting geometries of interest can be constructed 
and excited from a growing-exponential function generator. Field 
distributions measured in the space around the normal conductors 
of the model correspond with the desired distributions in the analo-
gous superconductor geometry. Fields within conductors themselves 

cannot be determined directly by this method, but the surface fields 
are generally most important. The method is particularly useful in 

studying thin films which are appreciably penetrated by magnetic 

fields. 
The experimental setup and the measurement technique are dis-

cussed. Illustrative results from a copper model of a long rectangular 
superconducting strip, 1830 penetration depths wide and 3.81 pene-
tration depths thick are presented. 

INTRODUCTION 

 XPERI ENTAL evidence indicates that the 
static London equations" provide a good quali-

  tative description of the behavior of fields and 
currents in superconductors over a frequency range ex-
tending all the way from dc to about 1 kmc and for 
temperatures ranging from absolute zero to about 99 
per cent of the critical temperature. At present they 
are the only simple formulation of the macroscopic be-
havior of currents in superconductors. To aid in eval-
uation of various theories as well as in cryogenic device 
design, it would be. advantageous to have a fairly flexible 
method for obtaining solutions of these equations in 
three-dimensional configurations of interest. 

Analytically, the solutions can be obtained in only a 
few very simple geometries. Generally, such solutions 
are one-dimensional in nature. Digital-computer tech-
niques can be employed to solve the static London 
equations in two-dimensional problems. However, such 
problems severely tax the capabilities of present com-
puters. Three-dimensional solutions are possible in 
principle but are beyond present-day machines. 

* Received by the IRE, November 9, 1959; revised manuscript 
received, March 18, 1960. 
t IBM Research Laboratory, Poughkeepsie, N. Y. 
' F. London, "The electrodynamics of the pure superconducting 

state," in "Superfluids," John Wiley and Sons, Inc., New York, N. Y., 
ch. B, p. 27; 1950. 

2 M. Von Laue, "Fundamental Equations of the Maxwell-London 
Theory," in "Theory of Superconductivity," Academic Press, New 
York, N. Y., ch. 3, p. 13; 1952. 

The very small size of practical superconducting cir-
cuitry makes direct measurement of field patterns a for-
midable problem. Methods using niobium powder pat-
terns, the Faraday effect, a bismuth Hall-effect probe,a 
and the magneto-resistive effect' have all been employed 
with limited success. None of these field-measuring tech-
niques has yet proven satisfactory for use by cryogenic-
circuit designers. Thus, at present, components and cir-
cuits can be evaluated only by means of terminal meas-
urements. The design of such devices would be facili-
tated if quantitative information on the fields to be ex-
pected were available. 
An analog method has been devised which permits 

solution of the static London equations in complicated 
geometries. The method should be a valuable aid to the 
cryogenic-circuit design effort, enabling one to investi-
gate the effects of changes in geometry, lead-in wire ar-
rangement, and shielding by means of measurements 
made upon the fields in the vicinity of large-size prop-
erly-scaled copper models of the structures. 
The method makes use of the analogy between the 

static London equations in a superconductor and the 
dynamic skin-effect equations5 in a normal conductor 
under exponentially-growing steady-state conditions. 

THE ANALOGY WITH SKIN EFFECT 

To understand fully the analogy, consider the super-
conducting wire whose cross section is shown in Fig. 
1(a) and the normal conducting wire of similar shape 
whose cross section is shown in Fig. 1(b). Inside the 
superconducting wire, the magnetic field intensity H is 
assumed to satisfy the static London equation 

V1277 = 027f. 

v2 a2  
2 a t2 

(1) 

4,2 / 2 - V H 

(a) (b) 

Fig. 1—(a) A superconducting wire under essentially static conditions, 
and (b) a similar normal-conducting wire under dynamic condi-
tions. 

s H. E. Kronick, "Magnetic field plotter for superconducting 
film," IBM J. Res. and Dey., vol. 2, p. 252; July, 1958. 

4 D. Shoenberg, "Superconductivity," University Press, p. 53; 
1952. 

6 S. Ramo and J. R. Whinnery, "Fields and Waves in Modern 
Radio," John Wiley and Sons, Inc., p. 235; 1953. 
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Outside the wire under essentially static conditions the 
field satisfies Laplace's equation 

v271 0. (2) 

At the boundary between the two regions, the field must 
be continuous. The quantity 13 is a constant of the ma-
terial, independent of position, and is the reciprocal of 
the "penetration depth." Rationalized mks units are as-
sumed throughout this discussion. 

Eqs. ( 1) and (2), together with the boundary condi-
tions, may be regarded as a general representation of the 
problem for which a solution is sought. Compare this 
problem with that represented in Fig. 1(b). Within the 
normal wire, under dynamic conditions, the field satis-
fies the skin-effect equation 

877 
v21. = OU . 

at 
(3) 

The quantity a is the conductivity of the wire, while go 
is the permeability of free space. Outside the normal 
wire, also under dynamic conditions, the field satisfies 
the wave equation 

_ 1 82-17 
v2H = — 

c 2 812 (4) 

The quantity c is the velocity of light in free space. 
Again, just as in the superconducting case, the magnetic 
field must be continuous at the boundary of the wire. 
At this point it is necessary to note the possible exist-

ence of an exponentially-growing steady state in the 
physical situation of Fig. 1(b). That is, assume that the 
field everywhere may be written as the product of a real 
function of position Hs(x, y, z) and an exponentially-
growing time factor eat which is position independent. 

71(x, y, z, t) = Ti„(x, y, z)eat 

If (5) is substituted into (3) and (4), we have 

'MT/. = «moan, 

inside the normal wire and 

2 a 
v271 . = 

c2 

(5) 

(6) 

(7) 

in the surrounding space. The justification for the as-
sumption of an exponentially-growing steady state is the 
fact that time does not appear in either (6) or ( 7). This 
is identical with the situation which arises when one as-
sumes the existence of a sinusoidal steady state. 
The right-hand side of ( 7) is nonzero, so it is not of the 

same form as Laplace's equation. However, the right-
hand side arises from the displacement current-density 
term which appears in Maxwell's equations. That is, the 
difference between the simultaneous solution of (6) and 
(7) and the simultaneous solution of (6) and Laplace's 
equation is a distortion resulting from the capacitive dis-
placement current in the space around the conductors. 

If the rise rate (a) is not too great, this effect is negli-
gible. 

Fortunately, one can generally determine experi-
mentally when it is permissible to ignore the effect of dis-
placement currents. Consider, for example, the geom-
etry shown in Fig. 2. Two very long normal conducting 
wires of essentially-arbitrary cross-sectional shape carry 
equal and opposite currents. The component of the re-
sultant magnetic field caused by conduction current 
must be directed perpendicularly to the axis of the 
wires, as shown. However, the field contribution result-
ing from displacement current is directed along the 
wires. If a field pickup coil gave a nearly null indication 
at every position when its axis was aligned with that of 
the wires, the effect of displacement current on the mag-

netic field pattern would be clearly negligible. Under 
such circumstances, it would be legitimate to write 
(7) as 

v2Tia 0. 

FIELD LINES DUE IC' • 

DISPLACEMENT CURRENT e e o 

 , 

(8) 

DISPLACE'elENT 
CURRENT LINES 

FIELD LINES DUE TO 
CONDUCTION CURRENTS 

Fig. 2—Infinitely long normal conductors carrying 
equal and opposite currents. 

Eqs. (6) and (8) are identical in form with ( 1) and 
(2). This is the basis of the analogy. One may build a 
scaled copper model of the superconducting geometry of 
interest, excite it with an exponentially-growing field or 
set of currents, wait for the steady state to be reached, 
measure the field distribution in space by means of a 
pickup coil, and thus obtain a solution to the corre-
sponding superconductor problem. 

The quantity in the normal conductor problem which 
is analogous to the penetration depth' in the supercon-
ductor is determined by comparison of ( 1) and (6). 

1 
X = — is analogous to 

13 

superconductor 

1 

N/0.4 

normal conductor 

The quantities o. and a may be chosen so as to make the 
normal model the same number of penetration depths in 

every dimension as the original superconductor. This is 
the only restriction in scaling the model. The field pat-
terns about the model and the superconductor will then 
be identical in shape. 

The field and current distributions inside supercon-
ductors cannot be determined directly by the method of 
this paper. However, the field patterns in the spaces be-

tween conductors provide much useful information. Fur-
thermore, the surface fields are generally the most im-

6 D. Shoenberg, op. cit., ch. 5, p. 138. 
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portant ones. Knowledge of the surface fields provides 
some information as to internal field and current distri-

butions. 

EXPONENTIALLY-GROWING EXCITATION 

It has been shown that a stable spatial-field distribu-
tion will result in and around a copper model if an ex-
ponentially-growing excitation is applied for a suffi-
ciently long time. Such an excitation cannot be applied 
indefinitely, so it is necessary to determine just how 

long it must continue. 
Consider the true exponentially-growing function 

shown by the dotted curve of Fig. 3. If such an excita-
tion could actually be applied to a linear system, that 
system would be in the exponentially-growing steady 
state at each instant of time including all finite negative 
times. On the other hand, if the excitation shown by the 
solid curve of Fig. 3 were applied to the same physical 
system, several time constants of the system would have 
to elapse after the instant t = 0 before the steady state 
was reached. The difference between the response of a 
linear system to the solid-curve excitation of Fig. 3 and 
the response to a true exponential would simply be the 
transient resulting from the difference between the two 
excitations. That is, the undesired transient would be 
that caused by the excitation of Fig. 4. 

at 

Fig. 3—A true growing exponenti4 (dotted) and 
an appproximation to it ( solid). 

at 

Fig. 4—Excitation which produces the transient response. 

At no time does the excitation of the transient exceed 
unity on the arbitrary amplitude scale of Figs. 3 and 4. 
Therefore, even though the transient in the physical sys-
tem might die out very slowly, it would never be very 
large. In fact, the transient response becomes negligible 
compared with the exponentially-growing steady-state 
response as soon as the exponentially-growing excitation 
becomes large compared with the maximum value of 
the transient excitation of Fig. 4. Thus, it is not neces-
sary to wait for the model to reach the steady state be-
fore measuring the field distribution, since the transient 

response can be swamped out by the steady-state re-
sponse merely by permitting the excitation to grow to a 
value which is large compared with its starting value at 
t=0.7 Since 6'7 is approximately 1100, an interval of 
seven time constants of the excitation brings about es-
sentially steady-state conditions in any linear model re-
gardless of the time constants of the model itself. 

THE EXPERIMENTAL SETUP 

A schematic diagram of a practical arrangement for 
exploiting the analogy of this paper is shown in Fig. 5. 
An exponential function generator drives a power am-
plifier which in turn feeds the model of interest through 
a matching transformer. A pickup coil near the model 
develops a voltage proportional to the field component 
along the coil axis. This signal is amplified and displayed 
on an output scope. 

TEKTRONIX 545 
(BLANKING CIRCUIT INOPERATIVE) 

--=-90ov 

931 -a 

PHOTOMuLTIPLIER TUBE 

AT TENuATOR 

GENERAL RAM 
PIPER AMPLIFIER 

MODEL 12334 

150D TAP 

EXPONENTIAL 
TEMPLATE 

EXT SWEE 

VERT SIG 
OUTPUT 

I650(Po 

MATCHNG 
TRANSFORMER 

ELECTRO-PULSE VARIABLE 

FREQUENCY UNIT MODEL 110-A 
SYNC OUT 

'VERT 
INPUT 

ELECTRO-PULSE TIME DELAY 
AND GATE GEN MODEL 210-A 

TR GGER IN GATE OUT 

MODEL 16('  
  o o 

PEERLESS AUDIO TRANSFORMER 
S-232-Q 

TEKTRONIX 54 

e e EXT SYNC 

60 CPS.I20 CPS I: 
NULL T REJECT 

FILTER  

PICK UP COIL 
1000 TURN S,NO3BWIRE 

Fig. 5—Complete system for analog solution of 
the static London equations. 

The rising exponential excitation cannot be continued 
indefinitely. Interruption of the excitation produces a 
severe transient in the system which must be allowed to 
die out completely before the excitation can be reap-
plied. This is accomplished by triggering the function 
generator and output scope from an external, low repe-
tition-rate sync source, as shown. 
We can obtain the desired field distribution by mov-

ing the coil about the model and noting relative output 
amplitudes at a fixed instant of time during the ex-
ponential cycle. The instant chosen for comparison pur-
poses should be well toward the end of the exponential 
rise, when the transient is negligible, but prior to the 
termination of the exponential, when a second, much 
larger transient beings. 
The range of time constants of excitation successfully 

used thus far is from about 0.2 millisecond to about 0.16 
microsecond. In general, much shorter time constants 
cannot be used, because capacitive displacement cur-
rents begin to distort the field patterns. Better ampli-

7 The author is indebted to Dr. Richard L. Garwin for pointing 
this out. 
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fying and filtering schemes would, however, permit 
longer time constants to be used. At present, a copper 
sheet 0.050 inches thick can be used to simulate a super-

conducting film of anywhere from about 0.78 penetration 

depth thick to about 27.5 penetration depths, a very 

interesting range. 
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TYPICAL RESULTS FOR AN OPEN FIELD STRIP 

As a typical example of the sort of field distribution 
which can be evaluated using the analogy of this paper, 
consider the open field strip model shown in Fig. 6. A 
flat copper strip 2 feet wide, 5 feet long, and 0.050 inch 
thick is fed at one end from the center conductor of a co-

Fig. 6—Open field strip model. 

CENTER LINE 
OF STRIP 

COPPER STRIP 

T 050 IN. 

AXIS OF STRIP 

COAXIAL DRIVE LINE 

I 0-o-o-o-o-0-0 

4 8 12 16 20 

EDGE 

POSITION IN INCHES 

Fig. 7—Tangential field component inside loop. 
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Fig. 9—Magnitude of normal field component inside loop. 
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axial cable. The exciting current passes through the strip 
and returns to the shield of the cable through an open 
wire as shown. The return wire is close enough to the 
strip to cause an appreciable difference between the field 
on the top and bottom surfaces of the strip. Further-
more, the model is not sufficiently long to permit one to 
regard the field distribution as truly two-dimensional. 
The rise rate of the driving exponential was set so as 

to make the model 3.81 penetration depths thick and 
1830 penetration depths wide. The pickup coil was 
passed along the center line, shown in Fig. 6, and the 
horizontal and vertical field components were separately 
determined. Such data were taken on both the top and 

bottom surfaces of the model. The results are shown in 
Figs. 7-10. The vertical scales are in arbitrary units. 
Only the shapes of the curves have meaning as they 
stand. However, the vertical scales could be related 
to the actual field intensities per ampere by excitation 
of the analogous superconducting strip by application 
of Ampere's Law. 
The pick-up coil used in this work occupied a volume 

roughly 3/16 inch on a side. The voltage induced in it 
was thus a measure of the average field intensity over 
the volume of the coil. The coil was small compared with 
the width and length of the model but was not small 
compared with the thickness. Consequently, one should 
have some reservations in interpreting the results of 
Figs. 7-10 as the fields of the surfaces of the model. 

Better results could be obtained by use of a smaller 
coil and a larger model. A smaller coil than that cur-
rently in use is possible but would require additional 

amplification and filtering. Narrow-band amplifiers and 
filters can be used to pass a rising exponential.' The 
chief effect of the finite size of the pickup coil is to round 
the peaks of the field distributions. This is due to the 
fact that the field varies appreciably over one coil 
length only in the vicinity of the peaks. 

APPENDIX 

THE NARROW-BAND FILTERING OF 

PURE EXPONENTIALS 

The purpose of this Appendix is to make clear the fact 
that pure exponential time functions may be passed 
through narrow-band amplifiers and filters. 

If a passive linear system has a transfer function 
T(p), where p denotes complex frequency, one may de-
termine the sinusoidal steady-state frequency response, 
i.e., the response to an excitation characterized by e t, 
simply by replacing p in T(p) by jw, where j= N/— L 
Similarly, the steady-state response of this same system 
to a growing exponential excitation characterized by 
eat may be obtained by replacing p in T(p) by a. Since a 
is real, T(a) is also real in contrast with njw), which is 

8 This is discussed in more detail in the Appendix. 

complex. Thus, the system does not have a separate 
magnitude and phase response when subjected to ex-
ponential excitation. 
As an example, consider the simple band pass filter of 

Fig. 11. The voltage transfer function is given by 

T(P) = E0(p)/E1(p) 

(R/L)p 

(R/ L)p (1/ LC) 

The magnitude of the sinusoidal steady-state frequency 
response passes through a maximum of unity at a radian 
frequency of w = 1/ -/LC. The exponential steady-state 
response T(a) has maxima at a= + 1//LC. The re-
sponse is not symmetrical about a=0, however. Fig. 12 
is a sketch of T(a) as it would appear for R= VL/ C. 
For different values of damping, T(a) changes quite 
drastically. At critical damping, R =2V L/ C, the posi-
tive maximum is while the negative maximum blows 
up. This just means that an output is temporarily pos-
sible at such a negative real frequency with no input. 

o  

E, 

 o 

Fig. 11—Simple band-pass hlter. 

Eco 

o 

Fig. 12—Exponential response of a band-pass filter. 

(9) 

The important point, in so far as the present paper is 
concerned, is that growing exponentials can be passed 
through narrow-band filters and amplifiers without dis-
tortion of the waveform or alteration of the rate of rise. 
To pass an exponential waveform characterized by a 
certain value of a, one simply uses an amplifier or filter 
with a passband centered about w = a. 
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INTRODUCTION 

All of the terms in this Standard apply to mathe-
matical concepts which represent idealizations of physi-
cal phenomena. Thus the definitions apply to idealized 
models which are useful in describing properties of 
physical networks. However, the question of whether or 
not a certain term is applicable to a particular physical 
situation must be answered by the user. 

Accordingly, the terms impedance and admittance are 
more properly thought of as impedance function and ad-
mittance function. Similarly, where the term network is 
used, reference is to an idealized model. Because of well-
established usage, however, the shortened forms are 
preferred and are used in this set of definitions. 
The functions to which the definitions apply are func-

tions of the complex frequency, s=cr-I-jw, and are 
formed by taking specified ratios of the Laplace trans-
forms (or other appropriate transforms) of the excitation 
and response. For signals which are simple exponential 
functions of time the ratios of the complex signal ampli-
tudes can be used. 
Wherever possible, the definitions apply to both 

lumped-parameter and distributed-parameter networks. 
The additional restrictions that apply when the net-
works are of the lumped-parameter type, are specified 
in a note associated with the particular definition. 
The concept of realizability is used in some of the 

definitions, but no attempt has been made to include 
detailed properties of realizable functions. 

DEFINITIONS 

All-Pass Function. A transmittance which provides only 
phase shift, its magnitude characteristic being constant. 

Note 1: For lumped-parameter networks, this is 
equivalent to specifying that the zeros of the function 
are the negatives of the poles. 

Note 2: A realizable all-pass function exhibits non-
decreasing phase lag with increasing frequency. 

Note 3: A trivial all-pass function has zero phase at 
all frequencies. 

Complementary Functions. Two driving-point functions 
whose sum is a positive constant. 

Constant-Resistance (Conductance) Network. A net-
work having at least one driving-point impedance (ad-
mittance) that is a positive constant. 

Driving-Point Admittance. A driving-point function for 
which the excitation is a voltage and the response is a 
current. 

Driving-Point Function. A response function for which 
the variables are measured at the same port (terminal 
pair). 

Driving-Point Impedance. A driving-point function for 
which the excitation is a current and the response is a 

voltage. 

Immittance. A response function for which one variable is 
a voltage and the other a current. 

Note: Immittance is a general term for both im-
pedance and admittance, used where the distinction 
is irrelevant. 

Magnitude Characteristic. The absolute value of a re-
sponse function evaluated on the imaginary axis of the 
complex-frequency plane. 

Minimum Conductance Function. See Minimum Re-
sistance ( Conductance) Function. 

Minimum-Driving-Point Function. A driving-point func-
tion that is a minimum-resistance, minimum-conductance, 
minimum-reactance and minimum-susceptance function. 

Minimum-Phase Function. A transmittance from which 
a nontrivial realizable all-pass function cannot be fac-
tored without leaving a nonrealizable remainder. 

Note: For lumped-parameter networks, this is 
equivalent to specifying that the function has no 
zeros in the interior of the right half of the complex-
frequency plane. 

Minimum-Reactance Function. A driving-point im-
pedance from which a reactance function cannot be sub-
tracted without leaving a nonrealizable remainder. 

Note 1: For lumped-parameter networks, this is 
equivalent to specifying that the impedance function 
has no poles on the imaginary axis of the complex-
frequency plane, including the point at infinity. 

Note 2: A driving-point impedance (admittance) hav-
ing neither poles nor zeros on the imaginary axis is 
both a minimum-reactance and a minimum-suscept-
ance function. 

Minimum-Resistance (Conductance) Function. A driv-
ing-point impedance (admittance) from which a positive 
constant cannot be subtracted without leaving a non-
realizable remainder. 

Minimum-Susceptance Function. A driving-point ad-
mittance from which a susceptance function cannot be 
subtracted without leaving a nonrealizable remainder. 

Note 1:. For lumped-parameter networks, this is 
equivalent to specifying that the admittance function 
has no poles on the imaginary axis of the complex-
frequency plane, including the point at infinity. 

Note 2: A driving-point immittance having neither 
poles nor zeros on the imaginary axis is both a mini-
mum-susceptance and a minimum-reactance function. 

Phase Characteristic. The angle of a response function 
evaluated on the imaginary axis of the complex-fre-
quency plane. 

Reactance Function. The driving-point impedance of a 
lossless network. 

Note: This is an odd function of the complex fre-
quency. 
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Realizable Function. A response function which can be 
realized by a network containing only positive resist-
ance, inductance, capacitance, and ideal transformers. 

Note: This is the sense of realizability in the theory 
of linear, passive, reciprocal, time-invariant networks. 

Response Function. The ratio of response to excitation, 
both expressed as functions of the complex frequency, 
s = cr+jw. 

Note: The response function is the Laplace trans-
form of the response due to unit impulse excitation. 

Susceptance Function. The driving-point admittance of a 
lossless network. 

Note: This is an odd function of the complex fre-
quency. 

Transfer Admittance. A transmittance for which the ex-
citation is a voltage and the response is a current. 

(Transfer) Current Ratio. A transmittance for which the 
variables are currents. 

Note: The word "transfer" is frequently dropped in 
current usage. 

Transfer Function. A relationship between one system 
variable and another that enables the second variable to 
be determined from the first. See also Transmittance. 

Transfer Immittance. See Transmittance. 

Transfer Impedance. A transmittance for which the exci-
tation is a current and the response is a voltage. 

(Transfer) Voltage Ratio. A transmittance for which the 
variables are voltages. 

Note: The word "transfer" is frequently dropped in 
current usage. 

Transmittance (Transfer Function). A response function 
for which the variables are measured at different ports 
(terminal pairs). 
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Branch. A line segment joining two nodes, or joining one 
node to itself. 

Note: See also Directed Branch. 

Branch Input Signal. The signal, xi, at the input end of 
branch jk. 

Branch Output Signal (of branch jk). The component of 

signal xk contributed to node k via branch jk. 
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Branch Transmittance. The ratio of branch output signal 

to branch input signal. 

Cascade Node (Branch). A node (branch) not contained 
in a loop. 

Cofactor (or Path Cofactor). See Path (Loop) Factor. 

Dependent Node. A node having one or more incoming 
branches. 
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Directed Branch. A branch having an assigned direction. 
Note: In identifying the branch direction, the 

branch, jk, may be thought of as outgoing from node 

j and incoming at node k. Alternatively, branch jk 

may be thought of as originating or having its input 

at node j, and terminating  or having its  output at node 

k. The assigned direction is conveniently indicated 
by an arrow pointing from node j toward node k. 

Feedback Node (Branch). A node (branch) contained in 
a loop. 

Graph Determinant. One plus the sum of the loop-set 
transmittances of all non-touching loop sets contained in 
the graph. 

Note 1: The graph determinant is conveniently ex-
pressed in the form: 

= ( 1 — E E LiL, - E + • • • ) 
where Li is the loop transmittance of the ith loop of 
the graph, and the first summation is over all of the 
different loops of the graph, the second is over all of 
the different pairs of non-touching loops, and the 
third is over all the different triplets of non-touching 
loops, etc. 

Note 2: The graph determinant may be written al-
ternatively as 

à = - Li) o - L2) • • • o - L.)1t 

where L1, L2, • • • , L., are the loop transmittances of 

the n different loops in the graph, and where the 
dagger indicates that, after carrying out the multi-
plications within the brackets, a term will be dropped 
if it contains the transmittance product of two 
touching loops. 

Note 3: The graph determinant reduces to the re-
turn difference for a graph having only one loop. 

Note 4: The graph determinant is equal to the de-
terminant of the coefficient equations. 

Graph Transmittance. The ratio of signal at some speci-
fied dependent node, to the signal applied at some speci-
fied source node. 

Note: The graph transmittance is the weighted sum 
of the path transmittances of the different open paths 
from the designated source node to the designated de-
pendent node, where the weight for each path is the 
path factor divided by the graph determinant. 

Loop (Feedback Loop). A simple closed path. 

Loop Factor. See Path Factor. 

Loop Graph. A signal flow graph each of whose branches 
is contained in at least one loop. 

Note: Any loop graph embedded in a general graph 
can be found by removing the cascade branches. 

Loop-Set Transmittance. The product of the negatives 
of the loop transmittances of the loops in a set. 

Loop Transmittance. The product of the branch trans-
mittances in a loop. 

Loop Transmittance of a Branch. The loop transmit-
tance of an interior node inserted in that branch. 

Note: A branch may always be replaced by an 
equivalent sequence of branches, thereby creating in-
terior nodes. 

Loop Transmittance of a Node. The graph transmittance 
from the source node to the sink node created by splitting 
the designated node. 

Node. One of the set of discrete points in a flow graph. 

Node Absorption. A flow-graph transformation whereby 
one or more dependent nodes disappear and the resulting 
graph is equivalent with respect to the remaining node 
signals. 

Note: For example, a circuit analog of node absorp-
tion is the Star-Delta transformation. 

Node Signal. A variable, xk, associated with node k. 

Non-Touching Loop Set. A set of loops no two of which 
have a common node. 

Open Path. A path along which no node appears more 
than once. 

Path. Any continuous succession of branches, traversed 
in the indicated branch directions. 

Path (Loop) Factor. The graph determinant of that part 
of the graph not touching the specified path (loop). 

Note 1: A path (loop) factor is obtainable from the 
graph determinant by striking out all terms containing 
transmittance products of loops which touch that 
path (loop). 

Note 2: For loop Lk, the loop factor is 

— aà/aLk. 

Path Transmittance. The product of the branch trans-
mittances in that path. 

Return Difference. One minus the loop transmittance. 

Signal Flow Graph. A network of directed branches in 
which each dependent node signal is the algebraic sum of 
the incoming branch signals at that node. 

Note: Thus, xitik±x2l2k-1-- • • • ±x,,tnk=xk, at each 
dependent node k, where tik is the branch transmit-
tance of branch jk. 

Sink Node. A node having only incoming branches. 

Source Node. A node having only outgoing branches. 

Split Node. A node that has been separated into a source 
node and a sink node. 

Note 1: Splitting a node interrupts all signal trans-
mission through that node. 

Note 2: In splitting a node, all incoming branches 
are associated with the resulting sink node, and all 
outgoing branches with the resulting source node. 

a. 
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Error Probabilities for Telegraph Signals 
Transmitted on a Fading FM Carrier* 

BRUCE B. BARROWt, SENIOR MEMBER, ME 

Summary—This paper presents an analysis of error probabilities 
for multiplexed binary telegraph signals that are used to frequency-
modulate an RF carrier that is subsequently corrupted by fading and 

noise. Frequency-shift keying, amplitude keying, and phase-shift 
keying are considered. It is shown that most telegraph errors occur 

when the carrier fades below threshold, and the principal results of 
the study therefore concern the effects of the FM threshold on error 

rate. 
Various methods of diversity reception are considered. For a 

maximal-ratio baseband combiner and certain types of telegraph re-
ceiver, a method is given for extending the results obtained for a sin-
gle receiver to nth-order diversity. This makes it possible to use ex-
perimental data to describe either the threshold or the fading of the 
carrier. Study of threshold models indicates a serious conflict be-
tween the requirements of telephone channels and those of telegraph 
channels. Furthermore, good telegraph performance demands great 
care in the design of diversity combiners to work below threshold. 
The analysis pertains most directly to troposcatter systems, but the 

general conclusions regarding the effect of FM threshold should be 
relevant also for fading transmission paths such as those met in 

line-of-sight and telemetry. 

I. INTRODUCTION 

A. The Problem 

rir HIS paper presents an analysis of error probabili-
ties for binary telegraph signals transmitted on an 
FM system disturbed by fading and noise. In such 

transmission the telegraph signal, multiplexed with 
other signals to be transmitted, becomes the baseband 
signal used to frequency-modulate an RF carrier. If 
the received RF carrier fades below the threshold of the 
FM receiver, the signal delivered to the telegraph equip-
ment deteriorates markedly. Even if deep fades are rare 
(Rayleigh fading with diversity reception, for example), 
most telegraph errors will occur below threshold. The 
principal problem examined here is the effect of the FM 
threshold on telegraph error rate. 
The analysis that follows is based on theoretical 

models (details given in Section I- B), though particu-
lar care is taken to discuss the results in terms of the 
design of practical systems. Only the error probabilities 
for elements (marks or spaces) are calculated in this 
paper. No attempt is made to consider character-error 
probabilities, or the effect that the clustering of element 
errors will have on various telegraph codes. It is assumed 
that the fading affects the amplitude of the received 
waveform but does not distort it; the noise is taken to 
be additive, with a flat spectrum and a Gaussian ampli-

* Received by the IRE, October 26, 1959; revised manuscript 
received, March 28, 1960. 
t SHAPE Air Defense Technical Center, The Hague, Nether-

lands. 

tude distribution. The analysis is first carried through 
for frequency-shift keyed (FSK) telegraph signals, and 
the results are then extended to apply to phase-shif t-
keyed ( PSK) and amplitude-keyed (AK) signals. The 
extension is simple and direct, and results for all three 
systems are qualitatively similar. Unless otherwise 

stated, however, equations and figures apply only to the 
FSK/FM system. 

In Section Il a general result is given that relates the 
error probability of a system with a single FM receiver 
to one with nth-order diversity. This result applies for 
maximal-ratio baseband combining and either non-
coherent FSK or differentially-coherent PSK telegraph 
receivers, and it holds for any FM threshold and for any 
fading distribution. Therefore experimental data for 
a threshold characteristic or for fading can easily be used 
in an analysis. The Section contains calculated results 
for Rayleigh fading of the RF carrier and for two dif-
ferent threshold characteristics, which represent ex-
tremes. 

Section III gives distribution curves for the telegraph-
receiver signal-to-noise ratio for each of the threshold 
models and for either baseband or IF combining. These 
results are used in Section IV, where various diversity 
receiving systems are compared. Section IV also com-
pares FSK/FM, PSK/FM, and AK/FM. These com-
parisons lead to a discussion of the importance to tele-
graph performance of good combiner operation below 
threshold, of the difficulties involved in building a com-
biner to work below threshold, of the basic conflicts 
between telephone and telegraph requirements, and of 
possible practical solutions. 

Section V is a summary of the conclusions, and the 
reader who likes to know where he is going may wish to 
read it before beginning with Section II. Appendix I 
contains the mathematical derivations, and Appendix 
II is a short study based on parameter values found in a 
particular tropospheric scatter system designed to use 
FSK/FM. 
Many of the conclusions of this paper will apply quite 

generally to systems that involve data transmission over 
a fading carrier into a receiver with a threshold. 
Whether the telegraph signal produces changes in fre-
quency, phase, or amplitude, most telegraph errors may 
be expected when the RF carrier falls below threshold 
and therefore the below-threshold performance of the 
combiner and the FM receiver will critically affect the 
error probability. Likewise, if the errors occur below 
threshold, increasing the FM bandwidth will not in 
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general reduce the error probability, whether the carrier 
fades on a troposcatter path, a microwave relay, or a 
telemetry link. 

B. The Model Studied 

Transmitted Signals: The telegraph message is as-
sumed to be coded into binary form. The elementary 
signals of the binary code, called mark and space, are 
assigned separate waveforms, which are of finite dura-
tion. During transmission of a message one and only one 
waveform is present at a time. In FSK telegraphy the 
two waveforms occupy separate frequency bands, are 
uncorrelated, and have equal energy.' In AK telegraphy 
the telegraph carrier is keyed on and off, so that one of 
the waveforms is identically zero. In binary PSK (phase-
reversal telegraphy) the two waveforms are identical 
except for a change in sign. 

Fading Medium: The fading medium is assumed to 
be frequency nonselective, so that the entire band oc-
cupied by the modulated carrier is uniformly affected. 
Changes in RF carrier amplitude are assumed to occur 
slowly with respect to the interval of time occupied by a 
single element. Wherever a specific distribution function 

is required, the received RF carrier is assumed to be 
Rayleigh distributed. All of these assumptions are ap-
propriate to describe fading on troposcatter links that 
occurs within intervals of a few minutes. 

Diversity Branches: The communication path between 
a single transmitter and a single receiving antenna and 
associated receiver is here called a diversity branch. The 
receiving equipment associated with a single diversity 
branch is called an elementary receiver. Diversity re-
ceiving systems take advantage of the fact that, under 
certain conditions, fading occurs more or less independ-
ently in different diversity branches. We assume that 
fading on the various diversity branches is entirely in-
dependent and that the mean carrier strength is the 
same for each branch. 

Where these conditions are not met, the effect is 
similar to that produced by a decrease in the order of 
diversity. Precise calculations for a system with no 
threshold, using maximal-ratio combination (see below), 
may be made following the Pierce-Stein method.2 The 
effects of introducing a threshold may subsequently be 
estimated from the results presented in this paper, and 
superposed on the Pierce-Stein result. This somewhat 
rough procedure should not lead to gross errors, espe-
cially since the important effects of introducing a thresh-
old are shown below to be independent of the order of 
diversity (or nearly so). 

FM Receiver: The model FM receiver, whose function 
it is to recover the baseband from the received RF car-

The "energy" of a waveform is the integral of its square value. 
To say that two waveforms are uncorrelated implies that the integral 
of their product is very small compared with the energy of each of 
them. 

J. N. Pierce and S. Stein, "Multiple diversity with noninde-
pendent fading," PROC. IRE, vol. 48, pp. 89-104; January, 1960. 

rier plus noise, produces in the telegraph receiver a 
signal-to-noise ratio that above some threshed is pro-
portional to the carrier-to-noise ratio at the input to the 

limiter-discriminator. In what follows the two ratios are 
called the telegraph-receiver SNR and IF SNR, respec-
tively. Where a model is needed, telegraph-receiver SNR 
is assumed to behave in one of the following ways below 
threshold: a) for the smooth-threshold model it is as-
sumed to decrease two db for every one db decrease in 
IF SNR; b) for the abrupt-threshold model it is assumed 
to drop to zero below threshold. In practice there is no 
precisely definable threshold, and Appendix II shows 
the complex relationship to be expected in a particular 
practical case. The idealized models represent extremes, 
however, in the sense that the threshold curve for a real 
receiver must be less steep than that of the abrupt-
threshold model and will ordinarily be steeper than that 

of the smooth-threshold model. Therefore the models 
make it possible to predict some of the general effects of 
a practical threshold. 

Noise: The restrictions on the interfering noise are 
discussed below, in connection with the combiner and 
telegraph-receiver models. 

Combiner: Most of the results derived in what follows 
assume maximal-ratio combination of the several signals 
derived from the different diversity branches. The word 
"maximal-ratio" applies to a particular technique of 
combination first analyzed by Brennan in 1955.3 This 
technique produces the highest SNR obtainable from 
the linear addition of signals from various diversity 
branches, but it requires knowledge of the signal and 
noise powers in each diversity branch. Maximal-ratio 
combination of either IF or baseband signals is possible, 
though in either case the signals to be combined must 
be in phase with each other or must be brought into 
phase. The practical difficulties that arise, especially for 
below-threshold combining, are discussed in Section IV, 
where the equal-gain combiner, a simpler device, is in-
troduced for comparison. 
Theory requires, for both maximal-ratio combination 

and equal-gain combination, that the noise in each 
diversity branch be additive, independent of the signal, 
and have zero mean, and that the noise waveforms in 
different diversity branches be uncorrelated. For the 
equal-gain combiner we require also that the noise 
powers in the different diversity branches be equal. The 
noise in the RF and IF sections of the receiver will 
ordinarily satisfy these requirements, but if the noise is 

externally produced (such as jamming or cosmic noise), 
it may not. Even if noise at IF meets the stated require-
ments, and therefore presents no obstacle to IF com-
bination, noise at baseband frequencies will generally 
not behave so well. This is especially true when the RF 

carrier fades below threshold, the case of greatest inter-
est for telegraph reception. During such fades one may 

$ D. G. Brennan, "Linear diversity combining techniques," PROC. 
IRE, vol. 47, pp. 1075-1102; June, 1959. 
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expect nonadditive noise and noise that is not independ-
ent of the signal. If these components are not small, 
compared with the additive, independent noise, there 
will be some degradation of the theoretical performance 
of the maximal-ratio baseband combiner. The point re-
quires a careful experimental study; very rough experi-
mental checks do not indicate the presence of such ab-
normalities as would cause the theory of maximal-ratio 
combination to be useless. There is, of course, no ques-
tion of any ordinary equal-gain combination at base-
band frequencies, because of the unequal noise powers in 

the different diversity branches. 
Telegraph Receiver: Synchronous, matched-filter tele-

graph receivers are postulated to detect the telegraph 
signal in the appropriate portion of the demodulated 
baseband, after combination. "Synchronous" reception 
implies that the time base of the telegraph message is 
known at the receiver. In other words, the receiver 
knows when the expect an element (mark or space). 

"Matched-filter" implies that the receiver has built into 
it precise knowledge of the form of the possible trans-
mitted signals (the mark and space elements), so that 
at the end of each element interval the receiver can indi-
cate "mark" or "space" on the basis of which trans-
mitted signal appears to be the more likely cause of the 
received signal. Such a receiver is the realization of the 
probability-computing receiver discussed by Wood-

ward.4 
Both "coherent" and "noncoherent" FSK receivers 

are considered. A coherent receiver is assumed to know 
a priori the phase of the elementary waveform; a non-
coherent receiver does not, and must therefore operate 
with an envelope detector. For amplitude-keyed tele-
graph reception only a coherent receiver is discussed, 
while for PSK both coherent and "differentially-
coherent" receivers are examined. The differentially-
coherent receiver does not work with a fixed phase base, 
but compares the last element received with the next-to-
last, deciding whether the phase difference between the 
two indicates a phase reversal at the transmitter. 
The error relationships used below require that the 

interfering noise be additive, Gaussian, and flat over 
the bandwidth occupied by mark and space waveforms. 
The question of additivity was discussed in connection 
with the combiner, and flatness of spectrum can be as-
sumed since the telegraph signal will in general occupy 
only a small portion of the baseband. For below-
threshold carriers, baseband noise will not be strictly 
Gaussian, but the narrow-band multiplex filter that pre-
cedes the telegraph receiver will ensure that the noise 
at telegraph-receiver input is very nearly Gaussian. 
Note that a wide-band telegraph signal, such as would 
be used on a troposcatter link designed only for very 
high speed data transmission, must be examined some-

P. M. Woodward, "Probability and Information Theory with 
Applications to Radar," Pergamon Press, Ltd., London, Eng., ch. 4; 
1955. 

what differently. Much of the argument below would 
apply, but one would have to consider a nonflat noise 
spectrum, threshold behavior that depends on baseband 
frequency, and non-Gaussian noise. The last two appear 
difficult. 

II. ELEMENT-ERROR PROBABILITY IN 
FSK/FM SYSTEMS 

A. A Theorem for the Maximal-Ratio Baseband Combiner 

For a matched-filter FSK telegraph receiver using 
noncoherent (envelope) detection, the probability of 
element error is5 

P(R) = (1) 

where R is the telegraph-receiver SNR, defined as the 
quotient of the energy received in the element divided 
by the power density of the additive Gaussian noise, in 
watts/cps (single-ended spectrum). Consider an ele-
mentary receiver with a fading carrier, so that R is a 
random variable with probability density function f. 
Then the average probability of element error is 

= f le-'12f(r)dr. (2) 
r) 

If we have n such elementary receivers used in a diver-
sity system with maximal-ratio baseband combining, 
then, from a theorem proved in Appendix I, the average 
probability of element error is 

P. = 4(2P0-. (3) 

This result enables us to proceed easily from an ele-
mentary receiver to nth-order diversity. Note that no 
assumptions have restricted the form of the probability 
density function f. This means that (3) holds for any 
fading distribution and for any type of FM threshold 
in the elementary receivers. It is easy to integrate (2) 
numerically if f is derived from experimental measure-
ments. Thus one can consider non-Rayleigh fading, or 
the effects of changing a parameter in the FM receiver, 
for example, and base the analysis on measured fading 
statistics or on experimentally observed threshold char-
acteristics. 

Eq. (3) holds for a much broader class of communi-
cation links than the FSK/FM links that form the prin-
cipal subject of this investigation. It holds, for example, 
if a phase-reversal (binary PSK) signal modulates the 
RF carrier, if differentially-coherent reception is used. 
It holds also if the RF transmission is suppressed-
carrier AM, whether SSB or DSB. 

* S. Reiger, "Error probabilities of binary data transmission 
systems in the presence of random noise," 1953 IRE CONVEN-
TION RECORD, pt. 9, pp. 72-79, (22). This equation also holds true 
with nonmatched filters under certain assumptions, if R is suitably 
defined. A simple example may be adduced where the filter is matched 
to a central portion of the element and is zero elsewhere. Such design 
might intentionally be introduced to avoid interelement interference 
when synchronism is imperfect. 
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B. Application to Special Cases with Rayleigh Fading 

The No- Threshold Receiver: Let the IF SNR be X. 
Then for Rayleigh fading the probability density func-
tion of X is given by6 

wi(x) = (X)-le-e"), (4) 

where (X) is the mean value of X, and x is a dummy 
variable. In the no-threshold receiver, the telegraph. 
receiver SNR is proportional to X, 

R = bX 

and the probability density function of R is 

g(r) = A-ie-riA, 

where 

A b(X). 

The constant of proportionality b may be obtained ex-
perimentally. For some purposes it may be useful to 
calculate b theoretically in terms of IF bandwidth, per-
channel deviation of the RF carrier, and the like. Some 
indications of the method of calculation are given in 
Appendix II. 

To write of a "no-threshold" receiver implies either 
that the FM threshold affects only such low values of 
R that it may be neglected (something that does not 
appear to happen in practical systems), or that the re-

sults apply to something other than FM (SSB-AM, for 
example). Even for FM the results are interesting, how-
ever, as limiting cases. When g is substituted for f, (2) 
and (3) give, for the average probability of element error 
in an nth-order-diversity no-threshold receiver with 
Rayleigh fading, 

MA) = ± 1)-n. (8) 

The Abrupt- Threshold Model: Here we postulate an 
FM receiver for which R, below threshold, drops 
abruptly to zero. Thus 

R = 0 X < x, (9a) 

= bX X ≥: x 5, (9b) 

where xi is the IF SNR at threshold. If the distribution 
of X is given by (4), the probability density function of 
R for the abrupt-threshold model will be 

ga(r) = cuo(r) 

where 

c 1 — exp 

ri= bxi 

u1(t) = 0 1<0 

= 1 1> 0 

6 Throughout this paper distribution functions are assumed to be 
zero for negative values of the random variable. Note that (4) does 
not give the Rayleigh distribution, which pertains to envelope ampli-
tude. The variable X is a power ratio. 

and uo is that function (the impulse function) which 
when integrated gives u1. The function no is needed here 
to express the fact that there is a finite probability, 
equal to c, that R is equal to zero. 

When ga is substituted for f in ( 2), integration gives 

exp [—ri/A — ri/2] 
pot(A, rg) = +   (14) 

A ± 2 

and (3) allows this to be extended to nth-order diversity. 
Fig. 1 shows pan(A, 1.1) plotted vs A for several different 
values of r5. For large ri all errors will occur below 
threshold [i.e., the second term in ( 14) will drop out], 
and the error rate will depend only upon c, which is a 
function of the ratio r1/A. The physical implication is 
that raising re by one db will have the same effect as 
decreasing A by one db, regardless of the order of 
diversity. 

The Smooth- Threshold Model: Here we postulate an 
FM receiver that operates so that 

R = bX2/xt 

bX 

(15a) 

(15b) 

Calculation of the probability of element error follows 
the same steps as for the abrupt-threshold model, and 
Appendix I contains the details. Fig. 2 shows the results 
graphically. Again the family of curves is roughly paral-
lel, though the spacing is closer than in Fig. 1. It turns 

out, in fact, that for large ri the error probability de-
pends only upon the parameter re/ A2, in contrast to the 
abrupt-threshold case, where the parameter was r5/A. 

C. Implications for System Design 

Summary of Error-Probability Analysis: There are 
several conclusions to be emphasized at this point in the 
analysis: 

a) Since 10 would be a very low level for r 1 in a prac-
tical system, virtually all element errors occur 
while the receiver is operating below threshold. 
(See the example of Appendix II for typical 
parameter values.) 

b) The curves for error probability vs average power, 
drawn for different values of ri, are nearly parallel. 
Therefore the degradation that ri causes in com-
parison with a no-threshold system, expressed in 
decibels, depends neither upon the order of diver-
sity nor upon the average signal-to-noise ratio. 

The first of these holds only for fading conditions, of 
course, but it holds even when deep fades are rare. For 
example, with quadruple-diversity combination, deep 
fades occur only when four diversity branches simul-
taneously have deep fades. Even so, with Rayleigh 
fading on the individual branches, the errors still occur 
below threshold. The second conclusion holds for the 
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Fig. 1—Probability of element error with Rayleigh fading: maximal-
ratio baseband combiner with abrupt-threshold model. 
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Fig. 2—Probability of element error with Rayleigh fading: maximal-
ratio baseband combiner with smooth-threshold model. 

models studied, and it presumably holds for usual cases 
that might be expected in practice. It is not as general a 
rule as that expressed by (3), however, and follows from 
it only under some restrictions. 
Note that for large values of rt, which are common in 

practice, there will be a considerable difference in per-
formance between the two threshold models. Since an 
improperly designed combiner may cause a smooth-
threshold receiver to act, in effect, like an abrupt-
threshold one, combiner design becomes critical. This is 
discussed at length in Section IV. 

Effect of Increasing Link Strength: By an increase in 
link strength is meant an increase in the parameter A. 
This may be obtained by increasing transmitter power 
or antenna gain, or by decreasing receiver noise figure, 
etc. The effect may be seen in Figs. 1 and 2. The decrease 
in probability of element error does not appear to de-
pend upon whether or not there is a threshold, or upon 
the model used to describe the threshold. It does, of 
course, depend upon the order of diversity. 

Effect of Increasing Level of Telegraph Carrier: The 
level at which the telegraph signals are to be inserted 
in the baseband may be chosen with some freedom. The 

designer must ask whether interchannel interference 
would remain below an acceptable level, and whether an 
unreasonable frequency deviation of the RF carrier 
would result, before he can increase the level of the tele-
graph carriers.' He must also ask whether anything 
would be gained. 

Increasing the level of a telegraph carrier in the base-
band increases both A and ri by the same amount. By 
contrast, increasing transmitter power increases A 
alone. Since the probability of error with the smooth-
threshold model depends on r,/A2, increasing telegraph-
carrier level by one db will achieve the same result as an 
increase in transmitter power of 0.5 db. With the abrupt 
threshold model, on the other hand, there would be no 
change since the error probability depends on ?VA. 

Effect of Changing Position in Baseband: If the FM 
receiver operates without pre-emphasis, the high-
frequency portion will be noisier than the low when 
operating above threshold. Below threshold, however, 
the power spectrum of baseband noise becomes nearly 
flat. Since the errors in a properly designed system will 
occur well below threshold, no portion of the baseband 
will be markedly superior for telegraph traffic. This con-
clusion is supported by the example worked out in Ap-
pendix II. If pre-emphasis is introduced into the system, 
the effect is to increase the level of those telegraph car-
riers that fall into the higher baseband frequencies, with 
the results noted above. The higher-frequency telegraph 
carriers will become somewhat superior, but at a cost of 
some degradation of the lower-frequency carriers (since 
the rms value of the baseband signal must be held con-
stant if a fair comparison is to be made). Certainly the 
use of pre-emphasis cannot be justified by considerations 
of telegraph traffic. 

Effect of Increasing Deviation of RF Carrier: If RF-
carrier deviation is increased without increasing the IF 
bandwidth of the receiver, this in effect increases the 
level of the telegraph carrier. As pointed out above, 
however, increasing the level of the telegraph carrier by 
one db is generally less effective in reducing error prob-
ability than increasing transmitter power by one-half 
db. Furthermore, one cannot increase carrier deviation 
by very much unless the bandwidth of the receiver is 
also broadened. If IF bandwidth is increased, the 
threshold level of the carrier will be similarly increased, 
and the receiver will have to operate below threshold for 
a larger portion of the time. In addition, below-threshold 
performance for the same carrier power will in general 
so degenerate that the telegraph-receiver SNR will be 
lower, even though the carrier deviation has been in-
creased. Thus there will be a net loss. This is shown 
with an example in Appendix II. 

7 In a system that carries both telephone and telegraph traffic, 
the interchannel interference will not ordinarily be high enough to 
cause telegraph errors, even with so-called busy-hour loading. Inter-
channel interference does, however, introduce telegraph tones into 
the telephone channels, and these annoying and undesired compo-
nents must be held at a very low level. 
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The conclusion is that, from the point of view of 
FSK telegraph signals, the " FM improvement" is of 
questionable value, and increasing the deviation and 
bandwidth together is in general undesirable. In other 
words, improving above-threshold performance is no 
help for FSK telegraph, since the errors occur below 
threshold anyway, and the steps taken to improve FM 
performance above threshold tend to degrade perform-
ance below threshold. 

Ill. PROBABILITY DISTRIBUTIONS OF TELEGRAPH-
RECEIVER SNR 

A. Introduction 

This section concerns the distribution functions of R 
and R„, the telegraph-receiver SNR's for an elementary 
receiver and for an nth-order-diversity receiver, respec-

tively. The preceding section demonstrated that a 
knowledge of the distribution function of R was suf-
ficient to calculate error probability for any order of 
diversity, assuming maximal-ratio baseband combining 

and noncoherent matched-filter detection. Section IV 
treats other methods of combination and detection, and 
other types of telegraph signals, as well as problems re-
lated to the design of improved equipment. These 
topics require much more information about the distri-
bution functions of the signal-to-noise ratios. Such dis-
tribution functions are calculated below for Rayeligh 
fading and the already familiar threshold models. 

B. Distribution Functions for Maximal-Ratio Baseband 
Combining 

No- Threshold System: With no threshold and maxi-
mal-ratio combining, the probability density function of 
R„ will be8 

g„(r) = [rn-i/An(n — 1)!]e- rfil. (16) 

The distribution function, obtained by integrating g„, is 

5-1 

G„(r) = 1 — E 
Tm 

e—r/A E 
m=0 m!Am m!Am 

(17) 

.1brum-Threshold Model: For nth-order diversity the 
telegraph-receiver SNR will be the sum of n random 
variables distributed according to the probability den-
sity function given in ( 10). The distribution function of 
R„ may therefore be obtained using standard methods, 
and Appendix I contains the derivation. Fig. 3 shows 
curves calculated for dual and quadruple diversity, for 
selected values of re/A. The figure shows clearly the 
degradation produced by a threshold, even for SNR's 
above r,. 

F. J. Altman and W. Sichak, "A simplified diversity communi-
cation system for beyond-the-horizon links," IRE TRANS. ON COM-
MUNICATIONS SYSTEMS, vol. CS-4, pp. 50-55; March, 1956. The re-
sult is also given by Brennan, op. cit., see (29). 

Smooth- Threshold Model: Integration of (4) gives, for 
the distribution function of X, 

Wi(x) = 1 — e <-".(18) 

Since ( 15), the expression characterizing the smooth-
threshold model, indicates a one-to-one relation be-
tween R and X, simple substitution of this relation in 
(18) will give the distribution function of R 

Gd(r) = 1 — exp [—(rer)' 12/A I r < re (19a) 

= 1 — exp [— r/A.] r > re. (19b) 

It is rather difficult to operate with this function to ob-
tain the distribution functions for higher orders of di-
versity, but the method of calculation followed for dual 
and quadruple diversity is sketched in Appendix I. Fig. 
4 shows curves calculated for several values of r, IA. 

It is interesting to observe in Fig. 4 that the dual-
diversity curves below threshold run more or less paral-
lel to the curve for G1 (elementary receiver, no thresh-
old). Similarly, the quadruple-diversity curves below 
threshold approach the same slope as the curve for G2 
(dual diversity, no threshold). This is no coincidence, 
for in Appendix I it is shown that G1 and G82 both de-
crease as r when .r approaches zero, while G2 and G,,4 both 
decrease as r2. 
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C. Distribution Functions for Maximal-Ratio 

IF Combining 

The IF Signal-to-Noise Ratio: It is much easier to 
perform calculations for the maximal ratio IF combiner 
than for the baseband combiner, because the random 

variables are added before the nonlinear threshold func-
tion must be introduced. The distribution function of X„, 

the IF SNR after maximal ratio combining of n inde-
pendent Rayleigh fading signals is 

n-1 

W,,(X) = 1 — e-:1(x) E 

= e—zi(x) 

m!(X)'n 

(20) 

This is, of course, the same type of distribution as that 
given in ( 17) for R„, in a system without threshold. 
Abrupt- Threshold Model: The dashed arrows in Fig. 3 

show the result of passing the random variable X„ 
through a receiver with abrupt threshold. The distribu-
tion of the telegraph-receiver SNR, R„, remains the 
same as it would be in a no-threshold system for all 

values of SNR above threshold, i.e., greater than ri. The 
probability that R„ will be below threshold, which is for 
this model the same as the probability that R„ will fall 
to zero, is simply Gft (r,). The complete distribution 
function for R„ is 

G„„(r)1F = G„(r) r > r, (21a) 

= G„(rt) r < r,. (21b) 

So far as telegraph reception is concerned, the ad-
vantage of IF combining over baseband combining is 
that the probability that R„ will fall to zero is less with 
the IF combiner. Fig. 3 clearly shows the difference. 

Smooth- Threshold Model: Substitution of ( 7) and ( 15), 
in (20) gives the distribution function for R„ when X„ is 
passed through the smooth-threshold model. 

Ga,„(r)iF = G„(r) 

= Gn([rer]' 12) 

r > r, 

r < re. 

(22a) 

(22b) 

A simple geometric interpretation of (22) is easily seen 
in the dashed curves in Fig. 4—below threshold the 
curves for the smooth-threshold model drop two db for 
every one db drop in the no-threshold curves. Fig. 4 
also shows clearly the difference between baseband com-
bining and IF combining for this threshold model. 

D. Distributions under Condition Error has Occurred 

At what SNR's are telegraph errors likely to occur? 
This question bears directly on questions of equipment 
design and system planning, and to answer it requires 
calculation of some conditional probability distribution 
functions of R„. It is not sufficient to observe, from ( 1), 
that error probability increases as R decreases, because 
deep fades are less likely than shallow fades. 

If the integral of (2) is taken only over the range 
between 0 and r, we obtain the probability that an ele-

ment error occurs at some value of R less than r. Divid-
ing by the total probability of error gives an expression 
for the fraction of errors that occur at SNR less than r. 
In other words, it gives the probability distribution of 
R (or R„) under the condition that an error has occurred. 

No- Threshold System: Fig. 5 shows conditional distii-
bution functions of SNR given that an error has oc-

curred. These functions, denoted by V,i(rIerror), have 
the same form as the G„ (17), and are derived in Ap-
pendix I. From Fig. 5 it appears that, for large A, the 
conditional distribution functions depend very little 
upon A. Since A must be greater than 10 if the element 
error rate is not to be unreasonably large, we may con-
clude that the critical range of SNR values at which 
errors occur depends very little upon the mean signal 
strength. 

PRCB. THAT AN ERROR WILL OCCUR IF SNR EQUALS r 

(LARGE A ASSUMED) 

-4 -2 0 2 4 

10 LOGio (I/2.1/A) r 

a 5 § g 
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Fig. 5—Distribution functions for telegraph-receiver SNR under the 
condition that an element error has occurred (noncoherent FSK 
case). 

Fig. 5 shows further that 17,, depends very much on 
the order of diversity. With no diversity the element 
errors occur at much lower signal levels than with quad-
ruple diversity. The percentage figures shown across the 
top of Fig. 5 give the element-error probabilities [from 
(1)1 for various signal levels, assuming that A is large. 
They show, for example, that with no diversity 80 per 
cent of the element errors occur at levels where the 
probability of error in any particular element is greater 
than 10 per cent, while with quadruple diversity only 10 
per cent of the element errors occur at such levels. 
During time intervals when the probability of element 
error is greater than 10 per cent, the clustering of ele-
ment errors will be sufficient to affect even short-block 
codes. 

There is thus a clear indication that increasing the 
order of diversity will tend to decrease the tendency of 
element errors to cluster, even when operating at the 
same average probability of error. This deduction does 
not follow from any assumptions about rate of fading, 
however defined, except for the quite realistic assump-
tion that most fading, whether before or after combina-
tion, is slow compared with the duration of an element. 
The extent to which element errors cluster affects the 
relation between element-error probability and char-
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acter-error probability, and it is an important considera-
tion in choosing codes for error correction or error 
detection.' 

Systems with Threshold: Comparison of Figs. 4 and 5 

shows that increasing the steepness of the distribution 
curve for R (or R„) moves the conditional distribution 

toward smaller values of R. In other words, if deep fades 
are nearly as probable as shallow fades, then nearly all 
of the errors will occur during deep fades. For the abrupt 
threshold model nearly all errors occur when the tele-

graph-receiver SNR is zero, whatever the order of di-
versity (for reasonable values of system parameters). 

For the smooth-threshold model the conditional distri-
bution for dual diversity is very nearly V1 of Fig. 5, and 
for quadruple diversity it is very nearly the same as 172. 
This arises because of the similarity, noted above, be-
tween Gland G 82 and between G2 and G 84 in Fig. 4. These 
remarks hold for both IF and baseband combining if rt 
is large enough (> 10) so that nearly all errors occur 
below threshold. 

IV. SYSTEMS COMPARED AND THE DESIGN OF 
RECEIVING EQUIPMENT 

A. Error Probability for Other FSK/ FM Models 

The element-error probabilities calculated in Section 
II, as well as the simple theory relating various orders 
of diversity isee (3)1, apply only for the maximal-ratio 

baseband combiner and the noncoherent matched-filter 

telegraph receiver. The results of Section III make pos-
sible some comparisons of performance with other types 
of receiving equipment. 

Maximal-Ratio IF Combiner: When 7.1 is large enough 
so that nearly all errors occur below threshold, the 

element-error equations for Rayleigh fading approach 
the following expressions as A increases: 

Abrupt-threshold model: 

4(rd A)^ (23) 

F _ 

Smooth-threshold model: 

P.8 ' Ern/2A 2)02 

b'ri/2(rt/2A 2)02 paniF  

r(liz + 4) 

(24) 

(25) 

(26) 

Table I is based on these equations, which are derived 
in Appendix I. It gives the number of decibels by which 
A must be increased to make the error probability with 
maximal-ratio baseband combining equal to that with 
maximal-ratio IF combining. It is clear that the steeper 
the threshold, the greater the theoretical advantage of 
IF combining. 

(1 H. B. Law has published curves from which the same conclu-
sions may be drawn for the coherent telegraph receiver. See Figs. 4-6 
in H. B. Law, "The detectability of fading radiotelegraph signals in 
noise," Proc. IEE, vol. 104, pt. B, pp. 130-140; March, 1957. 

TABLE I 

RELATIVE TRANSMITTER POWERS REQUIRED TO PRODUCE SAME 
ERROR PROBABILITY WITH BASEBAND COMBINING 

AS WITH IF 

Order 
of Di 
versity 

Abrupt-Threshold Smooth-Threshold 

IF (db) Baseband (db) IF (db) Baseband (db) 

2 
3 
4 
8 

large 

o 
o 
o 
o 
o 
o 

o 
1.5 
2.6 
3.5 
5.8 

10 logio(n+1)/e 

o 
o 
o 
o 
o 
o 

o 
1.0 
1.7 
2.2 
3.5 

5 logis lir(n + 1)1/2e 

The numbers in Table I, which assume rt large and 
A larger, give the maximum differences that may be ex-

pected between the two types of combiner. For smaller 
values of ri or A the differences will not be as great, be-
cause (23) through (26) are based on the straight-line 
asymptotes approached by the distribution curves of 
Figs. 3 and 4. These asymptotes éxhibit the maximum 
differences between the distributions for IF and for 

baseband combining. The results given in Table I can 
also be derived from the expressions for the asymptotes 

alone, for they do not depend upon the type of telegraph 
receiver used. 

Equal-Gain IF Combiner: A simple alternative to the 

maximal-ratio combiner is the equal-gain combiner, in 

which the signals on the various diversity branches are 
added together (in phase) with equal gain in each diver-
sity branch. The equal-gain combiner works well only 

when the noise power remains approximately the same 
in each diversity branch, and it is not appropriate for 

baseband combining with ordinary FM receivçrs.' 
Equal-gain combination of the IF signals is approeate 
under conditions frequently met in practical systems, 
and under these conditions will in theory perform 
nearly as well as maximal-ratio combining. The diffi-
culty lies in bringing the IF signals into phase with each 

other before combining them, but special receiving 

equipment built to do this has had considerable suc-
cess. 2 Table II, which compares equal-gain IF combin-
ing with maximal-ratio IF combining, is based on 

Brennan's work." It applies, roughtly, for all types of 
telegraph receiver. 

Comparison of Table II with Table I shows that, in 
theory at least, the equal-gain IF combiner ought to be 
superior to the maximal-ratio baseband combiner, and 
of course the maximal-ratio IF combiner ought to be 

best of all. Designers of diversity receivers have not 

1° A special FM receiver, designed for equal-gain baseband com-
bining, has been reported by R. T. Adams, "Simplified base-band 
diversity combiner (abstract)," 1959 IRE NATIONAL CONVENTION 
RECORD, pt. 8, P. 153. 
" Brennan, op. cit., Table II is based on the 99 per cent points 

in Brennan's Figs. 9 through 13. It therefore differs slightly from 
Brennan's Table I, which is based on average SNR's. For tele-
graph work, separation of the distribution curves at low levels 
affords a better comparison than average separation. Brennan gives a 
thorough discussion of the "appropriate conditions" for equal-gain 
combining, collects the earlier material on the subject, and presents 
much that is new. 
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and difficulties is so nice. Maximal-ratio combining re-
quires knowledge, at the receiver, of signal power and 
noise power averaged over recent time. This knowledge 
must then be used to control gain in each diversity 
branch. IF combining requires knowledge of the IF 
phase, which must then be used to bring into phase 
the IF carriers in the various diversity branches. The 
problems involved in above-threshold combining are at 
least recognized, if not completely solved." The prob-
lems met below threshold, though more severe, have as 
yet received little attention. 
The most obvious of the special problems met below 

threshold is the increased difficulty in measuring either 
phase or amplitude of a weak signal. In theory, either or 
both could be measured to any desired accuracy if it 
were not for the fact that neither stays constant for very 
long. The receiver therefore has to estimate, in the sta-
tistical sense, the quantity that in combiner theory it is 
assumed to " know." Since the estimate must be made 
in a finite time, limited by the speed of fading, the errors 
in estimation will be finite, and will increase as the SNR 
decreases. But if the "knowledge" assumed in the com-
bining process is in error, we cannot realize the advan-
tage of theoretically ideal combination. 

Let us examine these remarks first in the context of 
IF combining. The essential step in IF combining is to 
bring the different carriers into phase with each other. 
Precise synchronism is not necessary, and Stein" has 
given an upper bound for the degradation caused by 
imperfect phase control. Keeping the phase differences 
less than 45 degrees, a value large enough to cause sig-
nificant degradation, may not be easy, especially since 
the phase of a fading carrier is most likely to change 
rapidly at precisely those moments when the amplitude 
is low. On the other hand, fading is slow enough so that 
a sizable fraction of a second is available for the obser-
vation. It therefore ought to be possible to make a suit-
ably accurate estimate of the RF phase, even at IF SN R's 
of three db and below. Note that the IF SNR is referred 
to the very large IF bandwidth, which has nothing to 
do with the speed of fading. 
The phase-control problem exists for both equal-gain 

IF combiners and maximal-ratio IF combiners. The 
latter also require knowledge of the carrier level, which 
must likewise be measured during deep fades. It is 
doubtful whether the small theoretical improvements 
indicated in Table II justify the increased complexity of 
equipment required for maximal-ratio combining at IF. 
The maximal ratio baseband combiner avoids the 

problem of measuring IF phase. If it is to be used below 
threshold, however, both signal amplitude and noise 
power must be estimated, since neither remains constant 

20 Brennan, op. cit., discusses these in fine detail. He defines clearly 
the interval of "recent time" over which signal power and noise 
power must be averaged. He states cogently the important advantage 
of the equal-gain combiner—its independence of "what one chooses 
to think of as a SNR." 

21 Ibid., sec. XII. 

as IF carrier fades below threshold. This complication 
does not arise above threshold, where signal amplitude 
remains constant and measurement of above-baseband 
noise gives the information needed for combining; nor 
does it arise with the maximal-ratio IF combiner, where 
noise power may be assumed equal in the different 
diversity branches. The situation is further confounded 
by the fact that the shape of the baseband noise spec-
trum changes. In theory, therefore, the baseband cannot 
be handled as a unit for maximal-ratio combining. 

Baseband combining is not hopeless, however, be-
cause for telegraph reception the critical range of SNR's 
in which errors occur is only a few decibels wide. A 
working range of ten db in the baseband, or five db at 
IF, is sufficient. When the signal fades below the critical 
range it is too weak to be useful, and when it is above 
it, it is strong enough to be handled without much re-
gard to theoretically optimum procedures. In the exam-
ple treated in Appendix II, it happens that the critical 
range corresponds to IF SNR's between +2 and —3 db. 
Above-baseband noise is nearly inversely proportional 
to IF SNR, even over this range, so an effort toward 
weighted baseband combining using it to estimate SNR 
might have limited success. Below IF SNR's of five db 
or so, the noise spectrum over the baseband is flat 
(assuming no preemphasis), and it is there again possi-
ble to combine using the baseband as a whole. 

Toward a Practical Solution: Tables I and II indicate 
that the equal-gain IF combiner ought to have an ad-
vantage of roughly two db over the maximal-ratio base-
band combiner so far as telegraph over FM is concerned. 
The former requires phase control, however, and the 
latter presents the difficulties noted previously, includ-
ing the difficulty that baseband noise may not fully 
satisfy all of the assumptions required to achieve the 
full theoretical diversity advantage. The important 
thing is to make an intelligent attempt at combining 
below threshold, and a choice between the two method's 
mentioned can hardly be made until some well con-
ceived designs have been carefully compared in the field. 
An IF equal-gain combiner to be used for telegraph 

traffic should be designed so that the phase control 
works at the lowest possible carrier levels. Furthermore, 
there should be no "squelch" to quiet the baseband when 
the carrier drops below the FM threshold. 
A reasonable solution for baseband combination 

would be to design a conventional maximal-ratio base-
band combiner that at very low SNR's became in effect 
an equal-gain combiner. Such a combiner would weight 
the various signals on the basis of measured noise power 
above the baseband, as is now conventional. Below 
threshold it would simply continue this type of opera-
tion until above-baseband noise approached its maxi-
mum. When this condition was approached in all di-
versity branches, the baseband signals would be added, 
without preference, and fed at a usable level into the 
telegraph receiver. The two ways in which such a com-
biner differs from standard practice for baseband corn-
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bination are its emphasis on an attempt at weighted 
combining as far as possible below threshold, and its 
equal-gain operation at a usable level when weighted 
combining is impractical. 

V. CONCLUSIONS 

The results of this paper may be collected under four 
somewhat overlapping headings as follows: 

1) A method for calculating error rates for FSK/FM 
receivers for all orders of diversity. 

2) The study of model systems with different types 
of threshold behavior. 

3) The comparison of performance with various com-
biners and telegraphy systems, and the practical 
difficulties met in building a combiner for telegra-
phy over FM. 

4) The conflict between the requirements of telegraph 
channels and those of telephone channels. 

The method of extending error-rate calculations from 
an elementary receiver to one for nth-order diversity 
applies, strictly, only for FSK and differentially-
coherent PSK systems using noncoherent matched-filter 
telegraph receivers and maximal-ratio baseband com-
biners. However, the theory places no restrictions on 
either the shape of the FM threshold curve or the prob-
ability distribution of the fading carrier. Therefore ex-
perimental data for either or both can easily be included 
in an analysis. 
A theoretical analysis was carried out, using two dif-

ferent models to describe the FM threshold, and assum-
ing Rayleigh fading. The two models represent extremes 
so that the results of the analysis bound the performance 
that might be expected with a real receiver. It appears 
that, for a typical system, nearly all telegraph errors will 
occur when the carriers are below threshold. Further-
more, the behavior of the receiver below threshold de-
termines the probability of telegraph error, and it there-

fore becomes important to design combiners that work 
reasonably well below threshold. It also appears that 
the error probability depends very little upon the posi-
tion of the telegraph carrier in the multichannel base-
band if the baseband is transmitted without pre-
emphasis. Other results show that increasing the devia-
tion of the RF carrier (or increasing the level of the tele-
graph carrier in the baseband) by one db is much less 
effective than increasing transmitter power by one db 
in reducing the probability of error, even if the receiver 
bandwidth is held constant. If the receiver bandwidth 
is increased so that deviation may be increased, the net 
effect in most practical cases will be to degrade telegraph 
performance. 

Various receiving systems have also been compared. 
The best FSK/FM system (i.e., the one with the lowest 
error rate) would use maximal-ratio combining at IF 
together with coherent matched-filter telegraph detec-
tion. The same combiner, working with a noncoherent 
matched-filter telegraph receiver would be worse by less 

than one db, in terms of the decrease in transmitter 
power that would produce the same increase in error 
probability. An equal-gain IF combiner would be ap-

proximately one db weaker still, and a maximal-ratio 
baseband combiner would lose yet another decibel or 
two. These numbers are theoretical values, and practical 
difficulties make it likely that the maximal-ratio IF com-
biner cannot yield the small improvement indicated in 
theory. On the other hand, both the equal-gain IF com-
biner and the maximal-ratio baseband combiner, suit-
ably modified to operate below threshold, will greatly 
surpass the performance of a combiner that does not 

operate below threshold. Comparison with different 
systems of telegraph keying shows AK/FM to be about 
one db inferior to FSK/FM, and binary PSK/FM to 

be about one db superior. The exact difference depends 
upon the threshold characteristic of the FM receiver. 
There is a serious conflict between the qualities de-

sired for good telephone transmission and those that 
make for few telegraph errors. Short interruptions (of a 
fraction of a second) in a telephone channel cause little 
disturbance, but the average SNR should be high. For 
telegraph channels interruptions of only 0.1 second 
cause characters to be mutilated, while raising the SNR 
to a level considered good for telephone use is superflu-
ous. This conflict in requirements makes itself felt in two 
ways. First, a combiner used for telephone traffic ought 
to block signals that fall below threshold, thereby keep-
ing out noise bursts, whereas one used for telegraph 
channels ought to continue to pass the best available 
signals, no matter how noisy, to the telegraph receiver. 
Second, the FM bandwidth and deviation selected as 
optimum in some sense for telephone channels are al-

most sure to be much greater than those that would 
minimize the telegraph error probability. One can 
imagine ways to avoid the first difficulty—by modifying 
the channeling equipment, for example. The second is, 
however, a fundamental consequence of the FM process, 
which can be used to improve performance above 
threshold only at the cost of degrading performance 
when the carrier is weak. 

APPENDIX I 

MATHEMATICAL DERIVATIONS 

A. A Theorem for the Maximal-Ratio Baseband Combiner 

Consider an nth-order diversity system, with inde-
pendent fading (not necessarily with the same probabil-
ity distribution) on each diversity branch. Suppose that 
the average element-error probability for the mth 
branch alone, when operated with a noncoherent 
matched-filter telegraph receiver, is rm. Then, if the out-
puts from the diversity branches are combined in a 
maximal-ratio baseband combiner, the average element-
error probability for a noncoherent matched-filter tele-
graph receiver operating on the combined output is 

= 1(2/11•27r2•27r3 • • • 27-0. (32) 
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Proof: Let the probability density function of em, the 
telegraph-receiver SNR on the mth branch, be 0,k(r), 
and let its Laplace transform be 

o„,(s) e-arem(r)dr. 
o 

Then, by comparison with (2), 

41.(4) = 27rni. 

If the mth and kth diversity branches are combined in 
a maximal-ratio combiner, the resultant SNR will be 
em-ok.22 The probability density function of Pek -Fek is 
formed by the convolution of 0,o and Ok." But one of the 
fundamental properties of the Laplace transformation 
is that convolution of the O's corresponds to multiplica-

tion of the es, and hence for this dual-diversity com-
biner, 

Oa) = 4).(1)4)a) = (2.3-.)(21-k) = 2.74. (35) 

By the same argument, the extension step-by-step to 
nth-order diversity follows, proving (32). Eq. (3) repre-
sents a special case of the theorem, with the same fading 
distribution for all diversity branches (i.e. all 0m the 
same). A similar proof holds for PSK/FM with dif-

ferentially coherent reception. 
These proofs hold regardless of the distribution func-

tions of the P., because all probability distribution 
functions that are zero for negative r are Laplace trans-

formable. 

B. Probability of Element Error with Smooth- Threshold 
Model 

The probability density function of R, the telegraph-
receiver SNR, obtained by differentiating ( 19), is 

gd(r) = (1/2A )(rt/r) 1/2 exp [ — (rtr) 10/A I 

= 

r < re (36a) 

r > rt. (36b) 

When gki is substituted for f in ( 2), the resulting integral 
can be solved after completing the square in the ex-
ponent, giving 

{ Art} 1/2 

pti(A,rt) exp (rt/2A2) {Erf [1 ± V --r—; 
8A 2 

— Erf 1/72} 
A' 2 

exp [—rt/A — rt/21 

A + 2 
(37) 

The first term in (37) gives the probability of error be-
low threshold, and the second, above threshold. The ex-

22 Brennan, op. cit., (13). Note also the assumptions required for 
this relation to exist. 
" W. R. Bennett, "Methods of solving noise problems," PROC. 

IRE, vol. 44, pp. 609-638, (41); May, 1956. 

(33) 

pression simplifies for large rt to give 

pai(A,rt) irrd8A 2\J 1/2 exp (rt/2A 2) Erfc (nt/2A 2)' 12 

re > 10. (38) 

If, in addition, A is large, 

Pki(A, rt) ••••• (errd8A2)1/2 A > rt> 10. (39) 

(34) The error probability for nth-order diversity, p,,,,, may 
be found by substituting psi in (3). 

C. Distribution of R. for the Abrupt- Threshold Model 

The probability density function of R is given by (10), 
and the Laplace transform of this function, obtained by 
substituting gt, for 0m in (33) is 

e-ca-kim», 
4)(s) = c   (40) 

As + 1 

If n random variables with density functions all given 
by go are added together, the probability density func-
tion of the sum will have the Laplace transform es), 
and by the binomial theorem, 

e-mktme-m 
On(s) = E(n y cn-m   (41) 

m (As + 1)'n 

Here 

in ) 
= n!/m!(n — m)!. (42) 

We want the distribution function G., which is the in-
tegral of ga., and which therefore has as its Laplace 
transform cte(s)/s. In (38) the exponent mrts produces a 
shift of magnitude mrt in the inverse transform, and we 
write" 

n (n 
G.(r) = E cn-m e-mr IA G.(r — mrt)ui(r — inn) (43) 

m 

where G. is the function defined in ( 17) and Go is unity. 
Curves of Go2 and Goa are given in Fig. 3. 

D. Distribution of R. for the Smooth- Threshold Model 

Dual Diversity: The probability density function for 
dual diversity, ga, may be obtained by convolving gki, 
as given in (36), with itself. For R2 below threshold, only 
the expressions in (36a) enter the convolution integral, 
which may be written 

g.2(n) = f r (1/4A2) (re/0 1/2 
0 

• exp [—(rit/A 2)112]friAr jl /2 

• exp [ — (relr — tl/A 2)['adt r ≤ rt. (44) 

24 Bateman Manuscript Project, "Tables of Integral Transforms," 
McGraw-Hill Book Co., Inc., New York, N. Y., vol. 1, Transforms 
4.1(9), 4.1(4), and 5.2(18); 1954. Subsequent references to this work 
will be indicated simply by "I.T." 
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If the exponential functions are expressed in power series 
and the two series are multiplied, the integration may 
be carried out term by term." Some manipulation then 
yields 

g82(r) 
rri (— Dn(rir/A 2)ni2+1 

E   
4A 2 + 1) 

1 

ram -I- 1)r(4n — lm -I- 1) 

= (rg/A E(— 1)nan (r tr/ A 2)" r < ra. (45) 
n=0 

This expression serves to define an. Integrating it 
gives G.2. 

For telegraph-receiver SNR above twice the threshold 
value, the convolution integral for gaz can be solved to 
yield 

where 

e-r14 
g,2(r) = A (r/A — k) r > 2r, (46) 

2 ra r,8 r,4 
k = — — 

3A 2 30A 3 420A 
+ .... (47) 

The integral of (46) from r to infinity, when subtracted 
from unity, gives 

Gaz(r) = 1 — ( 1 — k r/A)e-riA 

= G2(r) ke-riA r > 2r,. (48) 

The values of k required to compute the cases plotted 
in Fig. 4 are given in Table IV. 

TABLE 1V 

VALUES OF k, kb AND ks 

ri/ A 

0.4 
0.1 
0.025 

0.05126 
0.003300 
0.000208 

0.01690 
0.000225 

reordering of terms yield an expression that may be inte-
grated as before to give 

e n r, 
g84(r) — 2_, ama„,(-1)"(rtr/A2)nt2+1 

A2 ”=0„,,, 

ram -I- ' W(4n — + 1) 

ran 2) 

The convolution above twice threshold can be reduced 
with some difficulty to give an expression of the form 

r > ri. (49) 

G84 (r) G4(r) e-riA [k — — kl— k21 r > 2r,. (50) 
A 2 A 

The expressions for k1 and kz are complicated, and 
Table IV gives the values for the special cases plotted 

in Fig. 4. In those curves the gap between r, and 2r, was 
interpolated by eye. 

E. Conditional Distribution of Rn 

The probability that Rn is less than r, given that an 
element error has occurred, is (see Section III- D), 

f r 

17,,(r I error) —  o 

-1-e-f12 [tn--1/A"(n — 1)!]e-"Adt 

14(A) 

= Gn(r lAr), (51) 

where Gn is the function defined in ( 17). This relation-
ship assumes Rayleigh fading, a no-threshold system, 
and nth-order maximal-ratio combining. The con-
ditional distribution functions VI, 172, and 174 are 
plotted in Fig. 5. 

F. The Maximal-Ratio IF Combiner 

The comparison in Section IV-A of the IF combiner 
with the baseband combiner assumes r, large and A 
still larger, because these conditions give the maximum 

0.00508 difference between the two combiners. Eq. ( 14) thus 
0.000019 becomes 

Eqs. (45) and (48) leave G.2 undefined over the inter-
val (r 2r1). So far as the curves of Fig. 4 are concerned, 
G,c2 can be easily interpolated by eye to cover this gap. 
For the calculation of G.4, however, some analytical ex-
pression was needed, and it was found suitably accurate 
to simply continue the expression of (48). At r,, the 
error in G.2 involved in using this approximation is only 
about 6 per cent of the true value. 

Quadruple Diversity: The steps in the calculation for 
quadruple diversity follow precisely the calculation for 
dual diversity. The power series expansion for ga given 
in (45) is convolved with itself, and multiplication and 

I.T., 13.1(7). 

pe(A,r1)c-_-'4e 4r,/.4. (52) 

Application of (3) leads to ( 23). 
With the IF combiner the probability that the re-

ceiver will drop below threshold is, from (21b) and the 
right-hand sum of ( 17), 

Gn(r,) (r,/ A)n/n!. (53) 

Since for the abrupt-threshold model the receiver will 
yield 50 per cent errors while below threshold, this 
gives (24). 

Eq. (25), for the smooth-threshold model with base-
band combining, follows from substituting (39) in (3). 
To derive (26), for IF combining, first note that from 
(22b) and ( 17), 

(r,r)" 12/n!An .1 > r, > 10. (54) 
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This relation holds for the small values of r at which 
errors occur. Differentiating gives 

gin(r)IF 4.rtni2rn/2-1 A n(n — 1)! A > rg> 10. (55) 

When this expression is substituted for f(r) in (2), the 
integral takes the form of a gamma function, whence 

2n/2-2rtni2 

panIF  rffit), (56) 
(n — 1)!A n 

which may be reduced to the form given in (26) by use 
of Legendre's duplication formula." 
The expressions in Table I for "large" orders of di-

versity may be obtained by using Stirling's approxima-
tion" in (24) and (26). 

G. The Coherent Telegraph Receiver 

If the telegraph-receiver SNR fades with probability 
density function g, then from ( 1) and (27) the ratio 
between error probability with noncoherent and with 
coherent FSK telegraph reception is 

)dr 

1 Erfc g(r)dr 
fo 2 

(57) 

where p, as before, denotes noncoherent reception and 
q denotes coherent reception. 

For the no-threshold receiver, nth-order diversity, the 
probability density function is proportional to rn-1A-n. 
This is true for the small values of r where errors occur, 
as long as A is large, and it holds for maximal-ratio IF 
combination, equal-gain IF combination, and maximal-
ratio baseband combination. Eq. (57) thus becomes, 
when common factors are divided out," 

P. 

gn 

fo 
rn-ie-radr 

fo 

22n-1 

F(n) 

r r(n I) 
rn-' Erfc V—dr   

2 n-Vir 

(58) 

Both pn and q„ are proportional to A — n, and A is 
proportional to transmitted power. Therefore the su-
periority of coherent reception, expressed in terms 
equivalent to decibels of transmitted power, is 

10n--1 [logio (Ihn/q.)]. 

28 Bateman Manuscript Project, "Higher Transcendental Func-
tions," McGraw-Hill Book Co., Inc., New York, N. Y., vol. 1, 
eq. 1.3(15); 1954. Subsequent references to this work will be indi-
cated simply by "H.T.F." 

27 H.T.F., 1.18(2). 
28 The denominator may be integrated by applying H.T.F., 9.9(2) 

and 9.3(8). Note that the definition of Erfc used in H.T.F. differs by 
a factor of 2/Vi from that of (28). The last expression in (58) is ob-
tained with Legendre's duplication formula. 

This expression may be used to obtain the "No 
Threshold" column in Table III. 

For the smooth-threshold receiver, the probability 
density function of SNR is proportional to rni2-',4-n, no 
matter which of the three combiners is used. The ratio 
of error probabilities, which may be obtained by sub-
stituting In where n appears in (58), is thus 

p.. F(n) wil2P(1-n ± 1) 

P(In ± Tan ± 

n-fw: 

The expression in terms of decibels, used to obtain the 
"Smooth Threshold" column of Table III, is 

10n-'[Iogio (P./q..)1. 

For the abrupt-threshold receiver there is no ad-
vantage to coherent telegraph reception except for 7.8 
small enough so that a significant portion of the errors 
occur above threshold. This case appears to have little 
practical interest. 

(59) 

APPENDIX II 

EXAMINATION OF A SPECIFIC SYSTEM 

A. Method of Calculation 

The results presented in this paper are most useful as 
a guide in system planning. When the design engineer 
compares two similar systems to determine the effect of 
changing a single parameter, he is on reasonable ground 
because errors in the many assumptions will usually 
similarly affect both systems compared. Nevertheless it 
may be helpful sometimes to calculate numerical results 
based on the theory given above. 
A No- Threshold Receiver: Consider first an FSK/SSB-

AM system, which may be treated as a no-threshold 
case, following the discussion in Section II-B. With SSB 
and a complex baseband consisting of multiplexed sig-
nals, some of them voice signals, the carrier power 
varies. Superposition of baseband signals produces 
superposition of RF carrier waves with SSB, however, 
and therefore we need consider only the case in which 
the single telegraph subcarrier of interest is transmitted 
alone. If we know the instantaneous path loss, and the 
transmitter power given to the single subcarrier, we can 
calculate the carrier power at receiver input, and we 
denote it by S. The IF SNR will be given by 

X = S/kTFB (60) 

where kT is the thermal noise power at receiver input 
in a bandwidth of 1 cps, F is the over-all noise factor of 
the receiver, and B is the noise bandwidth at the IF 
stage. The receiver gain between RF and IF appears in 
both numerator and denominator and is canceled out. 

Following the definition of R in Section II-A we can 
set 

R = Sr/kTF (61) 
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assuming that the telegraph element is of constant 
amplitude and duration r and canceling out gain be-
tween IF and telegraph receiver. Then from (5) and ( 7) 
we get 

b = Br 

A = (S)r/kTF. 

(62) 

(63) 

A is the parameter needed in (8) to calculate error 
probability. Note that with Rayleigh fading the mean 
carrier power (S) is 1.6 db above the median, which is 
the quantity commonly measured. 

Receivers with Threshold: With FM, the quantity S 
denotes the power in the RF carrier, which must be 
treated as a whole. Then X is again given by (60). There 
is no loss in generality if we express the amplitude of 
telegraph signal and noise in terms of the frequency 
deviation of the IF carrier at the input to the limiter-
discriminator. 

Let the peak deviation caused by the telegraph sub-
carrier be wt. Then the energy of the received telegraph 
element will be" 

E = 4,4,2(1 _ e_X)2r. (64) 

This expression holds for all values of X; it was derived 
assuming a single sinusoid as modulation signal, but it 
will be assumed to be valid also for the complex base-
band signals considered here. We have the two asymp-
totic expressions 

E 

1 2X2 

for X large, 

for X small. 

(65a) 

(65b) 

To determine R we must also know the noise power 
density per cps after frequency demodulation. Above 
threshold it will be, assuming flat IF filters,3° 

w2kTF/S = co2/BX, (66) 

where w is the baseband frequency, in rad/sec, and 

where B is taken in cps. Thus we have, for an FM re-
ceiver operating above threshold 

R = Iwt2rBX/co2 (67) 

where w is the frequency of the telegraph subcarrier in 
the baseband. This equation defines b of (9) and ( 15). 
To determine baseband noise below threshold we turn 

to Rice's results.m Admittedly his calculations assumed 
an unmodulated RF carrier, but they should neverthe-
less give a satisfactory first estimate. Rice gives curves 
for various IF SN R's. He shows a maximum noise power 
density, occurring at small baseband frequencies and 
with negligible carrier power, of 

0.74(4172c0 = 11.5B (in rad2/sec2 per cps). (68) 

2° F. L. H. M. Stumpers, "Theory of frequency-modulation 
noise," PROC. IRE, vol. 36, pp. 1081-1092; September, 1948. See 
p. 1090. 

3° Bennett, op. cit., (269). 
31 Ibid., etc. Fig. 7(b) and 7(c). Rice's p is the same as X. His 

bandwidth parameter a = B/(2r)". 

Combining this-with (65b) gives an asymptotic expres-
sion for R when X approaches zero, 

R wt2rX2/23B. (69) 

This is exactly the below-threshold behavior assumed 
for the smooth-threshold model, and gives a means of 
calculating b/xt for ( 15a). Actually, as noted in Section 
I I- B, the error probabilities for this model [see (38) and 
(39) ] will ordinarily depend only upon 

r,/ A 2 = x,/b(X)2 = 23B/cal2r(X)2. (70) 

Let us now see how these results may be applied to the 
analysis of a specific FSK/FM system. 

B. The System Parameters 

The ACE High network, now under construction for 

SHAPE, includes the largest troposcatter net yet 
planned. The FM receivers will operate in quadruple 
diversity, with maximal-ratio baseband combining, at 
least above threshold. Typical operating values for a 
link designed to carry 36 telephone channels, some of 
which will carry FSK telegraph, are as follows: 

RMS test-tone deviation of RF carrier = 60 kc=0 dbm0. 
Level of telegraph subcarrier= — 15 to — 20 dbm0. 
Noise bandwidth of receiver= 1 . 1 mc. 
Signaling speed = 50 baud (r = 0.02 sec). 

These data suffice for a simple calculation of the curve 
relating X and R, both above and below threshold, for 
one of the elementary receivers. 

C. The Theoretical Curves 

Fig. 6 gives curves for signal power and noise power, 
expressed in rad2/sec2. The curve for signal power is 

based on a signal of — 20 dbm0, i.e. on an rms deviation 
per subcarrier of 6 kc. Thus the maximum approached 
by this curve is ( 2702(6000)2 rad2/sec2 [cf. (65a)]. 

Three curves are given for noise rower in 50-cps bands 
near 154 kc, 88 kc, and 22 kc. These correspond to high, 
middle, and low portions of the baseband, which ex-
tends from 12 to 156 kc, and are taken from the family 
of curves calculated by Rice.32 The dashed lines indicate 
the asymptotes approached above threshold [cf. (66)]. 
The asymptote for very low IF SNR, given by (69), is 
for this system 

R = 2.2X2, (71) 

and it can be seen to lie only a fraction of a decibel below 
the curves of R vs X given in the lower left corner of 
Fig. 6. This asymptotic expression for the SNR appar-
ently holds for much larger X than might have been 
expected, because the errors in (65b) and (68) tend to 
cancel out when the ratio is taken. 

32 For a receiver noise bandwidth of 1.1 mc, Rice's bandwidth 
parameter (see footnote 31) is 440 kc. Therefore, for the three sample 
channels in the baseband, ficr =0.35, 0.2, and 0.05. 
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Fig. 6—Telegraph-receiver signal power and noise power vs IF 
SNR, for various baseband frequencies. Inset shows telegraph-
receiver SNR. 

Frequently it will appear, when the above formulas 
are used to calculate xi and b for a smooth-threshold 
model to approximate a real system, that xi turns out 
to be unreasonably large. ( In a real receiver xi should 
be about 12 db.) This means only that the curve of 

R vs X is S-shaped (see the 22-kc noise curve in Fig. 6 
for example) and that the two asymptotes do not inter-
sect near the real threshold. The point is of no impor-
tance unless the critical range of telegraph-receiver 
SNR lies near the real threshold, in which case the 
smooth-threshold model is not a good representation. 

D. Notes on System Design 

The plots of the telegraph receiver SNR in the lower 
left corner of Fig. 6 cover the "critical" region. Since the 
slope here is only slightly greater than that for the 
smooth-threshold model, we conclude from Fig. 5 that 
the curve for V2 will apply for the quadruple-diversity 

receiver with threshold. Therefore at least 90 per cent 
of the telegraph errors should occur when R4 is less than 
8, which implies that all four of the elementary receivers 
are operating with IF SNR's of less than two db. For such 

low SNR's the noise spectrum is flat over the baseband, 
and it therefore appears that, for telegraph work, all 
portions of the baseband are equally good. 

For this example, increasing the telegraph-signal level 
to — 15 dbm0 would move the critical region to IF 
SNR about two db smaller. The improvement, in terms 
of effective added transmitter power, would probably be 
less than two db, because the combining operation 
would become less efficient. 

It is interesting to consider the effect of increasing the 
IF bandwidth. Suppose that the noise bandwidth of the 
FM receiver is doubled, and that this makes it possible 
to increase carrier deviation by a factor of 2.5 (more 
than double, since the receiver bandwidth contains 
fixed allowances for stability and the like). Above 
threshold, the telegraph-receiver noise power for the 
same carrier power remains unchanged. The improve-
ment realized above threshold is eight db, which is 
gained at the cost of having the FM receiver below 
threshold for a somewhat greater portion of the time. 
Below threshold, however, the telegraph-receiver noise 
power for the same RF carrier power at receiver input 
may be estimated from (69). The bandwidth B is 
doubled, the deviation co, is multiplied by 2.5, and the 
IF SNR X is halved as a consequence of the wider IF 
bandwidth. The net result is a 20 per cent decrease in 
R, i.e. a loss of one db in telegraph-receiver SNR. In 
this way the improvement above threshold is paid for 
below threshold. 

AUTHOR'S NOTE 

After submitting his final manuscript for publication, 
the author discovered the related work of du Castel 
and Magnen. In their interesting paper" they consider 
FSK/FM with selection diversity, and carry through 
an analysis for a particular threshold characteristic by 
means of numerical integration. Their conclusions agree 
qualitatively with those in the relevant portions of this 
present paper. 
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Forward Scattering by Coated Objects Illuminated 

by Short Wavelength Radar* 

R. E. HIATTt, SENIOR MEMBER, IRE, K. M . SIEGELL SENIOR MEMBER, 

Summary— Theoretical and experimental results are presented 
concerning the ineffectiveness for forward scattering of radar ab-
sorbing coatings applied to highly conducting objects which are large 

with respect to the wavelength of the incident energy. It is shown that 
such coatings can only increase the energy in the forward lobe of the 
scattering pattern. A rather simple accurate theoretical estimate is 
obtained of the width of this lobe for a sphere and verified experi-
mentally. 

By using absorbing coatings, experimental verification is obtained 
of theoretical predictions of the energy focussing and reflecting ef-
fects at the rear of thin prolate spheroids. 

Finally a section is devoted to the experimental procedures and 

equipment used to obtain the forward scattering data. 

INTRODUCTION 

THIS paper will discuss scattering of an incident 
plane electromagnetic wave by an object large 

  with respect to the wavelength, particularly where 
the object has been all or partly covered with absorbing 
material. The scattering pattern for such an object ex-
hibits a large lobe in the forward direction. The purpose 
of the first two sections of this paper is to illustrate by 
a heuristic argument backed by experimental results 
that any coating applied to the object can only serve to 
increase the amount of energy scattered into this lobe. 
This is true even for coatings which are radar absorbers. 
The angular width of the forward-scattered lobe (over 
which this effect may be expected) is consequently of 
interest. It is shown that the solid angle must be propor-

tional to X2 and an accurate estimate of the angle is ob-
tained theoretically for a sphere and experimentally 
verified. 

Finally use is made of forward scattering theoretical 
results to analyze the surface wave behavior on a thin 
prolate spheroid irradiated nose-on by a plane wave. 
The correctness of various points of the analysis is con-
firmed by experimental results obtained by measuring 
backscattering and forward scattering from thin prolate 
spheroids partly covered with absorbing coatings. 

SHORT WAVELENGTH FORWARD SCATTERING 

In this section scattering in the forward direction by 
convex obstacles whose dimensions are large relative to 
the incident wavelength X will be considered. In particu-
lar our interest lies in the effect of covering all or parts 
of perfectly conducting scatterers with radar absorbing 
material. The point to be made is that, for sufficiently 
short wavelengths, the forward-scattered energy is not 
affected by coating the scatterer except that it is in-

* Received by the IRE, September 14, 1959; revised manuscript 
received February 29, 1960. 

University of Michigan Radiation Lab., Ann Arbor, Mich. 
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creased proportional to the square of any increase in the 
cross-sectional area, A, which is blocked out of the inci-
dent plane wave by the scatterer. This result is made 
evident by the fact that the leading term in an asymp-
totic expansion in inverse powers of k = 27r/X of the for-
ward-scattered field is not dependent on the material of 
which the scatterer is composed, nor on the shape of the 
scatterer except as it affects the above cross-sectional 
area. Moreover, this dominant contribution is a pure 
imaginary given simply by 

(1) 

when the forward-scattered field is written in the form 
)/r with r the distance from the scatterer, c 

the velocity of light and t the time. The resulting for-
ward scattering radar cross section is 

4rA 2 
a(7r) 4r I f(r)I 2 (2) 

That one would expect the leading term in an expan-
sion of fir) in powers of to be independent of the 
material composing the scatterer is a consequence of the 
conservation of energy and of the manner in which the 
shadow behind a scatterer is formed by interference be-
tween the incident and scattered waves. The energy 
removed from the beam by the scatterer may be meas-
ured by the total cross section UT. This energy is either 
scattered or absorbed (transmitted energy being in-
cluded with scattered energy) and for a given shape and 

size of scatterer the material of which the scatterer is 
composed can, to the first order, affect only the relative 
proportions of scattered and absorbed energy but can-
not affect UT itself. 
The dominant part of the interference between the 

incident and scattered waves in the forward direction at 
any fixed distance from the scatterer and for any wave-
length is found to be due to the imaginary part of f(7). 
A direct consequence of this fact combined with con-
servation of energy is the well-known theorem 

4r 
UT = IInf(r), (3) 

which has been derived many times in optics, acoustics, 
electromagnetic theory and quantum mechanics. 1-3 The 

I H. C. Van de Hulst, "Light Scattering by Small Particles," 
John Wiley and Sons, Inc., New York, N. Y.; 1957. 

2 N. F. Mott and H. S. W. Massey, "The Theory of Atomic 
Collisions," Clarendon Press, London, Eng.; 1950. 

3 L. I. Schiff, "On an expression for the total cross section," Prog. 
of Theor. Phys., vol. 11, pp. 288-290; March, 1954. 
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above theorems are special cases of theorems given by 
Saxon.' 

Since ar is invariant to changes in composition of the 
scatterer, combining (3) with the asymptotic statement 

If(ir) I leads to the conclusion that, for suf-
ficiently short wavelengths, f(7) is independent of the 
material composing the scatterer. A consequence of this 
is that the effect of absorbing coatings must be vitiated 
in forward scattering. 

Eq. ( 2) is compared in Fig. 1 with computations made 
by Air Force Cambridge Research Center' using the 
exact sphere solution of Maxwell's equations (the Mie 
series) and with experimental results obtained in our 
laboratory. The results in Fig. 1 are for uncoated 

spheres. 
The result on the ineffectiveness of coating in forward 

scattering is expected to be valid for values of k for 
which le- VA > 10. This ineffectiveness has been verified 
in our laboratory experimentally for coated and uncoated 
spheres at a wavelength corresponding to kr = 9.8 
(r = sphere radius). Backscattering measurement results 
are presented to show that the coating indeed acted as 
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Fig. 1—Forward scattering from spheres. 

D. S. Saxon, "Tensor scattering matrix for the electromagnetic 
held," Phys. Rev., vol. 2, pp. 1771-1775; December, 1955. 

5 These computations were initiated by N. A. Logan at the AF 
Cambridge Research Center, Bedford, Mass. The results are now 
published in the Appendix of R. W. P. King and T. T. Wu, "Scatter-
ing and Diffraction of Radio Waves," Harvard University Press, 
Cambridge, Mass.; 1959. 

an absorber for backscattering. The results are pre-
sented in Table I. Further experimental results are 

given in Figs. 2 and 3. In Fig. 2 forward scattering from 
a coated cone is compared with forward scattering from 
an uncoated cone. The cone's base radius was equal to 
the radius of the calibrating sphere. The coating was 
made according to a formula for absorbing material de-
veloped by R. W. Wright and W. H. Emerson of the 
Naval Research Laboratory. As expected, the forward-

TABLE 1 

SCATTERING FROM STANDARD VS COATED SPHERE 

kr (uncoated sphere) = 9.8 

Backscatter 
db relative to m2 

Forward Scatter 
db relative to m2 

Standard sphere —20.7 —1.5 

Covered with absorbing 
material —37.7 +0.1 

20 

30 

to 

e60 

FORWARD SCATTER 

Standard Cone 

Coated Cone 

i/S:?delee 

Polarization Normal to Cone Aida 

F equeney • 9342 Mca 

------------

Angle 

RACKSCATTER 

Standard Cone 

/Coated Cone 

1
 84mM...it Sphere 

er • '0.7 di<ni 

ii  
180 lAd 1 8 O 3• 2 103 144 180 

Aepeet in Di.greee 

Fig. 2-60° cone kr =9.8 backscatter and 180° forward scatter 
showing also a standard sphere kr =9.8. r = cone base radius or 
radius of sphere. 
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Fig. 3—Cylinder 8.7 X long and 3.4 X diameter backscatter and 180° 
forward scatter showing also a standard sphere kr=9.8. 
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scattering cross section for the coated cone was in fact 
larger than for the uncoated, and the uncoated cone 
results are very close indeed to the sphere return. Since 
the cones chosen do not have a great variation in pro-
jected area as a function of aspect, one would not expect 
the forward-scattering cross section to change much 
from that of the sphere as the aspect is changed. Hence 
this result is in agreement with the theory. In Fig. 2 
the backscattering cross section is also given and shows 

that the absorbing material does in fact work well for 
backscattering. Fig. 2 also supports the statement that 
the forward-scattering cross section will always be equal 

to or greater than the backscattering cross section for a 
convex body. 

This theory has also been tested for finite cylinders 
(Fig. 3). The forward-scattering cross section of the 
cylinder as well as the backscattering cross section were 
then measured up to + 24° from broadside aspect. The 
trends are as predicted and the agreement between 
theory and experiment approaches + 1 db. The forward-
scattering cross section is not reduced by the addition 
of absorbing material and with or without absorbing 
material remains larger than the backscattering cross 
section with or without absorbing material. 

BEAM WIDTH IN FORWARD SCATTERING 

The bistatic pattern of a convex object for short wave-

lengths is fairly uniform except for a narrow lobe in the 
forward direction, whose peak amplitude is given by ( 1). 
Within this lobe the above considerations on the in-
sensitivity of the scattered amplitude to the material 
composing the scatterer apply. Hence it is of interest to 
estimate the beamwidth of this narrow lobe. 
The beamwidth discussion will be confined to per-

fectly conducting objects. To begin with, with the help 

of ( 1) and (3) one can determine that the angular beam-
width must be proportional to k-2. If u(0, (6) represents 
the bistatic scattering cross section, then combining ( 1) 
and (3) with the definition of total scattering cross sec-
tion yields 

1 
(FT = oys = — f u(0, fle)c111 ,,, mA 

47r s 

(4) 

where S is the unit sphere, O and 4) are spherical polar-
coordinates about an origin in the scatterer, 42 is an 
element of solid angle. The integration may be split into 
two parts, the first part covering all of the unit sphere 
except a small angular region 6 about the forward direc-
tion, 0= r, the second part being an integration over 8. 

Our interest is in the geometric optics limit where 03, 4)) 
is wavelength independent over S-6 and hence, so is 
the integral over S-6. Using (2), the integral over (5 
may be approximated by 

A 2 
—  ô. 6 K. M. Siegel, "Bistatic Radars and Forward Scattering," Aero 

Electronics 1958 Nat. Conf. Proc., Dayton, Ohio, pp. 286-290; 1958 

Since crr is wavelength independent, (5 must be propor-
tional to X 2 or k-2. The proportionality factor is, how-
ever, a function of the shape of the scatterer. 

The integral expression for cr 7, has been utilized by 
Siegel 6 to obtain the beamwidth of the forward-
scattering beam for a sphere. Using a uniform beam ap-
proximation for the forward-scattered lobe for simplicity 
led Siegel to a forward-scattering beamwidth estimate of 
4/kr where r is the radius of the sphere. This result is 
improved below by using a (sin x/x)2 beam pattern 
which leads to the beamwidth between half-power 
points for a sphere being 3.2/kr. This improved estimate 
may be compared in the following table with the half-
power beamwidth àO obtained by numerical evaluation 
of the Mie series for kr= 10, 20 at AFCRO and with 
our experimental measurements. The experimental 
measurements used in Table Il are reproduced in Fig. 4. 

TABLE II 

BEAM WIDTH 

kr 
AFCRC Computation 

kr,à0 

Univ. of Mich. 
Radiation 

Lab. Experiment 
krà0 

E Plane 

20 
14.94 
10 
9.8 
8.4 
7.33 

H Plane H Plane 

3.3 

3.7 

3.2 

3.2 
3.42 

3.45 
3.47 
3.28 

r, db abovemZ 

6 

4 

2 

0 

-4 

-6 

-15 

kr • 14.8 

kr r. 9.8 

Referenced to 3. 375e" 
Bober°, 3.9 db < m 
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Fig. 4—Forward scattering from metal spheres. 
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The refined version of the method to estimate the 
forward-scattering beamwidth for a sphere for large kr 
begins with the fact that for a perfectly conducting 
sphere the asymptotic value of (TT is cri---,22re. 
The procedure also uses the fact that 

0"(0, (/)) rr2 

for all bistatic angles except those in a small cone in the 
region of the forward direction, 0=r. In this region 

o.(0, de) is given by 

(2,1.2)2 
= (IF = 4r g(0) (no ci) dependence in this case) (5) 

x2 

where g(r) = 1. It is assumed that Up holds for 

A 
— — < I 0 I < r, where A is a numerical constant, 

kr — 

so that the solid angle in which ort• holds is proportional 
to k-2. Using the approximations for (r(0, (1)) in the inte-
gral in (4) yields a result for crr which is equated to 

(TT = 2rr2. The beamwidth is then determined from the 
resulting equality. 

In Siegel& g(0) was taken as 

1 
g(0) = 1 kr < loi < 7r 

• 1 =o 101 < r — —kr (6) 

so that 1=A and the procedure led to 1= 2. ( In this case 
one can speak of a beamwidth, but not half-power 

points.) 
The present refinement consists of choosing 

¡sin a(w — 0) 

a(r — 0) 

and requiring that the half-power points will occur for 

r —0 = 1/ kr. Since g(0) =4 when a(r —0),-,, 1.4 this re-
quirement fixes a to be 

a = 1.4(kr /I). 

g(0) S(0) = 

The cross section u F' is now assumed to be 

(rr2) 2 
= 47r -- S(0) for 

À2 

A 

kr — 

(7) 

where A will be chosen to correspond to the angle Bo for 

which 

This means that 

(rr2)2 
4r  S(0) = rr2. 

r 
00 7 — — . 

a 1.4 kr 

Thus 

A 
1.4 

We now evaluate «T as 

er 

2r r-(r/1.4)(//kr) 7,12 
  sin 1/19(hp 

J o Jo 4r 

2r r ,r2)2 
— g(0) sin MOO,. (8) f, r-“Ir/1.4)(1/1e7) X 

The first integral is --irr2 for kr>> 1. The second integral 
can now be rewritten as 

I = 27rerr2/X)2 1 r ul 1.4kr 0 (sin u/zi)2 sin I r 1.4kr du 

' 1 — cos 2u 
,---, 7r(rr2,1X)2(/./.4kr) 2 du, (kr >> 1) fo  u 
,-,7r(rr2/X)2(//1.4kr)2(3.2). 

Thus 

(9) 

crr = rr2(1 ± 0.4112). (10) 

Equating crr to 2rr2 then yields / = 1.6, the result quoted 

above. 

BACKSCATTER I NG FROM THIN PROLATE SPHEROIDS 

The backscattering cross section of a thin body (either 
a prolate spheroid or an ogive), in the nose-on direction, 
fits the following physical picture. The amount of scat-

tering by the " point" (by points we mean the small re-
gions at the front or rear wherein the radius of curvature 
is small with respect to the wavelength) at the front of 
the thin body is negligible. Much of the incident energy 
then creeps or travels along the surface of the body 
while part of it radiates tangentially. Most of the 
energy which is not radiated reaches the rear point. 

This may be considered either the point behind the 
ogive or the rear of the thin prolate spheroid. Then 
much of this energy is reflected back along the body and 
again much of it is forward scattered. However, forward 
scattering after the reflection from the rear point is now 
backscattering toward the transmitter. It is thus ex-
pected that the major returns in backscattering come 
from the rear point and this has been supported by 
Ohio State University experiments.' Further support 
has been given to this physical picture by using it to 
obtain a rough theoretical estimate of the expected 
backscattering from a thin prolate spheroid irradiated 
nose-on; then verifying the result in the laboratory 
using an uncoated metal prolate spheroid, and spheroids 
coated with absorbing material at the tips. 
The experiments were carried out by measuring for-

ward and backscattering from a spheroid of 10:1 ratio 

7 L. Peters, Jr., "End-fire echo area of long-thin bodies," IRE 
TRANS. ON ANTENNAS AND PROPAGATION, vol. AP-6, pp. 133-139; 
January, 1958. 
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of major axis (2a) to minor axis (2b). With respect to 
the incident wavelength X, (3.2 cm) a --- 4.75 X and 
b= 0.475 X. Hence the theory of the section on short 
wavelength forward scattering would give, for the 
forward-scattering aross section in square meters, 

471-A 2 4. 
  — [7(0.475X) 2]2 
X2 x2 

= 6.6 X 10-3m2= 22 db < m2. (11) 

The backscattered energy is primarily energy which is 
"reflected" from the rear since the direct backscattering 
from the nose is small. From the geometric optics for-
mula for the cross section of this tip scattering, cr ii-b4/a2, 
one finds this o is less than 50 db < m2. To estimate the 
contribution to the backscattering amplitude of the field 
that creeps toward the rear past the penumbra region 
one uses the fact that in the formula crr = 2A, one A is 
known to be due to large-angle scattering and one A to 
small-angle scattering. Thus the electric field amplitude 
on the spheroid just past the penumbra region would 
correspond to one A and not two. Thus f at the penum-
bra would correspond to half the forward-scattered field 
or iA /2X. It is then assumed on the basis of Belkina's8 
exact solution at smaller values of kr that the amplitude 
reflection coefficient at the rear tip is ¡, and that again 
only half of this would be forward scattered toward the 
transmitter. As a result the contribution to the scatter-
ing amplitude is of order 

III ,---, A/8X (12) 

corresponding to a cross section in db relative to a 
square meter of 

— 22 — 10 log 64 — 40 db. (13) 

These considerations neglect the small amount of radia-
tion expected as the energy travels in from tip to penum-
bra region in two directions. The result given by ( 13) is 
slightly too high because of this neglect. 

In the experiments absorbing material has been added 
to the front tip of the spheroid in one experiment and 
to the rear tip in a second experiment, as shown in the 
sketches in Table III. The material has been applied 
both symmetrically and asymmetrically with respect to 
the plane of the incident E vector. Arguments, such as 
those of the section on short wavelength forward 
scattering based on the conservation of energy and 
forward scattering theorems lead one to expect that the 
added coatings would increase the forward scattering 
above the 22 db <ne of ( 11), for when absorbing ma-
terial is placed on the front, an increased forward scat-
tering due to the increased area is expected to occur. 
This in turn will increase the amount of energy reaching 
the rear to be reflected and thus an increased back-
scattered cross section is to be expected. When absorb-

8 M. G. Belkina, " Radiation Characteristics of an Elongated 
Rotary Ellipsoid," appearing in " Diffraction ol Electromagnetic 
Waves on Certain Bodies of Revolution," Sovetskoye Radio, Mos-
cow, USSR; 1957. 

ing material is placed on the rear tip, reflection from the 
rear is of course affected. If the material is placed sym-
metrically with respect to the plane of the E vector 
little change in radar cross section is to be expected, 
since the relative phase relations of the various rays are 
not affected. However, if this symmetry is destroyed, a 
marked decrease in cross section is to be expected. The 
experimental results, given in Table III and Fig. 5, are 
in accord with this theory. 

EXPERIMENTAL PROCEDURES 

The experimental results presented in this paper were 
obtained on an indoor radar cross section measuring 
range housed in a room lined with radar absorbing ma-
terial. The system used is the conventional type of con-
tinuous wave backscattering equipment with modifica-
tions to permit forward-scattering measurements. In 
backscattering measurements, a common transmitting 
and receiving antenna is used and the transmitted signal 
is separated from the received signal by a balanced hy-
brid tee. For the oscillator, a cavity stabilized system 
operating at X-band was used. The Scientific Atlanta 
"Wide Range Receiver" Model 402 was used as a re-
ceiver. This combination made it possible to obtain an 
isolation of about 100 db between the transmitter and 
receiver in backscattering measurements. 
The forward-scattering measurements on the cone 

and cylinder were made with an angular separation of 
180° between the transmitter and receiver antennas and 
with each pointing toward the target which was on the 
transmitter-receiver axis, half-way between the two an-
tennas. The target was supported on a polyfoam 
column, which in turn rested on a turntable, making it 
possible to rotate the target 360° in azimuth. The turn-
table rotation was linked to the chart movement in the 
recorder. 
To distinguish between the direct radiation and the 

forward-scattered signal at the receiving horn, the direct 
radiation was balanced out before the target was placed 
on the polyfoam support. The waveguide circuitry 
shown in Fig. 6 was used. The amplitude and phase of a 
balancing signal from the directional coupler was ad-
justed to cancel the directly radiated signal as the two 
signals entered the mixer via the symmetric arms of the 
hybrid tee. It was found possible to keep the level of the 
resultant signal 30 or 40 db below the forward-scattered 
signal for several minutes. 

In measuring the width of the beam scattered in the 
forward direction by spheres (Fig. 4), the receiving 
horn was mounted on a trolley, and the received signal 
was recorded when the receiving horn was positioned 
at 180° and at several other positions within + 15° of 
the 180° position. For each new position, the directly 
radiated signal was balanced out before the target was 
placed in the beam. 

CONCLUSIONS 

One can conclude from the results given above that 
radar absorbing materials applied to conducting objects 
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TABLE 111 

SCATTERING BY A 101 PROLATE SPHEROID 

a=4.75 X b =0.475 X f = 9342 Mcs 

Target Aspect 
Backscatter 

db relative to m2 
Forward Scatter 
db relative to ne 

Standard 
Prolate 
Spheroid 

Incident Energy —42.9 —22.5 

Modified 
Prolate 
Spheroid 

Plane of Symmetry 
Parallel to E Vector 

—42.9 —19.5 

Plane of Symmetry 
Parallel to .E Vector —36.9 

Plane of Symmetry 
Normal to E Vector 

Plane of Symmetry 
Normal to E Vector 

Smoo4ord Sphere 
(r • 12. db.ertél 

ModÉled 

Prolate 
Spheroid 

sune.rd/' 
Spheroid 

180 144 1011 79 

Prolate &herold - M (or .1x1. 2 
,11nor Axis . 2 

Yrequence ,142 M, 

Polarle.atep - Normal to major Mtn 
of Spheroid 

MOdOLd 3pherold- r=‘, 

»sorter 

36 72 1013 144 180 

Aaport In Degrees 

Fig. 5—Comparison of forward scatter ( 180°) cross section of stand-
ard spheroid and modified spheroid, showing also forward scatter 
cross section of standard sphere kr =4.9. 

are ineffective in reducing the forward-scattering cross 
section; in fact, the coating increases the forward-
scattering cross section. These conclusions are applicable 
when the wavelength is small compared to the dimen-
sions of the object and within a narrow angular region 
about the forward direction. The beamwidth of this 
region is proportional to wavelength and, for a sphere of 
radius r, the beamwidth is given very well by 3.2/kr. 
A physical picture is presented showing how one 

could expect changes in the nose-on cross section of long 
thin shapes as a function of the use of absorbing ma-
terials in the rear of such objects. It is clear that the 
results are polarization dependent. 

—48.4 
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The Ineffectiveness of Absorbing Coatings on 

Conducting Objects Illuminated by Long 

Wavelength Radar* 
R. E. HIATTt, SENIOR MEMBER, IRE, K. M . SIEGELt, SENIOR MEMBER, IRE, AND H. WEILt 

Summary—Theoretical and experimental electromagnetic scat-
tering results are presented concerning the effects of applying thin 
coatings to perfectly conducting scatterers. Most of the paper is con-
cerned explicitly with spheres and cones. 

It is shown that thin coatings can have little effect on the Rayleigh 
scattering cross sections. It is also pointed out how the effect of con-

ductivity is enhanced at low frequencies and how, as a consequence, 
a thin slightly lossy spherical shell scatters like a perfectly conducting 
sphere in the Rayleigh region. 

RAYLEIGH SCATTERING BY COATED 
CONDUCTING OBJECTS 

This section considers the effect of a coating on per-
fectly conducting objects when the wavelength in the 
coating considerably exceeds the maximum diameter of 
the scatterer so that the scattering is Rayleigh scat-
tering. 

In this situation range the effect of any finite conduc-
tivity in the scatterer is almost the sanie as having 
infinite conductivity. That this is to be expected can 
be seen from the expression 

is ) 
k2 = w2/se (1 -I- - 

EW 

for propagation constant k. Here E and 1.4 are respectively 
real permittivity and permeability, s is conductivity, co 
is circular frequency, i= 1. As co-4) the conduc-
tivity term dominates for any nonzero s. As a result the 
finite conductivity in a coating makes the coating act 
like a perfect conductor at sufficiently long wavelengths; 
energy cannot enter the coating to be absorbed. The 
effect of the finiteness of the conductivity enters the 
scattered field expressions to a higher order in an ex-
pansion in powers of k, the so-called Rayleigh series. 
A fruitful alternate way to consider long-wavelength 

scattering is to note that an exact solution to Maxwell's 
equations and the boundary conditions, in the limit of 
long wavelengths, becomes the solution of the corre-
sponding electrostatic (k 0) problem; then to use the 
fact pointed out by Rayleigh that an expansion of the 
field in powers of k must, in the near field (within a 
wavelength of the scatterer), coincide with the electro-
static solution. The constant coefficient of the leading 
term may then be determined by equating the static 
solution to the near-field solution. As a result in the near 

* Received by the IRE, September 14, 1959; revised manuscript 
received, February 29, 1960. 
t University of Michigan Radiation Lab., Ann Arbor, Mich. 

field the leading term of this expansion for the field is 
independent of the wavelength and is then, of course, 
independent of the magnitude of the conductivity. Thus, 
when the wavelength is large with respect to the dimen-
sions of the scatterer, no coating material that is con-
ducting can produce conduction current losses at the 
body of a magnitude to affect the leading term in the 
expansion of the far field in powers of k. 

However, the far-field (electromagnetic as distin-
guished from electrostatic) backscattering consists of 
two components; the electric field corresponding to an 
electric dipole set up in the body and the electric field 
corresponding to a magnetic dipole set up in the body, 
and it is possible to have the effects of these two dipoles 
occur in such a manner that they tend to cancel. We 
shall illustrate these remarks by considering scattering 
by a coated perfectly conducting sphere since this case 
can be readily handled analytically. It turns out that 
with a coating material of large enough permeability the 
cross section of the sphere for backscattering could be 
significantly reduced. However, if one considers perme-
abilities achievable with real materials at microwave 
frequencies of interest one finds for thin layers that there 
are no materials available to accomplish this. The 
method of analysis used is based on specializing an 
exact solution of Maxwell's equations to the Rayleigh 
wavelength region. An alternate method based on ex-
tending the solution of the near- field static problem to 
the far field as described above yields identical results. 

COATED SPHERE 

An exact solution for scattering of an incident plane 
wave by two concentric spheres of arbitrary material 
imbedded in an arbitrary medium has been given by 
Aden and Kerker.' The field and cross-section expres-
sions have the forms of the well-known Mie series of 
spherical harmonics for scattering from a homogeneous 
sphere, but of course with different expressions for the 
coefficients an and b. of the successive terms in the series. 
The series can be interpreted as giving the field as a 
superposition of multipole fields with an giving the 
strength of the magnetic multipole terms, bn of the elec-
tric multipoles. We specialize Aden and Kerker's an and 
b„ to the case where the inner sphere is perfectly con-

A. L. Aden and M. Kerker, "Scattering of electromagnetic 
waves from two concentric spheres," J. Appl. Phys., 22", pp. 1242-
1246; October, 1951. 
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ducting, or nearly so.2 For wavelengths in the coating 
large with respect to the radii the dominant terms are 
the al and b1 terms. In this case the scattering is termed 
Rayleigh scattering. The coating, i.e., the region be-
tween the concentric spheres, will be left arbitrary, i.e., 
with general complex permittivity E2 and permeability 
112, and will have thickness d. No extra work is involved 
in leaving the embedding medium arbitrary so its par-
ameters e3 and ,u3 will also be left arbitrary and complex. 
The resulting coefficients are, for an inner sphere of 

radius a> 0, outer sphere of radius b: 

0303[2+ p — 2M(1 — p)1 
al = 

3 L2 p + M(1 — p)J , 

bl 
03bri-2(1 _ p) — 2E(2p + 1)1 
3 L2(1 — p) E(2p 1)J 

a > 0 

b > a 

a > 0 

b > a 

where M --= µ2/i12, E=e2/e3 and p=a3/ba. When there is 

no coating; i.e., when b = a, or biz = 113, €2= €3, 

= ti(k3a)' 

— li(kaa)3, 

which are the usual results for a perfectly conducting 

sphere of radius a. 
Let us consider the factors in square brackets in al 

and b1. Denote these factors by a and i3 respectively. 
For a, the terms involving the properties of the coating, 
i.e., those with the M factor, become comparable to the 

other terms when 

2 + p 

Mi 2(1 — p) 

For thin layers M, is extremely large. As M varies 
from 1 to M, and greater, a decreases monotonically 

from p to — 2. 
From e, terms involving the coating material proper-

ties (i.e., terms in E) come into play for 

1 — p 
1E)   = E.. 

2p + 1 

For thin coatings, E.<1, hence all possible E values 
affect the results. However, the variation in e as E 
varies from 1 to very large values is relatively small, 

going only from —2p to — 2. 
In considering these very large values of M or E it 

should be borne in mind that k2 can get very large; un-
less co is sufficiently small the requirement 1 k2b1 « 1, will 
be violated. When 1k2b1 ,---4, the above expressions for 
ai and blare not valid even though 1k3b1<<1 and in addi-
tion, the higher order a. and b. terms must be included. 
The situation, of course, simplifies if 1k2b1>>1 while 
1k3b1<<1, for then the effect is essentially the same as 

2 The saine procedure was used by H. Scharfman, "Scattering 
from dielectric coated spheres in the region of first resonance," 
J. Appt. Phys., vol. 25, pp. 1352-1356, November, 1954, although 
Scharf man used M = /22 and €2 real. 

Rayleigh scattering from an enlarged conducting sphere 

of radius b. 
When the above ai and b1 terms give an adequate de-

scription of the field (a very important restriction) the 
effect of a coating on radar backscattering cross section 

is found from the expression 

92r a6 
— b1 2 = re - 

p 2 
— 
k 

and the preceding analysis. 
For the no-coating case (p = 1) 

I a — 11 2 = 9p2 o = (rk4)(90) = (re)(9b6). (2) 

Particular special cases for coatings are of interest: 

For 

1 El >> 1, 1 M1 = 1 

1 a /3 12 (1) 

Hence, any nonmagnetic coating at all placed on a per-
fectly conducting sphere will tend to increase the radar 

cross section for Rayleigh scattering. 
Next consider magnetic coatings. For 

1 El » E. and I MI » M.; a — 12 0. 

Thus magnetic coatings can reduce the Rayleigh 
backscattering cross section appreciably. For thin coat-
ings M. is extremely large. For a given reduction, i.e., 
a specified value of la —e1 <3p2 and b —a small, the de-
pendence on thickness is approximated by 

M — — 6) — 31(2 p)(2p + 1)E 
P I 
i I  — 6(1 — p)2 -I- (a — 6)(2p + 1)(1 — p)E1 

which of course leads to very large M. However, with 
such large M, in order for 1k2b1<<1 to be satisfied, b 
must be so extremely small compared to the free space 
wavelength that the return would be negligible even if 
the spheres were not coated. Thus in no practical case 
could one expect to camouflage a sphere in Rayleigh 
scattering. This result is emphasized by a study of the 
ferrite materials listed in von Hippel's tables' which 
shows that large 1 Mi 's are accompanied by large 1El 's. 
In addition, very large 1 MI's are not available at all for 

frequencies above about 500 mc. 
Pertinent examples using data from von Hippel are 

given in Table I. The values of bn,„„ were computed 
using 1k2b1 < 0.1 as an approximation to 1k2b1<<1. 
These values are to be compared with the wavelength 

of 30 meters. 
The above expression for b1 in terms of the complex 

quantity E=e2/e3 can be written out explicitly in terms 
.of the conductivity s and real dielectric constant e of the 
coating. When the resulting expression is expanded in 

3 A. R. von Hippel, Ed., " Dielectric Materials and Applications," 
Technology Press of Massachusetts Institute of Technology, Cam-
bridge, Mass., and John Wiley and Sons, Inc., New York, N. Y.; 
1954. 
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TABLE I 

RELATIVE PERMITTIVITY E AND PERMEABILITY M FOR 
FERRITES, f = 10 MC, TEMPERATURE =- 25°C 

Material 1E1 I MI INI 

Crowlov 20 26.5 93.2 49.9 0.01 
Crowlo;, 70 28200 94.4 1640 0.0003 
Ferramic A 8.86 24.7 14.8 0.036 
Ferramic II 3250 114 60.6 0.008 
Ferramic C 6280 256 1270 0.0004 
Ferramic f) 8069 214 1320 0.0004 

powers of k the conductivity does not appear in the low-
est order term; the expression for bl is that of a perfectly 
conducting sphere of the size of the coated sphere, the 

effect of finite conductivity entering only as a higher 
order correction. 

In the following medium 3 will be assumed to be loss-
less. Then 

E is 
E = 

E3 k3E3C' E3 k3 
(3) 

where c is the velocity of light and E = s/E3c. The con-
ductivity s will in general have a dc part I caused by 
migrating charge carriers and also a frequency depend-
ent part SD, due to rotation of polar molecules so that 
s=s•-fsp. The latter part, SD, is described approximately 
by the Debye equation as 

k32r 
SD = e3cK  

1 ± k32r 

where K and r are constants for a given material. If k3 
is small enough a constant. Likewise, if k3 is large 
enough that k22r>>1, sis again independent of frequency. 
To obtain the first terms in the expansion when s is in-
dependent of frequency, let b1 be written as 

where 

— 2 
i(k3b) 3 Ak3 — 1 

3 Bk3 -I- 1 

b3 — a3 — (2a3 b3)e/ 
A —   

(2a3 + b3) iE 

2(10 — a') (2a3 b3)€/€3 
B —   

(2a3 b3) iE 

Thus for small k3B 

— 2i(k3b)3 
  [1 — k3(A + 

3 

We shall assume b — a =d is small so that k3.13«1 implies 

(k3/ E) = (€3/e) which, of course, rules out letting E--90 
unless €—>0 also. Then using 

— 2 i(k3b) 3 3dE3ci\ . 
  1 + k3  

3 be di 

Depending on the magnitude of the constants K, r 
and e and the values of k3 of interest sr, may dominate 
the expression for s in a dielectric. If this is the case, 
and also kalr«1, one can take 

S SD e3cKrk32 

and also use the dc value of €/€3. The corresponding ex-
pansion is 

— cle3 
b1  1— — -}- ile3 2i(k3b) 3 [ 3c1 (5Kr 0 1 

3 —b 

so that the effect of finite conductivity again appears as 
a higher order effect. 

EXPERIMENTAL RESULTS AND PROCEDURES 

To check these theoretical results backscattering 
measurements were made of coated and uncoated 
spheres and cones. 
The experimental results were obtained on an indoor 

radar backscattering range in a measurement room lined 
with microwave absorbing material. The system used 
was the conventional continuous wave type where a 
common transmitter and receiver antenna is used and 
the transmitted signal is separated from the received 
signal by a balanced hybrid tee. The oscillator was 
frequency controlled by the use of a crystal exciter and 
frequency Multiplying circuits. The operating frequency 

was S band (2870 Inc). The Scientific Atlanta Wide 
Range Receiver was used. This combination made it 
possible to obtain an isolation between the transmitted 
and received signal of about 100 db. The targets were 
supported on a polyfoam column. All measurements 
were made at a range of 2D2/X or greater where D is the 
maximum dimension of the horn aperture or of the tar-
get, whichever is greater. 

Measurements procedures were as follows: with no 
target, the return from the background and from the 
polyfoam support was balanced out with waveguide 
tuners. The return was then recorded from the calibra-
tion sphere, from the test targets and then again from 
the calibration sphere. The points that appear on the 
curves represent the average of several measurements. 
Results before averaging usually agreed to within 
+4 db. 

The material used for the coating layer on the test 
spheres and cones was a mixture of iron powder dis-
persed in a plastic binder. The proportions used and the 
layer thickness would form a good absorbing layer if 
applied to flat plates or other objects whose radius of 
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curvature is not small compared to wavelength.4 
The experimental results for spheres are shown in 

Fig. 1. As expected, in the resonance region the radar 
absorbing material works as an absorber and as one goes 
into the Rayleigh region one finds that this effect dis-
appears. The return in the Rayleigh region is slightly 
higher than the inner sphere alone would give. Addi-
tional experimental work is needed to show more clearly 
the behavior of the curve for smaller values of kr. 

Figs. 2, 3, and 4 show the Rayleigh-resonant effect 
quite well for cones of base radius r. 

Similar results were predicted by Siegel.' It was 
found by Brysk, et al.,° that as one goes from the reso-

The formula for this absorber was supplied by R. W. Wright and 
W. H. Emerson of the U. S. Naval Research Laboratory. The formula 
is not necessarily optimum for the frequency and target sizes involved 
in these measurements. Precise values of the refractive index of the 
material as a function of frequency were not measured. 

5 K. M. Siegel, "Far-field scattering from bodies of revolution," 
Appi. sri. Res., vol. 7, no. 4, pp. 293-328; 1958. 

6 H. Brysk, R. E. Hiatt, K. M. Siegel, and V. H. Weston, "The 
nose-on radar cross section of finite cones," Can. J. Phys., vol. 37, 
pp. 675-679; May, 1959. 
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¡lance region into the Rayleigh region and throughout 
the Rayleigh region there will be little difference be-
tween nose-on and base-on scattering for finite cones. 
However, with coated cones one would expect the cross 
section of the cone to increase. If it increases nose-on one 
would expect it also to increase base-on. The effect of µ 

and s is to increase the effect of length of the body and 
as a result the effective dipole moments hicrease. Hence 
one would expect a significant increase of the coated 
body over the uncoated body as one goes from the reso-
nance region into the Rayleigh region. Of course, the 
increase in volume increases the cross section as the 
square of the volume. 

RAYLEIGH SCATTERING By HOLLOW SHELLS 

The property that, when the wavelength is sufficiently 
large with respect to the dimensions of the scatterer, a 
small amount of conductivity makes the body scatter 
very much like a perfect conductor, can be exploited in 
designing an object made of a thin slightly conducting 
(essentially nonmetallic) shell which will give a return 
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as though it were a perfect conductor. To make this 
idea more precise in an explicit case, Aden and Kerker's 
solution for concentric spheres will be used to obtain a 
relation between shell thickness and conductivity which 
will enable a spherical shell to simulate an infinitely con-
ducting sphere in Rayleigh scattering. 

Specifically, we specialize the Aden and Kerker results 
to the case of Rayleigh scattering from a spherical shell 
with large s/Ew ratio. The medium inside the shell is con-
sidered to have a small index of refraction and the outer 
medium will be considered to be lossless. The outer 
medium will be considered to be free space, the enclosed 
medium (2) will be arbitrary to the extent of having no 
very large magnitudes of e, real permittivity, ¿.1, real 
permeability or s, conductivity. The inner and outer 
radii are a and b and the media will be numbered 1, 2, 
and 3 as shown in Fig. 5. 

Fig. 5. 

The Rayleigh field is given by two dipole terms, one 
magnetic, one electric , of respective strengths al and bi. 
Aden and Kerker express the general a„ and b,, in terms 
of complex indices of refraction Ni and N2 (propagation 
constants of media 1 and 2 relative to the propagation 
constant of medium 3) and characteristic admittances 

Y2 and 173. 
In terms of E, ,12 and s 

v71[4/ 5,2 II/2 
AT = '+ —+l 

2 -14E3 4224)2 

and 

N2k 

Y2 = 

COn2 

When s22/(€22w2)>>1, 

]1 2} S2 2 

[ /1/1 1 

E224)2  

where k = 2T/X. 

V n2S2 

N2 
2,23€3w (1 i) ; I N2 » 1. 

The multipole strengths as given by Aden and Kerker, 
but for e-i("t time dependence, are 

a. 

[vjn (v)}' A4n 
1 + 

vi„(v) A3, 
= a."  

[vh.(v)]' A4,, 
1 +  

141,, (1) (v) A 3n 

= 

vin(v)  A2,, 
1 + 

[vin(v)J' Al. 
bne 

vh.(v) A2,, 

1 +  

(VC A 1n 

(4) 

(5) 

Here v=kb, the coefficients A1„ • • • .44,„ which will be 
discussed below, are functionals of Yi, Y2, 113 and spheri-
cal cylinder functions of arguments N2v, Net and Nia, 
(a = ka) and 

in(v) 
a.' = — 

h„(v) 

The an" and b." are the coefficients which apply for a 
solid sphere of very large s or e. They may be obtained 
by replacing the cylinder functions of Nia by the asymp-
totic expansions 

—1 
— ezP, 

1 
cos (p 

valid for' Ipl >>n2; and setting a v in Aden and 
Kerker's general formulas for an and b.. For v«1, sub-
stitution of the power series expansions for j„,(v) and 
h.(v) shows that al" and be are lower of order than the 
terms of greater index n and the scattering for the solid 
sphere in this case is called Rayleigh scattering. 

Using the power series in the factors multiplying an' 
and b„' in (4) and (5) yields 

an' 

(n ± 1) A4„ 
1 +  

• A 3,, 

1 + 
A 2,, 

(n ± 1) Al. 
b.' 

• .42n 
— — 
n A in 

7 Terms of high index n for which this inequality does not hold 
must be considered separately using the appropriate asymptotic 
forms. See H. \Veil, "On the convergence of the Mie series for scatter-
ing spheres," Bull. Am. Math. Soc., vol. 63, pp. 133-134; March, 
1957, and H. Weil, M. L. Barasch and T. A. Kaplan, "Scattering of 
Electromagnetic Waves by Spheres," University of Michigan, 
Ann Arbor, Rept. No. 2255-20-T; July, 1956. 



1960 Hiatt, et al.: Ineffectiveness of Absorbing Coatings on Conducting Objects 1641 

As stated, we shall assume the shell in the present prob-
lem has a large 1N21. For v«1 and Nia«1 we shall then 
obtain an inequality relating N2 and shell thickness such 
that, when the inequality is satisfied, the factors multi-
plying a„8 and b„8 are approximately unity, i.e., 

n + 1 A4n y A2n 
«1, « 1. 

A 3. n Alii 

By replacing the cylinder functions of N2v and N2a 
by the above asymptotic expansions, one obtains 

A2, — =Y3  

Al„ Y2 Nia 
Y2Ti(a, — Vi  T2(«, v) 

n + 1 

NI« 
Y2T2(v, «) — v) 

n + 1 

n + 1 
— V2T2(a, v) 1'1-- Ti(«, 

.4 4n Fa 
— = 
.42n 172 n 1 

— iY 2T 3(a, y) 171  T 2(y , a) 
Nia 

where 7.2-" Tin and 

n ± 1 
Tli,(a, v) cos ( N2v — — ir 

2 

n + 1 
— ( cos N2« — --- 7r eiN" 

2 

In this case, using the inequalities 1N21>>1, 1N2v1>>n2, 
1 N2a1>>n2 one finds 

A2„ Agn 

A 3,i 

13 

Y2 

Thus there is no problem in this case; 
the criterion we are after, giving the minimum conduc-
tivity for a given thickness, or minimum thickness for 
a given conductivity, must stem from the situation 
where N"(v — a) « I. In this case, since 

.\"(v — a) (1 — i) 

T2n 

T3„ .r(V — a) (1 i). 

Then 

n + 1 
1 -I-   An 1 +  Bn 

+ 1 
a.8  bn bns 

where 

= 

B„ 173 

(1 + i)Y 2N' (y — a) ± YiNia/(n+ 1) 
n + 1 

7.2. ( a, 11) = icos (NO, — e' N " 

2 

1 — — A „ 

— 1 
n + 1 M2 

N2« ul 

1 — — B„ 

(1 + i)Y2N'(v — a) + 171(n + 1)/Nia 

- 1 

+ sin ( n + 1N2a  ir) eiN 2v 
2 

( n + 1 , v) = sin Ne T3n(a  r) eiNga 
2 

n + I ) 
— sin (Net   ethrp. 

Now write N2= N' d-iN" and make use of the fact that 
IN"p1>>1 and 1 N"al >>1. Then in exponential form 

1 

Tin (a, y) 

2 
— eiNqp-a)e-N"(v-a)]eir(n+1) /2 

T2n(a, v) T2„(v, «) [e-ix'('-a)eN"("-«) 
2 

eiNqn--«) e-N"(n-a)]efir(n4-1/2) 

Now we assume µ2/121 small enough that the numerator 
of /13 — 1. This will rule out only extremely magnetic 
materials at very low frequencies since N2a>>(n+1)2and 
N'(v—a)«1. Then we can be assured that a..„,•-,a„" if 

n + 1 
  Ani « 1. 

This will be true for all n if' 

n + 1 N1Y3 1 

17i 
2iN"(v — «) Mi 1 n + 

P2 

«1. 

A more severe criterion on N' than is furnished by this 
inequality comes about by setting (n + 1)/a = O. Then 
the resulting requirement on N' is 

i.e., 

1 
N'2 >> 

2 

n + 1 Ni173 1 u2 

y V1 a pi 

T3n(a,v) iTin(a,v). 1 n + 1 MI 1 

In general, interest is in small v —a k(b—«). If, none-
theless, N" is so large that N"(v —a)> 1 then 

1 Tb,1 1 T2nI es' I T3nI • 

2 V M3V — a 

The authors are grateful to a reviewer for pointing out an error 
at about this stage (in an earlier version of this paper) which led to 
an incorrect criterion. 
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The analogous condition under which b„,---,b„" leads to a 

less severe criterion on N'; that is a smaller N' for a 
given thickness and wavelength. Finally we use the fact 

that the greatest value of n for which these expressions 
were derived is subject to the inequality (n + 1)2«j N2P1 • 
Hence (n+1) / v can be replaced by IIN2I = N'/V2 on 
the right side to obtain a criterion independent of n. 
This leads to 

1 P2 1 
N' > _ 

2-V2 113 (1, — a) 

or in terms of conductivity S2 

\ 2  S2 > 1 
23I 4,u2co (b a) 2 

By solving for b — a this criterion can also be interpreted 
to say that if b — a exceeds 

1 42 

2a/2" 

times the skin depth the Rayleigh return will be like 
that of a solid perfectly conducting sphere. 

For an illustrative numerical example we assume 
Th=I.L2=L3=47rXlO 7 henry/meter, the value for free 
space. Then for s2 in mhos/m, (b — a) in meters and f in 
cycles/second 

> 
107 1.3 X 105 

4.7r(b — a)2(» (b — a) 2f 

Let us consider a 0.5-mm thick shell. Then 

lo "  

S2 > — 
f 

is required. For 3-cm waves, f= 10" and the require-

ment is s2> 10 mhos/m, while for 3- meter waves, f = 108 
and the requirement is s2> 1000 mhos/m. s2 is very fre-
quency sensitive for dielectrics and 52=10 is just about 
the greatest value of 52 reached for 3-cm waves by un-
loaded dielectrics listed in von Hippel's tables. It is 

greater than the values reached for f = 108 so that for 
3- meter waves and a 0.5-mm thickness some loading of 
the dielectrics would be needed. 
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Correspondence  

Epitaxial Diffused Transistors* 

This letter describes diffused base tran-
sistors, the structures of which incorporate 
thin semiconductor layers epitaxially de-
posited on low-resistivity substrates of the 
same semiconductor. Collector series re-
sistance and excess stored charge in the 
saturated switching condition are sub-
stantially lower than for diffused base 
transistors made by more conventional 
techniques. This makes possible significant 
increases in switching speed and high-
frequency gain. The technique promises 

* Received by the ¡ RE. tily 5,1960. 

comparable improvements in diode speeds 
and opens possibilities of new complex 
structures. 

The bulk resistivity of the semiconductor 
wafer used in conventional diffused base 
mesa transistors gives rise to an internal 
resistance in series with the collector. In 
small signal transmission applications of the 
transistor, this resistance reduces the high-
frequency gain by absorbing power which 
might otherwise be coupled to the load. In 
switching or other large signal use, it causes 
excessive "on" voltage drop. In addition, 
the high-resistivity bulk region slows the re-
covery of the transistor from a saturated 
switching condition by providing a long-
lifetime medium for stored charge. It is or-
dinarily not possible to suppress these ef-

fects by use of low-resistivity wafers because 
this also lowers the collector breakdown volt-
age and raises the collector capacitance. 
A more ideal transistor structure is 

shown in Fig. 1. Here, the junction char-
acteristics are controlled by diffusing the 
base and emitter layers into a thin, high-
resistivity layer. The main body of the col-
lector is a very-low-resistivity material. 
Such a structure possesses all the advan-
tages of conventional diffused base mesa 
transistors and eliminates many of the dis-
advantages. 
A technique for making such structures 

is now available. The thin high-resistivity 
layer can be produced by thermal decom-
position of silicon tetrachloride or germa-
nium tetrachloride on a low-resistivity 
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Fig. 1 -- Mesa transi.tor structure with thin high-
resistivity layer between diffused collector junction 
and low-resistance collector body. 

TABLE I 

M-POWER SILICON M ISA TRANSISTORS 
T„ (STORAGE TIME CONSTANT) FROM 

STORAGE TIME RELATION 

, 01111 
= T,H1 —  -) WITH /H1 = 

Conventional Epitaxial Film 
Structure Structure 

S- ubstrate Resistivity 0.002 St csn 
Epitaxial Film 

Resistivity 1.5 0 cm 
Emitter Size 4 X- 35 2 X20 mil' 

greim 80 90 volts 
C.( ( l t it =5V) 30 10 put. 
UrE(ie = 5(10 ma 

In =50 ma) 1.9 0.6 volts 
Ts 1350 100 mpsec 

substrate of the same material. When carried 
out under the proper conditions, the layers 
grow epitaxially; i.e., the single crystal 
structure of the substrate is propagated 
into the thin film. Conventional diffused 
base technology can then be used to make 
transistors on this material. 

Rough approximations to the structure 
of Fig. 1 have previously been obtained by 
diffusing or alloying a low-resistivity region 
into the wafer from the collector contact 
side. Because the critical thickness of the 
high-resistivity region is the difference be-
tween total wafer thickness and the depth 
of alloying or diffusion, these procedures 
have been difficult to control and therefore 
expensive. 

Transistors of both germanium and 
silicon have been made on epitaxial ma-
terial. In the case of silicon, a low-resistivity 
(0.002 ohm-cm) n-type crystal was used as 
a substrate. Epitaxial n-type layers severa 
microns thick were produced by the decom-
position of SiCI4. The base and emitter lay-
ers were then diffused using conventional 
boron and phosphorus processes. The tran-
sistors have all the desirable features of con-
ventional diffused base transistors. For 
example, they have high alpha, high gain 
and sharp junctions. None of the electrical 
parameters were degraded, while some pa-
rameters have been improved. Comparisoa 
data for two medium power silicon tran-
sistors with about equal power ratings are 
given in Table I. and their collector char-
acteristics are shown in Fig. 2. One is a 
conventional 0.5-ampere switching tran-
sistor. The other is an epitaxial diffused 
transistor with a much smaller emitter area. 
As anticipated, the collector series resib-

CONVENTIONAL 
4 x 35 EMITTER 

VCE 

EPITAXIAL 
2 x 20-EMITTER 

VCE 

IB = 10 mA/:Aep 

Fig. 2 -Low- voltage common emitter output characteristks of conventional and evitaxial silicon 
(medium-power. n-p- n) tramistors. 

50 mA 

CGnventional 

B = 0.2 mAAS -,ep 

Epitaxial 

Il 7-119 irui gra 
maiteit mie, 

RI/Saar 
I. 

were e 

Fig. 3 -- Low-voltage common emitter output charactet cr' conventional and epitaxial germanium 
mesa transistors. (Emitter 1, X2 

tance, switching speed and collector capaci-
tance of the epitaxial transistor are signifi-
cantly better than for the conventional 
transistor. Comparable and extended results 
have been obtained for low-level silicon 
switching transistors by A. E. Blakeslee and 
H. J. Patterson. 

Similar improvements have been made 
in germanium transistors. In this case the 
epitaxial layer was again formed on a low-
resistivity substrate by decomposition of the 
tetrachloride. The base and emitter layers 
were formed by diffusing antimony and 
alloying aluminum, respectively. The col-
lector characteristics of a typical unit as 
compared with a conventional structure are 
shown in Fig. 3. 

In addition to the improvements in elec-
trical performance, many fabrication prob-
lems are eased by use of epitaxially grown 
material. For example, the problem of mak-
ing noninjecting ohmic contacts to the col-
lector body of a germanium transistor is 
eliminated. Also, in fabricating the epitaxial 
transistor structures, there is no need to 
lap or polish the wafer prior to diffusion. By 
the elimination of these processes, mechan-
ical damage in the material is reduced. In 
addition, the epitaxial layer provides close 
control of the high-resistivity region of the 
collector body. 

Although we have emphasized the com-
patibility of epitaxial films with conven-
tional diffusion and alloying processes, the 
use of the material is by no means restricted 
to these techniques. For example, the need 
for a diffused base layer may be eliminated 
by doping the epitaxially grown film to an 
appropriate resistivity. 

The saine techniques obviously apply 
to diodes, p-n-p-n devices and similar junc-
tion elements. Comparable improvements 
are expected in these devices. 

The use of epitaxial material, however, 
is not restricted to conventional devices. 
Complex structures, which are difficult to 
fabricate or not possible with conventional 
device technology now become feasible. 
These techniques will open many new hori-
zons in the semiconductor device area. 

The authors gratefully acknowledge the 
help of their colleagues in this work. The 
guidance and assistance of I. M. Ross, J. M. 
Early, and J. M. Goldey is especially. ap-
preciated. 

H. C. THEUERER 
J. J. KLEIMACE 

H. H. LOAR 
H. CHRISTENSEN 

Bell Telephone Labs. 
Murray Hill, N. J. 
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Use of the Hydrogen Line to 

Measure Vehicular Velocity* 

The purpose of this correspondence is to 
present some of the considerations leading 
to the development of a device to measure 
the velocity of a vehicle by means of the 
Doppler shift in the stellar spectrum. 

In 1947, the first laboratory measure-
ments of the 21-cm hydrogen line in radio 
astronomy were made.' In 1955, the "red 
shift" of a distant radio source was detected 
by observing the 1420-mc absorption line 
Doppler shifted to 1340 mc.2 To the present, 
sufficient data have been gathered on celes-
tial radio sources so as to make it practical 
to employ the Doppler shift of their absorp-
tion spectra in the solution of navigation 
problems. Equipment is now being con-
structed to further study these sources for 
this special application. The celestial sources 
most highly regarded for their utility in navi-
gation are Cassiopeia A, Taurus A and Sagit-
tarius A. The closest of these (Taurus A) is 
1100 parsecs from our planetary system, 
which is equivalent to approximately 3600 
light years. These sources have several im-
portant physical characteristics in common. 
As discrete radio sources they each subtend 
an angle in the sky of approximately 6 min-
utes of arc. Their spectra may be observed 
both in emission and absorption. The ab-
sorption notch is quite sharp and is the basis 
for their utility in navigation. ( It is a hydro-
gen cloud positioned between the observer 
and the radio source which causes the ab-
sorption feature to be formed.) For example, 
Cassiopeia A has a notch which is 25 kc wide 
at the half-power level. In emission, it is a 
line approximately 0.5 mc in width. This 
broadening is due to the turbulence of the 
hydrogen cloud whose subtended angle may 
be 10° of arc or more. The gross motion of 
the clouds represent radial velocities varying 
from — I km/sec to 10 km/sec. This will 
Doppler shift the absorption notch 4735 cps 
per km/sec. The gross radial velocity of the 
absorbing medium may be regarded as con-
stant over the period of an interplanetary 
voyage. The right ascensions of Cassiopeia 
A, Taurus A and Sagittarius A are 23 hours 
21 minutes, 5 hours 31 minutes and 17 hours 
43 minutes, respectively. Cassiopeia A and 
Taurus A may be found at declinations of 
58° 32' and 22° 00' above the celestial equa-
tor, while Sagittarius is 28° 45' below it.' 
This spacial distribution is favorable with 
regard to a determination of inertial velocity 
from three independent noncoplanar ve-
locity measurements. 

Of the three sources considered, Cassi-
opeia A has the greatest apparent intensity, 
and it is the only source which is continu-
ously visible by an observer on earth at a 
latitude of +40°. Cassiopeia further lends 
itself to the navigation problem by having a 
fine absorption line approximately 200°K 
deep as measured with an antenna aperture 

* Received by the IRE, February 29, 1960. 
1 H. C. Van De Hulst, "Studies of the 21-cm Line 

and their Interpretation," International Astronomical 
Union Symp., Cambridge University Press, England, 
p. 3; 1957. 

F. T. Haddock, "Introduction to radio astron-
omy," PROC. IRE, vol. 46, pp. 3-12; January, 1958. 

J. P. Hagen, A. E. Lilley, and E. F. McClain, 
"Absorption of 21-cm radiation by interstellar hydro-
gen," Aserophys. J.. vol. 122, pp. 361-375; November, 
1955. 

of 75 feet. One may estimate the error in de-
termining the center frequency of this fine 
absorption line with the use of the expres-
sion 

W)1/2 N 
= 2.94 (7, X 

where 
= the rms error in determining the 
center frequency of the notch; 

W= spectrum bandwidth at the half-
power level ( 25 kc); 

T= the smoothing time ( 500 seconds); 
N/S= noise-to-signal ratio ( 7); 

25 X 102)112 
= 2.94 ( 500 X 7 

= 150 cps. 

This corresponds to a velocity of 70 mph. 
The above equation is derived from rela-

tions given by Schultheiss et al.' for measur-
ing the center frequency of a symmetrical 
power spectrum. The bandwidth is half 
power bandwidth for the narrow absorption 
line in the profile of Cassiopeia A. The time 
of integration, T, is taken as a period which 
is small compared to the duration of an inter-
planetary voyage. The N/S ratio is a func-
tion of the intensity of the source, size of the 
antenna and the noise figure of the receiver 
This uncertainty is attainable with a re-
ceiver whose noise figure is of the order of 
7.5 db. With the use of a maser preamplifier, 
the noise figure will be considerably im-
proved with a corresponding increase in the 
accuracy of measurement. For a comparison 
between celestial sources, it is indicated by 
a theoretical analysis that with a 30-foot 
antenna, a maser preamplifier, and a smooth-
ing time of 21 seconds, u., would be 200 miles 
per hour, using Cassiopeia A as a source. 
The same system, using Taurus A as a 
source and a smoothing time of 26 seconds, 
gives a o, of 2000 miles per hour. 

In order to obtain information pertinent 
to the design of an automatic hydrogen line 
tracker which will continuously measure the 
radial velocity of a vehicle with respect to a 
celestial source, a receiver-recording system 
is under construction. This will produce in-
formation on the statistical nature of the 
hydrogen line signal. The signal is "recorded 
live" on a wide-band magnetic tape re-
corder. A portion of the black body radiation 
continuum of the celestial source is also re-
corded. These two samples are 200 kc wide 
and approximately 1 mc apart. Since the 
continuum radiation has a constant power 
spectral density it is used as a reference sig-
nal in an AGC circuit to compensate for the 
non-flatness of the receiver-recorder system. 
The need for this becomes obvious when one 
realizes that with a receiver with a 7.5-db 
noise figure, the absorption notch in Cas-
siopeia A represents a narrow depression at 
most only 0.5 db below the power spectral 
density of the background noise. In addition 
to a live tape recording of the hydrogen spec-
trum, a pen-type recording of the profile of 
the notch is also made. It is expected that 
the basic information about these stellar 
spectra needed to design the frequency 

P. M. Schultheiss, C. A. Wogrin, and F. Zweig, 
"Short time frequency measurement of narrow-band 
random signals in the presence of wide-band noise," 
J. Ape Phys.. vol. 25, pp. 1025-1036; August, 1954. 

tracker will be derived from these record-
ings. The live recording will then be used as 
a "star simulator" during tracker tests 

Basically, the hydrogen line frequency 
tracker will be a 1420-mc receiver. The res-
onance feature of the received signal will be 
amplified by a low-noise RF amplifier such 
as a maser. This is mixed with a local oscil-
lator signal fw. The intermediate frequency 
J.‘,—.I.Lo is interpreted as a zero speed with 
respect to the local standard of rest. The 
velocity of the vehicle along the line of sight 
to the celestial source is given by' 

V =   
1420. 40576 mc 

where 

C= velocity of light 
f,= measured center frequency of notch. 

Two other velocity determinations are made 
with respect to the two other sources. The 
three velocity components are fed into a 
computer whose output is the inertial ve-
locity of the vehicle. These data are com-
pared with a stored velocity program for the 
voyaging vehicle, and the difference used to 
correct velocity components of the vehicle 
while in flight. 

SEYMOUR FELDON 

GPL Division 
General Precision, Inc. 

Pleasantville, N. Y. 

Frequency 1420.40576 mc, cited by A. H. Bar-
rett, "Spectral lines in radio astronomy." PROC. IRE. 
vol. 46, pp. 250-259; January, 1958. See second para-
graph. p. 256. 

Internal Field Emission and Low 

Temperature Thermionic Emis-

sion into Vacuum* 

Mead has recently reported on tunnel-
emission experiments using aluminum oxide 
sandwiched between two aluminum layers.' 
This note is to report independent work 
along similar lines by the writer. 

The objective of the work is a cold cath-
ode possessing the following desirable at-
tributes: 

1) Very high emission densities, for use 
in high-power beam-type microwave 
tubes. 

2) Beams with low noise temperature for 
use in low-noise microwave tubes. 

3) Instant cathode starting. 
4) Long cathode life. 

BARRIER MATERIAL CONSIDERATIONS 

It was decided almost at the outset that 
conventional insulating materials would not 
be the most suitable for the "tunnel" or 
barrier layer. There are two reasons, both 
having to do with the large forbidden gap 

* Received by the IRE, May 31, 1960. 
1 C. A. Mead, "The tunnel-emission amplifier," 

PROC. IRE (Correspondence). vol. 48. pp. 359-361; 
March. 1960. 
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in insulators. For a given tunneling current 
density and barrier potential drop, the re-
quired barrier thickness is an inverse func-
tion of the barrier height; i.e., the higher the 
barrier, the thinner the barrier has to be. 
(The barrier potential drop must be ap-
proximately equal to or greater than the 
work function of the surface film in order to 
obtain emission into the vacuum.) The uni-
formity and reproducibility problems of a 
thin film become increasingly difficult as the 
thickness of the film is decreased. 

The second reason for deciding against 
conventional insulating materials is that of 
voltage breakdown. For a large forbidden 
gap and fixed barrier potential drop, the 
barrier thickness must be ( relatively) small 
in order to achieve the desired tunneling 
current densities, as mentioned previously. 
The resulting high value of electric field is 
quite likely to cause destructive breakdown 
of the material. Mead reported destruction 
of his units at low currents.' This could be 
the result of one of two factors. First, the 
film thicknesses of his units could have been 
nonuniform. Thus some one very small area 
could have been producing essentially all of 
the emission, and attempts to increase the 
emission could have resulted in disruptive 
values of electric field over that small area. 
The other factor could have been the very 
intense values of electric field set up at the 
corners of his small evaporated aluminum 
squares, causing emission at these points 
and subsequent rupture upon increasing the 
applied potential. 

At any rate, from uniformity, repro-
ducibility, and dielectric strength considera-
tions the writer decided essentially at the 
outset of his work to use a barrier material 
with a comparatively small forbidden gap, 
or in other words a semiconductor. The 
conductivity of the semiconductor is an im-
portant consideration, as it is desired that 
tunneling current should predominate over 
conduction current by a large factor. How-
ever, it should be recognized that bulk re-
sistivities may be misleading when dealing 
with such thin films. For barrier films on the 
order of 50 to 500 Angstroms in intimate 
contact with metallic materials on both 
sides, the conductivity properties of the 
barrier material may be quite different from 
those of the bulk material. In effect, we are 
dealing with a surface phenomenon through-
out the barrier, and surface states may be 
the important consideration rather than 
bulk properties. 

Nevertheless, it was decided by the 
author that a semiconductor having high 
bulk resistivity would be the safest material 
to start with. Cuprous oxide was chosen for 
the initial experimental work because the 
calculated tunneling current, for the in-
tended film thicknesses, greatly exceeds the 
conduction current calculated on the basis 
of bulk resistivity at room temperature. 

EXPERIMENTAL PROCEDURES AND RESULTS 

The copper substrate was in the form of 
I inch diameter rods. Only OFHC copper 
was employed, and the first step (after 
chemical cleaning of the surface) consisted 
of a vacuum-firing procedure to remove oc-
cluded gasses. The rods were then electro-
lytically etched in order to remove all micro-

scopic high spots. The copper was then oxi-
dized by several different methods, the 
most successful consisting of the formation 
first of cuprous chloride in a chloric solution 
and conversion at low temperature into 
cuprous oxide, according to the formulas: 

Cu + Cl- CuCI (1) 

4 CuCI -F 1/2 02 C1120 + 2 CuC12 (2) 

The cupric chloride product of the second 
reaction was dissolved out in warm water, 
leaving a fairly uniform and homogeneous 
thin film of cuprous oxide on the substrate. 

The films were tested by point-contact 
techniques to display the current-voltage 
characteristics on an oscilloscope. The point-
contact method has an important advantage 
over the evaporated film technique in that 
the uniformity of the coating can be sub-
jected to direct test by probing different 
spots on the film. It has the obvious disad-
vantage, however, that the area of contact 
is not precisely known. Also, the contact 
pressure was found to be an important 
factor, larger pressures yielding larger tun-
neling currents. This is probably a result 
of a simple mechanical distortion of the 
lattice. At any rate, the pressure can be con-
trolled in order to eliminate this variable. 
In addition, if the position of the Fermi 
level in the barrier material is known, the 
area of contact can be calculated, as can the 
film thickness, the voltage gradient, and the 
emission current density. 

Fig. 1 shows a typical trace of the cur-
rent-voltage characteristic of a point con-
tact, taken directly from an oscilloscope. 
This curve would indeed appear to confirm 
the predominance of tunneling current over 
conduction current, at least for the current 
densities involved. If the electrical contact 
between the barrier layer and the substrate 
is presumed ohmic, then rectifying action 
should be in evidence for a nonohmic point 
contact on the cuprous oxide surface. There 
has been no such evidence in any of the ex-
periments so far conducted. If the point con-
tact on the surface is presumed ohmic, then 
the curve should possess a measurable slope 
at the origin. For all cases tested the slope is 
essentially zero at the origin, as in Fig. 1. 
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Fig. I —Typical current-voltage tunneling character-
istic of point contact on thin cuprous oxide film 
over a copper substrate. 

THEORETICAL CONSIDERATIONS 

It is believed that a good theoretical 
approximation to the situation being en-
countered can be obtained through applica-
tion of the field-emission equation of Fowler 
and Nordheim.2 It is only necessary to inter-
pret the work function in the original equa-
tion as the barrier height of the semicon-
ductor in the present application. The equa-
tion is rewritten here for convenience. 

ei/2 
_  E= 

2rh (e 4,)4,112 

8 1r 4,3/2 ) 
•exp (— N/2m —li (3) 

where 

J= the current density 
e = the electronic charge 
h = Planck's constant 
=the Fermi potential in the substrate 

4.= the barrier height of the semicon-
ductor ( the work function of the cold 
field emitter in the original usage of 
the equation) 

E = the field strength in the semiconductor 
ni =the electronic mass. 

The value of e for copper was calculated to 
be 7 ev from the relation 

h2 pn\ 21. 

2mV87ri 

where n is the number of free electrons per 
unit volume. The only unknown in (3) is 
then 4,, the barrier height in the semicon-
ductor. For an assumed 4, of 0.9 volt (one-
half the forbidden energy gap), (3) can be 
written 

J = 2.17 X 10-8E2 exp ( - 57.9 X 106). (5) 

Eq. (5) has been fitted to the experi-
mental I-V curves of the type illustrated in 
Fig. 1 by matching at two arbitrary points 
on the curves. A comparison was then made 
between the experimental and theoretical 
curves. As shown in Fig. 2 for a typical case, 
the agreement is extremely close. 

Typical calculated values for the film 
thickness and contact area from such com-
parisons are, respectively, 10 Angstroms 
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Fig. 2—Comparison between theoretical and experi-
mental current-voltage tunneling characteristics of 
point contact on thin cuprous oxide film. The 
circles represent theoretical points plotted from 
(5). 

2 R. H. Fowler and L. Nordheim, "Electron emis-
sion in intense electric fields," Proc. Roy. Soc. (London) 
A, vol. 119, pp. 173-181; June. 1928. 
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and 2 X 10-" cm2. Peak calculated electric 
fields and current densities without dielec-
tric rupture are typically 108 volts/cm and 
10" amp/cm2. It is believed that the films 
are thicker than 10 Angstroms. If the Fermi 
level is actually closer to the conduction 
band than the assumed 0.9 volt, the calcu-
lated film thickness would be correspond-
ingly larger. The calculated values of con-
tact area would also be larger, and the elec-
tric fields and current densities would be 
correspondingly smaller. 
A more desirable procedure would be an 

independent determination of the film 
thickness. This would permit an accurate 
evaluation of the barrier height in the semi-
conductor. This, in turn, would permit the 
evaluation of different methods of fabrica-
tion, as the Fermi level quite likely depends 
to a large degree on the method of prepara-
tion and the kind and concentration of im-
purities. 

TEMPERATURE CONSIDERATIONS 

The above measurements were all taken 
at room temperature. By taking measure-
ments at different temperatures it may be 
possible to deduce the position of the Fermi 
level (and hence the barrier height) in the 
semiconductor film. 

Temperature considerations can be ex-
pected to be important in the operation of 
the final finished cathode. For one thing, 
elevated temperatures would increase the 
intrinsic conductivity of the barrier layer 
to an intolerable level. But, more impor-
tantly, the transmission factor through the 
metallic surface film will certainly be a func-
tion of temperature. In fact, it may be nec-
essary to refrigerate the cathode in order to 
secure sufficiently long mean free paths in 
the surface film. 

COLD THERMIONIC EMISSION 

The internal-field cathode could be 
operated in a space-charge-limited condi-
tion, as in the case of conventional thermi-
onic emitters. In fact, when so operated, the 
internal field cathode is in every sense of the 
word a thermionic emitter, as only those 
electrons possessing sufficient thermal en-
ergy can surmount the potential barrier pre-
sented by the space-charge-formed virtual 
cathode and escape into the vacuum. This is 
true even if the cathode is refrigerated down 
to liquid helium temperatures. In effect, the 
internal field emission process produces a 
metallic emitting surface with an essentially 
zero or even negative work function, the 
value being controllable through the bias 
applied across the semiconductor film. 

While ordinary high-field emitters have 
a comparatively high effective noise tem-
perature3 (owing to the absence of any vir-
tual cathode), the internal field cathode 
operating under space-charge-limited condi-
tions produces a velocity spread dependent 
upon the lattice temperature, just as in or-
dinary therinionic emitters. Therefore, a 
refrigerated internal field cathode should be 
capable of producing an electron stream in 

R. W. De Grasse and G. Wade, "Electron Beam 
Noisiness and Equivalent Thermal Temperature for 
High-Field Emission from a Low-Temperature Cath-
ode," Electronics Labs., Stanford University, Stanford, 
Calif.. Internal Memo.; March 27.1956. 

which current fluctuation noise predomi-
nates over velocity fluctuation noise. This 
is just the opposite of ordinary thermionic 
emitters. The possibilities for producing 
very low-noise traveling-wave tubes of 
otherwise conventional broad-band design 
are therefore quite attractive. 

CONCLUSIONS 

It is the author's hope that this note may 
contribute towards the achievement of a 
satisfactory internal field emitter. The po-
tentialities offered by such a cathode appear 
to be rewarding enough to warrant a con-
siderable amount of attention in the imme-
diate future. 

D. V. GEPPERT 
Sylvania Electric Products Inc. 

Mountain View, Calif. 

P-N Junctions Between 

Semiconductors Having 

Different Energy Gaps* 

H. L. Armstrong' discussed the possible 
existence of junctions between two semi-
conductors of different energy gaps in 1958. 
He based the discussion on an earlier paper 
by Kroemer,2 who had formulated a p-n 
junction in which the p side had a wider gap 
than the n side. Kroemer considered, in addi-
tion, the general case of an inhomogeneous 
semiconductor with a nonuniform band-
width. In a germanium-silicon alloy, for 
instance, a change in the alloy composition 
might introduce a change in bandwidth in a 
spatial sense. Again, if the doping densities 
are different in two regions of a given semi-
conductor, the gradients of the band edges 
could be different for the conduction and the 
valence bands and the resulting quasi-elec-
tric fields could be unequal for electrons and 
holes. 

The writer feels that these ideas can be 
further extended to include widely dissimilar 
semiconductors such as selenium and a semi-
conducting oxide, provided they are put 
together in such a manner as to form an ef-
fective junction. Reactive sputtering of a 
semiconducting oxide is believed to form 
such a junction with a suitable substrate 
material. An example is the junction known 
to exist in one type of selenium photovoltaic 
cell consisting of a selenium layer on which 
a thin layer of semiconducting cadmium 
oxide3 is applied by reactive sputtering. These 
Se-CdO photocells, such as the Weston 
Type 5 Photronic* Cell, are now being 
produced and used in various applications. 
Earlier work on the photovoltaic effect in 
junctions between selenium and various 

* Received by the IRE, March 14,1960. 
I H. L. Armstrong, "On junctions between semi-

conductors having different energy gaps," PROC. IRE, 
vol. 46, pp. 1307-1308; June, 1958. 

H. Kroemer, "Quasi-electric and quasi-magnetic 
fields in nonuniform semiconductors," RCA Rev., vol. 
18, pp. 332-342; September, 1957. 

T. K. Lakshmanan, "The Weston type 5 pho-
tronic cell," IVeston Engrg. Notes, to be published. 

metal oxides had been reported by Preston.' 
According to Preston, the limiting extent of 
the space-charge region is about 10-6 cm 
and the contact is an intimate one. 

It is proposed that a junction of this 
type is an imperfect p-n junction between 
p-type selenium and the n-type oxide, such 
as represented in Fig. 1, rather than a metal 
semiconductor junction of the type gen-
erally described in connection with the ear-
lier types of cells. The band gap in selenium 
is assumed to be 1.6 ev, as determined by 
Henkels6 and Von F. Eckhart." Acceptor 
levels are probably not more than 0.24 ev 
from the full band.' 

SELENIUM 

P-TYPE 
CADMIUM OXIDE 

N-TYFE 
I.6ey 

FERMI LEVEL  

2-3 ev. 

Fig. 1—The proposed Sd-CdO p.m junction. 

The energy gap of CdO has not been de-
termined accurately yet. An approximate 
estimate of 2 to 3 ev could be made on the 
basis of information available on ZnO. 
From the nature of the optical transmission 
through imperfect crystals, a rough value 
of 2 ev has been proposed.' Measurements 
made on sintered, compressed powder 
blocks of Cd09 have yielded conductivities 
of the order of 100 ohm-' cm-' and carrier 
concentrations of the order of 10"-10" cm-' 
An earlier paper by lielwie on reactively 
sputtered CdO films gave a conductivity 
approximately the same as the above value; 
no carrier concentrations were reported. 

Detailed measurements were made by 
the author on the conductivity and Hall 
constant in reactively sputtered CdO films 
prepared in a manner similar to those used 
in the typical selenium photocell. These 
layers exhibit a negative Hall constant, 
yielding a carrier concentration of approxi-
mately 10" cm-3. The conductivity is about 
100 ohm-1 cm-1 and increases with increas-
ing temperature. Photovoltaic junctions 
with selenium were also produced using 
highly oxidized CdO layers of much lower 
conductivity. These samples are undoubt-
edly nondegenerate. The observed conduc-
tivity is, as in the case of many other non-

• J. S. Preston, "Constitution and mechanism of 
the selenium rectifier photocell,' Proc. Roy. Soc. 
(London) A, vol. 202. pp. 449-466; August, 1950. 

H. W. Henkels. "Model of Semiconducting Sele-
nium," presented at AIEE Winter Mtg.. New York, 
N. Y.; January, 1954. 

" Von F. Eckhart, "Leitfâhigkeits-Messungen an 
Hochgereinigtem Selen," Anet. Phy.dk, vol. 17, pp, 
84-93; February, 1956. 

7 K. W. Plessner, "Conductivity. Hall effect and 
thermo-electric power of selenium single crystals," 
Prot. Phys. Soc. (London) B, vol. 64, pp. 671-681; 
August, 1951. 

" N. B. Hannay, "Semiconductors," Reinhold 
Publishing Co., New York, N. Y., p. 590; 1959. 

R. W. Wright and J. A. Bastin, "The character-
istic temperature and effective electron mass for con-
duction processes in cadmium oxide," Proc. Phys. 
Soc. (London) B, vol. 71, pp. 109-116; January, 1958. 

G. Helwig, "Elektrische Leitfâhigkeit und 
Struktur aufgestâubter Kadmiumoxydschichten," 
Z. Physik, vol. 132, pp. 621-642; August, 1052. 
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stoichiometric oxides," due to the presence 
of oxygen deficiency or interstitial cadmium, 
or both." By varying the sputtering condi-
tions wide variations in the conductivity 
and carrier concentration can be produced. 

In the proposed p-n junction between 
nondegenerate CdO and Se, Fig. 1, the 
energy gaps are assumed to be different and 
the quasielectric field for electron flow dif-
fers from that for hole flow. The general 
equations for current flow under dark condi-
tions are, for such a junction, 

= eghpEoo — eDeP 

= ellotE(') -F eD,Vn 

where J is the current density, D the diffusion 
constant, le the mobility and n and p the 
electron and hole densities, respectively. The 
subscripts or superscripts e and h refer, re-
spectively, to electrons and holes. 

It is interesting to note that Yamaguchi" 
had postulated that in the case of a blocking 
layer rectifier, the rectifying action existed 
at the junction between Se and CdSe and 
not at the CdSe-Cd junction. CdSe is well 
known to be n-type. More recently, Yashu-
kovau has pointed out that a p-n junction 
may be supposed to exist between Se and 
CdSe. Furthermore, a simplified scheme 
with equal energy gaps on the p and n sides 
and with a barrier film in between has been 
given by Dietzel, Gorlich and Krohs" for a 
special type of selenium photovoltaic cell. 
The present scheme is considered to be an 
extension of these ideas. 

Further work on the semiconducting 
properties of CdO is continuing. A more 
detailed examination of this type of p-n 
junction with unequal gaps is also being 
made. 

T. K. LAKSHMANAN 
Weston Div. 

Daystrom, Inc. 
Newark, N. J. 

ll E. J. W. Verwey and F. A. Kroger. "New views 
on oxidic semiconductors and zinc-sulphide phos-
phors," Philips Tech. Rev.. vol. 13, pp. 90-95; October, 
1951. 
" J. Yamaguchi, "On the blocking layer of seleni-

um rectifier ( II)," J. Phys. Soc. Japan, vol. 10, pp. 
234-236; March, 1955. 

n 1. M. Yashukova, "Electrical Conductivity of 
Polycrystalline CdSe." Soviet Phys. (Solid-State), vol. 
1. p. 349; March, 1959. 
u G. Dietzel, P. Gorlich, and A. Krohs," Über 

Selenphotoelemente," in "Jenaer Jahrbuch," VEB 
Carl Zeiss, Jena. Ger.. vol. I, pp. 203-277; 1958. 

An Optimal Discrete Stochastic 
Process Servomechanism* 

In an article to be published elsewhere,' 
a complete optimal class of servos is derived 
which provides maximal smoothing in a cen-
tain novel sense for discrete stochastic proc-
esses. The present note represents an ex-
tension of Mills' theorem to indicate a par-
ticular member of the optimal class which, in 
addition to assuring maximal smoothing in 

* Received by the IRE. February 12,1960. 
H. D. Mills, "Smoothing in discrete servo-

stochastic processes," submitted for publication in the 
J. Soc. Indus. and Appl. Mechanics. 

Mills' sense, also provides quickest response 
and zero average error. 
A brief review of Mills' theory is neces-

sary in order to appreciate the import of 
of and constraint upon the present exten-
sion. Thus Mills considers a discrete servo-
stochastic process defined to be a sequence 
of random variables of the form 

where 

et is interpreted as an "error" in an op-
eration at the beginning of time peri-

P = (et, c1, ni, e2, c2, n2, • • • ,) (1) 

od t, 
ct is a "correction" made in the operation 

at the beginning of period t, but with 
prior knowledge of et, 

nt is the "noise" entering the operation 
during period t. 

The process P, in conjunction with a se-
quence of numbers representing the "initial 
conditions," is characterized by the follow-
ing properties, for t=0, 1, 2, • • • , 

e,+1 = et -I- C, -I- nt 

Ce.0 = S( • • • , et, et, nt) 

Prob (nt < x) = N(x) 

(2) 

(3) 
(4) 

where S is an arbitrary function and N is an 
arbitrary distribution. 

Eq. (2) represents a conservation of error 
in the operation (holding with probability 
I); (3) specifies a "servo" or "decision pol-
icy" S (also holding with probability I); 
and (4) describes the noise, which is taken 
to be identically and independently dis-
tributed period by period. The objective of 
Mills' paper is to determine that class of 
servos, that is, that class of functions, S, 

which are optimal in a certain sense. The 
sense in which they are optimal is related to 
an "uncertainty principle" for servo-sto-
chastic processes, derived by Mills, namely, 
that for any servo 

(3) 

or, in another form, 

k.k.> 1(1 ka') > 4, (6) 

wherein k and k are respectively defined by 

k. = k. = «don, (7) 

the sigmas being variances, and it being as-
sumed that tr,i2>0. The ratios k, and k,, 

Mills calls the "error to noise ratio" and the 
"correction to noise ratio;" le, gives a meas-
ure of "how well the servo is doing" and k, 
gives a measure of "how hard the servo is 
working." Eqs. (5) and (6) demonstrate that 
both these ratios cannot simultaneously be 
decreased indefinitely by better servo de-
sign. Mills terms the relations (5) and (6) 
the "smoothing capacity" of servos in dis-
crete servo-stochastic processes. 

Mills limits his analysis to stable proc-
esses, that is, to those for which all first and 
second-order statistical moments approach 
definite limits in time, e.g., 

é = lim ét, e = lim ei, = fit, 

cr.2 = lim a.2(t), etc. 

[where ét=E(et), et= E(ci), rig = E(nt), and E 
denotes the expectation or mean value]. 

(8) 

Mills then formulates a complete optimal 
class of servos which achieves the equation 
form of the inequality of (5). These optimal 
servos turn out to be linear, namely, of the 
form 

(9) 

where 0 <a< 1, and e is arbitrary. 
As Mills states, "That so simple a class 

of policies is complete and optimal seems 
quite fortuitous considering the fact that 
they are in competition with all possible 
servos, nonlinear, discontinuous, or what 
have you." Eq. (9) is Mills' optimal class 
of servos; that is, (9) gives the form of the 
function S of (3) which is optimal in the 
sense that the uncertainty principle of (5) 
is minimized. Mills also demonstrates that 
the same class is also optimal for the case in 
which there are information time delays 
and/or servomechanical response times. 
Thus, with a composite time delay of T 
periods, the "uncertainty principle" of (5) is 
amended by squaring the expression and 
then adding the term T on the right-hand 
side, but the optimal class of servos given 
by (9) remains optimal without alteration. 

The extension of Mills' theorem to in-
clude optimization with respect to response 
time and average error is easily gained as 
follows. 

In the course of his derivation, Mills ex-
hibits a formula for the limit average error, 

a 
(10) 

a 

Now the conditional expectation value of 
the error on the 1+1 period, given the error 
on the previous period is given by 

E(et+ilet) = E(et -I- et nt/et) 

= E(e,(1 — a) -I- nileg) 

= (1 a)eg+ aft ± a 
= (1— a)eg aé. (11) 

In the evaluation of the conditional expec-
tation, we have employed the expression for 
the optimal-smoothing servo class, given by 
(9). If in (11) we choose a to be equal to 1, 
then the expected error is no longer condi-
tional, but is simply given by the average 
error independent of the previous history 
of the servo. Returning to ( 10), now with 
a = 1, we see that minimal average error, 
namely 0 error, is gained by choosing the 
arbitrary constant /3 to be equal to the 
negative of the average noise. Thus letting 
a = 1, and 3= — fl, insertion in (9) yields 

ct = — (el -I- ti). (12) 

This simple expression represents the op-
timal servo which, providing maximal 
smoothing, assures quickest response, and 
zero average error. It is quickest in the sense 
that given some initial nonaverage error, the 
servo "assures" return to the mean error in 
the shortest number of periods possible, 
namely 1. Any other choice of a would lead 
to a servo which would approach the mean 
error value only in the limit. 

The servo represented by ( 12) is the one 
which an engineer is first tempted to apply 
in any error correction servo system. It 
states that the correction to be applied is 
the negative of the error resulting from the 
previous step, plus the negative of the ex-
pected noise. Stated another way, if one has 
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an error et, and one knows that the average 
noise is ñ, then the "simple-minded" solution 
would be to make a correction given by the 
negative of the sum of the two errors. The 
extraordinary fact is that this "simple-
minded" design is optimal, in that it pro-
vides maximum smoothing, quickest re-
sponse, and zero average error. 

GEORGE C. SPONSLER 
Hoffman Electronics Corp. 

Science Center 
Santa Barbara, Calif. 

On Stabilizing the Gain of 

Varactor Amplifiers* 

A number of regenerative varactor am-
plifiers have been tested with a view to their 
use as low-noise preamplifiers in certain 
radioastronomical observations where a 
gain constancy of the order of one part in a 
thousand is required. This note is an ac-
count of experience with the stabilization of 
the so-called "degenerate" amplifier where 
f5 2f.. 

The power gain of a regenerative varac-
tor amplifier is a sensitive function of the 
impedances presented to the varactor, and 
of the pump power level. For many situa-
tions, adequate impedance stability can be 
achieved by using rigid structures and firm 
connections, avoiding sliding contacts in the 
tuning systems, paying close attention to 
serving the cables and connectors, and us-
ing stable pump frequencies. Stabilizing the 
pump power level at the varactor requires 
equal care in the construction of the pump 
oscillator and the interconnecting circuits. 
But despite these precautions, the experi-
mental 'amplifiers, using both fixed and self-
bias, showed unacceptable gain variations 
which were traced to residual changes in the 
pump power level. 

During the initial measurements on a 
2000-inc degenerate amplifier using a ger-
manium diode ( Hughes type HPA 2810) 
and a low resistance bias circuit, it was 
noticed that the gain tended to become inde-
pendent of the pump power level when the 
amplitude of the pump voltage was close to 
the value of the bias voltage. The degree of 
saturation observed depended upon the 
tuning of the signal and pump circuits. This 
behavior is illustrated by curves a and b of 
Fig. 1. With the adjustment of curve b, 
which placed the peak of the gain curve at a 
point where the net varactor dc current was 
zero (see Fig. 1, curve c), the gain remained 
constant to within ± 1 per cent over a 
period of one hour. This saturation effect 
appears to be caused by a slight increase in 
the varactor losses and to the dependence 
of the mean varactor capacitance on the 
pump level, resulting in a change in both 
damping and tuning of the signal and pump 
circuits. No such tendency to saturate was 
observed with self-bias. 
A considerable further improvement in 

gain stability was achieved by using the 

* Received by the IRE. May 13, 1960. 

30 

20 
.0 

-47 
0 

10 

Di
od

e 
Cu
rr
en
t 
- 
p
A
 

o   
- 6 

10 

o 

-10 

- 2 - 4 

P - db 

o 

- 4 - 2 

P - db 

o 

Fig. I—Variation of insertion gain and de varactor 
current as functions of the relative available pump 
power, P. Results for Hughes HPA2810 ger-
manium varactor at 2000 mc with fixed bias of 2.7 
volts. 

To AK Input of 

Pump OsollatOr 

Fig. 2—DC circuit o pump stabilizer. 

varactor de current to control the pump 
level. The circuit of Fig. 2 was utilized to 
control the pump power so that operation 
was always at the crossover point "X" of 
curve c of Fig. 1. 1 

In Fig. 2, "O.A." is a high gain, chopper 
stabilized, dc operational amplifier with an 
equivalent input noise current less than a 
millimicroampere ( Philbrick USA series 
units). Because of the steepness of the recti-
fied varactor current characteristic, and the 
precautions discussed earlier, it has been 
possible to achieve an excellent gain stabil-
ity. On the laboratory bench at gain settings 
of 20-25 db, the gain of a 400-inc amplifier 
was found to be more stable than that of the 
test receiver used, the measurements merely 
indicating that the instability was of the 
order of, or less than, one part in a thousand 
over periods of half an hour or more. Fur-
ther, it has been possible to make precise 
measurements of excess noise, gain, and 
bandwidth, when operating at gains as high 
as 40 db. Thus it appears that gain fluctua-
tions caused by pump variations are now 
relatively unimportant compared to those 
caused by impedance changes. 

The stabilization scheme described 
above would appear to be susceptible to 
changes in the varactor currents caused by 

This general method of stabilization has been 
used before in the design of ultra-stable conventional 
crystal mixers. 

ambient temperature variations. In the 
laboratory no significant temperature sensi-
tivity has been observed. 

The rectified pump current will increase 
the noise generated in the amplifier beyond 
the value expected from the circuit and 
varactor losses. At 2400 inc and operating 
at the crossover point, the noise temperature 
has been observed to increase by about ten 
per cent from its minimum value for a 
maximum rectified reverse current of one µa. 

This work has been carried out under 
the auspices of the Netherlands Foundation 
for Radio Astronomy, supported by the 
Netherlands Organization for Pure Re-
search ( Z.W.0.). One of the authors ( Robin-
son) has been seconded from the Radio-
physics Laboratory of C.S.I.R.O. (Aus-
tralia). 

B. J. ROBINSON 
C. L. SEEGER 

K. J. VAN DAMME 
J. T. DE JAGER 

The Leiden Observatory 
Leiden, The Netherlands 

A Conference on the Propagation of 

ELF Electromagnetic Waves* 

On January 26, 1960, a conference was 
held at the Central Radio Propagation 
Laboratories (CRPL) in Boulder, Colo., 
which was devoted mainly to the subject of 
radiowave propagation of extremely low 
frequencies (ELF). The frequency range 
(less than about 3 kc) is well below those cur-
rently used in communications. Lightning 
discharges, however, produce considerable 
energy in this range, and the radiated fields 
have been used for studying the nature of 
lightning phenomena for many years at fre-
quencies as low as 10 cps. Other natural 
sources of both a terrestrial and an extra-
terrestrial nature also radiate electromag-
netic energy in this frequency range, but 
usually to a lesser extent than lightning. 

Since ELF signals have been observed to 
propagate with very low attenuation, it has 
been suggested from time to time that they 
would be useful for communications on a 
world-wide scale. Furthermore, because of 
certain magneto-ionic phenomena, these 
waves may penetrate the ionosphere and en-
able communication with space vehicles. 
This is particularly so in the vicinity of 3 kc 
where a "window" in the ionosphere appears 
to exist. Another aspect of ELF waves is 
that the wavelength is extremely large (3000 
kin at 100 cps) and consequently, the signals 
may easily be diffracted around planetary 
objects. Furthermore, such signals penetrate 
with relatively small loss into conducting 
media such as rocks and soil. In fact, fre-
quencies in this range have been used for 
many years in geophysical exploration. 

The topics discussed at the conference 
were divided into two sessions. The first 
dealt with observed characteristics of nat-
ural ELF fields and was moderated by J. R. 
Wait. The second dealt with the theory of 
radiation and propagation of these waves 
and was moderated by A. D. Watt. A very 

* Received by the IRE. February 23, 1960. 
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sketchy description of the individual presen-
tations is presented here. 

E. T. Pierce of Avco Corporation, Wil-
mington, Mass. gave an introductory paper 
on the nature of the waveforms of signals 
radiated from lightning discharges. He indi-
cated that the characteristics of the "slow 
tail" portion of the waveform enabled elec-
tron densities and collision frequencies to be 
deduced for the lower edge of the ionosphere 
E region. 

George Garland of the University of Al-
berta, Edmonton, Can., then presented a 
comprehensive paper on the nature of fluctu-
ations of the earth's magnetic field. Particu-
lar attention was given to the basis of the 
magneto-telluric method of investigating the 
earth's crust. Essentially, the idea is to com-
pare the tangential electric and magnetic 
field variations on the surface of the earth. 
The variation of the ratio of the frequency 
spectra of these fields is related to the con-
ductivity of the earth's ergot at depths of 
the order of kilometers. 

W. Campbell of the University of Alaska, 
College, discussed the diurnal and seasonal 
variations of geomagnetic fluctuations. He 
concluded that for frequencies above about 
2 cps the sources of the fields were primarily 
from lightning discharges, while below this 
frequency the field variations must be at-
tributed to solar effects. Further papers on 
geomagnetic fluctuations were given by 
P. A. Goldberg of RAND Corporation, 
Santa Monica, Calif., and E. Maple of Air 
Force Cambridge Research Center, Cam-
bridge, Mass. Both these authors confirmed 
the idea that magnetic energy in the audio-
frequency range could be attributed almost 
solely to lightning discharges. 

A. D. Watt and E. L. Maxwell of CRPL 
discussed the physical phenomena involved 
in cloud-to-ground lightning discharges, and 
the respective role of the static, induction, 
and radiation fields. The radiation field was 
shown to vary directly with frequency below 
about 6 kc, and observed spectral character-
istics which depart from this law were satis-
factorily explained. 

A. G. Jean and W. L. Taylor of CRPL 
briefly described their experimental facilities 
for measuring the waveforms of atmos-
pherics in this ELF range. The significant 
feature of the scheme is that simultaneous 
recordings are made of the same atmospheric 
at widely separated stations. 

E. L. Tepley presented an extensive sum-
mary of the activities of the Institute of Geo-
physics at the University of California at 
Los Angeles. This included a statistical 
study of the characteristics of "atmospheric 
waveforms" using a large number of sam-
ples. Data on attenuation rates of ELF sig-
nals were also discussed. For example, at 
100 cps, these are of the order of 1 db per 
1000 km of path length. 

In the first paper of the second session, 
J. R. Wait of CRPL gave a theoretical treat-
ment of mode theory with special reference 
to ELF. The effect of earth curvature and 
the earth's magnetic field were included in 
the analysis. Particular attention was fo-
cused on the behavior of the electric and 
magnetic fields at distances from the source 
which were comparable to the wavelength. 
In the following paper, R. A. Helliwell of 
Stanford University, Stanford, Calif., men-

tioned certain peculiar characteristics of the 
whistler sonograms which indicate that 
whistlers sometimes contained appreciable 
energy at ELF. 

W. L. Anderson of the University of New 
Mexico, Albuquerque, presented a theoreti-
cal discussion of the dispersion of electro-
magnetic pulses propagating in conducting 
media. Certain recommendations were made 
concerning the optimum pulse shape for sig-
nalling. 

The transmission between two insulated 
loop antennas immersed in a conducting 
half-space was evaluated by H. A. Wheeler 
of Wheeler Laboratories, Great Neck, N. Y. 
He used a very straightforward method 
which made use of the reciprocity theorem 
and the known solution of the receiving an-
tenna problem. In a sequel to this paper, 
L. Rawls of Developmental Engineering 
Company, Norwalk, Conn., discussed the 
engineering design of buried antennas. K. A. 
Norton of CRPI. then emphasized the ad-
vantages of the system-loss concept in pre-
senting radiation and propagation data at 
ELF. 

R. K. Moore and R. H. Williams of the 
University of New Mexico, Albuquerque, 
outlined a theoretical treatment of the hori-
zontal electric antenna immersed in a con-
ducting half-space. Essentially, the problem 
is a generalization of the Sommerfeld prob-
lem of a dipole on the surface of the half-
space. They also considered the impedance 
of the antenna, using an approximate meth-
od which has its roots in transmission line 
theory. C. H. Harrison, Jr. of Sandia Cor-
poration, Albuquerque, N. M., then pre-
sented a full treatment of the finite cylindri-
cal antenna immersed in a conducting medi-
um of infinite extent. The King-Middleton 
method of iteration for antennas in air was 
modified for the case of dissipative media. 
This was followed by R. S. Macmillan of the 
University of Southern California, Los 
Angeles, who gave an account of investiga-
tions of power-line antennas. Essentially, the 
idea is to excite a section of power line which 
acts as a horizontal center-fed dipole. The pat-
tern has a maximum looking straight up and 
thus is very suitable for ionospheric inves-
tigations. 

Finally, G. V. Keller and F. Frisch-
knecht of the U. S. Geological Survey, 
Denver, Colo., presented a paper on their 
electrical investigations of glaciers and ice 
sheets using audio frequencies. The energy 
was coupled to the medium by both elec-
trodes and loops. Using such schemes, it was 
possible to outline the cross sections of the 
Athabaska glacier in Alberta, Can. 

Papers from the conference will be pub-
lished in early issues of the Journal of Re-
search of the National Bureau of Standards, 
Section D ( Radio Propagation). An edited 
transcript of the oral discussions following 
the papers is to be available. 

A NOTE ON NOMENCLATURE 

It is suggested by A. D. Watt and the 
author that the following designations be 
employed for these extra low frequencies. 
VLF (very low frequency), 3 to 30 kc; 
ELF (extremely low frequency), 1.0 to 3000 cps. 

J. R. WAIT 
National Bureau of Standards 

Boulder, Colo. 

WWV and WWVH Standard Fre-

quency and Time Transmissions* 

The frequencies of the National Bureau 
of Standards radio stations WWV and 
WWVH are kept in agreement with respect 
to each other and have been maintained as 
constant as possible with respect to an im-
proved United States Frequency Standard 
(USFS) since December 1, 1957. 

The nominal broadcast frequencies 
should, for the purpose of highly accurate 
scientific measurements, or of establishing 
high uniformity among frequencies, or tor 
removing unavoidable variations in the 
broadcast frequencies, be corrected to the 
value of the USFS, as indicated in the table 
below. 

The characteristics of the USFS, and its 
relation to time scales such as ET and UT2, 
have been described in a previous issue,' to 
which the reader is referred for a complete 
discussion. 

The WWV and WWVH time signals are 
also kept in agreement with each other. Also 
they are locked to the nominal frequency of 
the transmissions and consequently may de-
part continuously from UT2. Corrections 
are determined and published by the U. S. 
Naval Observatory. The broadcast signals 
are maintained in close agreement with UT2 
by properly offsetting the broadcast fre-
quency from the USFS at the beginning of 
each year when necessary. This new system 
was commenced on January 1, 1960. The 
last time adjustment was a retardation ad-
justment of 0.02 s on December 16, 1959. 

WWV FREQUENCY 
W ITH RESPECT TO U. S. FREQUENCY STANDARD 

1960 
June 

1600 UT 
Parts in 10"4 

2 
3 
4 
5 
6 
7 
8 
9 
10 
I 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29* 
30 

-144 
-144 
-144 
-144 
-144 
-145 
-145 
-146 
-146 
-146 
-146 
-146 
-147 
-147 
-147 
-146 
-146 
-146 
-146 
-147 
-147 
-147 
-147 
-147 
-147 
-147 
-147 
-146 
-146 
-148 

t A minus sign indicates that the broadcast fre-
quency was low. 

Method of averaging is such that an adjustment 
of frequency of the control oscillator appears on the 
day it is made. The frequency was decreased 3 X10-10 
on June 29. 

NATIONAL BUREAU OF STANDARDS 
Boulder, Colo. 

* Received by the IRE. July 25, 1960. 
I "United States National Standards of Time and 

Frequency," PROC. IRE, vol. 48, pp. 105-106; Janu-
ary, 1960. 
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Energy Fluxes from the Cyclotron 
Radiation Model of VLF Radio 
Emission* 

Several authors" have suggested that 
certain natural audio-frequency electromag-
netic background radiations, notably dawn 
chorus, are due to cyclotron radiation from 
protons incident on the earth's exosphere. 
The principal success of this theory is that 
with the Doppler and ionospheric disper-
sion effects taken into account, the theory 
nicely predicts the frequency vs time charac-
teristics of the observed signals. The purpose 
of this note is to point out that the cyclotron 
theory, at least in its simple form, does not 
seem to account for the observed strength of 
the radiation. A crude calculation suffices to 
show a discrepancy. 

NVe consider that the radiation comes 
from a spherical shell of thickness d centered 
around the earth at a mean altitude h above 
the earth's surface. The streams of incoming 
protons are described by a number density 
n and a particle velocity v. The expression 
for the radiated power passing through a 
horizontal unit area at the earth's surface 
involves the inverse-square spreading factor, 
the angular distribution and polarization of 
each elementary radiator, the magnetic field 
strength B, and the absorption and aniso-
trobic propagation properties of the medium. 
This expression is difficult to evaluate. How-
ever, if we assume isotropic radiation from 
each volume element and phase coherence of 
all elementary radiators, some geometrical 
manipulations show that 

P nSd, 

where P is the power incident on a horizontal 
unit area and S is the total power radiated 
by a charged particle moving (adiabatically) 
in a circular orbit. 

The "enhanced" solar wind, characteris-
tic of the active solar conditions under which 
dawn chorus is most frequently observed, 
may have a particle density of 10' to 10' pro-
tons per cm' and a particle velocity of 1500 
km/sec. These parameters suggest that the 
particle flux will penetrate the geomagnetic 
field to a distance of about 1.5 earth radii.' 
Therefore, we postulate the radiating layer 
to be at an altitude of about 3500 km above 
the earth's surface. The effective layer 
thickness d can be estimated by computing 
the radial distance over which the magnetic 
field changes sufficiently to account for the 
observed bandwidth of the signal.' Mac-
Arthur' has shown that the true radiated fre-
quency is inversely proportional to B. Then 
if v is the radiated frequency, àv is the signal 
bandwidth, and .à13 the corresponding 
change in magnetic field, we have 

= B -"/vi . 

* Received by the IRE, February 18, 1960. 
J. W . MacArthur, "Theory of the very low-fre-

quency radio emissions from the earth's exosphere," 
Phys. Rev. Letters, vol. 2, pp. 491-492; June 15, 1959. 

7 W . B. Murcray and J. II. Pope, 'Doppler-shifted 
cyclotron frequency radiation from protons in the 
exosphere," Phys. Rev. Letters, vol. 4, pp. 5-6; January 
I, 1960. 

7 E. N. Parker, "Auroral phenomena," PROC. IRE, 
vol. 47, pp. 239-244; February, 1959. 
+ We do not wish to imply that the magnetic field 

gradient is the only cause of broadening. 

If we represent the earth's field by a dipole 
of moment p = x io" gauss-km', we may 
write B = pr-3(4 —3 sin' 0) 1. Then, 

d = -r-ar 3 v 

The quantity Av/v does not exceed O.2,' and 
we conclude that d=700 km. The quantity 
S may be written in mks units as 

e4Y-v2 
S =  — • 

At an altitude of 3500 km and middle geo-
magnetic latitudes (0=45°), B=0.12 gauss. 
If we take v=1500 km/sec, and note that 
in this part of the earth's exosphere the 
local velocity of light is about 1/100 the free 
space value,' we find X10-'3 watts. 
Taking a particle density of 10' per cm', the 
energy flux density estimate becomes 

P 1.5 X 10-'s watts/m2. 

Sferics, short electromagnetic pulses 
coming from lightning discharges, are by far 
the most energetic source of natural electro-
matic noise in the audio-frequency region. 
This sferic background level determines the 
ultimate detectability of signals from other 
sources. The sferic power spectrum shows a 
minimum in the neighborhood of 2 to 3 kc, 
and this minimum value will be used in 
making the following estimate of marginally 
detectable signal strengths. Although the 
sferic spectrum is highly variable, a reason-
able estimate' for the mean field strength 
is b.--,10-$ gauss/cps. This value leads to a 
background energy flux density in a 500 cps 
bandwidth of about 1.5 X 10-$ watt/m2. Let 
us assume that b has been overestimated by 
a factor of 10, and further assume that a 
continuous signal of 1/1000 the flux density 
of the background can just be detected. This 
minimum detectable energy flux density is 
then 

P(min) t---1 1.5 X 10-13 watts/e. 

The dawn chorus fluxes observed must there-
fore equal or exceed this value. Hence it ap-
pears that the proton cyclotron radiation 
model fails by about a factor of 10' to ac-
count for the strength of the emissions. 

In view of the crudity of the calculation, 
a factor of 10$ is not conclusive. However, 
the isotropic radiating layer approximation 
probably overestimates the true situation in 
which focusing and absorption effects are in-
cluded, and the minimum detectable signal 
flux has been estimated very conservatively. 
The basic difficulty with the cyclotron model 
is that cyclotron radiation is a very in-
efficient process for converting kinetic en-
ergy at audio frequencies. Also it is difficult 
to visualize how the necessary phase coher-
ence can be obtained over a large volume of 
elementary radiators. The theory of Gallet,7 
in which the energy conversion process is 
similar to that in a traveling-wave tube, ap-
pears to offer the possibility of substantially 

See for example the frequency-time plots in foot-
notes 2 and 7. 
.5 J. B. Wilcox and E. Maple, "Audio-Frequency 

Fluctuations of the Geomagnetic Field." U. S. Naval 
Ord. Lab. Navord Rept. 4009; July 9. 1957. 

7 R. M. Gallet, "The very low-frequency emissions 
generated in the earth's exosphere," PROC. IRE, vol. 
47, pp. 211-231; February, Mg. 

better conversion efficiency. Furthermore, 
the necessary condition of Gallees mecha-
nism ( that the particle velocities equal the 
local phase velocity of light) seems quite 
likely to be fulfilled at some point in the 
exosphere. 

The author is indebted to Dr. J. W. 
MacArthur for a critical reading of the man-
uscript. 

R. A. SANTIROCCO 
Stromberg-Carlson Division 
of General Dynamics Corp. 

Rochester, N. Y. 

A Receiver for Observation of VLF 

Noise from the Outer Atmosphere* 

Although high-frequency radio outbursts 
from the solar corolla have been studied in-
tensively over the past decade, it is only 
recently that much attention has been paid 
to the analogous radiations at kilocycle fre-
quencies which are generated in the outer 
atmosphere of the earth, and there have been 
no reports of any extended series of observa-
tions which would compare with those made 
of solar radio emissions. 

Nevertheless, observations of radio noise 
from the outer atmosphere provide a useful 
new technique for studying the processes 
responsible for auroras. It has been shown, 
for example, that charged particles travers-
ing the plasma of the outer atmosphere will 
generate Cerenkov-like radiation at fre-
quencies between about 1 kc and 1 inc." As 
a result, it is likely that there is a steady 
background of radio noise in this frequency 
range because of the Van Allen particles, 
superimposed on which are much more in-
tense bursts of noise caused by the passage 
of auroral particles through the atmosphere. 
Recent observations of the geographical pat-
tern for illumination of a small region of the 
earth of radiation in the kilocycle band 
have suggested strongly that it is both 
patchy and sporadic.' It now seems likely 
that the study of the worldwide pattern 
will provide, for the first time, a map of the 
disturbed regions of the outer atmosphere 
which are the sources of auroral particles. 
It is therefore of considerable importance 
that observations be made at many places 
and to stimulate interest in such observa-
tions, a suitable receiver is described in this 
paper. 

One of the principal reasons for the ab-
sence of previous observations of noise 
bursts at kilocycle frequencies has been the 
difficulty of recording them in the presence 
of the relatively much stronger interference 
from electric mains and from atmospherics 

* Received by the IRE. March 4, 1969. . 
G. R.. A. Ellis, "Low frequency radio emission 

from aurorae," J. Atmos. Terr. Phys., vol. 10, pp. 302-
306; 1957. 

7 V. la. Eidman, "The radiation from an electron 
moving in a magnetoactive plasma, J. Ex pif. 
Theorei. Phys. ( U.S.S.R.), vol. 34, pp. 131-138; 
January, 1958. 
V. la. Eidman, "Soviet physics,' J. Expil. 

Theoret. Phys. ( U.S.S.R.), vol. 7, pp. 91-95; July, 
1958. 
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in the same frequency band. Although many 
attempts have been made at places remote 
from electrical supply systems the interfer-
ence from atmospherics has still caused dif-
ficulties. Yet the wanted noise signal is usu-
ally bandwidth-limited white noise while the 
interference is impulsive, taking the form of 
intermittent short pulses, which last, for 
atmospherics, a fraction of a second, and, 
for mains, a few thousandths of a second re-
curring at half the mains period. Well-known 
techniques are available for improving sig-
nal- to-interference ratio in situations like 
this. Here a minimum reading recorder is 
used and has been found satisfactory. With 
this, discrimination against impulsive in-
terference of the order of 30 db can be ob-
tained without difficulty. This makes it pos-
sible to record easily noise bursts at 5 kc 
at geomagnetic latitudes greater than about 
40°. This frequency has been chosen be-
cause it coincides both with a trough in the 
atmospherics spectrum and a peak in the 
VLF noise spectrum. 

In its main details, the receiver follows 
practice standard for observations of whis-
tling atmospherics.' The antenna is a four-
turn vertical loop, 100 square meters in area 
and orientated in a north-south direction, 
which is connected to the preamplifier 
through a transformer with a turns ratio of 
1:100. Because of the extremely small radi-
ation resistance of the antenna, it is not 
feasible to match it to the input stage. To 
reduce mains interference, the preamplifier 
and antenna are 100 meters from the build-
ing housing the main amplifier and record-
ing equipment. Signals in the frequency band 
from 4-6 kc are amplified in the main ampli-
fier and, after rectification, are averaged in 
an RC circuit with a time constant of one 
millisecond. The dc output is then amplified 
further and applied to the minimum reading 

3 L. R. O. Storey, "An Equipment for Recording 
Whistlers Automatically," Defence Res. Telecom-
mun. Est., Ontario, Can., Project Rept. No. 23-4-3; 
1956. 
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circuit ( Fig. 1). When a positive-going pulse 
appears at the cathode or the detector DI. 
the impedance of diode D2 is very large and, 
together with the capacitor C3, presents a 
time constant of 30 seconds to the incoming 
signal. Negative-going pulses, on the other 
hand, cause the diode to conduct, lowering 
its impedance and giving a time constant of 
two milliseconds. The output of the mini-
mum reading circuit is proportional to the 
average level of the continuous background 
noise, providing there are intervals of a few 
thousandths of a second in between the in-
terfering impulses. 

Receivers similar to this have been oper-
ated during the past twelve months at 
Camden (near Sydney), Hobart and Ade-
laide.' Apart from operating them away 
from the vicinity of electrical machinery, 
no special precautions have been taken to 
select noise-free sites. It has been found that 
the amplitude of the VLF noise increases 
with geomagnetic latitude, being about 
twice as great as Hobart [51° geomagnetic 
latitude as Camden (42°)]. The gain of the 
Camden receiver is normally set so that 
0.65-µv input to the aerial terminals from a 
signal generator produces full scale deflection 
of the pen recorder at 5 kc. This corresponds 
to a radiation field strength of 0.36 
pv/m(c/s)-u2. The recorded level of back-
ground noise interference is usually about 
0.01 isv/m-'(c/s)-", arising to double this 
at night when atmospherics become stronger 
The field strength of VLF noise bursts varies 
between 0.03 and 0.2 pv/in at Camden. The 
receiver sensitivity for signal equal to first-
stage noise is 0.003 pv/m -1(c/s)-ii2. 

One of the most important aspects of 
setting up the receiver is to ensure that 
strong impulsive signals from atmospherics 
are not limited unsymmetrically in the final 
amplifying stages. If this occurs, spurious 

G. R. A. Ellis. "Low-frequency eiectromagnetic 
radiàtion associated with magnetic disturbances.' 
Planet. Space Sei.. vol. I, pp. 253-258; September, 
1959. 

low-frequency signals can be generated by 
the shift of bias levels. Adjusting the bias of 
the final stages will normally correct this 
condition. 

G. R. A. ELLis 
Upper Atmosphere Section 
Commonwealth Sci. and 

Industrial Res. Organization 
Camden, N. S. W., Australia 

An X-Band Parametric Amplifier 
Using a Silver-Bonded Diode* 

The authors had previously reported that 
a silver-bonded german'um diode was suit-
able for a parametric amplifier diode, and 
that low-noise parametric amplifications 
were obtained by the use of these diodes at 
4 and 6 kmc. 1.2 Recently, the authors have 
succeeded in getting the low-noise para-
metric amplification up to 11 kmc by utiliz-
ing the same type of diode as is assembled 
at the Electrical Communication Labora-
tory of the Nippon Telegraph and Telephone 
Public Corporation, Tokyo, Japan. This 
paper presents the results of such an ampli-
fier. 

The silver-bonded diode was constructed 
in the manner of the so-called "wafer type," 
that is to say, an N-type germanium piece 
was mounted at one broad side of a rec-
tangular waveguide of a metal wafer, which 
was inserted transversely through the gap 
of the waveguide holder as shown in Fig. I. 
A silver-gallium whisker of 100 microns in di-
ameter inserted from the opposite side of the 
waveguide was in contact with the wafer at 
its tip. An electrical forming process was 
used by discharging current from a condenser 
through the contact point. The typical volt-
age-current characteristic of the diode is 
shown in Fig. 2. The barrier capacitance at 
breakdown voltage, the series resistance and 
the cut-off frequency of the diode are about 
0.1 pF, 5 ohms and 300 lonc, respectively. 

Fig. I—Photograph of the amplifier. 

* Received by the IRE. February 9, 1960. 
B. Oguchi, S. Kita, N. Blue and T. Okajima, 

"Microwave parametric amplifier by means of ger-
manium diode," PROC. IRE, vol. 47, pp. 77-78; Janu-
ary. 1959. 

2 S. Kita, K. Sugiyama and T. Okajima, "Prop-
erties of silver bonded diode for parametric amplifier," 
ELECTRON DEVICES Meeting, Washington, D. C.; 
October 29-31. 1959. 
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Fig. 2—Voltage-current characteristic of the 
silver-bonded diode. 
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Fig. 3—Oscillation characteristics. 

As the amplifier, a cross-type waveguide, 
a three-stub tuner of the K band and a slide-
screw tuner of the X band were used. Two 
waveguides of the X and K bands were con-
nected crosswise at both H planes. 

The height of the X-band waveguide 
was tapered to the same height of the K-
band waveguide. The diode was located 
near the cross point. 

The pump power at a frequency of 23 
lam was supplied from a 2K33 klystron 
through a K-band isolator. An oscillation at 
one-half the pump frequency was produced 
by adjusting the three-stub tuner, the wave-
guide piston and the slide-screw tuner. The 
measured oscillating power vs pump power 
curve is shown in Fig. 3. The best efficiency 
was about 1.2 per cent at 10 mw pump 
power. The minimum required pump power 
for oscillation was about 1 mw. 

As the slide-screw tuner was adjusted a 
little from the point of the oscillation, the 
oscillation stopped and the signal of almost 
one-half the pump frequency could be am-
plified at this condition for the nondegen-
erate-type amplification. 
A typical amplification, bandwidth and 

noise figure vs bias voltage characteristics of 
the amplifier are shown in Fig. 4. In this 
case, the center frequency of the amplified 
signal is 11,440 inc, the pump frequency is 
23,000 inc, and its power about 4 mw. 

The noise figure was measured by using 
an X-band signal generator and a receiver. 
As the result, the minimum value of about 
6.5 db was obtained for the single sideband 
operation. By increasing the pump power, 
the gain-band product of the amplifier in-
creased, as shown in Fig. 5, and a gain of 
15 db with a 50-mc bandwidth was produced 
at about 10 mw pump power. 
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The authors wish to express their grati-
tude to Dr. T. Fukami, T. Masuda and 
Dr. B. Oguchi for their interest and en-
couragement in the work. 

S. KITA 
F. OBATA 

Electrical Communication Lab. 
Nippon Telegraph and 
Telephone Public Corp. 

Tokyo, Japan 

Fourier Series Derivation* 

Because the Fourier series is never de-
rived (it is merely stated and sometimes 
proved), the following development by La-
place transform should be of interest. The 
transform of a periodic function p(t) is well 
known to be 

P(S) = (1 — C n )-1 f p(t)c.idt, (1) 

where T-= the period. Since P(s) has the set 
of simple poles s,.=,2nn/T, n=0, ± 1, 
±2, • • • , it has' the partial fraction ex-
pansion 

* Received by the IRE. December 17. 1959; re-
vised manuscript received. February 5, 1960. 

A theorem justifying this type of expansion is 
proved in E. T. Copson, "Theory of Functions of a 
Complex Variable." Oxford University Press, pp. 
144-145; 1935. 

where 

c. = Hm — so)P(s) 

= T-1 f Tdl. 
o 

Hence we obtain the standard exponential 
form of the series 

= E (3) 

by inverting the expansion. 
CHRISTOPHER P. GADSDEN 

Dept. of Elec. Eng. 
Tulane University 
New Orleans, La. 

Characteristic Impedance of a Slab 
Line* 

A slab line in the form of a central cylin-
drical conductor between parallel planes is 
widely used as the slotted section in micro-
wave measurement. Other applications of 
such a line are found in fields like the dee-
stem transmission line inside the dee-chain-
ber of a cyclotron. In these cases, the di-
ameter of the central conductor may be a 
considerable fraction of the spacing be-
tween parallel planes. As such, a compara-
tively more general expression for the char-
acteristic impedance of such a line is needed. 
Wholey and Eldred' using the transforma-
tion Iv= tan z derived an expression for the 
same. However, the expression turns out to 
be a complex one. A simpler yet reasonably 
accurate formula is, therefore. desirable. 
This is obtained in the following manner. 

In the case of a central conductor of ra-
dius r and the spacing between parallel 
planes 2s we use the transformation z, 
=tan nz/4s. This transforms the parallel 
planes in the z plane to a circle of unit ra-
dius in the z, plane and the circle of radius 
r in the z plane to an elliptical shape of 
semimajor axis tan rrl4s and seiniminor axis 
tanh rr/4s in the z, plane. Both these axes 
are increasing functions of r, and conse-
quently the eccentricity of the transformed 
ellipse increases comparatively much more 
slowly with r. This gives the clue that the 
results obtained for a coaxial transmission 
line with an elliptical inner conductor2 mai-
be used without much error up to a value of 
the diameter-to-spacing ratio as high as 0.75. 

Using the transformation 

* Received by the IRE. January 19, 1960. 
W. B. Wholey and W. N. Eldred, "A new type ol 

slotted line section." PROC. IRE. vol. 38, pp. 244-248; 
March, 1950. 

S. Mahapatra, "Coaxial transmission lines—ef-
fect of elliptical inner conductor on high frequency 
characteristics," Elec. and Radio Engr. vol. 35, pp. 
63-67; February. 1958. 
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the characteristic impedance of a coaxial 
transmission line with an elliptical inner 
conductor of semimajor axis a and semi-
minor axis b and an outer conductor of ra-
dius r is found' to be given by 

r + N/r2 — (a' — 6') 
Zo = 138 logto ohms. 

a b 

Hence in the case of a slab line with central 
cylindrical conductor of radius r between 
parallel planes of spacing 2s, we get the 
characteristic impedance as 

Zo = 138 logis 

1 + %/1 — (tan' a — tanh2 a) 
ohms, 

tan a + tanh a 

where 

711r 

a -=- — • 
4s 

A plot of characteristic impedance Zo vs 
diameter-to-spacing ratio (i.e., r/s) is shown 
in Fig. 1. It may be noted that this concise 
formula gives reasonably better approxima-
tion up to a value of diameter-to-spacing 
ratio as high as 0.75. Thus for the values of 
r/s equal to 0.75, 0.7 and 0.6, the error is 
found to be about 5, 2.5 and 1 per cent, re-
spectively, and for r/s less than 0.6, the error 
is negligible. However, the error will sharply 
increase for values of r/s greater than 0.75. 

Fig. 1—Characteristic impedance vs 
diameter-to-spacing ratio. 

We note that for values of r/s less than 
0.35, we may use, without any appreciable 
error, the reduced formula, 

4s 
Zo = 138 logis — 

Tr 

obtained by Franke1.3 Knowing the charac-
teristic impedance, we may calculate other 
parameters of the line.' 

S. MAHAPATRA 
Elec. Engrg. Dept. 

Indian Inst. of Tech. 
Powai, Bombay, India 

a S. Frankel, "Characteristic impedance of parallel 
wires in rectangular troughs," PROC. IRE, vol. 30, 
pp. 182-190; April, 1942. 

Generating Functions and the Sum-
mation of Infinite Series* 

A problem often encountered in solving 
eigenvalue problems is to sum an infinite 
series of the form 

E• a „ • b. • • • g. • 
n-0 

n = 0,1,2. (1) 

An expedient method for manipulating or 
sutnming such series is provided by generat-
ing functions. Given the generating function 

G(y) = E ge", (2) 

then G(1) is the sum of the go series, when-
ever the go series converges. 

Given the known generating function 
(2), one can obtain the generating function 

F(y) = E fnge. (3) 
n-0 

if f„ is a rational polynomial in n. The poles 
of fo must be rational or zero. The composi-
tion (3) is initiated through the partial frac-
tion expansion of f„; hence 

aon* + • • • -1- a, 
F(Y) = 2- gen 

—0 bong -E ben"-' 1- • • • + 

F(y) = Am E n"g,,y" + • • • + A o E goy" 
nn.0 

n k--I 

± • • Bk-1 gny" 
(n P)k 

-   + • • • + B. E  1 g.y" (4) 
o-o (n + P) 

where p designates the poles; a, b, A and B 
have positive or negative values and are ra-
tional or zero; and k, m, q, and r are integers. 
The composition is completed by modifica-
t ion of the exponent of the y^ term in (2) so 
that differentiation or integration with re-
spect to y will yield the desired partial frac-
tion terms of (4). 

Let 

D[G(y)] = 

D-'[G(y)] = f G(y)dy; 

then, for example, 

E ng„y" = yD[G(y)] — C(y-'), 

E ?ego" = yDyD[G(y)] — 
n.»0 

E  = yinD[y-3,2G(y) ] _ C (y—à) 

• (n — 1/2) 
n 

• (n + 1)2gy-

= y-1D-1y-1D-1y2D[G(y)] — C(3,-*). 

The C(y-') terms, where s > 0 and an in-
teger, must be provided in some instances 
to correct for terms introduced by the opera-
tions on G(y) that are not contained in the 
series expansion of the desired generating 
function. The number of correction terms 
cannot exceed the number of operations on 
G(y). The expression F(y) can then be ac-

* Received by the IRE, February 12, 1960. 

quired by summation of the generating func-
tions derived for the expanded terms of (4). 

Given (3), a generating function 

H(y) = if„g„he. (5) 
+20 

can be obtained (f„ need not be present) if 
h, is of the form (u)^, where u is any general 
function but not a function of n. It is evident 
that 

H (y) •=- G(uy) -= E g.(uy)^. (6) 

A good example of (6) is provided by 

(i)" COS [-2 ni goy" = 4[F(— y) F(y)]. 
.-o 

The two procedures just outlined appear 
rather limited in scope, but can be used to 
great utility if one expands the factors of (1) 
into their respective Taylor series. This tech-
nique can be demonstrated in the summation 
of a series of spherical Bessel functions jo(x) 
which have the following expansion: 

= E 
na.0 

•[ (— 2.1z!x(21--'0 1) (' -i-k) 
(2k -F 1)!(k — n)11 (7) 

For large values of the argument x the series 
(7) is very slowly convergent.' The Taylor 
series expansion of the jo(x) terms now has 
made it possible to sum (7) over n to obtain 

Xk  

(2k + 1)k! (sin —2 k + cos k) 

which is a form from which the generating 
function can be found using the procedures 
of this correspondence. Since 

y-1/2D—I ily-1/2(ery) = E   x" 

k..o (2k 1)k! 

(7) has the generating function 

y-1/2D-IE - y ' 12(sin xy — cos xy)] 

which upon integration yields for y=1 

sin x — cos x 
E Mx) = 
no 2x 

+2E (2m -- I)! (2x)-", 
ml (2m — 2)! 

• (sin m + cos m)]. (8) 

When (7) is slowly convergent the right side 
of (8) is rapidly convergent and vice versa. 

The procedures described in this corre-
spondence are certainly not new, but when 
employed in a systematic manner they can 
be used to reduce complex series of which 
the following is an example: 

ix(sin 8)e= e" e 

= co- r  2n + 1 Po'(cos 8)jo(x) (9) 
o_o Ln(n 1) 

1 H. Feshbach and P. Morse. "Methods of Theo-
retical Physics," McGraw-Hill Book Co., Inc., New 
York, N. Y., pp. 1465-1468; 1953. 
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involving the spherical Bessel function and 
the associated Legendre polynomial P.' (cos 
8). Relationships such as (9) are often en-
countered when one seeks solutions to the 
wave equation in spherical coordinates. 

T. H. VEA 
Advanced Applications Section 

Western Development Laboratories 
Philco Corporation 

Palo Alto, Calif. 

Depth of Penetration as a Measure 
of Reflectivity of Thin Conductive 

Films* 

The depth of penetration is a measure of 
the rate at which a wave is attenuated as it 
progresses in a conducting medium. In the 
case of very thin metallic films (surrounded 
on both sides by free space), where the 
thickness is much less than the depth of 
penetration, it is conceivable that more of 
the incident energy is transmitted through 
the film as it is made thinner. Thus it is de-
sirable to determine the actual decrease in 
reflectivity as the film thickness is decreased. 
The investigation yields a multiplicative 
factor which, when applied to the depth of 
penetration, is a measure of the required 
thickness of the film for reflection of a nor-
mally incident wave. 
A wave normally incident on a thin 

homogeneous conductive film suspended in 
free space is considered ( Fig. 1). The voltage 
reflection coefficient is 

Zio — Zo 
P — 

Z10 Zo 

— 
ZR tanh 711 

ZR 
1 + tanhyl/ 

(3) 

where 

ZR=Zo= 377 ohms, 
LI= intrinsic impedance of the film, 

-= propagation constant of the filin 

= N/icomigi, 
pi= magnetic permittivity of the film 

(permeability), 
ei = electric permittivity of the filin, 
el = conductivity of the film. 

For 

yi Ii < 0.05, 

Zin = 
ZR 

Since Z, is always much less than Zu for good 
conductors, 

ZR ± ZrYll 

however, 

Zin = 
ZR  , 

1 I 
I 41 

—Crl- » 1); 
'we' 

ZR 
(4) 

Therefore, Zin and p are always real. 
A reflection coefficient of p= —0.90 is 

arbitrarily chosen as the lilt, ting value for 
reflection; i.e., to satisfy the condition for 
reflection it is required that the reflectivity 
be greater than 90 per cent. Hence, the 
thickness corresponding to a reflectivity of 
90 per cent is referred to as the minimuin 
required thickness for reflection. From (2), 

Zio — 377  
p' = — 0.90 = 

Zi,, 377 
(1) 

Therefore, 

where 

Zi„ =input impedance at the point of 
incidence, 

Z.= intrinsic impedance of free space. 

Zio — 377 
P —   

Z 1„ ± 377 
(2) 

The input impedance is determined by 
reflecting the termination impedance ZR a 
distance equal to the film thickness I. Thus, 

FILM 

INCIDENT 
Z 

WAVE 

z, 

ZIN ZR 

Fig. I. 

Received by the IRE, February 23, 1960. 

Zio -= 19.85 a 

Substituting the above value into (41, 

377 
19.85 =   

377 
1 + 

I I 

I 711P = 0.0478 I Zi. 

Note that, since I -yi 11 must be less than, or 
equal to, 0.05 for tanh 1-1/ -= 1,1/, I z,f must 
be less than, or approximately equal to, 
unity. 

Also, 

= 
0.0478 I Z11 

Iyi I 

"Y1 I = v2 a. = %/2 
à 

(5) 

(6) 

where 

= depth of penetration of the film. 

Substituting (6) into (5), 

= 0.0338 Zi I b. (7) 

Eq. (7) gives the required thickness of 
the film as a fraction of the depth of pene-
tration for a reflectivity of — 0.90. Thus, 
any thickness greater than 1' yields a re-
flectivity of greater than 90 per cent. With 
an intrinsic impedance of unity, the mini-
mum required thickness for 90 per cent re-
flection is only 3.38 per cent of the depth of 
penetration. Therefore, very thin conductive 
films with thicknesses in the order of a frac-
tion of the depth of penetration may possess 
excellent reflective qualities. 

Fig. 2 illustrates the manner in which the 
minimum required thickness I' (in ternis of 
percentage of f5) varies linearly with the in-
trinsic impedance I 41 of the film. 
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Fig. 2—Variation ut minimum required thickness or 
conductive film with intrinsic impedance for 90 
per cent reflectivity. 

The actual required thicknŒ:s for a re-
flectivity of 90 per cent is 

0.0478  
p = (8) 

UI 

Note that (8) is independent of frequency. 
Thus, the actual minimum required thick-
ness is independent of the depth of penetra-
tion to the extent that the depth of penetra-
tion is a function of frequency; i.e., for a 
specific material, the depth of penetration 
varies with the frequency, whereas the 
actual minimum required thickness remains 
constant. For this reason the depth of pene-
tration alone cannot be used as a measure of 
the reflective properties of a thin conductive 

It is important to remember that the 
entire analysis is valid only for good con-
ductors with intrinsic impedances of unity 
or less. 
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(9) 

I z,1 1. (10) 

The variation of reflection coefficient 
with film thickness for aluminum at 900 
Inc is illustrated in Fig. 3. Note that even 
with a thickness of only 20 A, the reflectivity 
is greater than 80 per cent. The conductiv-
ity is assumed to be constant at 1.1 X107 
mhos/m. Similar curves may be drawn for 
frequencies other than 900 inc. For fre-
quencies greater or less than 900 mc, the 
curves should lie below and above the 900-
mc curve, respectively. The lower abscissa, 
however, is valid only for 900 mc. 
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Fig. 3— Reflectivity vs film thickness 
for aluminum. 

Extension of the curve in Fig. 3 to a 
thickness of 350 A yields a reflectivity of 
98.8 per cent. With this thickness and a fre-
quency of 2000 mc instead of 900 mc, the 
film still exhibits excellent conductive prop-
erties with an intrinsic impedance of less 
than 0.04 O. Thus, according to (8), the co-
efficient of reflection is still equal to that ob-
tained at 900 mc. For a reflectivity of 98.8 
per cent, however, the constant coefficient in 
(8) and the condition of ( 10) are different. 
At all frequencies below 900 mc, the film ap-
pears to be, to a greater extent, an excellent 
conductor, whose intrinsic impedance de-
creases with decreasing frequency. Thus, the 
film has a reflectivity of 98.8 per cent for all 
frequencies below 900 mc. In the case of a 
sphere with such an aluminum film, then, 
the lower frequency limit is dependent on 
the diameter of the sphere. 

In all cases satisfying (9) and ( 10) it is 
concluded that the minimum required thick-
ness for reflection is a maximum of only 3.38 
per cent of the depth of penetration, the 
percentage decreasing linearly as the in-
trinsic impedance of the film decreases. The 
multiplicative factor to be applied to the 
depth of penetration to obtain the minimum 
required thickness for a reflectivity of 90 
per cent is 0.0338 I ZII. 

F. T. KOIDE 
Collins Radio Co. 

Cedar Rapids, Iowa 

The Optimum Detection of Analog-

Type Digital Data* 

An ever-increasing number of communi-
cation systems are concerned with the trans-
mission of data. Conventionally, the cri-
terion of good transmission is taken as the 
ability of the receiver to reproduce the trans-
mitted data as faithfully as possible i.e., that 
errors be held to a minimum. However, the 
data transmitted over the communication 
channel are seldom in their original form. 
The data may, for example, be the binary 
representations of an alphabet of numbers 
which are a code for the English alphabet, as 
in teletype. On the other hand, the data may 
be the binary representations of an alphabet 
of numbers which are a code for the quan-
tized amplitudes of an analog quantity, as 
in PCM or telemetry. 

It is apparent that the effects of errors 
are different in the two cases cited. The data 
stream for teletype can be termed "discrete-
type" digital data to emphasize that the 
ultimate output must be discrete; specifi-
cally, a letter of the English alphabet must 
be selected. If the selection is made incor-
rectly, it is significant only that an error is 
committed—not what the erroneous selec-
tion is. In such a case, minimizing the prob-
ability of error is obviously the desirable cri-
terion. 

If the receiver output is to be a repro-
duction of an analog quantity, however, the 
fidelity with which it can be reconstructed 
from the imperfectly received stream of 
"analog-type" digital data becomes the im-
portant consideration. Errors committed at 
the detector are not of interest in them-
selves, but by virtue of the error magnitudes 
they reflect into the output. 

Minimization of the mean-square error 
between the original and reconstructed sig-
nals is a reasonable criterion to apply to the 
reception of analog signals. It has the desk-
able property of penalizing large errors and 
also has the undeniable advantage of being 
mathematically tractable in many cases. Ap-
plied to speech, it seems a natural criterion 
since the net effect of reconstruction errors 
closely resembles that of noise which is usu-
ally measured by its mean-square value. 

Previous work by the author' led to an 
energy redistribution for the pulses within 
a PCM code group ( to be applied at the 
transmitter) which minimizes the mean-
square error in the receiver output. This re-
duces the error probabilities for those pulses 
which contribute heavily to the output at 
the expense of the less important pulses 
which add fine detail. Though the error rate 
at the detector is thereby increased, the out-
put is nevertheless a more faithful repro-
duction of the original signal. 

The mean-square-error criterion can also 
be used to optimize receiver design by yield-
ing new detector characteristics. The con-
ventional detector for data reception is a 
decision device yielding one of two distinct 
outputs at specified intervals. If the final 

* Received by the IRE, February 15, 1960. 
1 E. Bedrosian, "Weighted PCM," IRE TRANS. 

ON INFORMATION THEoRY, vol. IT-4, pp. 45-49; 
March, 1958. 

output is to be a sample of an analog signal, 
then each group of several pulses at the de-
tector will denote (by their polarity, pres-
ence-or-absence, etc.) the appropriate co-
efficients to apply to the binary representa-
tion of a particular sample value. Thus, a 
group of k pulses yields coefficients a„ to 
permit evaluating the series 

A = E a„2"-1, 0,„ = { 0, 11 (1) 

where A is the desired sample value. 
Consider a binary symmetric channel in 

which pulses of amplitude ±a occur peri-
odically in the presence of additive Gaussian 
noise having unity variance. The conven-
tional detector samples the pulse stream at 
the appropriate times and makes its decision 
as to whether the a,. in ( 1) is a 0 or a 1 ac-
cording to whether the sample value is nega-
tive or positive, respectively. However, the 
sample value is not intrinsically a discrete 
quantity. After reconstruction, it will be 
filtered together with the adjacent sample 
values to yield a smooth, continuous func-
tion of time. Therefore, it is not necessary 
that a,, be an integer. It is shown in the fol-
lowing that there is a detector characteristic 
which will yield values for a,, selected from 
the continuum such that the mean-square 
error is minimized ( though the resulting im-
provement is rather modest). 

The probability densities for the binary 
symmetric channel are illustrated in Fig. 1. 

• 

Fig. 1—Probability densities and detector character-
istic for the binary symmetric channel, (a = 4). 

Let 

1 2 
p(,) =  e-x 12 

.V27r 
(2) 

denote the density function for the noise. If 
the transmitted pulse is " positive," its den-
sity function is p(x —a) when received in 
the presence of additive Gaussian noise at 
a signal-to-noise ratio a2. Similarly, a'ianega-
tive" pulse yields a density function 
p(x +a). 

Let f(x) denote the desired detector char-
acteristic. If a positive pulse is to signify the 
coefficient 1, then receiving it at an ampli-
tude in the interval (x, x -Fdx) causes an 
error 1 —f(x) with probability p(x —a)dx. A 
negative pulse, signifying the coefficient 0, 
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causes an error f(x) with probability p(x 
+a)dx. For the symmetric channel these 
events occur with equal probability so the 
mean-square error can be written 

= Lit - f(x)12p(x - a)dx 

1 
± f f2(x)p(x a)dx. (3) 

Minimizing with respect to f(x) is accom-
plished by setting 

- = - 11 - f(x)1p(x - a) 

+ f(x)p(x -I- a) = 0, 

so that 

P(x - a) = 

j(x) T.(x-- -77(r+ a) 1 — 
1 1 

= -2 + -2 tanh ax (4) 

which is plotted in Fig. 1 for a=4. It is seen 
to be symmetrical about f(0)= and to tend 
monotonically to the exact coefficients, 0 
and 1, as asymptotes. For large values of a, 
i.e., high signal-to-noise ratios, it approaches 
the characteristic of the conventional de-
tector. 

The mean-square error can be evaluated 
by substituting (4) in ( 3), giving 

7,2 = p(x a)p(x - a) 
  — dx 

2 p(x + a) ± p(x - a) 

I c o-/2 f  2 
= - 12 sech axe. (5) 
4 V2v 

Expanding the exponential in a Maclaurin's 
series and noting that2 

Jo -c-o-sil-à; di = l'"U27t) 

a > 0. = 0, 1, 2, • • • , (6) 

where E„ is the Euler number: E0=Ei = 1, 
E2=5, E3=61, • • • yields 

2 
2 T 2 

4 Nava L 8a2 

For the conventional detector, 

/1, x < 0, 
x > 0, 

30, 

so the mean-square error of ( 3) becomes 

- a)dx f 'p(x ale 
2 2 0 

- 
ez , 

f(x) = 

= f P(x)dx 

e-«2/2 [. 1 
- - • • • ]. 

N/22ra a2 

Comparing ( 7) and (9) indicates that the 
optimum detector decreases the mean-square 
error in the reconstructed output by a factor 
of almost exactly 1-14 (about 1 db) for all 
practical values of a. Of course, an improve-
ment of this magnitude is not of much prac-
tical significance since the system with a 

(9) 

W. Grobner and N. Hotreiter, "Integral Tafel, 
Zweiter Teil. Bestimmte Integrale," Springer-Verlag, 
Vienna, Austria, No. 352.1a, p. 163; 1950. 

(7) 

conventional detector can achieve the sanie 
improvement by increasing the pulse ampli-
tude by a factor of 1.025 ( for a = 3) which 
requires an increase of only 0.2 db in trans-
mitted power. Nevertheless, it is interesting 
to observe that an improvement is possible 
and that the optimum detector character-
istic resembles the sort of "nonideal" de-
tector characteristic invariably obtained 
when practical diodes are used. 

EDWARD BEDROSIAN 
The RAND Corporation 

Santa Monica, Calif. 

On Network Synthesis with 

Negative Resistance* 

Since the advent of the Esaki diode, 
there has been an increasing interest in the 
inclusion of the negative resistance as a basic 
building block in network theory. The in-
clusion of this element gives rise to a more 
general class of function that may be real-
ized as driving point and transfer-imped-
ances. A synthesis procedure will be outlined 
that enables the synthesis of arbitrary real 
coefficient, rational functions as driving point 
or transfer impedances utilizing the follow-
ing elements: positive resistors, inductors, 
capacitors, and two-negative resistors. The 
procedure, in each case, results in networks 
that are realizable with lossy elements ar-
ranged in Foster forms. 

DRIVING POINT IMPEDANCE SYNTHESIS 

Any Z(s) of the form, 

N(s) 
Z(s) = — 

D(s) 

where N and D are polynomials of arbitrary 
degree with real coefficients, may be written 
as 

where 
(8) 

rN(s)i 
LQ(s)J  

Z(s) = Q(s) 
D(s) 

(1) 

(2) 

Q(s) =H (s ai); a; real 

O < a1, < az < az • • • , 

and n is one greater than the degree of N 
or D, whichever is larger. 

Utilizing the technique demonstrated by 
Kinariwala,1 ( 2) may be expanded as 

Q [N, N21 D2Ni D1N2  
Z(s) =  D (3) 

D D, D2J D  

where 

N 
- and 
A D2 

are both RC r.p. functions. Since Q=- DID2, 
D2N, and DiN2 are strict RC Hurwitz Poly-

* Received by the IRE. March 24, 1960. 
B. K. Kinariwala. "Synthesis of active RC net-

works." Bell Sys. Tech. J., vol. 38. p. 1302; September, 
1959. 

nomials2 of degree n — 1. Now defining 
1 1 

Z(s) = - --- • 
Ya Yz 

we can identify 

and 

D 
Y, 

D2N, 

- D 

DY2 

The degrees of the denominators of Yu and 
Y2 ( which are strict RC Hurwitz polynomi-
als) are equal to or greater than D. A simple 
extension of the above technique will en-
able the final synthesis. 

Theorem: Any rational function Y(s), 
whose denominator is a strict RC Hurwitz 
polynomial and of degree greater than or 
equal to the numerator, may be expanded 
into the sum of an RL Foster form, an RC 
Foster form, and one negative constant. 

Proof: 

Y(s) = 

H s + by) 
S bk s bi 

(  
2-1 

s 
I dkl bi ‘".Ls? 

= E + 2-, 
k1S+bk 

where 

Thus 

where 

and 

± M2 = m. 

Y(s) = Yi(s) + Y2(5) - R, 

- 141 Vi(s) = E 
s bk 

s 

y2(s) =E s + 

ei 

bi 

e; 

(an RL foster form), 

(an RC Foster form), 

(one negative resistor) 

Therefore, (5) and (6) may be expanded as: 
Vi = Y3 ± Y4 - RI 

= 1.6 ± Y5 - R2, 

(7) 

(8) 

where Y3 and Yo are RL Foster forms, and 
Y4 and Yg are RC Foster forms. The net-
work corresponding to (4), ( 7), and (8) is 
shown in Fig. I. 

Note that since the number of reactive 
elements or positive resistors in both the 
Yi and Y2 realizations is equal to the degree 
of N or D (whichever is greater), the total 
quantity of each is at most twice this num-
ber. 

TRANSFER IMPEDANCE SYNTHESIS 

The network shown in Fig. 2 yields an 
open-circuit voltage ratio which may be ex-

Polynomials with simple negative real roots none 
of which are zero. 
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Zen """* 

Fig. I. 

Fig. 2. 

pressed as 

v2(5) 

vi(s) 

— Rb 

i,-o - — R,, + Z, — 

Z,, — R. 
1 ± 

Z — Rb 

(9) 

The prescribed transfer impedance, how-
ever, may be written as 

V2(S) j = N(s) 1 (10) 

--I ---- D — N vt(s) D(s) [  
1 + --

N 

where N and D are polynomials of any de-
gree with real coefficients. From (9) and 
(10) the following identification is made 

Z.— R. D — N 
(11) 

Z,, — R,, N 

which may also be expressed as 

with 

D — N 

— R. 

Z5— R,, N 

Q(s) = + air 

(12) • 

where ni is equal to the degree of D or N, 
whichever is larger. Utilizing the previous 
theorem the right side of ( 12) can be ex-
panded as 

D — N 
---
Q + Z2 —  

N Z3 ± Z4 — 122 
(13) 

where Z1 and Z3 are RL Foster forms, Z2 
and Z4 RC Foster forms. Thus according to 
(12), we may make the identification 

= Zi -I- Z2 

Zb = Z3 ± 

— R. = — R. 

- = — R2, 

e. Where Ois) is subject to the same restrictions as 
in the previous case. 

Fig. 3. 

and the network of Fig. 2 becomes that 
shown in Fig. 3. 

Note that the total number of reactive 
elements or positive resistors is equal to or 
less than twice the degree of N or D, which-
ever is larger. 

It is anticipated that a more complete 
paper will be submitted at a later date. 

F. T. BOESCH 
M. R. WOHLERS 

Dept. of Elec. Engrg. 
Polytechnic Inst. of Brooklyn 

Brooklyn 1, N. Y. 

Electromagnetic Energy in a 
Dispersive Medium* 

The energy density of the electromag-
netic field in a dispersive medium was re-
cently discussed by Hosono and Ohira.' It 
should be noted that their results had al-
ready been given by Levin2 and derived still 
earlier by Rytov in references quoted by 
Levin. 

It is of interest that the dispersive forms 
of the energy are also those required for the 
mean thermal fluctuation energy of the elec-
tric (or magnetic) fields in a CR (or LR) 
circuit to comply with the equipartition 
principle. Consider such a circuit, in which 
R is made very large compared with loss re-
sistance of the capacitor (or inductor), which 
inevitably occurs when the permittivity (or 
permeability) is dispersive by virtue of the 
Kramers-Kronig relations. Then the mean 
energy of the electric field in the capacitor is 
given by 

r«  4k TR  1 d 1 
(ioC)• — 

J. 1 ± (wCR)2 2 did df = kT2 

and similarly the mean energy of the mag-

• Received by the IRE, March 10, 1960. 
T. Flosono and T. Ohira, "The electromagnetic 

energy stored in a dispersive medium," PROC. IRE, 
vol. 48, pp. 247-248; February, 1960. 

2 M. L. Levin, "An elementary derivation of the 
formula for the electromagnetic energy in a dis-
persive medium," J. xper. and Theoret. Phys., 
vol. 29, P. 252; August, 1955. Also in Soviet Phys. 
JETP, vol. 2, pp. 168-169; February, 1956. 

netic field in the inductor is 

r- 4kTR 1 d 1 
• —(wL)•df -= — kT. 

Jo w2L2 + R2 2 do., 2 

It may readily be shown that these results 
are independent of the geometry of the ca-
pacitor or inductor. 

R. E. BURGESS 
Dept. of Physics 

University of British Columbia 
Vancouver, Canada 

Determination of Satellite Orbits 
from Radar Data* 

The present paper is a report on an in-
vestigation of methods for the determina-
tion of satellite orbits from radar data. Of 
particular interest are problems which re-
quire the rapid calculation of the orbit ele-
ments from a limited amount of data. In 
some cases the available information may be 
restricted to the data obtained from a single 
pass, over a period of 2 to 4 minutes, as the 
satellite goes by the observing station. The 
solution to this computing problem requires 
methods which are rather different from 
those developed previously for the calcula-
tion of satellite orbits from observations ex-
tending over several revolutions of the 
satellite. 

The following section describes in some 
detail a method which has been found to 
offer a good combination of speed and ac-
curacy. It requires between 10 and 20 sec-
onds for a rough determination, yielding or-
bit elements in this time with a precision of 
0.001 in eccentricity and 0.05 minutes in 
period. This degree of accuracy is sufficient 
to determine whether the satellite is in orbit. 
The program then proceeds automatically 
with a correction routine which operates on 
the preliminary orbit elements to yield a 
more accurate prediction of the position of 
the satellite at later points along the orbit. 
The precision of the corrected predictions is 
500 yards or better, which is sufficient for 
the purpose of acquisition by other radars 
at later points along the orbit. This correc-
tion routine requires an additional 40 sec-
onds of computer time. 

PROCEDURE 

The procedure chosen as optimum in-
volves the following steps: 

Orbit Inclination 

A plane is passed through the center of 
the earth and through all the points along 
the radar track. The inclination of the plane 
and the position of the line of nodes are ad-
justed to the full set of data by a least-
squares calculation. The plane of the orbit is 
now determined. 

Orbit Elements in the Plane 

The three orbit elements in the plane 
must still be determined after the plane of 
the orbit has been fixed. These may be taken 

* Received by the IRE, March 18. 1960. 
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as the period, perigee altitude, and argu-
ment of perigee. They can be computed 
from any three items of information along 
the track. We have found it most accurate 
to choose 2 points on the track and the time 
between them as our three fundamental 
items. The procedure for the calculation of 
the orbit elements depends in an essential 
way on the dynamics of the satellite motion, 
and may be called the dynamical method. 
It is also known as the method of Gauss and 
Olbers. 

Full use is made of the data by dividing 
the track into halves, and pairing the points 
in the first half with those in the second half 

through 3 data points along the track, again 
with the center qf the earth as focus; this 
method does not make use of the dynamical 
equations of the satellite motion, and was 
investigated because the basic equations are 
exceedingly simple; however, it was found 
to be considerably less acurate than the 
dynamical or Gauss-Olbers procedure; 2) 
a least-squares adjustment of the orbit ele-
ments in place of the average; the results 
obtained by the least-squares method are in-
ferior to the direct average in accuracy for 
short arcs ( less than 4 minutes). 

Table I presents a comparison of the re-
sults obtained from these methods. 

TABLE I 

ERRORS IN ORBIT ELEMENTS FOR EQUALLY SPACED POINTS ALONG AN ARC 

Gauss-Olbers 
(4- minute arc) 

Period (minutes) 

Argument Perigee (degrees) 

Perigree Altitude (miles) 

0.004 

0.02 

Geometric 
(4-minute arc) 

Least-Squares 
Geometric 

(6)-minute arc) 

0.06 

0.3 

0.3 0.8 

0.09 

0.4 

2.3 

in chronological order. The final orbit ele-
ments are obtained by taking an average of 
the individual results. A least-squares 
method is usually used instead, but we have 
found that the least-squares procedure does 
not, in fact, offer any advantage over the 
method of simple averages. The orbit ele-
ments obtained in this way are printed out 
as immediate results. 

Differential Correction of the Orbit Elements 

In the third step of the computation the 
slant ranges are used for a further improve-
ment. The slant ranges are the most accu-
rate elements of the radar data, and it is nec-
essary to devote special attention to them 
at the end of the computing procedure in 
order to extract the greatest orbital precision 
from the tracking data. The adjustment of 
the orbit elements to the slant ranges is 
carried out by conventional differential cor-
rection routines. 
A special procedure is used for orbits of 

an eccentricity less than 0.01. In this pro-
cedure a circular orbit is assumed as the 
first approximation to the results. The ef-
fects of the ellipticity are added as a small 
correction to the circular orbit. The program 
for the low-eccentricity calculation is ex-
tremely simple and requires an additional 
computing time of only 5 seconds if the sup-
plementary procedure is incorporated into 
the main program described above. The 
accuracy of the supplementary method is 
the same as that given in the main proce-
dure. In the actual computing operation the 
results of both procedures can be printed 
out in parallel, and the appropriate set of 
answers chosen by inspection of the com-
puted eccentricity, or the choice can be 
made internally in the program, and a single 
answer printed out. 

OTHER POSSIBILITIES FOR A 
SHORT PROGRAM 

Other methods for the rapid determina-
tion of the orbit elements have been investi-
gated, including: 1) a purely geometrical 
procedure in which an ellipse is passed 

ACCURACY 

The errors in the computation of the or-
bit elements are listed below for the typical 
case of a radar pass lasting two minutes 
(these results constitute the average over 
20 data points, selected in two groups of 
10 points each at one second intervals at the 
beginning and end of the radar track): 

0.004 minutes in period. 
0.200 miles in perigee height. 
0.15 degrees in perigee argument. 
0.001 degrees in angle of inclination. 

The above errors in orbit elements will 
produce the following uncertainties in the 
position of the satellite after I of a revolu-
tion: 

300 yards along the track. 
300 yards normal to the track in the orbit plane. 
150 yards normal to the orbit plane. 

The major portion of the uncertainty in 
position perpendicular to the track comes 
from the error in period (from which the 
mean radius is computed); the error in ec-
centricity contributes only an uncertainty 
of 0.04 mile in this direction. 

COMPUTING RIME 

One minute of IBM 704 time is required 
for the determination of the orbit elements 
from one radar pass including 20 data points. 
By eliminating the differential correction 
routine, the computing time can be reduced 
to between 10 and 20 seconds, at the sacri-
fice of a factor of 10 in the accuracy of the 
orbit determination. In this latter case, the 
errors are approximately 5 miles in posi-
tional uncertainty, or 0.001 in eccentricity 
and 0.05 minutes in period. These errors are 
too great for the abbreviated determination 
to be useful in the acquisition of the orbit by 
other radars, but they are adequate to pro-
vide a decision as to whether the satellite is 
in orbit. 

I. HARRIS 
\V. F. CAHILL 

Theoretical Div. 
Goddard Space Flight Center 

NASA 
Washington, D. C. 

A Traveling Wave Harmonic 

Generator* 

In conventional harmonic generators the 
supply of harmonic power to the load is 
periodic at the fundamental frequency. This 
means that, as well as the wanted harmonic, 
unwanted harmonics are also generated. If 
the supply of power to the load could be 
arranged to be periodic at the harmonic 
frequency then this disadvantage could be 
overcome. Fig. 1 shows a device in which 
this is achieved. Power at the fundamental 
frequency F is fed to the input of a propa-
gating structure that has n diodes connected 
to it as shown. Arrangements to supply dc 
bias to the diodes must be included. As the 
fundamental wave travels down the struc-
ture the diodes conduct in turn and pass 
pulses to the load RL. If the delay per sec-
tion is chosen to be linFl sends and the 
bias adjusted so that only one diode is con-
ducting at any time then the principal com-
ponent of the voltage across RL will be at a 
frequency of nF. 

In traveling down the line the funda-
mental wave will be attenuated due to dissi-
pation in the line and power fed to RL. This 
can be compensated to a certain extent by 
progressively reducing the etc bias on the 
diodes. 

If the device is made using distributed 
elements then it may not be convenient to 
connect all the diodes together to one 
point. In this case the diodes may be con-
nected to a second propagating structure at 
distances equal to an integral number of 
wavelengths at the harmonic frequency. 

If a circulator is available then the power 
that would otherwise be last in ET can be 
conserved by connecting the output of the 
line back into the circulator as shown in 
Fig. 2. 

P 
GENERATOR 

PREDUENCT f 

PROPOGA TING STRUCTURE - I SEC , ONS 

CHARACTERISTIC IMPEDANCE E RE 

Fig. I. 

Fig. 2. 

D. L. HEDDERLY 
British Telecommunications Res., Ltd 

Taplow Court, Berks., Eng 

* Received by the IRE. March 29, 1960 



1960 Correspondence 1659 

A Realization Theorem for 
Biquadratic Minimum Driving-
Point Functions* 

Kim' has introduced a method of syn-
thesis for biquadratic minimum impedance 
functions in the form of an unbalanced 
bridge containing five elements. According 
to this method the network topology is first 
assumed, after which the driving-point im-
pedance function is derived in terms of the 
branch elements and compared to the im-
pedance function to be realized. The method 
always necessitates the augmentation of the 
impedance function with surplus factors. 
In a later publication, Van Valkenburg2 
stated the necessary conditions on the co-
efficients of biquadratic minimum imped-
ance functions to be realizable in two special 
bridge forms with only five elements, but no 
derivation or proof was given. This letter 
not only presents a useful theorem for the 
synthesis of biquadratic minimum driving-
point functions, but also gives a more gen-
eral method of synthesis which leads directly 
to the results given by Kim and Van Valken-
burg. 

We begin with the positive real biquad-
ratic impedance function 

Z(s) = Ks2 ais + ao 
(1) 

52 ± his bo 

This function will be minimum, that is 
Z(jciii)=0±jX(coi) at one col with X(coi)00, 
only if 

(v'0 — VT20)2 = alb'. (2) 

The function ( 1) can be represented as the 
driving-point impedance to an RL two-port 
network terminated in a single capacitance. 
Such a representation is shown schemati-
cally in Fig. 1(a). A driving-point impedance 
function Z(s) is related to the terminating 
capacitance and the open-circuit impedance 

¡III 

te, 

(a) 

(b) 

Fig. I. 

parameters of a two-port by the relation 

1 + sC —1 
Y22 

Z(S) = 211 
1 + sC(z22) 

We now seek to express ( 1) in the form of 

(3) 

* Received by the IRE, March 7, 1960. 
W. H Kim, "A New Method of Driving-Point 

Function Synthesis," Electrical Engineering Research 
Lab., Rept. No. 1, Contract DA-11-022-ORD-198,3, 
University of Illinois, Urbana; April 1, 1956. 

M. E. Van Valkenburg, "Special case of a bridge 
equivalent of Brune networks," PROC. IRE, vol. 44, 
p. 1621; November, 1956. 

(3). This is done by writing the former as 

1 + Sc 
ais + an (ais + ao)C  

Z(s)— K , (4) 
bo s+bi 

1 + sc --
boC 

from which we make the identifications 

ais + an s+bi  
zu = K Z22 

bo boC 

(ais + ao)C 
Y22 ----- • (3) 

Eqs. (5) define a set of positive real RL driv-
ing-point functions. We have still to find a 
rational function representation of 012. Re-
call that 

zu2 = 011 (Z22 — 1—.) • 
Y22 

Hence from ( 5) and (6) we have 

(6) 

Vats'  ZI2 = + (alb' + ao — bo)5 (lob, (7) 
b02/CK 

The quantity under the radical of ( 7) is al-
ways a perfect square, as comparison with 
(2) verifies, and so the open-circuit transfer 
impedance function reduces to 

aibi+ ao — bo 

212 = 

S 
2a1 

boVC/aiK 

It can be easily verified that the residue and 
real-part conditions are always satisfied with 
the equal sign. Hence the poles are compact. 
This, plus the positive real character of the 
two RL driving-point impedances of ( 5), as-
sures us that zu, z22, and z12 represent a 
physically realizable RL two-port network. 
This constitutes sufficient proof for estab-
lishment of the following theorem. 

Theorem: Any biquadratic minimum 
driving-point impedance function can be 
realized as the input to an RL two-port 
network terminated in a single capaci-
tance. 

(8) 

Although a realization of Z(s) is always 
possible according to the theorem, it is not 
impossible to say that no inductive coupling 
is necessary, or that the realization will 
yield a minimum number of elements. For 
obvious reasons, however, we seek those 
realizations which involve no inductive 
coupling. This means that the Fialkow-Gerst 
conditions must be satisfied. For this simple 
case we find, because of the compact nature 
of the poles, that this is possible only if the 
corresponding residues of the poles of zit, 
z22, 012 are equal. This implies that zit = 7, 22, 
and so an additional restriction is imposed 
on the coefficients of Z(s) in the form 

Ro 

— 1/4. 
bo 

(9) 

The open-circuit impedance parameters of 
the two-port finally reduce to 

as + ao ais — ao 
zii = z22= K — 212 K , (10) 

bo bo 

which we recognize to be realizable in the 
form of a symmetrical lattice containing 
two reactive and two resistive elements. 

The network which realizes ( 1) is shown in 
Fig. 1(b). 

The case treated above suggests the 
possibility of representing the function z(s) 
as the input to an RC two-port network 
terminated in a single inductance. However, 
since the necessary and sufficient conditions 
for the realization of the complete imped-
ance matrix as an RC two-port are still 
unknown, we cannot hope to achieve results 
as general as before. For this representation, 
shown schematically in Fig. 2(a), (3) is modi-

21111-•••• 

fied to give 

(a) 

(b) 

Fig. 2. 

1  aoL  
1+ 

s + sL s + 
Z(s) = K , (11) 

1 (bis + bo)L 
1 + — — 

sL s 

from which we find 

s+ 
= K  

(bis + bo)L 

s + 
= (12) 
aoL 

From ( 2), ( 6), and ( 12) we compute the 
open-circuit transfer function to be 

60 +  aibi — ao 
s 

2ht  
ztz — •  (1/%/biKL)S (13) 

Since the coefficients are always positive, the 
two open-circuit impedances of ( 12) repre-
sent positive real RC driving-point func-
tions. Also, a check of the residue and real-
part conditions again shows that they are 
satisfied with the equality sign. Because of 
the compact nature of the poles the only 
way we can possibly obtain a realization of 
Z(s) as the input to an RC two-port termi-
nated in a single inductor is for the corre-
sponding residues of the poles of Oh, z22, 
and 012 to be equal, in which case the Fial-
kow-Gerst conditions are automatically 
satisfied. Again zil = z22 so that the resulting 
restriction on the coefficients of Z(s) will be 

an/ho = 4. 

The open-circuit impedances of the 
port now become 

s + s— ai 

ZII -= 222= K, 012 K — 
.s 

which are realizable as a symmetrical lat-
tice. The complete network is shown in Fig. 
2(b). 

The method of synthesis of biquadratic 
minimum functions presented here has 
yielded directly the two networks of Figs. 
1(b) and 2(b), both of which contain a mini-
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mum number of elements. No prior assump-
tion was made as to their topological form, 
nor was any augmentation of the impedance 
function with surplus factors required as in 
Kim's method. Furthermore, the nature of 
the reactance X(w) at the frequency col is of 
no consequence with the method presented 
here, and so need not be considered. In addi-
tion, (9) and ( 14), which are a direct conse-
quence of the method of realization, are pre-
cisely those conditions on the coefficients of 
Z(s)stated earlier by Van Valkenburg. 

K. B. IRANI 
C. P. WomAcK 

Dept. of Elect. Engrg. 
University of Kansas 

Lawrence, Kans. 

Transformation of Impedances 
Having a Negative Real Part and 
the Stability of Negative Resistance 
Devices* 

I. TRANSFORMATION OF IMPEDANCE 

If a circuit element possessing a negative 
real part terminates one end of a transmis-
sion line, the magnitude of the reflection co-
efficient will, in general, be greater than 
unity. At first glance, it would appear that 
the standard transmission line calculator 
(Smith Chart') would have to be expanded 
beyond p= 1 (p is the reflection coefficient) 
in order that it can be used for finding the 
values of transformed impedances (admit-
tances). However, as will be shown below, 
the present Smith Chart can be used if the 
radius sector is interpreted as the reciprocal 
of the reflection coefficient. 

Basically, as is well known, the Smith 
Chart is the plot of the real and imaginary 
parts of the function. 

I pe2,8 

1 — pe0  

in the plane where p and 0 are polar co-or-
dinates; p is the reflection coefficient and 0 
is the electrical phase angle. A method for 
transforming impedances with a negative 
real part can be obtained by use of the fol-
lowing identity: 

1 
1 — 

1 + pet° 

1 — pe"  1 
1 — — 

and its equivalent 

—Zy, -l-jZo tan (- 0) 

Zo Zo+ j(—ZL) tan (— e) 

where 

Zo= characteristic impedance of line 
Z2 = terminating impedance 
Z = transformed impedance. 

(1) 

(2) 

* Received by the IRE. February 17, 1960. 
FL P. Smith, "Transmission line calculator," 

Electronics. pp. 29-31; January, 1939. 

The procedure for transforming the im-
pedance 

ZL = — R+ jX, 

through the electrical angle 0 along a line of 
characteristic impedance using the Smith 
Chart, is as follows: 

1) Normalize the impedance and form its 
negative: 

R X 
+ — — — • 

Zo 

2) Plot this point on the Smith Chart. 
3) Use the Smith Chart in the usual fash-

ion except that the angular direction is 
opposite; i.e., go "toward load" when 
physically the transformation is "to-
ward generator" and conversely. 

4) Take the negative of the reading on the 
Chart and multiply by Zo for the final 
result. 

5) The reflection coefficient is the recip-
rocal of that given on the Chart. 

6) The standing wave ratio is the negative 
of that on the Chart. 

7) Use a similar procedure for transform-
ing admittances. 

In the case that the line has a loss per 
unit length given by the real part of the 
complex propagation factor y, where 

-y/ = al + jøl al + je, (3) 

we must use a procedure similar to that used 
for ordinary impedances except to spiral 
outward instead of inward. This corre-
sponds to replacing 

1 1 e2a1 
— by 
I PI I PI e-"" PI 

If 

al', < < e 

is such that the rim of the Chart may be 
reached, we then have a transition from 
negative to positive input resistance. This, 
of course, corresponds to the physical situa-
tion, in that energy production by the active 
element is balanced by energy loss in the 
line. 

II. STABILITY OF NEGATIVE 
RESISTANCE DEVICES 

In low frequency series-fed circuits em-
ploying devices which possess negative re-
sistance and series reactive elements, the 
condition for stability against oscillation is 
that the positive resistance (sink of energy) 
must exceed the negative resistance (source 
of energy). If the positive and negative 
resistances are separated by a finite length 
of transmission line, this condition is not 
sufficient, since the positive resistance may 
only lightly load the negative resistance 
device. 

For the remainder of this section, we 
shall consider the shunt-fed circuit shown in 
Fig. 1. It consists of a contact current gen-
erator whose equivalent admittance is Y+, 
connected to a transmission of characteris-
tic admittance Y, and length L. The line is 
terminated in an admittance Y_ which has 
a negative real part. The condition for stable 
oscillations is that 

(4) 

Yo ,L 

Fig. I. 

where 

(— Y_) A-jY0 tan ( —0) 
— Y_' —   . e — eL. (5) 

Yo j(-1' ) tan (- 0) 

Note that the value of Y_' as a function of 
frequency ( through 0) is given by the locus 
of points on the Smith Chart corresponding 
to the transformation given in section I for 
different values of e. If the frequency band 
considered is sufficiently large, the curve 
will have to be continued on separate 
sheets). Similarly the values of Y.,/ Yo as a 
function of frequency can be platted on the 
Chart; a necessary condition for stability is 
that the two curves do not intersect. How-
ever, this condition is not sufficient, for two 
reasons: 

I) It does not rule out the possibility of 
growing oscillations. 

2) Because of nonlinearities, the absolute 
value of the real part of Y_ may range 
from zero to a maximum value (for 
example, a tunnel diode). 

We can take the second factor into ac-
count by considering the locus to consist of 
the entire region bounded on the outside by 
the sum of the Chart ( [p1=1), and op the in-

side by the locus determined from IR! Y_ having its maximum value. The sufficient 

condition for stable amplification is then 
that the locus Y.,./ Yo does not enter into 
this region. 

The criterion conforms to the usual cri-
teria for stable operation. First, for vanish-
ingly-small 0 it is assumed that: 

I M 7+1 > I R1Y- I (6) 

which is the condition for stable operation 
when the positive and negative conductances 
• are located at points of equivalent electrical 
phase. Secondly, at any frequency, it implies 
that 

I p+ I < -I P I p+p- I < 1 
(cf. section I, Procedure, step 5) (7) 

where p± are the reflection coefficients for the 
line terminated in Y. This condition2 also 
insures that the Laplace transform of the 
current and voltage, at any point on the 
line, has no poles in the half-plane. 

Ris = Rile + jco) ≥ 

where s is the complex frequency variable. 
BERNARD ROSEN 

RCA 
Surface Communication Lab. 

75 Varick St. 
New York, N. Y 

2 E. Weber, "Linear Transient Analysis," John 
Wiley and Sons, Inc., New York, N. Y.. vol. 2, pp 
285-286; 1956. 
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Relativity: Blessing or Blindfold?* 

The latest attempt to measure an ether 
drift (with the ammonia maser) gave the ex-
pected zero drift but with a much improved 
accuracy.' For some time the preferred in-
terpretation of a null ether drift has been 
confirmation of the special theory of rela-
tivity and 'rejection of an ether. However, a 
second interpretation, based on the Fitz-
gerald-Lorentz contraction theory, also ex-
plains the null result but allows an ether. 
The special theory was originally preferred 
because of the ad hoc nature of the Fitz-
gerald-Lorentz theory. This ad hoc stigma 
has since been removed by Ives' classical 
derivation of the Lorentz transformations.' 
Furthermore, Ives has extended the Fitz-
gerald-Lorentz theory to explain the three 
famous tests of general relativity: the ad-
vance of the perihelion of Mercury' and the 
bending and frequency shift of light in a 
gravitational field.' Thus, a theoretical 
superiority of the relativistic interpretation 
is now questionable. 

There is a major physical difference be-
tween the two theories: The special theory 
requires that the measured one-way velocity 
of light in a vacuum, c, be constant, while 
the Fitzgerald-Lorentz theory requires only 
that the measured average velocity of an 
out-and-back light signal be constant and 
equal to c. This difference has not yet been 
put to a proper test. All experiments to date, 
including the maser experiment,' give the 
average velocity of a two-way light signal, 
or the equivalent. A variation in the one-
way velocity of light with direction in space 
(in the absence of a significant gravitational 
field) is prima-facie evidence for the exist-
ence of an ether. 

Resolution of the ether problem is requi-
site for our efforts to fathom the hypostasis 
of matter and radiation. The present abun-
dance of electrical particles has been com-
pared to the enigmatic profusion of chemical 
elements before the discovery of the electron, 
and is considered to herald the discovery of 
a subelectrical form of matter. Is this sub-
electrical matter the constituent of a ubiqui-
tous ether which Rims an invisible sea in 
which the electrical particles (and radiation) 
exist; or is this subelectrical matter confined 
only to the electrical particles (and quanta)? 
Resolution of the ether question can be of 
considerable heuristic value here. Continued 
emphasis on the special theory detracts from 
the need for a crucial experiment. 

NIaxwell° was the first to propose a one-
way measurement from observations of as-

* Received by the IRE, March 17, 1960. 
J. P. Cedarholni and C. H. Townes, "A new 

experimental test of special relativity," Nature, vol. 
184. pp. 1350-1351; October 31, 1959. 

2 E, Ives, " Derivation of the Lorentz trans-
iormations," Phil. Mag., vol. 36, pp. 392-403; June, 
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H. E. Ives, "The behavior 01 an interferometer 
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experiment," Nature, vol. 125, p. 566; April, 1930. 

tronomical objects. Much later Bottlingee 
suggested this as a test of relativity. Cour-
voisier,' following his suggestion, found, 
from the 1908-26 eclipse observations of 
Jovian satellites, an ecliptic component of 
the sun's motion through an ether of 715 
±95 km/sec directed at an angle of 132° 
±6°. However, this result is not very con-
vincing because the observed variation, 
which is somewhat less than the probable 
error in the eclipse observations, can also 
result from some flaw in the complicated and 
incomplete gravitational theory of the Jovi-
an system. 

An independent evaluation of the timing 
error due to the motion of the earth alone 
should overcome this objection of gravita-
tional theory. In Fig. 1 the heliocentric 
longitudes of a planet, the earth and the 
light ray are respectively 8, 0, and 44, with 
respect to the direction of the First Point of 
Aries, T. It is assumed that the component 
of the sun's motion through an ether in the 
ecliptic plane is w at angle a, w«c, and the 
paths of the earth and planet are coplanar. 

Fig. 1—Relation of sun, earth and planet. 

Terms above the first order are neglected. 
Lorentzian variations in length, time, and 
mass therefore do not apply. During the 
time t = p/c required for reflected light to re-
turn to the sun, the sun moves a distance wt 
in the ether. For a heliocentric observer, the 
error in determining the planet's position 
(calculated minus observed time) is 

= p/c — r/c = p(w/c2) cos (0 — a) (1) 

since, from the geometry 

r [(p cos (0 — a) — wl)2 -I- P2 sin' (8 — a)1 112 

p — p(w/c) cos (0 — a). (2) 

Similarly, with respect to a geocentric ob-
server, the earth moves a distance wt in the 
calculated time s/c, to give a time error of 

= ± s(w/c2) cos (4, — a) (3) 

where the plus and minus signs apply for 
outer and inner planets respectively. The 
two timing errors, ( 1) and ( 3), differ because 
the positions of the earth and sun do not 
coincide. The difference, which is the timing 
error due to the path of the earth, is 

N, so N, — Ns — R(w/c2) cos (0 — a) (4) 

K. F. Bottl,tiger. " rber cine astronomische 
Prüfungsmtiglichkeit des Relativitâtsprinzips." Astro-
nomische Nachrichten, Band 211. No. 5051, columns 
239-240; 1920. 

L. Courvoisier. "Ableitung der absoluten Erd-
bewegung aus beobachteten Lângen der Jupiter-
Satelliten," Astronomische Nachrichten, band 239, nr. 
5715, columns 33-38; 1930. 

since R cos ( 44—a)±s cos ( e —a) = p cos 
(0—a), where the plus and minus signs apply 
as above. The result is independent of the 
observed object provided the object is not 
an earth satellite. 

The timing error at, should exist simul-
taneously with Ath and àtg in the residu-
als from calculated and observed times of 
astronomical observations. The relative er-
ror ,Cit,/R should then be equal in amplitude 
and opposite in phase to Att,/ p and for outer 
planets N,/s. It would be difficult to explain 
how classical gravitational theory, without 
specifying an anisotropy of space, could intro-
duce into two unrelated motions, such as 
those of the earth and a planet, a common 
periodic error referenced to some arbitrary 
direction in space. Cottrvoisier approximated 
the heliocentric error ( 1), but did not evalu-
ate the independent timing error due to the 
earth. Analysis of a sufficient number of 
residuals of past astronomical observations 
with modern computers should permit an 
unambiguous check for a variation in the 
one-way velocity or light. 

Because of the paucity of suitable astro-
nomical objects substantially outside the 
ecliptic plane, past observations can only 
yield the ecliptic component of the sun's 
motion through an ether. Hence, experi-
ments with artificial satellites are desirable 
to explore the direction normal to the eclip-
tic plane. For an earth satellite, the deriva-
tion of the timing error is the same as for 
(1). This may be rewritten for a satellite as 

= S(y/c1) cos y (5) 

where Sis the distance between observer and 
satellite, y is the velocity of the observer 
through the ether, and y is the angle between 
S arid v. A stable oscillator in a satellite may 
be used to seek this timing error. In any 
transmission between satellite and earth, the 
time at, introduces a variable advance or 
delay which appears to the observer as a 
phase-modulated signal. The phase advance 
in cycles due to the time variation is f At, 
where f is the oscillator frequency. The time 
derivative of this gives the corresponding 
frequency shift. Substituting ( 5), differenti-
ating, and solving for the relative frequency 
shift results in 

— = — [(dS/d1) cosy — S(cky/dt) sin)]. (6) 
f c2 

The maximum values of dS/d1 and 
Sdy/dt are of the order of the satellite's 
orbital velocity. Optimum sensitivities are 
thus obtained with «low-altitude satellites 
and the expression in the brackets then has 
a maximum value of the order of 10 
km/sec. Satellite transmission frequencies 
have been measured' to 1 part in 10', and 
should therefore permit the detection of an 
ether drift of the order of 100 kin/sec. How-
ever, the frequency shift in (6) must com-
pete with the Doppler shift and other 
sources of frequency variation, such as drift. 
Since the Doppler shift is of the order of the 
orbital velocity divided by c for most of the 
path of a low-altitude satellite, the maxi-
mum shift in ( 6) is v/c times smaller. Never-
theless, re-examination of a sufficiently 

M. Bernstein, G. H. Gotigoulis. O. P. Layden, 
W. T. Scott, and H. D. Tanzman, "Satellite Doppler 
measurements," PR()C. IRE, vol. 46, pp. 782-783; 
April. 1958. 
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large body of existing data may permit de-
tection of an ether drift, or the establish-
ment of an upper limit for one. 

Use of an atomic clock should improve 
accuracy by increasing frequency resolution 
and oscillator stability. The improvement 
may be sufficient to give significant results 
with widely separated earth-bound clocks 
by simultaneous frequency measurements of 
the same radio transmission. Such compari-
sons are now being made in this country and 
in England for other purposes.' 
A direct measurement of a variation in 

transmission time, such as the timing error 
in ( 5), may be made as suggested elsewhere" 
by precisely keying an oscillator in time. 
Measurement of the keyed periods by the 
observer is independent of frequency varia-
tions due to Doppler shift, drift, or other 
causes. With an atomic clock having a stabil-
ity of I part in 10" per day, a total variation 
in the keyed periods of ± 8.64 ,us per day is 
detectable. A satellite with a period of one 
day hovers at an altitude of about 36,000 
km. For an observer directly underneath, the 
minimum detectable ether drift in the plane 
of the satellite's orbit is, from (5), 21.6 
km/sec. Sensitivity may be increased by 
increasing the satellite's distance provided 
the clock stability can be maintained over 
the longer orbital period. The ecliptic com-
ponent timing error may be differentiated 
from the parameters of the satellite's orbit 
because the component's phase varies 360° 
per year. A more direct comparison is ob-
tained by simultaneously measuring the sat-
ellite's distance S with an out-and-back 
radio signal by using the satellite as a beacon. 

Regardless of the question of an ether, 
it is of scientific interest to measure the one-
way velocity of light with at least the same 
precision as the measured average of a two-
way signal. The apparent neglect of the one-
way measurement, despite the means at 
hand and the current preparations for re-
lated experiments which are more elaborate 
and advanced, attests to the almost uni-
versal, but premature, acceptance of the sec-
ond postulate of the special theory of rela-
tivity. 

MARTIN RUDERRER 
Dimensions, Inc. 

Brooklyn 4, N. Y. 
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'0 I. T. Anderson. "Determination of the orbit of 

an artificial satellite." PROC. IRE. vol. 47, pp. 1658-
1659; September, 1959. 

Microwave Detection and Harmonic 
Generation by Langmuir-Type 
Probes in Plasmas* 

The demodulation of microwave signals 
(fr.-40,000 me), when they are impressed 
upon a Langmuir-type metallic probe in 

* Received by the IRE March 30, 1960. 

contact with an ionized gaseous medium, has 
been examined. The plasma was that which 
forms in the negative glow region of a cold-
cathode dc discharge established in helium 
or neon at pressures ••••• 1-10 mm Hg. The 
metallic probe was generally a 0.5-cm length 
of 1.0-mil tungsten wire and was the exten-
sion of the center conductor of a coaxial mi-
crowave cable (TEM mode). A change in 
the "continuous" probe current, as the am-
plitude of the microwave electric potential 
varied, indicated demodulation. 

The nonlinear volt-ampere characteris-
tic of a probe immersed in a plasma is well 
known and would predict a rectification 
effect for alternating voltages similar to that 
observed for the point contact semicon-
ductor diode. This effect has been proposed 
since at least 1916' for the demodulation of 
low-frequency electrical waves. The present 
interest stems from recent measurements' 
of the electron temperature in the negative 
glow plasma established in helium, which 
indicates quite a low temperature, •-‘,400°K, 
approaching that of the gas, 300°K. A low 
effective temperature for the charge carriers 
(for our case electrons) will lead to a sharp 
"knee" in the volt-ampere characteristics of 
the metallic probe. This effect is clearly 
shown in Fig. I. Here, the oscilloscopic pres-
entation of probe current, while the probe 
voltage is swept at a low audio rate, is com-
pared with the current flowing in a con-
ventional 1N23B crystal diode treated in 
similar fashion. Note that both curves have 
sharp and similar knees which would predict 
equivalent sensitivity for demodulation of 
radio-frequency waves, provided that each 
curve retained its shape and significance 
at the higher frequencies. 

In one of several arrangements it was 
possible to impress a pulsed microwave 
signal (9375 mc with 4-i.t.sec pulse duration) 
alternately on the metallic probe or on the 
plasma medium surrounding the probe. Fig. 
2 shows the resulting demodulated pulses. 
The crystal detected pulse is displayed in 
Fig. 2(c) for purposes of comparison. Fig. 
2(a), with microwave energy present only in 
the plasma, shows a relatively slow response 
with time constant one microsecond. The 
essential details of this response limy be ex-
plained by an alteration of the temperature 
of the plasma electrons while absorbing 
microwave energy, and an accompanying 
change in plasma space potential. When the 
microwave is impressed on the probe an 
additional response is noted in Fig. 2(b) at 
the time of application and removal of the 
pulse. The rapidity of this response is limited 
only by the oscilloscope and circuitry. 

Of particular interest is the sensitivity 
of the gaseous discharge detector in com-
parison with a conventional 1N23B crystal 
diode. When both types of detectors were 
tuned for optimum output in equivalent 
mounts and for incident microwave power 

P. C. Hewitt, *Method of, and Apparatus, for, 
Translating Electrical Variations," U. S. Pat. No. 
1.144.596; June 29, 1915. 
° J. M. Anderson, "Ultimate and secondary elec-

tron energies with a negative glow of a cold-cathode 
discharge in helium," to be published in the J. Appl. 
Phys.; March, 1960. 

°J. M. Anderson and L. Goldstein, " Interaction of 
electromagnetic waves of radio-frequency in iso-
thermal plasmas," Phys. Rev., vol. 100, pp. 1037- 
1046; November, 1960-. 
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Fig. 1—Comparison of metallic probe and semicon-
ductor diode volt-ampere characteristics with 
voltage swept at a low audio frequency. 
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Fig. 2—Video response 01 Langmuir-type probes im-
mersed in a negative stl“w plasma established in 
helium at a pressure of 5 rum lig. 

=0.1 milliwatt, the crystal detector required 
approximately 3 db less power for equal re-
sponse. The minimum detectable signal or 
noise level of the discharge detector was not 
examined in these tests. When the cold-
cathode discharge plasma was established 
in neon instead of helium, the discharge de-
tector was approximately 13 db inferior to 
the crystal. 

The magnitude of the fast response, de-
scribed above, was examined as a function 
of the incident microwave power. In all 
cases, the response of the discharge detector 
for low microwave powers, > 10 mw, fol-
lowed closely the square law expected from 
a semiconductor diode. 

The above effects suggest a form of recti-
fication between the metallic probe and the 
plasma wherein the nonlinearity of the de-
vice is active for each cycle of alternation of 
the incident microwave. The generation of 
waves harmonic in frequency to the incident 
microwave is immediately suggested. In an 
appropriately arranged K-band crystal de-
tector mount tuned to 18,750 mc, an almost 
square pulse of microwave energy having 
rapid rise and fall was detected, which co-
incided in time with an incident microwave 
pulse at 9375 mc to the discharge detector. 
However, this frequency multiplier was 
found inferior to a semiconductor diode, 
1 N 23B, by about 16 db in the ability to gen-
erate second harmonic energy. A neon-
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filled discharge detector was 17 db inferior to 
the crystal under similar circumstances. In 
these second-harmonic measurements, cir-
cumstances occasioned a hollow-cathode 
type of discharge as the only form employed. 
Later, electrons in this discharge type were 
found to have a characteristically high tem-
perature, -,-1000°K. Most probably, a dis-
charge detector having a plane cathode, as 
used in the work associated with Figs. 1 and 
2, would show a greater efficiency for har-
monic generation, but such was not re-
examined. 

It may be mentioned that a portion of 
the experimental results reported by M. 
Uenohara, et al.,' and by J. R. Baird and 
P. D. Coleman' might possibly be explained 
on the basis of that given for the above ex-
periments, since metallic electrodes were 
present in their discharge tubes. However, 
the above described detector is presumably 
dissimilar to one of current interest de-
scribed by Udelson and by Gould,6 where-
in the dc discharge current sustaining the 
cold-cathode discharge is altered when 
microwave energy is incident on one or more 
plasma regions of the discharge. 
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A New Use of the Junction Transis-
tor as a Pulse-Width Modulator* 

Price's paper' reports that transistors 
can be used as a pulse-width modulator in a 
saturation region, utilizing the minority cif-
rier storage effect. That technique is de-
scribed with a "selected point-contact tran-
sistor." whose current gain, alpha, is larger 
than five. The collector potential is modu-
lated, using a common base configuration. 

This paper describes a new method of 
pulse-width modulation which modulates 
the base pulse current in a common emitter 
configuration. This new method is more 
suited to junction transistors. It is expected, 
therefore, that a more applicable and prac-
tical method of modulation with good linear-
ity and effectiveness will be obtained. 

If enough input pulse current is supplied 
to saturate the transistor, each output pulse 

* Received by the IRE. March 28, 1960. 
J. C. Price. "A conductivity storage transistor 

pulse width modulator." Elec. Engrg., vol. 30, pp. 
88-90; February. 1958. 

maintains a constant amplitude during the 
storage time, due to the fact that the col-
lector load resistance and collector bias sup-
ply voltage are fixed. 

When the input current is modulated by 
audio frequencies at the base of the tran-
sistor in saturation region, only the width of 
output pulses varies in accordance with the 
input modulation signal. Thus the pulse am-
plitude modulation at the input is trans-
formed to the pulse-width (or phase) modu-
lation at the output automatically. 
A simplified circuit for this method is 

shown in Fig. 1. The modulated input and 
output voltage waveforms are shown in Fig. 
2, where the pulse-width is 10 microseconds, 
repetition frequency is 10 kilocycles, Re is 
4.7 kilohms and Ec is 6 volts. In Fig. 3, the 
demodulated sine wave with a frequency of 
100 cycles is illustrated. The distortion fac-
tor of the wave is about 5.5 per cent. Using 
a proper circuit, it was found that, according 
to the oscillographic observation, the dis-
tortion factor of the sine waves up to 10 kilo-
cycles is almost the same as that of the wave 
at 100 cycles. 

Triggering a flip-flop by the differenti-
ated impulse of the output modulated pulse, 
as shown in Fig. 4, the distortion factor of 
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Fig. I —Simplified PWM circuit. 

Fig. 2 -- Modulated pulse waves. Input voltage. 1' \ 
(upper) and output voltage. P‘VM (lower) ot this 
method, using a low frequency junction tran-
sistor. Input alloy width is (X) »sec. 

Fig. 3—Demodulated sine wave ( 100 cycles). 
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Fig. 4 -- Block diagram of a pulse 
readjusting circuit. 

the system will become less than 5 per cent. 
This method also serves as a simple 

pulse-delaying circuit adaptable to various 
pulse and logic circuits. 

Plans are being made for estimating the 
signal-to-noise ratio and limit of modulation 
factor at any given circuit and frequency 
conditions. 

The author is grateful to Dr. H. Kuroda 
and Dr. T. Nakano for their valuable discus-

I. TAGOSHIMA 
Tech. Res. Lab. 

Japan Broadcasting Corp. 
Kinuta, Setegaya, Tokyo, Japan 

On the Uniqueness Theorem for 
Electromagnetic Fields* 

The following proof of the uniqueness 
theorem of the solution of boundary value 
problems in electromagnetic field theory will 
be based on the general ideas of uniqueness 
theorem proof given by Stratton.' However, 
this proof will be original in a way, as it will 
consider also the case of resonant modes and 
mixed boundary conditions in the steady-
state case, which were not considered by 
Stratton. 

Let V be a region of space bounded by a 
closed surface S. It will be assumed that V 
is an isotropic medium with the scalar pa-
ramaters i, e, o. as arbitrary functions of 
position. Let (Ei; T-11) and (E1; -172) be two 
solutions of the field equations with har-
monic time variation e-iwt. Assuming li lea ri ty 
of the field equations, the difference field 
E =Et --E2 and -il =n, -772 is also a solu-
tion of the boundary value problem. Let us 
assume that the sources lie entirely outside 
the region V. 

From Maxwell's equations with har-
monic time variation one can get the follow-
ing relation for the complex Poynting vector:' 

x TP) = — 

e‘--H • n* - 21-E.E6'). (1) 
2 2 

Taking the volume integral on both sides ol 
(1), and separating into real and imaginary 
pairs we get: 

Re (E X rp) • MS = - f aE2dV 

(2a) 

Im x 77.). us 

= 2.co j(' 112 — 1:.2) (2b) 
2 2 

If we prescribe i?xE, = XE2 or flxn 
xn, on the surface S, the left-hand side 

integrals in ( 2) will vanish since 

(E- X H") • = (fl X E).H* 
— (n X 7-1-*).T., (3) 

• Received by the IRE. March 7, 1960. 
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and E=E1—.E2, and H =71-H2. The in-
tegrals on the left-hand side of (2) will also 
vanish in the mixed boundary conditions 
case in which ñXE=ñXE2 is prescribed 
over part of the closed surface Sand ñXHi 
-=RXH2 is prescribed over the rest of the 
surface S. Therefore ( 2) will become 

LoE2dV = 0, (4a) 

11, 
fv ii2C/V = f —e E2dV. (4b) 

y 2 

We must distinguish between two differ-
ent cases in (4). a) e00. The medium has 
losses. In this case we see from (4a) that 
since o >0, we will have to have throughout 
the volume V, E=E, —E2—o. Using this 
in (4b) we also get // =HI —H2=0 through-
out the volume V. Therefore, in those cases 
the two solutions will be identical. b) = 0. 
The medium does not have any losses. In 
this case (4a) becomes an identity and 
only (4b) is left. From this uuation we 
see that the differences Ei=EI—E2 and 
H = 11,-112 do not have to be identically 
zero throughout the volume V. The only 
requirement in (4b) by itself is that the total 
average electric energy of the difference 
field will be equal to the total average 
magnetic energy of the difference field; 
in other words it is required that the differ-
ence electromagnetic field between the two 
solutions will be a resonant mode. Only in 
cases where we do not have any resonant 
modes will we get a unique solution. One 
such case is the case of an unbounded region 
with radiation conditions prescribed at in-
finity.2 

Let us summarize the uniqueness theo-
rem: 

A harmonic time-varying electromag-
netic field is uniquely determined within 
a lossy bounded region V, by prescribing 
one of the following on the surrounding 
surface S: 

1) the tangential component of the 
electric vector. 

2) the tangential component of the 
magnetic vector, 

3) the tangential component of the 
electric vector over part of the sur-
face S, and the tangential com-
ponent of the magnetic vector over 
the rest of the surface S. 

In case of a lossless bounded region 
V, the electromagnetic field will not be 
uniquely determined by the above, since 
by adding any number of resonant modes 
to a solution, a new solution will be found. 

In case of an unbounded region V, with 
radiation conditions at infinity, any one 
of the above will determine a unique so-
lution. 

H. UNz 
Elect. Engrg. Dept. 

University of Kansas 
Lawrence, Kans. 

./-Band Strip-Line Y Circulator* 

A strip-line Ycirculator has been realized 
with successful results in the L-band case. 1,2 

The lower the operating frequency of the 
circulator is, the more difficult the realiza-
tion of the circulator becomes, because of 
the lowering of the figure of merit which 
comes from the characteristics of both poly-
crystalline YIG and the strip-line. The tri-
plate strip-line Y circulators in the lower 
bands of the UHF region have been tested 
in order to find out their practical lowest 
operating frequency, and good results have 
been obtained even in the J-band (from 350 
mc to 530 mc), which is reported later in 
this letter. It has also been ascertained that 
the practical lowest limit of the operating 
frequency of the circulator is expected to be 
at some frequency band in the VHF region. 

According to the experimental results of 
the circulator made up for the several bands 
in the UHF region, the figures of merit ( the 
backward transmission loss in decibels upon 
the forward transmission loss in decibels), 
the necessary applied magnetic fields by 
Alnico magnets, and the sizes of the devices 
(in which three type n connectors, three co-
axial line-strip line junctions, three Alnico 
magnets, and two adjustable pole pieces are 
included), are given in Fig. 1 against the 
operating free-space wavelength respec-
tively. In the case of the circulator made up 
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to 360-mc use in the J-band they are about 
100, about 1250 oersteds, 61 inches in 
diameter (2 inches in height), respectively. 

When a wave of frequency 360 mc enters, 
for example, through arm 1 from a matched 
generator, it comes out from arms 2 and 3 
terminated by matched detectors. Trans-
mission losses are shown against the applied 
dc magnetic field in Fig. 2. When the ex-
ternal de magnetic field corresponding to 
point A (about 1250 oersteds) in this figure 
is applied, the clockwise circulator is com-
pleted in this case. In practice, three Alnico 
magnets, having a magnetic field corre-
sponding to the point A, are set to the strip-
line Y junction. The frequency characteris-
tics of the circulator are shown in Fig. 3. 
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These data are obtained for the circulator 
with type n coaxial connectors. Typical 
performance is within 0.4-db insertion loss 
over 20-db isolation with VSWR less than 
1 db over 7 per cent bandwidth of the center 
frequency in J-band, and is 0.36 to 34.8 db 
with VSWR 0.3 db at the center of the band. 
We can expect to get better characteristics 
when the strip-line circulator is used without 
the coaxial connectors and the coaxial strip-
line junctions. The same type of circulator 
can be made in the case of the other types of 
strip-line. Also, a microwave switch can be 
easily made by the modulation of the ex 
ternal magnetic field. 

S. YOSHIDA 
Matsuda Res. Lab. 

Tokyo Shibaura ElŒtric Co., Ltd. 
Kawasaki, Kanagawa, Japan 
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13. B. BARROW 

Interaction of Two Microwave Sig-

nals in a Ferroelectric Material* 

A conventional degenerate mode para-
metric amplifier was used as a research tool 
to study the ferroelectric interaction with 
two microwave signals. Certain interesting 
results were obtained, namely, that there 
was an exchange of energy from the pump 
frequency to the signal frequency in the 
ferroelectric material via an idler frequency. 
Results are shown in Table 1. 

There was too much loss in the system at 
1200 mc and 820 mc to obtain any gain; in 
fact, the insertion loss of the microwave cir-
cuit with material used was 7.5 db. Remov-

* Received by the IRE, April II, 1960. 

TABLE I 

Relative 
Amplitude 

of the Pump 
Idler to the Power 

Signal 
Frequency 

2600 mc 
1200 mc 
820 mc 

5200 mc 
2400 mc 
1640 mc 

—31 db 1 watt 
—6 db 120 mw 
—6 db 150 mw 

ing the pump frequency removes the idler 
and also lowers the amplitude of the signal 
frequency. The operation is very similar to a 
parametric amplifier with a low-cutoff fre-
quency or lossy varactor. 

The ferroelectric material was Barium 
Titanate of the polycrystalline type. Aero-

vox Body 90, operating at room temperature 
below its Curie point. A small chip, 0.003 
inch thickness and 0.010 inch on a side, was 
used in a modified microwave crystal holder. 
The capacity of the sample was 2.2 pd. 

It does appear that the permittivity ol 
the material can be varied at a microwave 
frequency rate; hence, the material becomes 
a variable capacity, thus making possible 
the basic element for a ferroelectric para-
metric amplifier. 

The author wishes to acknowledge the 
stimulating discussions with Dr. H. Diamond 
and T. H. Butler of the University of Michi-
gan. 

IRVING GOLDSTEIN, MANAGER 
Solid-State Physics Branch 

Raytheon Missile Systems Div. 
Bedford, Mass 
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Books  

Electrical Engineering Science, by Preston 
R. Clement and Walter C. Johnson 

Published ( 1960) by McGraw-Hill Book Co., .330 
West 42 St., N. Y. 26, N. Y. 574 pages +10 index 
pages +xiii pages +3 appendix pages +problems fol-
lowing each chapter. Illus. 61 X91. 89.50. 

In the preface the authors state that this 
book is intended as an introduction to elec-
trical engineering as an applied science, and 
it seems to this writer that this has been ac-
complished most excellently. Since such a 
course is normally a part of the sophomore 
year, many colleges will have to "beef-up" 
their students' mathematical background if 
they wish to use this book, as differential and 
integral calculus is used freely, and frequent 
use is made of differential equations. On the 
other hand, while not suggested by the au-
thors, it seems to this writer that the book 
might perhaps even better be used as a 
junior course following the usual sophomore 
"Elements of Electrical Engineering" and 
serve effectively to drive home the scientific 
basis for electrical engineering, a point that 
seems to be missed by far too many of to-
day's graduates. 

As a foundation for training in electron-
ics, this book is particularly excellent, as its 
methods of presentation are very well 
thought out and the relationship of the 
widely diverse electronic concepts are well 
emphasized. This writer was particularly 
pleased with the methods used to introduce 
circuit and network theories and the extent 
to which these subjects are covered, but was 
a bit disappointed with the brief coverage of 
semiconductors. The usual introductory 
subjects of Electrical Forces and Fields, 
Magnetism and Electrodynamics, Principles 
of Energy Commission, and Measurements 
of Electrical Quantities are well and ade-
quately handled. Fourier analysis is particu-
larly well done. 

The authors are to be especially con-
gratulated for their excellent choice of prob-
lems, both as to quantity and quality. These 
vary from the quite simple to ones that will 
present great difficulties for a high percent-
age of electrical engineering graduates. In all 
cases, the problems require a carefully 
reasoned out approach and give the instruc-
tor an excellent means of measuring the 
students' thinking ability. 

While the book is intended primarily as a 
college text, this writer believes that most 
electronics graduates of a dozen years or 
more will find a careful perusal of its con-
tents well worthwhile. 

CONAN A. PRIEST 
314 Hulburt Rd. 
Syracuse 3. N. Y. 

The Dynamic Behavior of Thermoelectric 
Devices, by Paul E. Gray 

Published ( 1960) by The Technology Press, Mass. 
Inst. of Tech., and John Wiley and Sons. Inc., 440 
Fourth Ave., New York 16, N. Y. 106 pages +2 index 
pages +vii pages +1 bibliography page +26 appendix 
pages. Illus. 6 k X91. $3.5C. 

This book is an attempt to analyze the 
small-signal dynamic behavior of thermo-

electric devices, specifically heat pumps and 
generators. This is a field which has not been 
explored previously and is of potential im-
portance for the control aspects of thermo-
electric devices. Specifically, the physical 
system and the mathematical model is con-
sidered, followed by small signal analyses 
for both the heat pump and the generator. 
Experimental work designed to test the heat 
pump model is described and the adequacy 
of the model is discussed. The last chapter 
preceding the brief conclusion treats the 
modification of the analysis to include a 
temperature-dependent resistivity. 

The work described is definitely of value 
to the worker interested in the details of 
thermoelectric device behavior. Unfortu-
nately, the field is not sufficiently advanced 
for most workers to be concerned with the 
details of transient behavior or control; to 
date, relatively brute-force empirical tech-
niques have been adequate for his require-
ments while excusing him from the labor 
involved in the more elegant considerations. 
Also, unfortunately, this treatment suffers 
the fate of most attempts at detailed, theo-
retical studies in this field; that is, the more 
general functions derived turn out to be 
"sufficiently complicated to defy interpreta-
tion," and require highly restrictive assump-
tions to make them tractable. In spite of 
this, Dr. Gray's work shows, in this re-
viewer's opinion, sufficiently satisfactory 
agreement with experiment to induce a 
reasonable faith in its basic validity. 

It would be unkind not to cite the pub-
lishers for their effort in making available 
to interested scientists a work of this nature 
—one too long for any journal article, but of 
insufficient scope and completeness for a 
finished book. 

F. E. JAUMOT, JR. 
Delco Radio Div., GMC 

Kokomo, Ind. 

Masers, by Gordon Troup 
Published ( 1959) by John Wiley and Sons, Inc., 

440 Fourth Ave.. N. Y. 16. N. Y. 148 pages +4 index 
pages +x pages +4 bibliography pages + 12 appendix 
pages. Illus. 41 X61. $2.75. 

This small book, another of Methuen's 
h1onographs on Physical Subjects, is an in-
troductory text to the subject of Microwave 
Amplification by Stimulated Emission of 
Radiation. Both gaseous (beam) masers and 
solid-state masers are discussed in quantum-
mechanical terms. The book is the out-
growth of a dissertation written by the 
author. 

After an introduction to the general sub-
ject, the approaches to stimulated and spon-
taneous emission from both thermodynamics 
and quantum mechanics are explained. The 
expressions for the power emitted by a gase-
ous and a paramagnetic molecule are then 
calculated, and the various factors affecting 
the emission process are discussed. Excita-
tion methods for two-level and three-level 

masers are covered, but four-level excitation 
schemes are not discussed. 

In the chapter on Amplifier Systems, the 
gain, bandwidth, and noise factor of a travel-
ing-wave maser, and one-port and two-port 
cavity masers, are derived from fundamental 
considerations. The concept of magnetic Q is 
introduced in connection with cavity masers, 
but is not exploited elsewhere in the book. 
The conditions for oscillation, emitted 
power and frequency of oscillation of the 
ammonia beam maser oscillator are ana-
lyzed. In a chapter entitled "Experimental 
Work," the published designs of several am-
monia beam masers and solid-state masers 
are discussed. The book covers the published 
literature to approximately the end of 1958. 

The field of masers straddles several 
areas of physics and electronics, and the 
author faced a difficult choice on what to 
include in this small volume. He has chosen 
to concentrate on the quantum-mechanical 
fundamentals. Hence, this book can be 
recommended, and will be of primary in-
terest to those interested in the physics of 
molecular amplifiers. 

FRANK R. ARAMS 
Airborne Instruments Lab. 

Div. of Cutler-Hammer, Inc. 
Melville. L. I., N. Y. 

NAB Engineering Handbook, Fifth Edition, 
A. Prose Walker, Ed. 

Published ( 1960) by McGraw-Hill Book Co., 330 
West 42 St., N. Y. 36, N. V. 1666 pages +35 index 
pages +XXV pages. Illus. 91 X61. 427.50. 

This Handbook was written for broad-
cast engineers and technicians. However, it 
will be highly educational to nontechnical 
persons wishing to increase their knowledge 
of the technology of broadcasting. Earlier 
editions of this Handbook were published in 
1935, 1938, 1946 and 1949, consisting of loose 
leaf volumes utilizing offset printing. They 
highlighted various aspects of broadcast en-
gineering which were of immediate need 
without attempting to deal with the entire 
system. The new edition, the first to utilize 
the letter press textbook format, covers the 
whole field of broadcast technology. It is a 
carefully edited compilation of a tremendous 
store of reference material and technical in-
formation much of which previously had 
been treated inadequately or so scattered 
through the literature that its use was 
limited. Forty-nine individual engineering 
authors, each an authority in his field and 
identified with broadcasting network or sta-
tion operation or engineering, the design of 
apparatus or facilities, engineering consulta-
tion, the Bell Telephone System, the U. S. 
Information Agency or the Federal Com-
munications Commission cooperated with 
the NAB engineering staff over a period of 
three and one-half years to produce a com-
prehensive work. 

The book presents a logical treatment of 
the entire AM-FM-TV broadcasting system, 
including radio relaying, FCC rules, regula. 
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tions and standards, design, construction 
practices, cost estimating, industry stand-
ards, measuring systems and methods, net-
work distribution, signal analysis, color 
fundamentals and the color TV system, re-
mote pickup equipment and practices, 
auxiliary and supplementary services, new 
techniques and devices including semicon-
ductors, FM multiplexing, compatible single 
sideband transmission, l'HF television 
translators, remote control of broadcast sta-
tions, automatic logging and control of 
broadcast systems and the ConeWad system. 

430 pages are devoted to the reproduc-
tion of pertinent FCC and industry stand-
ards, rules, regulations and related informa-
tion. 300 pages are devoted to the planning, 
design, construction, performance and main-
tenance of antennas and towers, and wave 
propagation. 167 pages deal with network 
transmission facilities, microwave systems 
engineering and performance, and television 
signal analysis. 195 pages are devoted to the 
planning and construction of studio facili-
ties, cost estimating, television lighting sys-
tems, audio and video effects, and magnetic 
recording of sound and pictures on tape and 
disks. The 261 pages on new techniques and 
devices which are contributing significant 
new trends, improvements and economies in 
the broadcasting industry constitute one of 
the valuable additions to this Handbook. 

Any broadcast engineer or technician in-
terested in broadening his knowledge, keep-
ing abreast in his field and having at hand a 
comprehensive reference volume and guide 
will find this new Handbook an almost in-
dispensable addition to his library. 

RAYMOND F. Guy 
National Broadcasting Co. 

New York, N. Y. 

Electromagnetic Theory and Engineering 
Applications, by John B. Walsh 

Published ( 1960) by The Ronald Press Co., 15 E. 
26 St., N. V. 10, N. Y. 258 pages +4 index pages +21 
appendix pages +x pages. Illus. 61 X91. 88.50. 

The book is an intermediate level text 
which combines some aspects of the physics 
of electromagnetic fields with engineering 
applications. It should be regarded as a 
textbook and its pedagogical value depends, 
of course, on the orientation of the course 
and its instructor. The nine chapters cover 
topics of Vector Analysis, Electrostatics, 
Magnetostatics, Maxwell's Equations, Plane 
W'aves, Energy Flow and Guided Waves, 
Relation Between Field and Circuit Equa-
tions, and Transmission Lines. A set of ap-
pendices deals with mathematical matters 
and special problems which would be dis-
tracting if they were in the main body of the 
text. 

The attempt to relate the formal aspects 
of the subject to physical pictures and basic 
concepts is a commendable feature. The 
author is necessarily limited to a cursory 
treatment of such matters by the require-
ment of covering " field theory for electrical 
engineers." One can hardly expect a student 
to really understand dielectric polarization 
or magnetic domain theory on the basis of 
such once-over-lightly presentations, and it 
is certain that the author does not suffer 

from misconceptions as to the effectiveness 
of his treatment. But enough is said to stim-
ulate the live student, whet his appetite, and 
give him something more to think about 
than sets of equations. 

The discussions of energy relations in 
fields follow conventional lines of develop-
ment, which means that assumptions under-
lying their derivation and the limitations on 
the interpretation of the energy density 
functions are not stated and stressed ex-
plicitly enough. 

The author very carefully develops the 
properties of complex vectors, distinguishing 
the phasor aspect from the spatial direc-
tional aspect of a harmonically time-varying 
electric field. Unfortunately, he does not 
proceed to discuss complex permittivity and 
permeability and show that even in an iso-
tropic medium the vectors D and E, and B 
and H, are not necessarily colinear as they 
are in the case of static fields. His subsequent 
treatment of the Poynting vector and energy 
flow falls short by not dealing with complex 
constitutive parameters and their signifi-
cance in representing energy exchange and 
dissipation in lossy media. 

The exercises take the form of problems 
and questions, pertaining to interpretation of 
the results, which are certainly provocative. 
This is an excellent pedagogical device. A 
student will find the book a useful starting 
point for a course of study of the field of elec-
tricity and magnetism and its applications 
and, if he falls for the bait laid out for him 
and uses the library, he will fare very well. 

SAMUEL SILVER 
Space Sciences Lab. 

Leuschner Observatory 
Univ. M Calif. 

Berkeley 4, Calif. 

Quantum Electronics, Charles H. 
Towne, Ed. 

Published ( 1960) by Columbia University Press, 
2960 Broadway, N. V. 27, N. Y. 602 pages +xviii 
pages +5 pages list of participants. Illus. 61 X9). 
$15.00. 

This volume contains the proceedings of 
the Conference on Quantum Electronics— 
Resonance Phenomena, which was held at 
High View, N. Y. in mid-September, 1959 
under the auspices of the Office of Naval 
Research. This conference had a truly inter-
national flavor, being attended by about 160 
scientists from at least ten countries, includ-
ing Israel, Japan, and Russia. 

The purpose of this gathering was to ex-
change and consolidate information bearing 
on atomic, molecular, and nuclear resonance 
phenomena, particularly those which in-
volve quantum effects of various sorts. 
Among the many topics included were vari-
ous types of masers, optical pumping and re-
lated effects, atomic frequency standards 
and clocks, noise in quantum-mechanical 
amplifiers, generation and detection of elec-
tromagnetic energy by atomic or molecular 
phenomena, and ferromagnetic, paramag-
netic, and cyclotron resonance phenomena. 

Since an excellent summary of this con-
ference has recently been published by 

Irving Rowe of the Office of Naval Research 
(Physics Today, vol. 13, pp. 29-34; March, 
1960), there is ito seed to attempt a further 
summary here. It is sufficient to say that 
the conference proved to be extremely fruit-
ful to all concerned. 

The present volume contains the texts of 
most of the papers that were presented, to-
gether with the discussions which followed 
these papers. Many of the papers, and prob-
ably the most valuable ones, are those which 
attempt to summarize the present state of 
our knowledge in various fields. Not sur-
prisingly, these were found to be the most 
readable. There are also many original con-
tributions. some of these apparently pre-
pared expressly for this conference. These 
are also likely to be highly appreciated by 
the readers of this volume. Some of the 
papers are highly specialized; these should 
appeal most to readers seeking specific in-
formation rather than a general point of 
view. A number of papers are represented 
only by abstracts; even those are usually ac-
companied by a record of the ensuing dis-
cussion. 

Because this volume brings together a 
wealth of up-to-date and authoritative in-
formation on a highly active subject, and 
also because this volume appears in print 
only six months after the conference, when 
the subject matter is still fresh and timely, 
it should receive a hearty welcome by the 
scientific community. At least a third of the 
content should appea to a very wide reader-
ship, while the remainder should prove most 
useful to specialists. The Office of Naval Re-
search, the editor, Professor Charles H. 
Townes of Columbia University, and the 
assembly of contributors deserve our thanks 
for bringing this volume to fruition. 

FRANK HERMAN 
RCA Labs. 

Princeton, N. J. 

Transistor Circuit Analysis and Design, 
by Franklin C. Fitchen 

Published (1960) by D. Van Nostrand Co., Inc.. 
120 Alexander St., Princeton, N. J. 324 pages +6 in-
dex pages +xi pages +bibliography by chapters +24 
appendix pages. Illus. 6) X91. $9.00. 

This book is one of the Van Nostrand 
Series in Electronics and Communications 
edited by Prof. H. J. Reich. It was written 
as a one-semester textbook for E.E. junior 
or senior students. The development is ele-
mentary with only a working knowledge of 
dc and ac fundamentals being required. The 
subject treatment makes this book primarily 
suitable for engineers with a passing interest 
in transistors and particularly for those in-
terested in usual circuit applications. The 
summary and extensive problems associated 
with each chapter should make it possible 
for practicing electronic engineers to use this 
as a self-study text. Chapter references are 
used frequently to direct the reader to more 
advanced treatments. 

L J. GIACOLETTO 
Scientific Lab. 

Ford Motor Co. 
Dearborn, Mich. 
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Theory of Inertial Guidance, 
by Connie L. McClure 

Published ( 1960) by Prentice-Hall, Inc., 70 Fifth 
Ave., N. V. II, N. Y. 302 pages+4 index pages-I-xi 
pages+3 bibliography pages+29 appendix pages. 
Illus. 6/ X91. $12.00. 

This is the first text on this subject to 
find its way into the reviewer's hands, 
although at least one other will be available 
August 1, 1960. 

Mr. McClure's book provides, in one 
convenient source, the theoretical founda-
tion of the subject. Presupposing a knowl-
edge of undergraduate engineering mathe-
matics and mechanics, it will be of interest 
primarily to students taking a formal course 
in the subject. In addition, it will be useful 
to two classes of active practitioners of iner-
tial guidance—the younger man on the staff 
who has not had the benefit of a specialized 
course in the subject, and the experienced 
component designer who would like to forti-
fy his understanding of how his component 
fits into the system as a whole. 

The subject matter is confined almost 
exclusively to theory, with just enough in-
troduction to practical instruments to render 
the subject plausible. The topics covered 
include the related mathematics (vectors, 
coordinate transformations, Coriolis' Law), 
three-dimensional kinematics, the elements 

of rigid body mechanics, and classical gyro 
theory, all of which form the background of 
the subject. The author then describes the 
use of gimbal systems and gyros for base-
motion isolation, the single-axis Schuler-
tuned vertical indicator, the single-axis 
velocity-damped vertial indicator, and then 
finally, the complete three-dimensional sys-
tem, including the effects of ellipticity, vari-
able altitude, and the choice of azimuth con-
trol law. There is a very brief discussion of 
error studies, both analytical and simulated. 

The literary style is vigorous; the ar-
rangement is orderly. The progression from 
one topic to the next is logical, and the most 
advanced sections build on that which pre-
cedes. Derivations are generally neat, but 
there are a few isolated sections which would 
benefit from revision (e.g., sections 7.3, 10.4, 
and 10.5). Neither the historical develop-
ment of the gyrocompass, nor the search to 
find a pendulum capable of tracking the ver-
tical, the commonly-used approaches to the 
subject, are used here. Rather, the ap-
proach is mathematical in nature, based on 
a solution of the dynamic and kinematic 
problem of movement over the surface of a 
three-dimensional body. This in itself is fine, 
for, assuming that the student will eventu-
ally meet the pendulum concept in other 
readings, breadth of understanding is fos-

tered by the assimilation and fusion of sev-
eral points of view. The atsthor does his 
thinking in terms of classical differential 
equations. It would seem that a more direct 
appeal to physical intuition through the use 
of vectors (which appears only incidentally) 
would make the presentation clearer. 

Contrary to claims made on the dust 
jacket, this book does not treat "every 
aspect" of the subject. For example, it does 
not cover ballistic missile or space vehicle 
guidance. The computer design and the size, 
weight, and accuracy of other physical 
equipment are scarcely mentioned. A be-
ginning student who might want to see at 
least one picture of a real gyro or a real 
platform will not find it in this book. Other 
important problems such as alignment tech-
niques, "gyrocompassing," and the instabil-
ity of the altitude channel are omitted. 

Finally, the text does not contain prac-
tice problems. The author would do a service 
to himself and to the users of his book if he 
were to prepare a set of problems to be issued 
as a companion document. Problems are 
absolutely essential if the student is to 
assimilate the book's methods for later ap-
plication to his own problem situations. 

DR. ALAN M. SCHNEIDER 
Missile Electronics and Controls Div. 

RCA 
Burlington, Mass. 

Scanning the Transactions  

Antenna arrays are usually thought of as having equal 
spacings between elements. It now appears that this is not 
necessary. A recent study of steerable broadband antenna 
array designs gives some rather surprising evidence that un-
equally-spaced arrays are apt to require fewer elements and 
have smaller sidelobes. In fact, one spacing arrangement was 
found to require only 21 elements as compared to 78 for an 
equally-spaced array of similar beamwidth. Although un-
equally-spaced arrays have not been explored in great detail 
yet, it is evident that they offer interesting possibilities for 
further investigation. ( D. D. King, et al., "Unequally-spaced, 
broad-band antenna arrays," IRE TRANS. ON ANTENNAS AND 
PROPAGATION, July, 1960.) 

The interaction of sound and electromagnetic waves, 
though by no means a new subject to physicists, has not been 
discussed before in an IRE publication as far as can be 
recalled. It is then perhaps worthy of note that the subject 
has now arisen in two TRANSACTIONS at the same time. In one 
paper, investigators were interested in the reflection of radio 
waves as they are propagated through acoustically disturbed 
air. The reflections arise because sound waves cause variations 
in the index of refraction of air. In another paper, investigators 
were interested in the manner in which a narrow beam of light 
is diffracted when it passes through an ultrasonic wave, again 
due to sound-produced variations in the index of refraction of 
air. The latter phenomenon, incidentally, provides a way of 
optically measuring ultrasound intensity and of ultrasonically 

triggering a stroboscope. (B. L. Jones and P. C. Patton, "Solu-
tion of a reflection problem by means of a transmission line 
analogy," IRE TRANS. ON ANTENNAS AND PROPAGATION, 
July, 1960; H. L. Zankel and E. A. Hiedemann, " Diffraction 
of a narrow beam of light by ultrasonic waves," IRE TRANS. 
ON ULTRASONICS ENGINEERING, June, 1960.) 

The search for factors that influence creativity has become 
increasingly intense and widespread during the last two dec-
ades of rapid scientific and technological progress. The 
processes which facilitate the production of new knowledge 
are now a matterof vital interest to scientists and technical man-
agers as well as to social researchers. In an effort to shed more 
light on scientific productivity, a study was recently con-
ducted among 57 academic researchers on the faculty of a mid-
western university to determine whether a correlation exists 
between the productivity of a researcher and his behavioral 
standards. Their attitudes were examined with respect to 
freedom in research, impartiality, suspension of judgment un-
til sufficient evidence is at hand, absence of bias, diffusion of 
information, and group loyalty. Against this, their creativity 
was measured by rate of publication by judgment of their 
associates. The results showed no significant correlation of 
factors, thus leading to the conclusion that the classical mo-
rality of science is not associated to any important degree 
with productive research. (S. S. West, "The ideology of aca-
demic scientists," IRE TRANS. ON ENGINEERING MANAGE-
MENT, June, 1960.) 
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Abstracts of IRE Transactions  

The following issues of TRANSACT1ONs have recently been published, and 
are now available from the Institute of Radio Engineers, Inc., 1 East 79th 

Street, New York 21, N. Y. at the following prices. The contents of each issue 

and, where available, abstracts of technical papers are given below. 

Group IRE 
Sponsoring Group Publication Members Members 

Non-

Members* 

Antennas and Propagation 

Audio 
Automatic Control 

Circuit Theory 

Component Parts 
Engineering Management 

Radio Frequency Inter-

ference 

Space Electronics and 

Telemetry 

Ultrasonics Engineering 
Vehicular Communications 

AP-8, No. 4 $1.90 $2.85 $5.70 

AU-8, No. 3 .85 1.30 2.55 
AC-5, No. 2 1.80 2.70 5.40 

CT-6, No. 2 1.75 2.60 5.25 
CP-7, No. 2 1.25 1.90 3.75 
EM-7, No. 2 .85 1.30 2.55 

RFI-1, No. 2 .65 1.00 1.95 

SET-6, No. 2 .75 1.10 2.25 

UE-7, No. 2 2.70 4.05 8.10 

VC-9, No. 1 1.30 1.95 3.90 

* Libraries and colleges may purchase copies at IRE Member rates. 

Antennas and Propagation 

\rot,. AP-8, No. 4, JULY, 1960 
Coupled Leaky Waveguides II: Two Paral-

lel Slits in a Cylinder-S. Nishida (p. 354) 
Theoretical expressions are derived for the 

effects of mutual coupling between two parallel 
leaky wave antennas which consists of slitted 
rectangular waveguides located in a cylinder. 
The expressions derived are presented in terms 
of the results for the mutual coupling of the 
saine antennas but located in an infinite plane, 
with additional terms due to the curvature of 
the cylinder. The graphical presentation of the 
numerical attenuation constants for the cy-
lindrical case are compared with those for the 
infinite plane. 

Mutual Coupling Effects in Large Antenna 
Arrays II: Compensation Effects-S. Edelberg 
and A. A. Oliner (p. 360) 

Mutual coupling effects in a large array 
cause a variation in the input impedance as a 
function of scan angle. This variation can be 
reduced considerably by the use of a compen-
sating structure which appropriately modifies 
the environment of the array. A two-dimen-
sional dipole array is treated as a typical ex-
ample, and its input impedance is calculated by 
means of a unit cell equivalent network as a 
function of scan angle for different environ-
mental situations. Reasonably constant per-
formance up to scan angles of ± 60° is ob-
tained on use of a periodic baffle compensation 
structure. 

Paraboloidal Reflector Patterns for Off-
Axis Feed-S. S. Sandler (p. 368) 

The problem of predicting the radiation 
pattern for an asymmetrically illuminated 
paraboloid is covered in some detail. The cur-
rent distribution method is given in a final form 
suitable for machine computation. An approxi-
mate analytical solution using scalar diffrac-
tion methods is compared with the experi-
mental results and the machine solution. 

Unequally-Spaced, Broad-Band Antenna 
Arrays-D. D. King, R. F. Packard, and R. K. 
Thomas (p. 380) 

Requirements for a broad-band, steerable 
linear antenna array are given. The limitations 
due to grating lobes of an equally-spaced array 
are discussed. Results are given of the study of 
several different unequally-spaced arrays 
which have two advantages: 

1) fewer elements for comparable beam-
width; 

2) grating lobes and minor lobes replaced 
by sidelobes of unequal amplitude which 
are all less than the main beam. 

A scheme for controlling the cosine argu-
ments in the radiation pattern formula is given 
which has resulted in one of the best patterns 
of this study of unequally-spaced arrays. The 
universal pattern factor was computed for an 
array having a set of spacings determined by 
this scheme. This array is capable of steering a 
beam ±90° over a 2-to-1 frequency band with 
no sidelobe above -5 db. It uses 21 elements, 
compared to 78 for an equally-spaced array of 
similar beamwidth. 

The results obtained indicate that further 
study of the controlled cosine method and un-
equal spacing in general should result in better 
pattern characteristics. 

Resonant Slots with Independent Control 
of Amplitude and Phase- Bernard J. Maxim 
(p. 384) 

The design of slot arrays requiring nonuni-
form phase distributions, such as those having 
shaped beam radiation patterns, are facilitated 
by the development of slots having independent 
amplitude and phase control. A "complex" slot 
(which is inclined and displaced) on the broad 
wall of a rectangular waveguide makes it possi-
ble to control the coupling characteristics over 
a range in phase from zero to 2r and over a 
range in magnitude from zero to unity. The 
"voltage" across the slot as a function of its 
orientation is found and is related to the 
coupling parameters used in common array de-

sign. An experimental procedure for inde-
pendently verifying the amplitude and phase 
characteristics is described. A typical complex 
slot array design is made and radiation pat-
terns are included demonstrating the accuracy 
and usefulness of the design procedure. 

Mutual Coupling of Shunt Shots-A. F. 
Kay and A. J. Simmons (p. 389) 

Stevenson's method of analysis is extended 
to the case of a pair of shunt slots in the broad 
face of rectangular waveguide. The voltages in 
the slots are calculated including the effect of 
mutual coupling. Formulas suitable for calcula-
tion of mutual coupling are presented and the 
results of calculations for certain cases of over-
lapping quarter-wave spaced slots and non-
overlapping half-wave spaced slots are pre-
sented. 

Measurement of the scattering matrix of the 
slot pairs inside the waveguide and the radia-
tion patterns external to the waveguide for the 
overlapping case tend to confirm the results of 
the theory. 

Calculations of the effect of mutual coupling 
on the patterns of three half-wave-spaced slot 
arrays indicate that mutual coupling is usually 
negligible for this type of slot. 
A Wide-Band Transverse-Slot Flush-

Mounted Array-E. M. T. Jones and J. K. 
Shimizu (p. 401) 

This paper describes the design analysis 
and measured performance of an antenna com-
posed of an H-plane array of parallel wave-
guides having quarter-wavelength-thick trans-
verse slots extending completely across the ar-
ray. Each relatively wide nonresonant slot in 
this array radiates only a small amount of 
power, and the dimensions of the slots are rela-
tively uncritical. The radiated H field from 
this antenna lies parallel to the transverse slots. 
The cosine of the angle between the direction 
of maximum radiation and the plane of the 
antenna is equal to the velocity of light di-
vided by the phase velocity of propagation 
along the array. 

An experimental antenna was built with a 
radiating aperture 9 inches wide and 20 inches 
long. The antenna was fed from a hog horn 
which yielded an approximately sinusoidal H-
plane illumination over the 9-inch aperture 
width. The power coupled from the transverse 
slots was varied aiong the 20-inch length of the 
aperture to achieve a Taylor aperture distribu-
tion with - 25-db E-plane sidelobes. At the 
design frequency of 11 kmc, the E-plane and 
H-plane beaniwidths were 5.4° and 7.3°, while 
the E-plane and H-plane first-sidelobe levels 
were - 24.7 db and - 24.2 db, respectively, in 
close agreement with theoretical expectations. 
The direction of maximum radiation was 
within 0.35° of the design value at II kmc. 
Good radiation patterns were obtained with 
the antenna from 7.0 kmc, which is slightly 
above the cutoff frequency of the guides, to 11.4 
kmc, which is slightly below the frequency at 
which spurious lobes are generated by the 
widely-spaced slots. 

Relation Between a Class of Two-Dimen-
sional and Three-Dimensional Diffraction 
Problems-L. B. Felsen and S. N. Karp (p. 
407) 

By means of a certain transformation, a re-
lationship is demonstrated between a class of 
two-dimensional and three-dimensional scalar 
or electromagnetic diffraction problems. The 
basic three-dimensional configuration consists 
of a perfectly reflecting half plane excited by a 
ring source centered!about the edge and hav-
ing a variation exp (± i012), where e is the 
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azimuthal variable; in addition, a perfectly re-
flecting rotationally symmetric obstacle whose 
surface is defined by f(p, z) O (p, z are cylindri-
cal coordinates) may be superposed about the 
edge (z axis). This problem is shown to be 
simply related to the two-dimensional problem 
for the line source excited configuration f(y, s) 
=0, where y and z are Cartesian coordinates. 
Various special obstacle configurations are 
treated in detail. 

Forward Scatter from Rain—L. H. Doherty 
and S. A. Stone (p. 414) 

The forward scatter of radio waves from 
rain has been observed over a 90-mile, 2720-mc 
path. The observations support the assumption 
of omnidirectional scattering from rain. On this 
link rain scatter may exceed the normal tropo-
spheric scatter signal by 15 db. This latter sig-
nal may itself be increased by the presence of 
thunderstorms in the vicinity. Signal level dis-
tribution during rain and no-rain conditions 
are presented. 

Among the effects of rain on a tropospheric 
scatter link are the increased fading rate and 
decreased bandwidth. The fading rate may in-
crease by a factor of ten or more, and pulse-to-
pulse fluctuations have been observed at a pulse 
repetition frequency of 600 pulses per second. 
Evidence for a decreased bandwidth is pre-
sented in the form of pulse photographs. The 
1.5-1.isec pulse is commonly broadened to 3 or 
4 µsec and on occasions to lengths in excess of 
20 µsec. 

Solution of a Reflection Problem by Means 
of a Transmission Line Analogy—B. L. Jones 
and P. C. Patton (p. 418) 

Through the use of a transmission line anal-
ogy, a problem related to the reflection of 
electromagnetic energy from a periodic acoustic 
disturbance is solved. This solution agrees well 
with a numerical solution of a wave equation 
of the Mathieu form, which has been derived 
from a different model of the same problem. 
Subsequent experimental research has given 
results in good agreement with the theoretical 
solutions. 

Experimental Swept-Frequency Tropo-
spheric Scatter Link—W. E. Landauer (p. 423) 

An experimental swept-frequency tropo-
spheric scatter link, with a path length of 194 
miles, has been established in France between 
Cholet and Corbeville. The transmitter (de-
signed by Compagnie Générale de Télégraphie 
Sans Fil) sweeps in a nearly linear manner from 
3100 to 3600 mc and back to 3100 mc at about 
10 cps. The average transmitted power is 250 
watts. The receiver and data display (designed 
by Airborne Instruments Laboratory) sweep 
in synchronism with the transmitter. The 
synchronizing signal is derived from the carrier 
frequency of a broadcast station ( Paris- Inter). 
The receiver is designed to track swept signal 
amplitudes down to about 4 db above noise 
level, and after severe fades, to reacquire sig-
nals larger than 6 db above noise level in about 
I to 2 milliseconds. Received signal amplitude 
is presented as a simultaneous function of fre-
quency and time. 

Preliminary data obtained from the link 
indicate that privileged transmission fre-
quencies exist at all times in this band at which 
the transmission level is about 10 db above 
median. The preliminary data gathered from 
the link are described, as well as general design 
features of the system. 

Energy Density in Continuous Electromag-
netic Media—A. Tonning (p. 428) 

After a discussion of various types of linear 
electromagnetic media, a general expression for 
the energy density for a lossless medium is de-
rived by evaluation of the total influx of en-
ergy to a volume element. The result reduces to 

the commonly used expression only if the me-
dium is nondispersive. The physical significance 
of the extra energy term resulting from the dis-

persion is discussed, and a general expression 
for the stored energy of an electric network is 
given. 

Communications (p. 435) 

Contributors (p. 452) 

Audio 

VOL. AU-8, No. 3, 
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The Editor's Corner (p. 69) 
Election Results (p. 69) 
PGA News—J. Ross MacDonald (o. 70) 
Room Acoustics and Sound System Design 

—David L. Klepper (p. 77) 
At the present time, there are in operation a 

large number of sound amplification systems 
installed mainly for the purpose of speech rein-
forcement. Many of the existing systems appear 
to have been installed without regard for the 
acoustical requirements for high speech intel-
ligibility, and the phrase "public-address sys-
tem" has become almost an anathema to sensi-
tive listeners. 

Bolt Beranek and Newman, Inc. has be-
come involved in the design of sound amplifica-
tion systems in conjunction with other aspects 
of architectural acoustics. A number of princi-
ples have been developed as guides for the de-
sign of speech reinforcement amplification sys-
tems that provide a high degree of intelligibility 
and naturalness. These principles will be dis-
cussed and illustrated by the designs of several 
typical speech reinforcement systems, includ-
ing those installed in a large exhibition hall, a 
reverberant church, a stockholders' meeting 
room, and an auditorium designed for maxi-
mum "natural" reinforcement by proper acous-
tical design. 

Time Compensation for Speed of Talking 
in Speech Recognition Machines—H. F. Olson 
and H. Belar (p. 87) 

A simplified version, but nevertheless com-
plete system, of a phonetic typewriter which 
types in response to words spoken into a micro-
phone has been described. One of the many 
extensions of the original system is a means for 
compensating for the effects of the speed of 
talking. Instead of transferring information 
into the spectral memory in fixed-time incre-
ments, as was done in the original machine, the 
transformation of information is determined 
from a correlation with significant changes in 
the speech spectrum with respect to time. In 
the improved machine, coincidence detectors 
compare the current with the preceding speech 
spectrum. No information is fed into the 
spectral memory until a significant change has 
been detected in the speech spectrum. The sys-
tem provides an automatic time compensator 
for variations in the speed of talking in a speech 
recognition machine. 

Experiments and Experiences in Stereo— 
Paul W. Klipsch (p. 91) 
A considerable number of observations as 

well as formal experiments in High Fidelity 
Stereo sound are reported. Three channel stereo 
with corner flanking speakers has been shown 
to achieve accuracy in both tonality and ge-
ometry. A large center speaker with small out-
riggers is observed to lack both tonality and 
geometry. A center speaker in the corner with 
wall outriggers is observed to produce a deeply 
curved stereo geometry. Limiting speakers to a 
bass range down to 300 cycles may preserve 
geometry, but not tonality. 

Overly large bass speakers lead to a spatial 
and delay separation of bass and treble events. 
There is an optimum bass speaker size. 

Wide spacing of speakers offers improved 
accuracy of stereo geometry. The array cannot 
normally exceed the speaker spacing, but be-
cause of the focusing effect of the center chan-
nel, it may be much narrower than the speaker 
spacing. 

Numerous minor observations of radiation 
angle and polar response point up the desirabil-
ity of corner speaker placement. 

Large speakers may be placed at low or high 
level, but the dynamic range of small speakers 
is limited. 

Corner speaker placement affects apparent 
room size and may be advantageously em-
ployed to improve the reverberation effects. 

Wide Stage Stereo demonstrations using 
speaker spacing up to 50 feet or more are com-
pared to home applications with 15-foot spac-
ing. 

High Fidelity Stereo is both high fidelity 
and stereo, and entails meeting the require-
ments of both. 

A Resonance-Vocoder and Baseband Com-
plement: A Hybrid System for Speech Trans-
mission—James L. Flanagan (p. 95) 

The production and perception of speech 
are characterized by certain constraints. The 
efficiency with which speech information can 
be communicated is considerably dependent 
upon how successfully these constraints can be 
incorporated into the transmission apparatus. 

This paper undertakes to review some of 
these relations and to indicate their relevance 
to communication. It attempts to point out the 
extent to which vocal and auditory constraints 
are applied in existing speech compression sys-
tems such as the Vocoder and the resonance-
Vocoder. The theory underlying the latter sug-
gests savings in channel capacity greater than 
tenfold. To date, however, only moderate suc-
cess has been achieved in transmitting speech 
of acceptable intelligibility and quality over 
such systems. 

The last part of the paper describes a trans-
mission scheme which is part conventional and 
part resonance-Vocoder. Through this com-
promise, some of the band-saving features of 
the latter can be retained, while its intelligibility 
and quality can be improved upon. The hybrid 
system occupies a total bandwidth of approxi-
mately 600 cps and requires a signal-to-noise 
ratio comparable to that of conventional voice 
channels. Articulation tests performed on the 
system yield mean scores ranging from 74 to 84 
per cent for monosyllabic words. 

Correspondence (p. 103) 

Contributors (p. 106) 

Automatic Control 

VOL. AC-5, No. 2, JUNE, 1960 

Originality and Importance of Technical 
Papers—The Editor (p. 77) 

The Issue in Brief (p. 78) 
Accuracy Requirements of Nonlinear Com-

pensation for Backlash—Donald Schulkind (p. 
79) 

Recent advances in the analysis of nonlin-
ear control systems have given rise to a more 
logical and systematic approach to the elim-
ination of the detrimental effects of inherent 
nonlinearities. The describing function tech-
nique is used in this paper to analyze two typi-
cal servos. The servos are shown to exhibit a 
stable limit cycle and are stabilized by linear 
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and nonlinear techniques. The nonlinear tech-
nique involves the insertion of an additional 
nonlinear feedback element which feeds back 
a distorted signal opposite in phase to the orig-
inal distorted feedback signal. In particular, a 
method is developed in this paper for determin-
ing the accuracy required in the construction 
of a practical nonlinear compensating element. 

Specification of the Linear Feedback Sys-
tem Sensitivity Function— William M. Mazer 

(P. 85) 
This paper examines the problem of design-

ing a linear feedback system so that its response 
to a specified input is relatively insensitive to 
slow changes in system parameters. Classical 
feedback design techniques involve the specifi-
cation of the system sensitivity function on the 
basis only of the forced response to a given in-
put. A new performance criterion has been de-
rived, in which the mean square variation of 
the system response is minimized. This specifi-
cation of the sensitivity function results in con-
trol over the variation of both the characteristic 
and forced responses with system changes. The 
approach is based upon the assumption of a dif-
ferential change in the variable system param-
eter, but yields workable results for large 
changes. It employs mathematical techniques 
which have been well developed for other ap-
plications in network design. The stability 
problem associated with high loop gains is con-
siderably reduced when the sensitivity function 
is specified on the basis of this criterion. 

Synthesis of Linear, Multivariable Feed-
back Control Systems— Isaac M. Horowitz 
(p. 94) 

A multivariable controlled process or plant 
is one in which there are n independent inputs 
and m outputs with n> 1 and m < n. A control 
problem may exist for one or two principal rea-
sons. 1) The plant parameters may vary or they 
may be only vaguely known, and the system 
response sensitivity to the parameter variation 
is to be reduced. 2) The system response to dis-
turbances is to be reduced. A synthesis pro-
cedure for attaining these objectives and simul-
taneously realizing a desired set of system 
transmission functions is developed in this 
paper. The role of system configuration is con-
sidered. Design is broken up into two separate 
regions. In the significant system-response fre-
quency region, there is straightforward syn-
thesis in attaining the design objectives. In the 
higher frequency range, the loop transmission 
must be shaped so that the system is stable. 
The latter problem is considerably more diffi-
cult when there are substantial plant parameter 
variations. Some procedures are illustrated by 
two detailed examples (n = in = 2 in one exam-
ple, and n = 3, m = 2 in the second) in which 
there are large plant parameter variations. 

Automatic Control of Three-Dimensional 
Vector Quantities—Part 3—A. S. Lange (p. 
106) 

This is the final part of a three-part paper 
on the application of vector techniques to auto-
matic control systems whose input, output, and 
disturbance quantities may be characterized by 
three-dimensional vectors. In Parts 1 and 2, 
position and angular velocity vectors were in-
troduced to demonstrate the solution of coor-
dinate conversion and geometric stabilization 
problems, respectively. In brief, the subject of 
Part 3 is Newton's Second Law, with the appli-
cation of the previously defined vector algebra 
to problems in kinetics. In particular, the be-
havior of "Newtonian sensors" such as gyro-
scopes and accelerometers is considered in de-
tail, in order to develop the basic equations 
which describe the dynamic performance of 

these devices, determine the errors associated 
with their usage, and demonstrate the applica-
tion of the vector algebra to more complex 
Systems. 

Statistical Evaluation of Digital-Analog 
Systems for Finite Operating Time—R. B. 
Northrop and G. W. Johnson (p. 118) 

A frequency-domain mathematical model 
for comparing the performance of a linear 
sampled-data channel to a linear continuous 
channel is developed. The model assumes a sud-
denly applied stationary random input (input 
identically zero before the local time origin). 

The model allows an explicit algebraic defi-
nition of ensemble mean-squared error, after 
a finite operating time, by application of resi-
due theory. The ideal or comparison channel 
need not be realizable. 

The quasi-stationary characteristics of the 
excitation are accounted for by including a 
starting switch as a variable parameter within 
the appropriate system weighting functions. 

The technique developed in this paper is 
utilized to evaluate the ensemble mean-squared 
error due to processing a vehicle velocity esti-
mate (as might be supplied by an integrating 
accelerometer) in a digital computer. The 
velocity estimate is used to calculate a numeri-
cal value of present vehicle position. This 
problem is of fundamental importance in pres-
ent-day pure inertial, pure Doppler, or inertial. 
Doppler navigation systems. The effect of 
quantization, inherent in the process of analog-
to-digital conversion, may be included in this 
evaluation. 

It is shown that for cases where system in-
puts can be approximated by narrow-band, 
first-order, Markoff-type power spectra, the 
practical engineering use of the simplest digital 
integration program (rectangular) or the sim-
plest hold (box-car) is well justified. The exam-
ples illustrate the mathematical techniques nec-
essary to compute the ensemble mean-squared 
error, and illustrate how several simplifying 
assumptions may be used. 

A Mathematical Representation of Hy-
draulic Servomechanisms —J. J. Rodden (p. 
129) 

This paper gives a basic representation of a 
high performance hydraulic servo actuator. 
The discussion gives a means of calculating the 
servo gain and rate limit characteristics as 
functions of the design parameters. Assump-
tions are discussed that would allow simplifica-
tion of the equations for their application with 
computing equipment. Representation of the 
supply accumulator and pump is included. The 
effects of equipment nonlinearities can be in-
corporated into the basic model with appropri-
ate modification of the computer program. 

The work of this paper has been applied to 
the design and analysis of missile flight control 
systems where the rate limit characteristic of 
the actuator is significant to dynamic per-
fot mance. 

A General Method for Deriving the Describ-
ing Functions for a Certain Class of Nonlineari-
ties—Rangasami Sridliar (p. 135) 

Since Goldfarb's original work on describ-
ing functions, a considerable number of papers 
have been published in which the describing 
functions of particular nonlinearities have been 
derived. It appears, however, that little effort has 
been made to classify the nonlinearities. Since 
the describing function method is one of the more 
powerful methods available at present to ana-
lyze nonlinear feedback systems, it appears 
desirable to collect the expressions for the de-
scribing functions of a few different types of 
nonlinearities in one paper. 

It is the purpose of this paper to derive the 
describing functions of two general types of 
nonlinearities and show how the describing 
functions of many other practical types of 
nonlinearities for which the describing function 
analysis is valid naturally follow. 

Soviet Literature on Control Systems— 
P. L. Simmons and H. A. Pappo ( p. 142) 

Most of the better known articles from 
Soviet literature on the subject of control 
systems published between January, 1953 and 
March, 1959 are cited. Emphasis is on the 
theoretical aspects of control systems. 

The items are arranged alphabetically ac-
cording to author, with no attempt at classifica-
tion. The first section includes all topics and the 
second section lists only articles which have 
English translations. Annotations are given 
only for articles which the bibliographer has 
examined. 

The introduction mentions some of the 
existing bibliographies in the field and dis-
cusses possible schemes for classifying biblio-
graphic references to control systems. 

Correspondence (p. 148) 

Contributors (p. 154) 

Circuit Theory 

Vol,. CT-6, No. 2, JUNE, 1960 
Abstracts (p. 84) 
Editorial—W. R. Bennett (p. 86) 
Takashi's Results on Tchebycheff and 

Butterworth Ladder Networks—Louis Wein-
berg and Paul Slepian (p. 88) 

Subharmonic Oscillations of Order One 
Half — C. Hayashi, V. Nishikawa, and M. 
Abe (p. 102) 

Topological Synthesis of Transfer-Admit-
tance Matrices—Rikio Onodera (p. 112) 

The Synthesis of a Class of Wide-Band 
Lattice Crystal Filter with Symmetrical Inser-
tion Loss Characteristics—T. R. O'Meara (P. 
121) 

Normalized Design of 90° Phase-Difference 
Networks—S. D. Bedrosian (p. 128) 

Realization of Minimum-Phase and Non-
minimum-Phase Transfer Functions by RLC 
Ladder-Type Networks—Leo Storch ( p. 137) 

Transient Response of a Transmission Line 
Containing an Arbitrary Number of Small 
Capacitive Discontinuities—Charles Polk (p. 
151) 

Power Gain and Stability of Multistage, 
Narrow-Band Amplifiers Employing Nonuni-
lateral Electron Devices—Macrobio Lim (p. 
158) 

Noise in Negative-Resistance Amplifiers 
—Paul Penfield, Jr. (p. 166) 

Reviews of Current Literature (p. 171) 
Correspondence (p. 173) 
PGCT News (p. 183) 

Component Parts 

VOL. CP-7, No. 2, JUNE, 1960 
Who's Who in PGCP (p. 36) 
Thin-Film Circuit Techniques—John J. 

&direr (p. 37) 
The techniques used in producing thin-film 

drcuits are discussed. Conductive, resistive and 
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insulating films are evaporated separately onto 
glass substrates to form resistors, capacitors 
and interconnections. Active elements, tran-
sistors and diodes are mounted in holes drilled 
through the substrates. Studies aimed at de-
veloping thin-film active elements are dis-
cussed briefly. Several possible methods of in-
terconnection are presented. 

Precise LC Comb Filters, Packaged for 
Reliability—D. M. Lisbin (p. 44) 

The engineering, packaging, and testing 
controls necessary to produce reliable, precise 
LC comb filters which are critical components 
in today's advanced military electronics sys-
tems, are often completely overlooked or in-
adequately stressed. 

It is common practice for engineers to con-
sider the filter as a " black box" to be accepted 
as soon as the electrical requirements have 
been met. Then, there usually follows a crash 
program of makeshift "fixes" in order that the 
unit in final form may reliably meet the rigid 
environments encountered in Military Systems. 

This paper describes the design of a 60-
filter comb, which is the critical front end of 
Doppler radar systems, and presents solutions 
to packaging problems encountered in its de-
sign, and the test controls devised to produce 
60 precise LC filters with critical interrelated 
electrical specifications. The mechanical evolu-
tion of the design will be described. 

In summation, LC comb filters can be de-
signed stressing repairability, good shop prac-
tice, and precision electrical characteristics, as 
well as environmental reliability. 

Transient Response of Variable Capaci-
tance Diodes—D. Schulz (p. 49) 

A solution for the transient response of a 
reverse biased semiconductor diode to a step 
function (voltage) may be found by consider-
ing the junction essentially a voltage variable 
capacitance. The assumptions from which the 
analysis is made are given and found to be ap-
plicable in a wide variety of cases. Specific 
solutions are obtained for abrupt and linearly 
graded junctions, and experimental evidence is 
presented which is in good agreement with the 
derived equations. 

Cable Reliability in Ground Guided Missile 
Systems—J. Spergel and E. F. Godwin (p. 54) 

The increasing demand by equipment and 
system design engineers for greater operational 
and functional reliability of components has 
dictated the need for greater understanding 
and improvement of individual supporting 
parts. The present trend, in order to obtain 
reliable systems, is to devote maximum effort 
to perfecting or developing highly reliable 
equipments without commensurate effort to 
the necessary supporting interconnecting net-
work required to integrate the various com-
ponents into a complex system. This approach 
to system design is extremely risky and usually 
costly. 

Realizing the inefficiencies and risk to this 
approach, a joint Signal Ordnance Corps pro-
gram under Contracts DA36-039, SC-73056 
and SC-78175 was initiated with RCA Service 
Company, Alexandria, Va. to survey and evalu-
ate all external cables and connectors associated 
with several guided missile systems. During 
the evaluation phase, it became apparent that 
a consolidated and functionalized approach to 
cable design was necessary to obtain the re-
quired reliability, especially when dealing with 
a large and complex system such as the Nike 
Hercules, which has approximately 150 cable 
runs, consisting of approximately 13 miles of 
cables, weighing approximately 13 tons, and 
over 300 connectors. This paper will discuss 
the effect of conductor grouping on the inher-

ent cable reliability, signal compatability and 
operational system reliability. Approaches 
which will permit the design of optimum and 
efficient external interconnecting networks for 
systems application are suggested. 

Temperature Distribution in Materials 
with Positive Temperature Coefficients of 
Electrical Conductivity When Heated by Eddy 
Currents—W. W. Buchman (p. 60) 

Steady-state digital and analytical solu-
tions are given for the temperature distribution 
in slabs and cylinders of materials heated by 
varying magnetic fields. The materials are as-

sumed to have a positive temperature coeffi-
cient of electrical conductivity of the type asso-
ciated with semiconductors. The stability of 
the temperature distribution is investigated. 
It is shown that the solutions can be either 
stable or unstable, depending upon the size 
of the sample. Some of the practical signifi-
cance of such heating is discussed in relation 
to the design of high-power wide-band trans-
formers. 

Contributors (p. 66) 

Engineering Management 

VOL. EM-7, No. 2, JUNE, 1960 
About This Issue—The Editor (p. 43) 
Phasing and Utilization of Engineering Per-

sonnel—G. L. Wagner, J. H. Redding, and 
F. B. Brown (p. 45) 

A model is presented which permits an 
analysis of management policy relative to the 
utilization of engineering manpower. The 
model is derived by considering the flow of en-
gineering personnel through an organization 
and the cost attributable to the flow. Analysis 
of the model indicates that costs will be mini-
mized where engineering policies allow a 
smooth flow of manpower through the organi-
zation. Relative to the cost considered, smooth 
flow can most readily be achieved by a rather 
unorthodox organizational structure—the in-
verted pyramid. Since other costs normally pre-
vent the use of inverted pyramids, another 
method of approaching the smooth flow idea is 
explored, in particular, the tactic of varying the 
time that engineers spend in grade. 

The Ideology of Academic Scientists—S. S. 
West (p. 54) 

The moral values associated with scientific 
research were studied by means of interviews 
with 57 academic researchers of faculty status. 
The areas examined were freedom in research, 
impartiality, suspension of judgment until 
sufficient evidence is at hand, absence of bias, 
diffusion of information, and group loyalty. 
Two dimensions of creativity were measured 
in the respondents: rate of publication and 
strength of motivation toward research as 
judged by peers. Neither of these measures 
was significantly related to acceptance of the 
classical position in any of the six areas of 
value. It is concluded that the classical moral-
ity of science is not associated to any important 
degree with productive research. 

Measuring the Effectiveness of Technical 
Proposals and Marketing Effort in Military 
Electronics—William J. Stolze (p. 62) 

A study was made of the bidding experience 
of Stromberg-Carlson in the military electron-
ics field over the past six years. The methods of 
analysis and presentation are reviewed. A 
model of a military marketing organization is 
developed which can be used to measure the 

effectiveness of the various components of the 
marketing effort on a long-term basis. 

Another Look at Team Contracting—J. J. 
Bialik (p. 67) 

Previous discussions concerning group con-
tracting have been presented from a group 
leader viewpoint. The need was telt to view the 
group contracting arrangements from the asso-
ciate contractor viewpoint. The experiences 
gained by over two and one-half years associa-
tion in a group contract arrangement as an 
associate contractor are described. Areas of 
concern not normally encountered in a con-
ventional contracting arrangement are de-
scribed for prospective group contracting par-
ticipants. 

Standards for Measuring the Effectiveness 
of Technical Library Performance—R. E. 
Maizell (p. 69) 

Current criteria for the evaluations of tech-
nical library performance are examined. Data 
are lacking for establishing standards based on 
what the better libraries are doing. Guides are 
presented for evaluating the quality of book 
and journal collections, the adequacy of refer-
ence service, the library's effectiveness in meet-
ing requests, and the impact of a technical 
library on its associated research laboratory. 

The Systems Approach: Can Engineers 
Use the Scientific Method?—Albert E. Hickey, 
Jr. (p. 72) 

Currently, the "systems approach" is more 
an attitude than a plan of action. The method 
and concepts of science can help this field 
achieve the latter status. A system is defined, 
and current practice in systems engineering is 
described. The methods of science are described 
and suggested as a guide for the systems ap-
proach. Some of the tools and concepts used in 
systems work are described. 

Radio Frequency Interference 

VOL. RFI -1, No. 2, MAY, 1960 

Editorial-0. P. Schreiber (p. 1) 
New Line Impedance Stabilization Net-

works for Conducted Radio Interference Meas-
urements up to 100 Megacycles—K. Oishi 
(p. 2) 

Two line impedance stabilization networks 
—a single unit and a dual unit—for the meas-
urement of conducted radio interference have 
been redesigned from the present line imped-
ance stabilization network to yield a smooth 
repeatable response up to 100 megacycles. 

Avenues for Improvement in the Design 
and Calibration of VHF-UHF Noise and Field 
Strength Meters—Willmar K. Roberts (p. 6) 

Increased accuracy of measurement of 
VHF-UHF field strength may be obtained by 
improving the impedance match of the an-
tenna-balun assembly and by taking into ac-
count the measured gain of the antenna sys-
tem, rather than by relying on the assumption 
that the antenna performance approximates 
that of the idealized half-wave dipole. The 
latter assumption appears to be the basis of 
present practice. Although the standard field 
method of calibration is theoretically available 
as an over-all calibration procedure, the present 
types of instruments depart from ideal in a 
manner so complex with respect to frequency 
that it becomes a prohibitive task to make de-
tailed periodic calibrations by the standard 
field method, aside from the difficuhies in the 
technique of the standard field method itself. 
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A simple form of the reciprocity method is 
shown for measurement of the effective gain of 
the antenna-balun assembly under essentially 
free-space conditions. It is argued that the 
calibration of field strength meters should be 
carried out under conditions equivalent to free 
space. 

A General Technique for Interference 
Filtering—W. A. Stirrat (p. 12) 

With one exception, the radiation and leak-
age from a signal generator can be held below 
specified limits. Exception exists in the loop 
consisting of the signal generator power cord, 
the power main, the ground connection of the 
signal generator, and the signal generator it-
self. Signals passing through the line filter are 
resonated in this loop and these signals can only 
be reduced by mismatch or by reduction of the 
maximum power available. Since the nature of 
the loop is unpredictable, a mismatch that 
will hold in every case cannot be provided. A 
limit on the maximum power available holds in 
every case. This maximum available power 
theoretically can be measured and the limit 
which it should not exceed can readily be found. 
The load drawing maximum power from a 
three terminal network is found and the theory 
of measuring this maximum available power is 
developed herein. Also indicated are how a 
limit can be set on maximum available power 
and how a simple LC filter fails to provide 
reliable mismatch. 

Correspondence (p. 18) 

Space Electronics and Telemetry 

VOL. SET-6, No. 2, JUNE, 1960 
A Device for Automatically Tracking the 

Roll Position of a Missile—Richard W. Lowrie 
(p. 67) 

Many short range missiles are guided in 
angle or range by optical means. Since these 
missiles are usually caused to roll in flight for 
stability reasons, some type of roll position 
reference device is necessary. The only type of 
roll reference device in use is a gyro, although 
various horizon scanners, Doppler, and optical 
methods have been considered. 

This paper describes an optical method oh 
roll reference which utilizes the relative posi-
tions of two flares of different color attached 
to the rear of the missile. Since the roll position 
is known at the launch point, commands to the 
missile are commutated at the launch point 
rather than in the missile as is necessary when 
a gyro or other missile-borne roll reference de-
vice is used. Thus, the roll tracker removes 
from the missile two subsystems (gyro and 
commutator) while adding two components 
(two colored flares). 
A Six-Channel High-Frequency Telemetry 

System—T. C. R. S. Fowler (p. 69) 
A frequency-multiplex FM-AM system is 

described which provides six continuous chan-
nels via which waveforms with frequency 
components in the approximate band 10 cps to 
10 kc may be simultaneously telemetered; ex-
tension of the frequency coverage to include 
the band 0-10 cps is achieved by the use of 
commutated reference levels. A radio frequency 
in the 465-mcs band and subcarrier frequencies 
between 250 and 500 kc are used. A short his-
torical introduction is followed by description 
of the system and of units of the flight and 
ground equipment, and details of operational 
results. Future uses of the system are discussed 
and methods of increasing the useful range are 
suggested. 

The Case of FM-AM vs FM-FM Telem-
etry—Lawrence L. Rauch (p. 81) 

The future role of frequency-division multi-
plex telemetry is discussed and related to the 
sampled data problem of time-division multi-
plex telemetry. It is concluded that the fre-
quency-division method will continue to have 
important applications, and the question is 
raised regarding what is a desirable frequency-
division system on which to standardize in the 
future. An examination of the shortcomings of 
the FM-FM system and the electronics state of 
the art leads to the proposal of an FM-AM sys-
tem to replace the FM-FM system. The ,5-.M 
radio link would be of synchronous type, with-
out threshold, so that the FM-AM system is 
properly viewed as an FM system with fre-
quency conversion. This has important advan-
tages in spectrum utilization, receiving station 
design, and data reduction. 

The Effect of Different Types of Video 
Filters on PDM-FM and PCM-FM Radio 
Telemetry—M. H. Nichols and A. T. Bublitz 

(3. 85) 
The effects of two limiting types of video 

filters (namely the ideal low-pass vertical cut-
off herein called the ILPF and the Gaussian) 
on the performance of PDM-FM are compared. 
It is found that minimum allowable pulse 
height controls the minimum allowed band-
width with the Gaussian filter and if crosstalk 
suppression of 50 to 60 db is required, crosstalk 
controls the minimum allowed bandwidth of 
the ILPF. In PCM-FM using the sampling 
video detector, the critical effect is the overlap-
ping of pulses at sampling time; using the in-
tegrading detector, the critical effect is the 
difference in area under the pulse with ad-
jacent pulses not present and the area with no 
pulse present but the two adjacent pulses 
present. In general, the results of the theory 
agree well with experimental results of Aero-
nutronic and aid in their interpretation. 

Ultrasonics Engineering 

VOL. UE-7, No. 2, JUNE, 1960 
Ultrasonic Delay Lines Using Shear Modes 

in Strips—A. H. Meitzler (p. 35) 
A new type of ultrasonic delay line is de-

scribed in which piezoelectric, thickness-shear 
mode transducers are used to generate elastic 
shear wave motions in a delay medium having 
the form of a strip. By suitably arranging the 
transducers and delay medium, it is possible 
to obtain either dispersive or nondispersive 
propagation characteristics. An analysis of the 
elastic wave motion in the strip is given and 
formulas useful in the design and application 
of strip delay lines are derived. Results are 
given for the performance of experimental 
models operating in both dispersive and non-
dispersive conditions of pulse propagation. 

Wire-Type Dispersive Ultrasonic Delay 
Lines—John E. May, Jr. (p. 44) 

Ultrasonic delay lines are described which 
utilize the dispersion of longitudinal waves in 
cylindrical wires to provide a delay which is 
variable with frequency. Existence of an in-
flection point in the delay-vs-frequency char-
acteristic for the first longitudinal mode al-
lows the delay characteristics to be either ap-
proximately linear or to have positive or nega-
tive curvature. By operating below the cutoff 
frequency for the second longitudinal mode, the 
unwanted responses are limited mainly to 
flexural modes. Various designs are described 
which operate in different regions of the delay-
vs-frequency characteristic. One model is de-
scribed which departs by ± 7.5 microseconds 
from a linear delay slope of 1710 microseconds 
per megacycle over a 14 per cent band centered 
near 1.5 megacycles. 

Dispersive Ultrasonic Delay Lines Using 
the First Longitudinal Mode in a Strip—T. R. 
Meeker (p. 53) 

The existence of a dispersive longitudinal 
mode of propagation of elastic waves in a nar-
row strip is demonstrated experimentally. This 
mode corresponds closely to that predicted 
theoretically for the infinite plate with stress 
free surfaces. 

Experimental delay lines using the first 
longitudinal mode in an aluminum alloy strip 
have been made. For a midband frequency of 
about 2 megacycles and a midband delay of 
about 1 millisecond, these delay lines have 
typical insertion losses of 15 db, typical dis-
crimination to unwanted responses of 40 db 
over a 10 per cent band, delay changes of about 
40 per cent of midband delay for frequency 
changes of about 15 per cent of midband fre-
quency, and departures from linearity in the 
dependence of delay on frequency of about 1.2 
per cent of midband delay for a frequency 
range of 15 per cent of the midband frequency. 

The calculations used in the design of these 
lines are illustrated by a detailed example. 

A Compact Electromechanical Band-Pass 
Filter for Frequencies Below 20 Kilocycles— 
W. P. Mason and R. N. Thurston ( p. 59) 

The filter structure, which can be milled or 
stamped from a single sheet of metal, consists 
of several bars parallel to each other, coupled 
at their midpoints by short torsionally vibrat-
ing shafts which are aligned at right angles to 
the bars. The torsional vibration of the cou-
plers excites antisymmetric flexural vibration in 
the bars. The pass band is associated with the 
frequency of flexural resonance of the bars. 

A composite piezoelectric (or electrostric-
tive) transducer for this filter also vibrates in 
antisymmetric flexure, the torsional drive re-
sulting from the rotation of the central por-
tion. 

The theoretical capabilities of this arrange-
ment are discussed and a test of the trans-
ducers is described. 

Diffraction of a Narrow Beam of Light by 
Ultrasonic Waves—K. L. Zankel and E. A. 
Hiedemann (p. 71) 

A light beam which is much narrower than 
one ultrasonic wavelength and which passes 
through the ultrasonic wave is deflected peri-
odically. This causes broadening of an image 
formed by the light. The effects of the slit 
limiting the size of the light beam are included 
in an explanation of this phenomenon for 
progressive ultrasonic waves. The expressions 
are derived for the usual experimental condi-
tions; they can be adapted to ultrasonic in-
tensity measurements and ultrasonic strobo-
scopic investigations. 

An Analytic Study of the Vibrating Free 
Disk—R. N. House, Jr. and J. Kritz (p. 76) 

A piezoelectrically driven free disk vibrating 
in the first symmetrical mode has been shown 
to possess advantageous properties as a sonic 
source. Proper transducer design requires an 
evaluation of the disk's properties together 
with a development of the equivalent circuit. 
An expression for the deflection surface is pre-
sented which satisfies the necessary boundary 
conditions for a vibrating free circular plate. 
The potential and kinetic energies are derived 
which in turn lead to expressions for the equiva-
lent stiffness and mass respectively. Expres-
sions for the radiation impedance are developed 
using equivalent piston concepts. A derivation 
of the electromechanical transformer is given, 
together with an evaluation of the constants for 
quartz. The equivalent circuit, referred to 
center displacement, is constructed and the 
results are then compared with experimental 
data. 
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A Method for Improving Trace Brightness 
in Pulse Reflection Oscilloscope Displays— 
A. Lutsch (p. 85) 

For several pulse reflection methods a low 
repetition frequency for the transmitter pulse 
must be chosen because multireflections and 
other groups of undesired pulses follow the 
wanted pattern. The brightness of the oscillo-
scope trace is improved if the repetition fre-
quency is increased and frequency modulated. 
While the "desired" pattern is synchronized 
for the eye of an operator, the unwanted multi-
reflections are rapidly moved across the oscil-
oscope screen. 

Contributors (p. 88) 

Vehicular Communications 

VOL. \/C-9, No. 1, .\ I \\., 1960 

Impulse Noise Reduction Circuit for Com-
munication Receivers—W. F. Chow (p. I) 

In this paper a comparatively simple 
scheme of reducing the impulse noise is sug-
gested. This system consists of a gating signal 
generator and a balanced gate. It functions as 
follows: the impulse noise in the antenna trig-
gers the gating signal generator. This generator 
produces a gating signal which in turn controls 
a balance gate. The function of the gate is to 
block the transmission during the gating period. 
Both the principle and the circuits of this im-
pulse noise reduction scheme are described. Ex-
perimental results give the improvement of 
signal-to-noise ratio at the audio output ranging 
from 14 to 18 db. 

A New Concept in the Reliability Evalua-
tion of Vehicular Radio—Frederick L. Hilton 
(p. 10) 

This paper describes automatic equipment 
developed to conduct temperature tests of two-
way vehicular radio. The automatic test unit 
reported below controls the temperature cham-
ber, maintains input voltages at proper EIA 
specified levels, turns test specimens on and 
off, measures the operational performance 
parameters of transmitters and receivers at 
each of the selected temperature conditions 
and prints the data. Four units can be tested 
at a time and these may be any combination of 
standard frequency bands, carrier or continu-
ous tone coded squelch, and wide band or split 
channel. 

The New Trend in Minified Communica-
tions Equipment— J. W. Knoll (p. 25) 

This paper presents a brief description of 
the Micro-Module building-block and the cur-
rent program status in terms of both up-to-
date hardware accomplishments and future 
consideration, particularly in the area of minia-
turized communications equipment. The ad-
vantages offered by the revolutionary Micro-
Module are reviewed and illustrated with refer-
ence to size reduction and packaging design 
potential in the following: 

(1) AN/PRC 36 Combat Helmet Radio Set 
(2) AN/URC-11 Personal Rescue Re-

ceiver-Transmitter 
(3) AN/PRC-25 Portable Radio Set 
(4) HF Single Sideband Receiver 
(5) Non-Military and Commercial Com-

munication Equipment 
The Application of Semiconductors in a 860 

MC Radio Receiver—L. G. Schimpf (p. 33) 
An all solid state, FM radio receiver oper-

ating at 860 mc is described. The active ele-
ments used are transistors and variable react-
ance diodes. The receiver is of the double con-
version type with IF frequencies at 63 and 10.7 
mc. 

The first local oscillator chain uses four 
stages to generate a signal at 923 mc. The 
crystal controlled oscillator and two frequency 
doublers use diffused base transistors. The out-

put of the second doubler, at a frequency of ap-
proximately 300 mc, is then tripled in a circuit 
employing a varactor diode in order to obtain 
the desired local oscillator signal. 

The receiver has a 6 db bandwidth of 30 kc. 
If the output is equalized for a phase modulated 
signal, 10 db of noise quieting is obtained with 
a 0.8 microvolt input signal. 

A Hybrid Mobile Two-Way Radio—R. A. 
Beers, Jr. (p. 38) 

Maximum effective use is made of transis-
tors and tubes to achieve a mobile unit with 
superior performance characteristics and con-
siderably improved reliability without, at the 
same time, appreciably increasing the cost of 
the radio equipment. No aspects of perform-
ance have been compromised to accommodate 
the use of transistors. 

A rather unique mechanical design achieves 
a high degree of heat transfer from the interior 
of the mobile unit to the surrounding outside 
air. Both maintenance and production have 
been simplified by judicious use of "Circuit 
View" printed wiring in the more complex por-
tions of the equipment. In addition, all critical 
adjustments have been designed out to further 
simplify routine maintenance adjustments. 
Maintenance may be performed using conven-
tional test equipment and techniques. 

Coordinated Broadband Mobile Telephone 
System—W. D. Lewis (p. 43) 

The philosophy and broad outline of a co-
ordinated broadband mobile telephone system 
are discussed. This system would be able to 
provide mobile telephone service of better 
quality than at present to many times the 
present number of customers. This could be 
made possible by means of an integrated switch-
ing and transmission design based upon a 
broad block of frequencies. All mobile units 
would be controlled over a data channel from a 
digital common control system at central. 

The research, development, and production 

programs required to bring such a system into 
being would take a number of years, possibly as 
many as ten. Technical feasibility seems reason-
ably certain. To achieve economic feasibility 
might require a substantial effort. Realization 
of the system would have to be gradual and 
would require the cooperation of radio manu-
facturers, airplane and automobile manu-
facturers, and telephone companies. 

Multi-Area Mobile Telephone System— 
H. J. Schulte, Jr. and W. A. Cornell (p. 49) 
A research study directed toward a broad-

band, coordinated, mobile telephone system is 
reported. In particular, a system using many 
fixed transmitter-receiver installations is pro-
posed. Such an arrangement has three prin-
cipal advantages: ( 1) economy in spectrum 
usage, (2) relaxation of interference require-
ments in the fixed and mobile equipment, and 
(3) reduction of transmitter power. In order to 
gain these advantages, it is necessary to pro-
vide an interconnection facility for these many 
remote stations. Considerable use must also be 
made of modern high speed switching and 
common control techniques. 

Precision Carrier Frequency Control and 
Modulation Phase Equalization of Base Trans-
mitters in a Mobile Radio System—D. S. 
Dewire and E. A. Steere (p. 54) 

Distortion-free reception by mobile units of 
base transmissions is essential in multiple base 
station mobile fadio systems, where adjacent 
stations are operated simultaneously and modu-
lated with the same intelligence. Phasing and 
heterodyne distortion factors in overlap cover-
age areas must be minimized. After many 
months of laboratory and field testing, a satis-
factory solution has been developed and ap-
plied to a system using wire lines for base sta-
tion and control point interconnection. This 

method provides precision control of carrier 
frequencies, and phase equalization of modula-
tion by building out the wire lines so that . 
transit times are equal. After two years of oper-
ation, this method has proven to assure satis-
factory distortion-free reception. 

Comparison of Wideband and Narrowband 
Mobile Circuits at 150 Megacycles—H. W. 
Nylund (p. 69) 

This paper gives results of laboratory tests 
made to evaluate the relative transmission per-
formances of wideband and narrowband mobile 
radio telephone circuits in the 150 mc band. 
It was found that the effects of changing from 
wideband to narrowband operation are depend-
ent upon RF impulse noise, frequency errors 
and RF signal levels. Under ideal conditions 
the change to narrowband may improve circuit 
performance; but where impulse noise inter-
ference is severe, circuit performance will be 
seriously degraded unless rather large com-
pensating changes can be made in such factors 
as RF signal power or average modulating 
levels. 

A Transmission Line and Radiating System 
Measurement—W. F. Biggerstaff (p. 75) 

One of the major problems in mobile system 
maintenance is adequate evaluation of the 
transmission line and antenna performance. 
This paper describes a practical method of tech-
nique for making line loss and antenna match 
measurements to assure proper installation and 
continued satisfactory performance. Certain 
innovations have been incorporated in the 
process which are calculated to provide the 
maximum information with a minimum effort. 

The procedure consists essentially of mak-
ing two transmission line input admittance 
measurements at widely differing frequencies. 
The results are plotted on a simplified version 
of the Smith Chart in a manner that yields 
transmission line loss and antenna match. 
These two properties adequately evaluate the 
transmission system for maintenance purposes. 

Both measurements are made at the input 
end of the transmission line without altering 
or disturbing the antenna or load end of the 
line. This is important where tall towers are 
involved or the antenna is otherwise not readily 
accessible. Accuracies are more than adequate 
for service purposes and the results are con-
sistent under a wide variety of conditions. A 
simple technique for determining the distance 
in feet to a fault such as a break or short circuit 
is also described. 

An Omnidirectional Medium Gain 460 
MC Base Station Antenna Using Simplified 
Suppressors—J. S. Brown (p. 80) 

The use of suppressors to provide a collinear 
array that has a single feed point has been de-
scribed. The suppressor design reported was 
one that provided optimum performance. Dur-
ing the course of the development program, 
several other types of suppressors were investi-
gated. One type, although slightly inferior in 
performance to that described, is very attrac-
tive because of its simplicity. While it is not 
satisfactory for use in high gain ( 10 db) anten-
nas, it is suitable for use in medium gain (4-6 
db) antennas, and offers interesting cost reduc-
tion possibilities. The design and performance 
of a 6 db antenna for use in the 450-470 mc 
band is described. 

Strictly Personal—George M. Dewire (p. 
86) 

Developments in miniaturization in radio 
design have been aimed for years at personaliz-
ing the equipment. The design parameters are 
affected by not only technical accuracy but also 
somewhat offset by personal likes and dislikes 
of the user. This paper describes a personal 
receiver in terms of development to achieve 
personal compatibility. 

Mobile Interference Symposium—J. F. 
Chappell, W. A. Shipman, K. E. H. Backman. 
and B. H. Short (p. 91) 
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ACOUSTICS AND AUDIO FREQUENCIES 

534.2 2579 
The Propagation of Sound in Lossy Media 

with Complex Shear and Compression Moduli 
—O. Weis. (Acustica, vol. 9, pp. 387 398; 
1959. In German.) 

A list of organizations which have avail-
able English translations of Russian 
journals in the electronics and allied 
fields appears at the end of the Abstracts 
and References section. 
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534.23 2580 
Sound Radiation from Plates with Point 

Excitation—M. Heckl. (Acustica, vol. 9, pp. 
371-380; 1959. In German.) The finite radi-
ation from an infinitely large plate with point 
excitation of damped flexural vibrations is cal-
culated for flexural wavelengths smaller than 
the wavelength in air. Formulas are also ob-
tained for finite plates and are checked by ex-
periment. 

534.23 2581 
Sound Field of a Rectangular Piston—A. 

Freedman. (J. Acoust. Soc. Amer., vol. 32, pp. 
197-209; February, 1960.) The amplitude and 
phase pressure in the sound field are examined 
theoretically for ranges down to about a piston 
length. Laws of variation of this field are de-
duced, and the near field is compared with that 
of a circular piston. 

534.232:534.38 2582 
Designing Transducers for Sonar Systems 

—G. Rand. (Electronics, vol. 33, pp. 62-65; 
February 26, 1950.) Design charts and equiva-
lent circuits are given for ADP crystal trans-
ducers. 

534.24-14:534.88 2583 
Reflection of Sound from Coastal Bottoms 

—K. V. Mackenzie. (J. Acoust. Soc. Amer., 
vol. 32, pp. 221-231; February, 1960.) The 
theory for plane waves incident on a flat and 
uniform fluid bottom is discussed. A modifica-
tion to Rayleigh's formula for reflection losses 
gives good agreement with experimental data. 

534.26 2584 
Scattering of a Plane Longitudinal Wave 

by a Spherical Fluid Obstacle in an Elastic Me-
dium—N. G. Einspruch and R. TrueII. (J. 
Acoust. Soc. Amer., vol. 32, pp. 214-220; 
February, 1960.) 

534.283-8: 538.6 2585 
Magnetic-Field Dependence of the Ultra-

sonic Attenuation in Metals—M. H. Cohen, 
M. J. Harrison and W. A. Harrison. (Phys. 
Rev., vol. 117, pp. 937-952; February 15, 1960.) 
A self-consistent, semiclassical treatment of the 
attenuation of a sound wave by a free-electron 
gas in a positive background which supports 
the sound wave, with particular reference to 
the magnetic-field dependence of the propaga-
tion. 

534.422:534.15 2586 
High-Intensity Swept-Frequency Acoustic 

Test Equipment for the 1 to 60 kcis Range— 
D. J. Birchall. (Elec. Engrg., vol. 32, pp. 202-

208; April, 1960.) Details are given of a siren 
source and a selective amplifier measuring 
channel which are locked to a reference fre-
quency by means of thermistor control ele-
ments. 

534.6: 621.395.61 2587 
The Determination of the Pressure Sensi-

tivity of Microphones- 11. G. Diestel. (A cus-
tica, vol. 9, pp. 398-402; 1959. In German.) 
An experimental arrangement for determining 
the acoustic impedance of microphones over a 
wide frequency range is given. The calculation 
of the pressure sensitivity using a reciprocity 
method and the calibration of microphones in 
an air-filled coupler in the frequency range 30-
15,000 cps are also discussed. 

534.61-8 2588 
Ultrasonic Attenuation Unit and its Use in 

Measuring Attenuation in Alkali Halides — 
B. Chick, G. Anderson and R. TrueII. (J. 
Acoust. Soc. Amer., vol. 32, pp. 186-193; Feb-
ruary, 1960.) Attenuation and velocity are de-
termined by measuring the amplitude decay 
and time interval of pulses reflected between 
parallel faces of the specimen. Details are given 
of the RF pulse generator, superheterodyne re-
ceiver, experimental-waveform generator, and 
delay, sweep and synchronization circuits for 
operation in the range 5-200 mc. 

534.641:621.395.92 2589 
The 2-ml Coupler and the High-Frequency 

Performance of Hearing Aids—H. C. van 
Eysbergen and J. J. Groen. (Acustica, vol. 9, 
pp. 381-386; 1959.) To avoid the sharp drop in 
response above 3 kc observed in measurements 
made with a 2-ml coupler, it is proposed to use 
a coupler with an air volume 0.5 ml in record-
ing the frequency characteristic of hearing aids. 

534.79 2590 
Differences of Loudness in a Plane Wave 

and in a Diffuse Sound Field—W. Kuhl and 
W. Westphal. (Acustica, vol. 9, pp. 407-408; 
1959. In German.) The results of subjective 
measurements of level differences are discussed 
with reference to loudness curves obtained by 
other authors. ISee 1844 of 1960 (Jahn).] 

534.84 2591 
Room Acoustics Investigations with New 

Methods of Measurement in the Liederhalle 
Stuttgart—W. Junius. (Acustica, vol. 9, pp. 
289-303; 1959. In German.) Sound distribution 
and reverberation are measured in a large con-
cert hall using new techniques with micro-
phones of spherical or highly directional re-
sponse characteristics located at various points 
in the hall. 
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534.844.1 2592 
Sound Energy Integrator with an Electro-

static Squaring Device—J. P. A. Lochner and 
P. Meffert. (J. .4 cou st. Soc. Amer., vol. 32, pp. 
267-273; February, 1960.) The instrument, de-
veloped for the analysis of reflection patterns in 
auditoriums, can integrate sound energy over 
predetermined short periods at any given in-
terval after the direct sound. 

534.845 2593 
The Sound Absorption of Single Resonators 

for a Linear Arrangement in an Infinitely Large 
Wall and in a Closed Room—W. Wale. 
(1Iochfrequenz., vol. 68, pp. 7-14; May, 1959.) 
Interaction effects of the resonators are cal-
culated and compared with results of measure-
ments in a model chamber. (See also 1852 of 
1960.) 

534.846 2594 
Acoustical Design and Performance of the 

Stratford (Ontario) Festival Theatre—R. H. 
Tanner. (J. Acoust. Soc. Amer., vol. 32, pp. 
232-234; February, 1960.) 

534.846.6 2595 
Models as an Aid in the Acoustical Design 

of Auditoria—A. K. Connor. (Acustica, vol. 
9, pp. 403-407; 1959.) A review of experimental 
work on acoustic models indicates that they 
are of little direct value in auditorium design; 
their application is limited to investigations of 
specific physical problems. 

621.395.623.54:534.833 2596 
Variation in Ear Protector Attenuation as 

Measured by Different Methods—L. Weinreb 
and M. L. Touger. (J. Acoust. Soc. Amer., vol. 
32, pp. 245-249; February, 1960.) Results in-
dicate that threshold shift measurements yield 
higher values of attenuation than either the 
loudness balance or the microphone method. 

621.395.623.64 2597 

The Determination of the Free-Field Re-
sponse of Headphones—P. Bocker and H. 
Mrass. (Acustica, vol. 9, pp. 340-344; 1959. 
In German.) Two subjective methods, mon-
aural and binaural, are used to test the response 
of an electrodynamic receiver in the frequency 
range 80-4000 cps. The monaural method may 
give unreliable results at low frequencies. 

621.395.625.3 2598 
The Influence of Magnetic Tape on the 

Field of a Recording Head—E. Della Torre. 
(RCA Rev., vol. 21, pp. 45-52; March, 1960.) 
Expressions are derived for the potential in the 
tape and between the tape and the head, and 
curves are given for the variation of field with 
tape coating thickness and distance from the 
head. 

621.395.625.3 2599 
The Agfa Balancing Tape, an Aid to the 

Exact Adjustment of High-Frequency Balance 
in Magnetic Tape Recorders—F. Krones. 
(Rlehtron. Rundschatt, vol. 13, pp. 181-184, 
186; May, 1959.) The causes of the audibility 
of tape joints are discussed. Their effect can be 
reduced to a minimum with the aid of the test 
tape described in which the magnetic layer is 
given a periodic pattern. Other applications of 
the tape are mentioned. 

621.395.625.3:538.221 2600 
Determination of the Recording Perform-

ance of a Tape from its Magnetic Properties— 
E. D. Daniel and I. Levine. (J. Acoust. Soc. 
Amer., vol. 32, pp. 258-267; February, 1960.) 
The recording performance of a tape with HF 
biasing is analyzed in terms of its anhysteretic 
properties (2466 of 1960) and results are com-
pared with absolute measurements. Satis-

factory agreement is obtained when the theory 

is corrected to take account of a loss in sensitiv-
ity attributed to a self-demagnetization effect 
during recording. 

ANTENNAS AND TRANSMISSION LINES 

621.315.212:539.12.04 2601 
Gamma-Ray-Induced Conductivity in Poly-

ethylene Coaxial Cable—K. Yahagi and A. 
Danno. (J. Ape Phys., vol. 31, p. 734; April, 
1960.) A value of à = 0.68 in the relation /cc R.1 
where I is current and R the dose rate was ob-
tained experimentally for dose rates up to 
1.4 X 10, r/li. 

621.372.2 2602 
The Characteristic Impedance and Phase 

Velocity of a Shielded Helical Transmission 
Line—H. S. Kirschbaum. (Commit,. and Elec-
tronics, no. 44, pp. 444-450; September, 1959.) 
Expressions for the characteristic impedance 
and phase velocity of a shielded line with an 
associated dielectric are developed from capaci-
tance and inductance parameters. Experi-
mental values for lines of length •Z.X/4 are in 
good agreement with calculations. 

621.372.2: 621.318.134: 537.226 2603 
Design Calculations for V.H.F. Ferrite Cir-

culators—V. Boyet, S. Weisbauni and I. 
Gerst. (IRE TRANS. ON M ICROWAVE THEORY 
AND TECHNIQUES, vol. MTT-7, pp. 475-476; 
October, 1959.) Operating conditions of a co-
axial ferrite phase shifter for 2 kmc [2963 of 
1958 (Button)] have been scaled down for the 
400- 440-mc band. Design parameters are given. 

621.372.8: 537.226 2604 
Experimental Determination of Wave-

length in Dielectric-Filled Periodic Structures 
—E. Weissberg. ( IRE TRANS. ON M ICRO-
WAVE THEORY AND TECHNIQUES, VOL MTT-7, 
pp. 480-481; October, 1959.) Determination of 
the elements of the scattering matrix [14 of 
1954 ( Deschamps)] avoids the errors incurred 
in the probe technique. 

621.372.8.049 2605 
Mechanical Design and Manufacture of 

Microwave Structures—A. F. Harvey. (IRE 
TRANS. ON M ICROWAVE THEORY AND TECH-
NIQUES, Vol. NITT-7, pp. 402-422; October, 
1959. Abstract, PROC. IRE, vol. 48, p. 272; 
February, 1960.) 

621.372.83 2606 
Analytical Asymmetry Parameters for 

Symmetrical Waveguide Junctions— M. Cohen 
and W. K. Kahn. (IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-7, pp. 
430-441; October, 1959. Abstract, PROC. IRE, 
vol. 48, p. 262; February, 1960.) 

621.372.832 2607 
A Method for Accurate Design of a Broad-

Band Multibranch Waveguide Coupler — 
K. G. Patterson. IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUES, vol. MTT-7, pp. 
466-473; October, 1959. Abstract, PROC. IRE, 
vol. 48, p. 273; February, 1960.) 

621.372.832.8 2608 
Ferrite Phase-Shifter for Wide-Band Cir-

culators—M. Vadnjal and A. Fiorinl (Note 
Recensioni Notis., vol. 8, pp. 305-313; May/ 
June, 1959.) A nonreciprocal phase shifter for 
rectangular waveguide operating in the range 
3.9-4.4 kmc is described. 

621.372.85 2609 
Orthogonality Relationships for Wave-

guides and Cavities with Inhomogeneous Ani-
sotropie Media—A. T. Villeneuve. (IRE 
TRANS. ON M ICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-7, pp. 441-446; October, 
1959. Abstract, PROC. IRE, vol. 48, p. 272; 
February, 1960.) 

621.372.852.011.2 2610 
Interaction-Impedance Measurements by 

Propagation-Constant Perturbation—P. R. 
Mclsaac and C. C. Wang. (PROC. IRE, vol. 
48, pp. 904-911; May. 1960.) General relations 
are developed for the perturbation produced 
by a rod inserted in a lossv nonreciprocal 
periodic waveguide parallel to the axis; these 
are applied to the determination of the inter-
action impedance. 

621.372.852.1 2611 
High-Power Microwave Rejection Filters 

Using Higher-Order Modes—J. H. Vogelman. 
(IRE TRANS. ON M ICROWAVE THEORY AND 
TECHNIQUES, vol. M TT-7, pp. 461-465; October, 
1959. Abstract, PROC. IRE, vol. 48, pp. 272 - 
273; February, 1960.) 

621.372.852.2:621.382.23 2612 
Electronically Variable Phase Shifters 

Utilizing Variable-Capacitance Diodes—R. H. 
Hardin, E. J. Downey and J. Munushian. 
(PROC. IRE, vol. 48, pp. 944-945; May, 1960.) 
A phase shift < 180° was obtained at 1 kmc for 
1.2 db insertion lose. 

621.372.852.21 2613 
Note on Band Transmission in Multilayer 

Dielectric Filters—S. C. B. Gascoigne. (A zest. 
J. Phys., vol. 12, pp. 296-298; September, 
1959.) The filter action of an infinite medium is 
calculated by an adaption of the Kronig-Pen-
ney model for metal lattices. 

621.372.852.3 2614 

Mismatch Errors in Cascade-Connected 
Variable Attenuators—G. E. Schafer and 
A. V. Rumfelt. (IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUES, VOL MTT-7, pp. 
447-453; October, 1959. Abstract, Paoc. IRE, 
vol. 48, p. 272; February, 1960.) 

621.396.67.095.1 2615 
Generating a Rotating Polarization—P. J. 

Allen. (PROC. IRE, vol. 48, p. 941; May, 1960.) 
Outlines a method demonstrating how the rota-
tion can be produced by a two-port circularly 

polarized antenna and two sources at different 
frequencies. 

621.396.674.1 2616 
Corner-Driven Coupled Square-Loop An-

tennas—S. Prasad. (Cattail. J. Phys., vol. 37, 
pp. 1407-1417; December, 1959.) The self-im-
pedance and mutual impedance of two or more 
loops are derived when these are identical and 
stacked symmetrically with uniform spacing. 

621.396.677.43 2617 

Improved Antennas of the Rhombic Class - 
E. A. Laport and A. C. Veldhuis. (RCA Rev., 
vol. 21, pp. 117-123; March, 1960.) Multiple 
rhombic antennas can give improved sidelobe 
suppression compared with the conventional 
rhombic. The results of tests on transatlantic 
transmissions are given. 

621.396.677.45 2618 
Improving the Helical Beam Antenna--

A. G. Holtum, Jr. (Electronics, vol. 33, pp. 
99-101; April, 1960.) Results of measurements 
made at 240 mc on a bifilar helix, compared 
with those for a single helix, show an improved 
directivity with a reduction in the sidelobe 
structure. 

621.396.677.833.1 2619 
Paraboloidal Reflector Aerial with a Helical 

Feed—H. E. Green. (Paoc. IRE (Australia), 
vol. 21, pp. 71-83; February, 1960.) Design 
procedures are described and theoretical results 
are compared with those obtained experimen-
tally at a frequency of 465 mc. 
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621.396.677.833.1 2620 
Theoretical and Experimental Study of 

Wide-Band Paraboloid Antenna with Central-
Reflector Feed—P. Foldes and S. G. Komlos. 
(RCA Rev., vol. 21, pp. 94-116; March, 1960.) 
The theory and measurements of a circularly 
symmetrical high-gain paraboloidal antenna 
with a central reflector are summarized. The 
radiation pattern can be calculated by geo-
metrical optics, but the impedance behavior 
is best found experimentally. 

AUTOMATIC COMPUTERS 

681.142 2621 
Analogue Division Circuit—W. McMurray. 

(Commun. and Electronics, no. 45, pp. 606-612; 
November, 1959.) The circuit containsonly mag-
netic cores and windings, and is suitable for use 
under severe environmental conditions. A de-
tailed analysis is given. 

681.142:621.318.4 2622 
All-Transistor Magnetic-Core Memories— 

B. T. Goda, W. R. Johnston, S. Markowitz, 
M. Rosenberg and R. Stuart-Williams. (Com-
mun. and Electronics, no. 45, pp. 666-673; 
November, 1959.) The properties of special 
small ferrite cores developed for use in high-
speed transistor-drive storage systems are 
discussed. 

681.142:621.395.625.3:621.318.57 2623 
High-Speed Track Selection for a Magnetic 

Drum Store—A. D. Booth. (Elec. Engrg., vol. 
32, pp. 209-211; April, 1960.) A survey of me-
chanical and electronic relay switching systems 
is given and the advantages of transistor switch 
are discussed. A low-noise symmetrical tran-
sistor switch producing surges of less than 12 
µsec duration is described. 

CIRCUITS AND CIRCUIT ELEMENTS 

621.3.011.3:621.385.5 2624 
High-Q Inductance Simulation—J. E. 

Fulenwider. (Pgoc. IRE, vol. 48, pp. 954-
955; May, 1960). Describes a circuit which 
eliminates the resistance component in a 
pentode reactance tube, giving a simulated in-
ductance of infinite Q. 

621.397.6:621.3.049.75 2625 
The Application of Printed Wiring to De-

velopment and Small Batch Production with 
Particular Reference to Television Equipment 
—Davies. (See 2914.) 

621.314.2.012.8 2626 
An Equivalent Circuit for Transformers in 

which Nonlinear Effects are Present—H. \V 
Lord. (Commun. and Electronics, no. 45, pp. 
580-586; November, 1959. Discussion.) Induc-
tive parameters of a transformer are better 
represented by the fl-type than by the T-type 
equivalent circuit. 

621.318.435 2627 
Analysis of Series-Connected Saturable 

Reactor with Capacitive Loading and Finite 
Control Resistance by Use of Difference Equa-
tions—H. C. Bourne and J. T. Salihi. (Commun. 
and Electronics, no. 45, pp. 461-471; November, 
1959.) 

621.318.435 2628 
Observation of Transients in the Series-

Connected Saturable Reactor with High-Im-
pedance Control Source—H. L. Goldstein. 
(Commun. and Electronics, no. 45, pp. 521-526; 
November, 1959.) Details are given of appa-
ratus for observing the effects of transients in-
troduced into a reactor operating in the pro-
portional mode. 

621.319.4 2629 
The Diffusion of Moisture in Electrical 

Capacitors and their Insulation Resistance— 
H. Veith. (Frequenz, vol. 13, pp. 142-147,171-

175; May/June, 1959.) The laws of moisture 
diffusion are derived mathematically and in-
vestigated experimentally on paper capacitors. 
The effect of moisture on the insulation resist-
ance of the dielectric is calculated and compari-
son is made with measurements on plastic-
covered capacitors stored under conditions of 
high humidity. 

621.372.012 2630 
The Optimum Formula for the Gain of a 

Flow Graph or a Simple Derivation of Coates' 
Formula—C. A. Desoer. (Pgoc. IRE, vol. 48, 
pp. 883-889; May, 1960.) An independent der-
ivation of Coates' formula based on determi-
nants is given. The difference between Mason's 
and Coates flow graphs is discussed, and it is 
shown how one is obtained from the other. 

621.372.4:621.318.4 2631 
The Use of Iterated Laplace Transforma-

tions in the Solution of Combined Circuit-Field 
Problems—J. H. Mulligan, Jr. (Commun. and 
Electronics, no. 4.5. pp. 506-511; November, 
1459.1 

621.372.41 2632 
The Characteristics of Different Types of 

Coupling of Two Coupled Undamped Electrical 
Oscillating Systems without an Impressed 

Voltage—D. *gvarc. (Arch. Elektrotech., vol. 44, 
pp. 234-250; 1959.) The effect of various types 
of coupling on the parameters of oscillatory 
circuits are considered. 

621.372.44 2633 
Statistical Spectral Output of Power-Law 

Nonlinearity—O. J. M. Smith. (Commun. and 
Electronics, no. 45, pp. 535-543; November, 
1959.) Methods are given for calculating the 
output power and the error power for non-
iinearities which can be described by power 
series for Gaussian and for certain other special 
kinds of input signals. 

621.372.44 2634 
Spectral Output of Piecewise-Linear Non-

iinearity-0. J. M. Smith. (Commun. and 
Electronics, no. 45, pp. 543-549; November, 
1959.) The transference or effective gain of a 
piecewise-linear component is derived. 

621.372.5 2635 
Topological Evaluation of Network Func-

tions—W. H. Kim. (J. Franklin Inst., vol. 267, 
pp. 283-293; April, 1959). The results are 
given of an investigation of various combina-
tions of linear passive quadripoles by means of 
topological identities. 

621.372.5 2636 
The Analogy between the Weissfloch 

Transformer and the Ideal Attenuator (Re-
flection Coefficient Transformer) and an Ex-
tension to Include the General Lossy Two-Port 
—D. J. R. Stock and L. J. Kaplan. (TRANS. 
ON M ICROWAVE THEORY AND TECHNIQUES, VOL 
MTT-7, pp. 473-474; October, 1959.) 

621.372.512 2637 
Matching and Bandwidths—H. Pocher. 

(Frequenz, vol. 13, pp. 161-166; June, 1959.) 
Formulas and curves are given for the band-
width of different arrangements for input and 
output matching of single-stage and band-pass 
filters. 

621.372.54 2638 
The Structure of the Iterative Matrix of 

Reactance Quadripoles with a Given Derived 
Circuit or a Given Characteristic Function— 
G. Gütz. (Frequenz, vol. 13, pp. 166-171; June, 
1959.) The relations between the structure of 
the characteristic function, the iterative matrix 
and the derived circuit or canonical ladder net-
work are established and the results are tabu-
lated. 

621.372.543 2639 
Nomenclature of Band Filters and of Band-

Filter Design—K. L. Eisele. (Elektron. Rund-
schau, vol. 13, pp. 169-175; May, 1959.) The 
principal design formulas and symbols and defi-
nitions of filter characteristics are summarized 
in tabular form. 

621.372.6 2640 
Solution to the Realizability Problem for 

Irredundant Boolean Branch Networks—L. 
Lofgren. (J. Franklin Inst., vol. 268, pp. 352-
377; November, 1959.) This type of network is 
defined for the 2-terminal and the n-terminal 
case and a general solution is given for the 
existence and realizability problem. 

621.372.6 2641 
Basic Concepts of the Multidimensional 

Space Filters—G. Kron. (Commun. and Elec-
tronics, no. 45, pp. 554-561; November, 1959.) 
The establishment of the basic tensors of a 
space filter is illustrated by means of a tetra-
hedron. 

621.372.6 2642 
Single-Control-Element Wien Bridge— 

E. R. Wigan. (Electronic Technologist, vol. 37, 
pp. 223-231; June, 1960.) The theory of opera-
tion of two modified forms of the Wien bridge 
is described. The network may be controlled by 
a single variable L, C or R and has applica-
tions as a frequency bridge, oscillator or selec-
tive amplifier. 

621.372.6: 621.316.727 2643 
A Wide-Band Phase Shifter—A. A. Ahmed. 

(Pgoc. IRE, vol. 48, p. 945; May, 1960.) A 
method is described for obtaining a phase shift 
of exactly 90° over a bandwidth determined by 
the characteristics of the filter used. 

621.372.632:621.382.23 2644 
Low-Noise Tunnel-Diode Down-Convertor 

having Conversion Gain—K. K. N. Chang, 
G. H. Heilmeier and H. J. Prager. (Pgoc. IRE, 
vol. 48, pp. 854-858; May, 1960.) The non-
linearity of the negative-resistance charac-
teristic of the tunnel diode can be used for fre-
quency conversion. GaAs diodes given a con-
version power gain of 22 db with a noise fig-
ure < 30 db. 

621.373.029.3 2645 
Simple Amplitude-Stabilized Twin-T Audio 

Oscillator—C. Dean. (Rev. Sci. Instr., vol. 
31, pp. 213-214; February, 1960.) The stabili-
zation is achieved by a clipping feedback loop. 

621.373.1.029.422 2646 
Electromechanical Low-Frequency Oscil-

lator—E. W. Dickson. (J. Sci. Instr., vol. 37, 
p. 149; April, 1960.) The sinusoidal linear 
movement of a slider is converted to a sinus-
oidal angular motion of a rotary potentiom-
eter contact arm to provide electrical oscilla-
tions from 0.001-0.1 cps with amplitude dis-
tortion < 1 per cent. 

621.373.421-52:538.569.4 2647 
Frequency Control of an Oscillator by Nu-

clear Magnetic Resonance—R. V. Pound and 
R. Freeman. (Rev. Sci. Instr., vol. 31, pp. 96-
102; February, 1960.) A description of a 
simple superregenerative oscillator that pro-
duces a coherent signal at the magnetic res-
onance frequency of a sample in its coil. 

621.373.431.1 2648 
Design Problems of Multivibrators—G. 

Kosel. (Elektron. Rundschau, vol. 13, pp. 165-
168; May, 1959.) Design calculations for f reo-
running, and for cathode-coupled and anode-
coupled monostable multi-vibrator circuits are 
discussed. 
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621.373.431.2 2649 
Blocking-Oscillator Circuit for Very Short 

Pulses of High Repetition Frequency— II 
I lert wig. (Elektron. Rundschau, vol. 13, pp. 
176 - 177; May, 1959). The design of a double-
triode circuit is given which is capable of 
generating pulses of 45 muusec base width at 
a free-running repetition frequency of 400 kc. 

621.373.44:621.396.96 2650 
Some Recent Improvements in Low-

Power Pulse Generators— R. P. F. Lauder 
and P. A. James. (J. Brit. IRE, vol. 20, pp. 
253-263; April, 1960.) Three miniature-
thyratron circuits used as submodulators foi 
radar transmitters are described. High-sta-
bility free-running and triggered versions are 
discussed with methods of overcoming duty-
ratio limitations of the tubes used. 

621.374.4:621.385.623 2651 
Theory of a Fast-Switching Electron-Beam 

Frequency Divider— Kroll and Palócz. (See 
2953.) 

621.374.4:621.387 2652 
Coherence and Bandwidth of a Gas-Dis-

charge Harmonic Generator—N. R. Bierrum, 
D. Walsh and J. C. Vokes. (Nature, vol. 186, 
p. 626; May 21, 1960.) Coherent narrow-band 
signals at 8 mm X have been obtained using 
Ne-filled discharge tubes pulsed by a 2-kw 
N-band klystron. 

621.374.5:621.318.4 2653 
Long Time Delays from a Single Magnetic 

Storage Core—C. E. Hardies. (Commun. and 
Electronics, pp. 457-461; November, 1959.) 
Time delays up to several minutes can be ac-
curately achieved using an asymmetrical bidi-
rectional core voltage. The delay may be con-
trolled by a de voltage or current change or by 
a change of resistance. 

621.374.5:621.382.3 2654 
Analysis and Design of a Transistor Linear-

Delay Circuit—R. P. Nanavati. (Commun. and 
Electronics, pp. 577-580; November, 1959.) An 
analysis of the emitter-coupled linear-delay 
circuit is given. Maximum-to-minimum out-
put pulse-width ratios of several hundred have 
been obtained. 

621.375.13.018.75 2655 
The Anode-Cathode Follower—C. H. 

Vincent and I). Kaine. (Electronic Engrg., vol. 
32, pp. 242-244; April, 1960.) A two-stage 
circuit of near-unity gain which inverts nega-
tive pulses is described. The unit is designed to 
transmit pulses of up to 50-y amplitude into a 
10041 load. 

621.375.3 2656 
Analysis of Magnetic Amplifiers without 

Diodes—P. R. Johannessen. (Commun. and 
Electronics, no. 45, pp. 471-485; November, 
1959.) A general method of magnetic-ampli-
fier analysis is developed. 

621.375.3 2657 
Analysis of Magnetic Amplifier with Diodes 

—P. R. Johannessen. (Commun. and Elec-
tronics, no. 45, pp. 485-504; November, 1959.) 
An analysis restricted to amplifiers terminated 
in a resistive load and to voltage waveforms 
typical of such amplifiers. 

621.375.3 2658 
Graphical Evaluation of Magnetic Ampli-

fier Performance Based on Constant-Voltage 
Reset Test—D. Nitzan. (Commun. and Elec-
tronics, no. 45, pp. 691-697; November,' 1959. 
Discussion.) Core characteristics for various 
reset fluxes are determined experimentally, 
leading to a graphical evaluation of the per-
formance of a 2-core self-saturating magnetic 
amplifier. 

621.375.3 2659 
Capacitively Coupled Magnetic Amplifiers 

—H. W. Collins. (Commun. and Electronics, no. 
45, pp. 707-712; November, 1959.) The ampli-
fier described operates at a high carrier fre-
quency with capacitive coupling of the signal 
to the load. This technique realizes the ad-
vantages of true ac amplification. An experi-
mental 3-stage amplifier is described. 

621.375.3:621.318.435 2660 
The Winding Capacitances in Magnetic 

Amplifiers— I. Johansen. (Commun. and Elec-
tronics, no. 45, pp. 702-707; November, 1959.) 
The distributed winding capacitance can be 
replaced by a lumped capacitance, for which an 
empirical formula is found. 

621.375.4 2661 
Calculations and Measurements for the 

Optimum Design of Low-Noise Transistor 
Amplfiers—K. Spindler. (Nachrichtentech. Z., 
vol. 12, pp. 250-256; May, 1959.) The condi-
tions for making the transistor noise factor a 
minimum are calculated for white noise. Equa-
tions are given for the most favorable com-
bination of source impedance and emitter cur-
rent. Measurements were made of these opti-
mum values as a function of various transistor 
parameters and of temperature in the range 
—90° to + 70°C, and the resulting curves are 
given. 

621.375.4 2662 
Transistor Amplifier has 100-Megacycle 

Bandwidth—J. C. de Broekert and R. M. 
Scariett. (Electronics, vol. 33, pp. 73-75; April 
15. 1960.) Five stages with shunt feedback 
produce an over-all gain of 50 db+ 2 db from 
8 kc to 130 mc. 

621.375.432 2663 
Analysis of the Split-Load State (Transis-

torized)—H. Pfyffer. (Electronic Engrg., vol. 
32, pp. 231-235; April, 1960.) Expressions are 
derived for the current and voltage gain, out-
put impedance, and output return loss of a 
single-stage negative-feedback circuit. Results 
are incorporated in an analysis of a three-stage 
feedback amplifier with split-load output. 

621.375.434 2664 
Contribution on the Stabilization of the 

Operating Point of Transistors—K. Emden. 
(Arch. elekt. übertragung, vol. 13, pp. 219-220; 
May, 1959.) Direct-current positive and nega-
tive feedback over two or more stages in 
earthed-emitter transistor amplifiers provides 
effective stabilization against temperature vari-
ations and differences in transistor charac-
teristics. 

621.375.9: 538.569.4 2665 
The Optimum Line Width for the Transi-

tion used in a Reflection Cavity Maser Ampli-
fier - G. J. Troup. (Aids!. J. Phys., vol. 12, 
pp. 218-221; September, 1959.) The line width 
of the amplifying transition in a reflection 
cavity maser is shown to have an optimum 
value, which will give maximum amplification 
bandwidth at a fixed gain. Difficulties asso-
ciated with achieving the optimum line width in 
practice for the paramagnetic maser are briefly 
discussed. 

621.375.9:538.569.4 2666 
Relaxation Time and Multiple Pumping 

Effects in Masers—A. Szabo. (Cenad. J. Phys., 
vol. 37, pp. 1557-1561; December, 1959.) 
Optimization of relaxation times combined with 
multiple pumping cannot by itself extend the 
operation of masers past the liquid-nitrogen 
range without degrading the performance be-
low that now attainable at liquid-helium 
temperatures with three-level masers. 

621.375.9: 538.569.4 2667 
Packaged Tunable L-Band Maser System 

—F. R. Arams and S. Okwit. ( Pitoc. IRE, 
vol. 48, pp. 866-874; May, 1960.) A maser, 
tunable from 850 to 2000 mc with a voltage-
gain X bandwidth product of 37.5 mc at 1.5°K, 
is combined with an L-band circulator and 
auxiliary equipment, into an operational unit. 
The circulator operates over a 200-mc range 
with insertion loss 0.3 db. 

621.375.9:538.569.4 2668 

Spontaneous Emission from an Inverted 
Spin System—A. Yariv. (J. Ape Phys., vol. 
31, pp. 740-741; April, 1960.) A summary of 
results of calculation made in an attempt to ex-
plain the origin of the observed modulation 
effects in two-level masers. 

621.375.9: 538.569.4.029.65 2669 
C.W. Millimetre-Wave Maser Using Fe' in 

TiO2—S. Foner and L. R. Momo. (J. Ape 
Phys., vol. 31, pp. 742-743; April, 1960.) 
Characteristics are summarized and some use-
ful properties of the paramagnetic material are 
described. Results indicate that the material 
will be useful far beyond the frequency range 
investigated, 26-39 kmc. 

621.375.9: 621.372.44 2670 
Some Notes on the History of Parametric 

Transducers—W, W. Mumford. ( Paoc. IRE. 
vol. 48, pp. 848-853; May, 1960.) 200 references. 

621.375.9:621.372.44 2671 
A Ferromagnetic Amplifier Using Longitu-

dinal Pumping—R. T. Denton. (Pam. IRE, 
vol. 48, pp. 937-938; May, 1960.) Describes 
early experimental results indicating a 25-db 
gain at 4 kmc with an X-band pump power 
<1 w. 

621.375.9:621.372.44 2672 
Parametric Phase-Distortionless L-Band 

Limiter—A, D. Sutherland and D. E. Countiss. 
(Paoc. IRE, vol. 48, pp. 938-939; May, 1960.) 
30-db dynamic limiting is observed at a pump 
frequency of 1 kinc using a 3-cavity varactor 
arrangement. Pitase distortion is less titan 
+2° over a 16-db range of limiting. 

621.375.9: 621.372.44: 621.372.2 2673 
The Diode-Loaded Helix as a Microwave 

Amplifier—G. Conrad, K. K. N. Cluing and 
R. Hughes. ( Pitoc. IRE, vol. 48, pp. 939-940; 
May. 1960.) Two alloy-diffused Ge diodes 
mounted between turns of the helix lead to a 
net power gain of 26 db at 2800 mc, a noise 
factor of 5-7 db, and a bandwidth of 30 mc. 
The low bandwidth is attributed to the loading 
introduced by the diodes. [See also 1167 of 
1960 (Heilmeier),I 

621.376.2 2674 
Application of the Sampling Function to 

Circuit Analysis of Modulators and Demodu-
lators Using Diodes-- A. Feller. (RCA Rev., 
vol. 21, pp. 130-141; March, 1960.) Takes into 
account the forward and reverse resistance of 
the diodes. 

621.376.239: 621.385.6 2675 
A Broad-Band Cyclotron-Resonance R.F. 

Detector Tube—F, M. Turner. (Paoc. IRE. 
vol. 48, pp. 890-897; May, 1960.) Operation is 
based on the cyclotron resonance of an elec-
tron beam in a static magnetic and RF elec-
tric field. In the pencil-beam tube described, 
spiralling electrons are detected by a honey-
comb-mesh grid; the current intercepted by the 
grid is greatest at resonance and is propor-
tional to the RF signal power. :Mechanical de-
tails and operating conditions are given. A 
simplified energy-transfer analysis enables the 
electrical characteristics to be predicted. 
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GENERAL PHYSICS 

53.081.6 2676 
Universal Units of Magnetism, Mechanics 

and Temperature—A. T. Gresky. (J. Franklin 
Inst., vol. 268, pp. 388-400; November, 1959.) 
Suggested practical values for universal units 
are: magnetic intensity M 1.84253G; mass 
m= 217.699g; length r = 1.61562 cm; time 1= 
0.538912 sec.; temperature °T = 0.0708681 °K. 
(See also 1172 of 1960.) 

535.62 2677 
Some New Aspects of Colour Perception— 

M. M. Woolfson. (IBM J. Res. Dell., vol. 3, 
pp. 313-325; October, 1959.) Computed 
theoretical figures, based on mathematical 
analysis, are shown to be in good agreement 
with empirical results of Land (see 3629 of 
1959). An explanation is given in terms of 
classical color perception theories in conjunc-
tion with the experimental psychological 
phenomenon of color transformation. 

537.29:537.56:621.385.833 2678 
Efficiency of Field Ionization at a Metal 

Surface—H. Fiedeldey and D. Fourie. (Phys. 
Rev., vol. 117, pp. 924-928; February 15, 1960.) 
Theoretical analysis of the dependence of the 
field ion current on various parameters. 

537.311.1 2679 
Variational Principle for Transport Phe-

nomena—G. E. Tauber. (J. Franklin Inst., vol. 
268, pp. 175-221; September, 1959.) The 
variational principle for interband scattering is 
derived and generalized by the introduction of 
an external magnetic field and lattice vibra-
tions. 

537.312.62 2680 
Quasi-Particles and Gauge Invariance in 

the Theory of Superconductivity—V. Nambu. 
(Phys. Rev., vol. 117, pp. 648-663; February, 
1960.) 

537.312.8 2681 
Theory of Electrical Conduction in High 

Magnetic Fields—P. N. Argyres and L. M. 
Roth. (J. Phys. Chem. Solids, vol. 12, pp. 89-
96; December, 1959.) 

537.52 2682 
The Rôle of Space Charge in Gas Break-

Through between Equal Parallel Plane Elec-
trodes below the Paschen PD Minimum— 
H. Ritow. (J. Electronics Control, vol. 7, pp. 
423-438; November, 1959.) The Paschen 
characteristics for discharges is discussed in 
detail and some explanations are found with the 
help of the field-emission theory. 

537.525 2683 
Similitude and Anode Material Effects in 

112 and D2 Discharges below the Critical Pres-
sure—G. W. McClure. (J. Electronics Con-
trol, vol. 7, pp. 439-447; November, 1959.) 
The breakdown potentials of F12 and D2 

gases were determined below the critical pres-
sure in two similarly shaped discharge tubes of 
different size. With stainless steel anodes and 
cathodes both gases obeyed Paschen's Law. 
When the anodes were made of Pb or Al some 
deviations were observed, possibly resulting 
from deposition of anode material on the 
cathode. 

537.525.5: 621.391.822 2684 
Microwave Noise from Low-Pressure Arcs— 

R. M. Hill and S. K. Ichiki. (J. Ape Phys., 
vol. 31, p. 735; April, 1960.) Experimental data 
indicate that the ignition of an arc discharge is 
accompanied by considerable microwave noise. 

537.533 2685 
Solutions of the Equations of Space-Charge 

Flow for Radial Flow between Concentric 

Spherical Electrodes—I. Itzkan. (J. Appt. 
Phys., vol. 31, pp. 652-655; April, 1960.) The 
solutions are formulated so that arbitrary ini-
tial conditions may be introduced. By this 
means a variety of physical problems can be 
solved with the aid of a table of Airy functions. 

537.533:621.385.6 2686 
Some Solutions to the Equations of Steady 

Space-Charge Flow in Magnetic Fields— 
P. T. Kirstein. (J. Electronics Control, vol. 7, 
pp. 417-422; November, 1959.) Earlier analy-
sis [764 of 1959 (Kirstein and Kino)] is extended 
to include the case of magnetic-field compo-
nents perpendicular to the cahode. Sets of 
solutions are given for the flow from conical 
and cylindrical cathodes for a broad class of 
magnetic-field configurations. 

537.533.08 2687 
The Possibility of Electron Total-Energy-

Distribution Analysis in a Quasi-Spherical 
Capacitor—D. A. Ganichev and K. G. Umkin. 
(Fiz. Tverdogo Tela, vol. 1, pp. 648-653; April, 
1959.) The energy distribution of electrons 
emitted at various angles from a plane disk-
shaped target at the center of a spherical col-
lector is determined from an analysis of elec-
tron trajectories. The discrepancy between 
these results and those for a spherical capaci-
tor does not exceed 1 per cent. The provision 
of an aperture in the collector for an electron 
gun results in a 5 per cent error. 

537.533.73 2688 
The Formulation of Electron Diffraction 

by Means of a Scattering Matrix and its Prac-
tical Applicability—H. Niehrs. (Z. Naturforsch., 
vol. 14a, pp. 504-511; May/June, 1959.) 
Electron diffraction by a crystal plate is 
treated by dynamic diffraction theory. 

537.533.73 2689 
Apparatus for Direct Observation of Low-

Energy Electron Diffraction Patterns—E. J. 
Scheibner, L. H. Germer and C. D. Hartman. 
(Rev. Sci. Instr., vol. 31, pp. 112-114; Feb-
ruary, 1960.) The equipment, designed for 
high vacuum, gives the diffraction pattern on 
a fluorescent screen. 

537.533.79:538.221 2690 
On the Magnetic Perturbation of an 

Electron Beam—S. Yamaguchi. (Indian J. 
Phys., vol. 33, pp. 547-549; December, 1959.) 
(See 3636 of 1959.) 

537.56 2691 
A New Method for Measuring the At-

tachment of Slow Electrons in Gases—L. G. H. 
Huxley, R. W. Crompton and C. H. Bagot. 
(Aust. J. Phys., vol. 12, pp. 303-308; Septem-
ber, 1959.) Simultaneous measurements of at-
tachment coefficient and the ratio of drift 
velocity to diffusion coefficient are reported. 

537.56 2692 
Measurement of Plasma Temperature and 

Electron Density—K. Murakawa and S. 
Hashimoto. (J. Phys. Soc. Japan, vol. 14, p. 
1824; December, 1959.) The value of electron 
density deduced earlier (451 of 1960) is twice the 
true value. 

538.56:537.56 2693 
Microwave Investigation of Plasma in 

Shock Tube—M. Takeyama, S. Hamamura 
and T. Oda. (J. Phys. Soc. Japan, vol. 14, pp. 
1637-1638; November, 1959.) Experimental 
details and results obtained at 3.4 cm X are 
given. 

538.566:535.42 2694 
On the Diffraction of Electromagnetic Pulses 

by Curved Conducting Surfaces—J. R. Wait 
and A. M. Conda. (Cenad. J. Phys., vol. 37, 

pp. 1384-1396; December, 1959.) "Starting 
with the known steady-state solutions for dif-
fraction by a perfectly conducting convex sur-
face, the corresponding transient responses are 
derived using Fourier-Laplace inversion. Ex-
plicit results are given for an incident wave 
which varies with time as a step function." 

538.566:535.43 2695 
Total Electromagnetic Cross-Sections of 

Imperfectly Conducting Cylinders—E. S. 
Cassedy and J. Fainberg. (J. Appt. Phys., vol. 
31, pp. 739-740; April, 1960.) Experimental 
and theoretical results are discussed for the case 
of scattering from cylinders with length com-
parable to and with diameter small compared 
with the wavelength of illumination. 

538.566:539.23 2696 
Use of Chebychev Polynomials in Thin-

Film Computations—K. D. Mielenz. (J. Res. 
Not. Bur. Stand., vol. 63A, pp. 297-300; 
November/December, 1959.) "From Herpin's 
expression from the mth power of a multi-
layer matrix (3865 of 1947), very simple closed 
formulas are derived for the matrices and optical 
constants of any multilayer with a periodic 
structure." 

538.569.4:535.853 2697 
High-Resolution N.M.R. Spectrometer with 

the Radio Frequency Controlled by the Mag-
netic Field—R. Freeman and R. V. Pound. 
(Rev. Sci. Instr., vol. 31, pp. 103-106; Feb-
ruary, 1960.) A spectrometer for observing pro-
ton magnetic resonance at 30 mc. 

538.569.4:535.853 2698 
Precision Zeeman-Modulation Microwave 

Spectrometer—R. W. Zimmerer. (Rev. Sci. 
Instr., vol. 31, pp. 106-111; February, 1960.) 
A spectrometer is described for measuring the 
rotational fine structure of oxygen at frequen-
cies between 50 and 65 kmc. 

538.569.4.029.64.65:546.217 2699 
Anomalies in the Absorption of Radio 

Waves by Atmospheric Gases—A. W. Straiton 
and C. W. Tolbert. (PRoc. IRE, vol. 48, pp. 
898-903; May, 1960.) Reasonable agreement 
is shown between the losses predicted by Van 
Vleck (3098 and 3100 of 1947) and recent 
me.asurements for oxygen, but for water vapor 
the measured loss is greater. Reasons for the 
discrepancy are discussed. 

539.12 2700 
Remarks on the Mass, Energy and Momen-

tum of Photons, Electrons and other Ele-
mentary Particles—J. Picht. [optik (Stutt-
gart), vol. 16, pp. 257-275; May, 1959.j Re-
lations between the corpuscular velocity of a 
particle and the phase velocity of the corre-
sponding wave are considered, and the theo-
retical equivalence of particle and wave are dis-
cussed with reference to a possible experi-
mental verification of the particle concept. 

GEOPHYSICAL AND EXTRATER-
RESTRIAL PHENOMENA 

523.164.3 2701 
A Note on the Polar Apsorption Event of 

11-18 May 1959—K. W. Eriksen, O. Holt 
and B. Landmark. (J. A tmos. Terr. Phys., vol. 18, 
pp. 78-81; April, 1960.) Galactic noise measure-
ments at five stations showed an increase in 
absorption lasting up to 36 h. Possible solar 
control mechanisms are discussed. 

523.164.3:523.75 2702 
Extraordinary Noise Distrubances Follow-

ing a Môgel-Dellinger Effect—H. A. Hess and 
K. Rawer. (Geofis. pura e appl., vol. 45, pp. 175-
178; January-April, 1960. In German.) During 
the large solar eruption of March 29, 1960 an 
initial decrease of cosmic noise intensity ob-
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serried was followed by a high-intensity noise 
burst lasting several hours. 

523.164.32:523.165 2703 
A Relation between Solar Radio Emission 

and Polar-Cap Absorption of Cosmic Noise— 
M. R. Kundu and F. T. Haddock. (Nature, 
vol. 186, pp. 610-612; May 21, 1960.) A statisti-
cal study has been made of the relation. It 
appears that the polar-cap absorption events 
are closely associated with the occurrence of 
wide-band cm-wave outbursts or type IV 
events and their duration is related to the 
presence on the sun of "active regions" of 
noise storms. (See also 842 of 1960 (Thompson 
and Maxwell).l 

523.164.32:523.75 2704 
Radio Astronomical Measurements of the 

Sun with Particular Regard to the Phenomena 
during Chromospheric Eruptions—O. Ilachen-

berg. (Naturwiss., vol. 46, pp. 295-303; May, 
1959.) Survey of the measurements of solar RF 
emission in relation to various types of solar 
disturbance. 17 references. 

523.164.4 2705 
A Shell Source of Radio Emission —. 

P. R. R. Leslie. (Observatory, vol. 80, pp. 23-
26; February, 1960.) Report of observations 
made with the 178-mc interferometer at the 
Milliard Radio Astronom \ Observatory, Cam-
bridge, Eng. 

523.164.4 2706 
The Eta Carinae Nebula and Centaurus A 

near 1400 Mc/s: Part 1—Observations—J. V. 
Hindman and C. M. Wade. (Aust. J. Phys., 
vol. 12, pp. 258-269; September, 1959.) 
Continuum measurements made with a modi-
fied 21-cm receiver and a 36-ft-diameter an-
tenna show Centaurus A to cover 7° in declina-
tion and 3° in R.A. at 1400 mc. Flux densities 
and contour diagrams are given. 

523.164.43 2707 
A 21-cm Survey of the Southern Milky Way 

—F. J. Kerr, J. V. Hindman and C. S. Gum. 
(Ails!. J. Phys., vol. 12, pp. 270-292; Septem-
ber, 1959.) A report of measurements made 
using a beamwidth of 1.4° and bandwidth 40 
kc. Contour diagrams show the radiation in-
tensity along 41 measured tracks. 

523.165 2708 
Elementary Particles in Cosmic Radiation 

—E. Schopper. (Naturwiss., vol. 46, pp. 290-
295; May, 1959.) Review of present state of 
knowledge and measurement techniques. 

523.165 2709 
Cosmic-Radiation Intensity Decreases ob-

served at the Earth and in the Nearby Plane-
tary Medium—C. Y. Fan, P. Meyer and J. A. 
Simpson. (Phys. Rev. Lett., vol. 4, pp. 421-423; 
April 15, 1960.) Measurements made simul-
taneously at 7.5 earth radii, at balloon altitudes 
and on the earth's surface at the time of a large 
Forbush decrease show the same magnitude of 
decrease of primary cosmic radiation. These 
results do not therefore agree with hypotheses 
which invoke the presence of the earth and the 
geomagnetic field to account for the Forbush 
decrease. 

523.165 2710 
Maximum Total Energy of the Van Allen 

Radiation Belt—A. J. Dessler and E. H. Ves-
tine. (J. Geophys. Res., vol. 65, pp. 1069-1071; 
March, 1960.) The results of the spherical 
harmonic analysis of the geomagnetic field 

show an upper limit for the energy that can be 
stored in the Van Allen radiation belt. 

523.165:550.385:551.507.362.2 2711 
Distribution of Trapped Radiation in the 

Geomagnetic Field—S. Yoshida, G. H. Ludwig 

and J. A. Van Allen. (J. Geophys. Res., vol. 
65, pp. 807-813; March, 1960.) An examina-
tion of the altitude dependence (360-2090 km) 
of trapped radiation from Explorer I measure-
ments shows that the radiation-intensity data 
in the vicinity of the magnetic equator can be 
well represented by the scalar intensity B of 
the real geomagnetic field. The value of B at the 
lower boundary of the inner zone increases with 
magnetic dip latitude. 

523.165:550.385.4:551.507.362.2 2712 
Magnetic Storms and the Van Allen Radi-

ation Belts—Observations from Satellite 
1958 e (Explorer IV)—P. Rothwell and C. E. 
Mcltwain. (J. Geophys. Res., vol. 65, pp. 799-
806; March, 1960.) A marked decrease in in-
tensity of particles in the outer belt was ob-
served during magnetic storms. It is suggested 
that this is due to atmospheric heating and 
expansion at fairly high latitudes. The absence 
of intensity changes in the inner belt is consist-
ent with a cosmic-ray albedo neutron origin of 
inner-zone protons. 

523.3:621.396.96 2713 
Radio-Frequency Scattering from the Sur-

face of the Moon—R. L. Leadabrand, R. B. 
Dyce, A. Fredriksen, R. I. Presnell and J. C. 
Schlobolim. (Pnoc. IRE, vol. 48, pp. 932-933; 
May, 1960.) Sensitive radars show the pres-
ence at 400 mc of a scattered component in 
addition to the quasi-specular "high-light" from 
the moon center. 

523.3:621.396.96 2714 
Measurements of Lunar Reflectivity using 

the Millstone Radar—G. H. Pettengill. ( Pnoc. 
IRE, vol. 48, pp. 933-934; May, 1960.) Highly 
stable coherent-pulse measurements made at 
440 mc enable range/Doppler-frequency con-
tours to be plotted for the rotating moon. A 
precision of 2 parts in 10, for the observed Dop-
pler frequency has been obtained. A number of 
measurements are described; substantial echoes 
are observed out to the lunar limbs. 

523.3:621.396.96 2715 
Lunar Echoes Received on Spaced Re-

ceivers at 106.1 mc—R. B. Dyce and R. A. 
Hill. (Pam. IRE, vol. 48, pp. 934-935; May, 
1960.) Results obtained imply that a minimum 
diversity distance of about 1 km on the earth's 
surface is adequate to achieve diversity recep-
tion for communications via the moon. 

523.7:621.396.969 2716 
Radar Echoes from the Sun—V. R. Eshle-

man, R. C. Barthle and P. B. Gallagher. 
(Science, vol. 131, pp. 329-332; February 5, 
1960.) Details are given of tests made in April, 
1959 using a 40-kw transmitter operating at 

about 25.6 mc with an antenna system consist-
ing of four rhombics in broadside array cover-
ing a rectangular area 800X 725 ft. Data were 
analyzed by computer; cross-correlation curves 
are reproduced and discussed. 

523.75:551.594.6 2717 
Solar Limb Surges accompanied by X-Ray 

Emission—J. Kleczek and L. Kfivske. (Na-
ture, vol. 186, pp. 1035-1036; June 25, 1960.) 
Simultaneous observations of Ha radiation 
and recordings of atmospherics at 27 kc indicate 
a pronounced coincidence in time of sudden en-
hancements of atmospherics with surge ap-
pearances. The sudden enhancements could be 
interpreted as X radiation emitted by an ad-
jacent region of the solar corona. 

550.3: 551.510.535: 519.272 2718 
Correlation in Geophysics—K. Rawer. 

(Geofis. pura e appl., vol. 43, pp. 218-226; May-
August, 1959. In English.) The advantages of 
using a correlation number based on a counting 
process are discussed in comparison with the 

limitations inherent in the use of a correlation 
coefficient. Examples are given of the correla-
tion of ionospheric data. 

550.38 2719 

Earth's Main Magnetic Field to 152 
Kilometres above Fort Churchill—J. M. Con-
ley. (J. Geophys. Res., vol. 65, pp. 1074-1075; 
March, 1960.) A report on rocket flight meas-
urements under magnetically quiet conditions 
in the daytime. 

551.507.362 2720 
Rockets and Satellites in the Service of 

Geophysics—E. Stuhlinger. fNaturwiss., vol. 
46, pp. 303-309; May, 1959.) A review of meas-
urements made by artificial satellites with an 
outline of future plans. 

551.507.362:061.3 2721 

Space Science—R. L. F. Boyd. (Nature, 
vol. 186, pp. 749-751; June 4, 1960.) A report 
of the International Space Science Symposium 
held in Nice, France, January 11-15, 1960, 
reviewing in particular the results of earth-
satellite and lunar-probe measurements. 

551.507.362.2 2722 
Magnetic Damping of Rotation of the Van-

guard I Satellite—L. LaPaz and R. H. Wilson, 
Jr. (Science, vol. 131, pp. 355-357; February 5, 
1960.) Comment on an error in calculations 
given in 1592 of 1960 and auther's reply. 

551.507.362.2 2723 
Density of the Upper Atmosphere and its 

Dependence on the Sun, as revealed by Satel-
lite Orbits—D. G. King-Hele and D. M. C. 
Walker. (Nature, vol. 186, pp. 928-931; June 
18, 1960.) An extension of earlier work ( 1997 of 
1960). 

551.507.362.2 2724 
Triangulation—a Precise Method for Satel-

lite Tracking—P. G. Kirmser and I. Waka-
bayashi. (J. Franklin Inst., vol. 268, pp. 337-
351; November, 1959.) The theory of triangula-
tion is described and applied to a photographic 
system. 

551.507.362.2 2725 
Determination of Corrections to Mark II 

Minitrack Station Coordinates from Artificial-
Satellite Observations—W. D. Kahn. (J. Geo-

phys. Res., vol. 65, pp. 845-849; March, 1960.) 
Corrections may be deduced from a comparison 
of radio observations with the predicted orbit. 

551.507.362.2 2726 
Radio Observations during the Decay 

Period of the Soviet Satellite 58-Delta Two 
[1958 621—H. A. Hess. (Geofis. pura e appl., 
vol. 45, pp. 62-64; January-April, 1960. In 

English.) Measurements made at Breisach, 
West Germany, on Sputnik III during the 
period March 14-April 6, 1960 show irregu-
larities in the period of revolution. 

551.507.362.2 2727 
Faraday Effect in the Transmissions from 

Fast-Spinning Satellites—R. S. Roger and 
J. H. Thomson. (Nature, vol. 186, pp. 622-623; 

May 21, 1960.) A note on signal-strength vari-
ations for the case of a satellite rotation period 
small compared to the Faraday fading period. 

551.507.362.2:551.510.535 2728 
Scintillations of the 20-Mc/s Signal from 

the Earth Satellite 1958 6II—J. Frihagen and 
J. TrOim. (J. Alms. Terr. Phys., vol. 18, pp. 
75-78; April, 1960.) Information on the struc-
ture and movements of ionospheric irregu-
larities has been obtained by studying fading 
patterns on spaced receivers. 
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551.507.362.2:551.510.535 2729 
Electron Density Measurements in the Up-

per Ionosphere using the Faraday Rotation of 
Radio Signals from Artificial Satellites— 
D. M. A. Wilson. (Nature, vol. 186, pp. 623-
624; May 21, 1960.) Agreement between ob-
servations and the calculated Faraday-rota-
tion curve is improved when account is taken 
of horizontal variations of the ionosphere 
estimated from hourly ionograms. 

551.507.362.2:621.317.444:538.569.4 2730 
The Vector-Field Proton Magnetometer for 

I.G.Y. Satellite Ground Stations—I. R. Sha-
piro, J. D. Stolarik and J. P. Heppner. (J. 
Geophys. Res., vol. 65, pp. 913-920; March, 
1960.) Vector magnetic field measurements of 
high accuracy can be obtained by applying 
homogeneous bias fields to a proton preces-
sional magnetometer. 

551.507.362.2:621.382.3 2731 
Radiation Damage and Transistor Life in 

Satellites—Denney and Pomeroy. (See 2932.) 

551.510.535 2732 
Artificial Electron Clouds: Part 4—J. Press-

man, F. F. Marmo and L. M. Aschenbrand. 
(Planet. Space Sci., vol. 2, pp. 17-25; October, 
1959.) Report of radio-radar and optical ob-
servations of an electron cloud created by the 
night-time release of cesium at 101 km from a 
Nike-Cajun rocket. An analysis of experimental 
data indicates that the electrons observed can 
reasonably be ascribed to thermal ionization. 
[See pt. 3: 2366 of 1960 (Marmo, et al.).1 

551.510.535 2733 
A Theory of Electrostatic Fields in the 

Ionosphere at Nonpolar Geomagnetic Latitudes 
—D. T. Farley, Jr. (J. Geophys. Res., vol. 65, 
pp. 869-877; March, 1960.) Electrostatic cou-
pling between the dynamo and F regions, and 
between magnetically conjugate parts of the 
regions themselves, the electric source field 
produced by winds in the dynamo region, and 
the possibility of significant electron-density 
variations in the F region due to electrostatic 
fields are examined. 

551.510.535 2734 
Development of the Maximum Electron 

Density of the E Layer at Leopoldville-Binza— 
P. Herrinck and J. Cons. (Geofis. pura e appl., 
vol. 45, pp. 153-166; January-April, 1960. In 
French.) E-layer data obtained during the 
period February, 1952—December, 1958, are 
analyzed. The diurnal variation of maximum 
electron density conforms closely to Chapman's 
law. 

551.510.535 2735 
Sporadic-E as Observed by Back-Scatter 

Techniques in United Kingdom—E. D. R. 
Shearman and J. Harwood. (J. Atmos. Terr. 
Phys., vol. 18, pp. 29-42; April, 1960.) Using a 
rotating-antenna back-scatter sounder during 
the 1GY diurnal, seasonal and grographical 
E, characteristics have been obtained. On par-
ticular occasions the movement of E, clouds 
has been tracked and their size and ionization 
determined. 

551.510.535 2736 
Peculiarities of the Ionosphere in the Far 

East: a Report on I.G.Y. Observations of 
Sporadic E- and F-Region Scatter—E. K. 
Smith, Jr., and J. W. Finney. (J. Geophys. Res., 
vol. 65, pp. 885-892; March, 1960.) Oblique-
incidence observations at 50 mc show that for 
any given transmission loss sporadic E is three 
to five times more prevalent in the Far East 
than in the Caribbean. 

551.510.535 2737 
Height and Thickness Parameters for 

Region F of the Ionosphere—E. R. Schmerling. 

(J. Geophys. Res., vol. 65, pp. 1072-1073; 
March, 1960.) More useful parameters may be 
obtained by replacing measurements of h„, by 
measurements of heights at fixed submultiples 
of the maximum density. 

551.510.535 2738 
Theoretical World Curves of Maximum Ion 

Density in a Quiet F Region—J. E. C. Gliddon 
and P. C. Kendall. (J. Atmos. Terr. Phys., vol. 
18, pp. 48-60; April, 1960.) The curves, plotted 
in terms of latitude and local time for solstice 
and equinox conditions, are generally the same 
as those measured practically. The analysis 
shows that diffusion plays a significant part in 
controlling F2 ionization. 

551.510.535 2739 
Asymmetry between the F2 Region of the 

Ionosphere in the Northern and Southern 
Hemispheres—R. G. Rastogi. (J. Geophys. 
Res., vol. 65, pp. 857-868; March, 1960.) An 
explanation is sought of the asymmetry in the 
seasonal variations of the critical frequency of 
the F2 layer at high-latitude stations in the 
northern and southern hemispheres during 
yeru-s of minimum sunspot number. An exten-
sive survey suggests that horizontal wind sys-
tems in the F2 region may be the cause. 

551.510.535 2740 
Spread-F in Baguio through Half a Solar 

Cycle—V. Marasigan. (J. Atmos. Terr. Phys., 
vol. 18, pp. 43-47; April, 1960.) A statistical 
survey over 6 years shows that the occurrence 
of spread-F is associated with periods of down-
ward movement of ionization. The seasonal 
and diurnal variation of occurrence is also 
markedly different between periods of high 
and low solar activity. 

551.510.535 2741 
Critical Remarks on the Description of the 

Ionization in the Ionospheric E layer—R. 
Eyfrig. (Geofis. pura e appl., vol. 45, pp. 179-
184; In German.) Changes from nominal value 
in the exponent of the con x law of E-layer 
ionization are discussed; these are necessitated 
by the difference between seasonal and daily 
variation of E-layer noon values. Harnisch-
macher's empirical formula for this exponent 
(1682 of 1950) is not confirmed by an analysis 
of data for 1952-1959. The derivation of a 
world-wide E-layer character figure from data 
obtained at one locality [1580 of 1960 (Minnis 
and Bazzard)] is considered impossible in view 
of geographic differences in ionization charac-
teristics. 

551.510.535:523.745 2742 
Some Abnormalities in the Variations of 

F2-Layer Critical Frequency during the Period 
of High Solar Activity of Solar Cycle 8-19— 
C. M. Huang. (J. Geophys. Res., vol. 65, pp 
897-906; March, 1960.) The values of foF2 at 
Taipei become independent of sunspot numbers 
at high solar activity. This saturation effect is 
related to other abnormalities in the variations 
of foF2 at this station. 

551.510.535: 523.75 2743 
The Ionosphere and Solar Activity—N. C. 

Gerson. (Geofis. pura e appl., vol. 45, pp. 117-
122; January-April, 1960. In English.) "The 
correlation between monthly median critical 
frequencies and solar activity was determined 
for Washington, D. C. Results were compared 
with those from a similar study made for six 
Arctic stations. For noon data (E, F2 and F2 
layers), a greater value of f, (at zero sunspot 
number) and a slightly greater slope were ob-
tained for Washington than for the Arctic 
locations. The influence of increased solar ac-
tivity on the behaviour of the midnight iono-
sphere is discussed." 

551.510.535: 523.78 2744 
The "Valley Effect" in the Interpretation of 

Ionospheric Eclipse Records—J. A. Gledhill 
and A. D. M. Walker. (J. Atmos. Terr. Phys., 
vol. 18, pp. 61-64; April, 1960.) The spurious 
maxima in electron-density curves at fixed 
heights can be explained by the presence of a 
valley between the Ft and F2 layers. 

551.510.535: 523.78 2745 
Effect of Annular Solar Eclipse of 19th 

April 1958 (at Sunrise) on the F2 Layer of the 
Ionosphere—S. K. Mitra and B. C. N. Rao. 
(Indian J. Phys., vol. 33, pp. 540-545; Decem-
ber, 1959.) Results are given of observations 
made at three stations in South India. A 
marked decrease in ionization density with the 
progress of the eclipse was observed. 

551.510.535:550.38 2746 
A Theory of the Origin and Geomagnetic 

Control of Two Types of High-Latitude 
J. E. Shaw. (Planet. Space Sci., vol. 2, pp. 56-
59; October, 1959.) The auroral belt type of 
E„ [1561 of 1959 (Penndorf and Coroniti)] may 
be caused by electrons from a region of trapped 
particles, indicated by the extent of a night-
time peak in f-type E,. Thule-type E. may be 
caused by an influx of electrons approaching 
from the direction of the sun at geomagnetic 
noon. 

551.510.535 : 550.38 : 552.594.5 2747 
Outline of a Theory of Magnetic Separation 

of Auroral Particles and the Origin of the So 
Field—J. E. Shaw. (Planet. Space Sci., vol. 2, 
pp. 49-55; October, 1959.) Diurnal variations 
of sporadic-E ionization at Macquarie Island 
(geomagnetic latitude 61.1°S) are identified 
with magnetic separation of incoming protons 
and electrons. Associated visual auroras are dis-
cussed. 

551.510.535: 550.385 2748 
Geomagnetic and Current Control of E-

Region Absorption—J. E. Shaw. (Planet. 
Space Sci., vol. 2, pp. 1-9; October, 1959.) 
Observations of /*min at 18 ionospheric stations 
show that the ratio frniiiesE is related to the SQ 
current intensity and the latitude of the sta-
tion. 

551.510.535:550.385.4 2749 
Magnetic Storm Effects on the F Region of 

the Ionosphere— Y. V. Somayajulu. Geo-
phys. Res., vol. 65, pp. 893-895; March, 1960.) 
A preliminary report on the results of a true-
height analysis carried out for Washington, 
D. C., during three severe SC-type magnetic 
storms. 

551.510.535: 551.594 2750 
Ionospheric Thermal Radiation at Radio 

Frequencies in the Auroral Zone—R. L. Dow-
den. (J. Atmos. Terr. Phys., vol. 18, pp. 8-19; 
April, 1960.) The temperature of the lower 
ionosphere is estimated for observations of 
radio noise at 2 mc. Temperature range and 
seasonal variation of temperature are the same 
as for temperature latitudes. 

551.510.535(99) 2751 
An Unusual Ionospheric Disturbance in the 

Antarctic on 30 June to 1 July 1957—V. A. W. 
Harrison. (J. Alms. Terr. Phys., vol. 18, pp. 
72-75; April, 1960.) Unusually high foF2 values 
were obtained for 12 hours at two ionospheric 
observatories during a magnetic storm. 

551.594.5:621.396.677.833 2752 
Auroral Research at the Hillhead Experi-

mental Station.—(RSGB Bull., vol. 35, p. 548; 
June, 1960.) General information is given 
about the 142-ft. paraboloid installed at Hill-
head, Scotland, to study the effects of aurora 
on the propagation of radio waves. 
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551.594.6 2753 
A Theory of Trapping of Whistlers in Field-

Aligned Columns of Enhanced Ionization--
R. L. Smith, R. A. Helliwell and I. W. Yabroff. 
(J. Geophys. Res., vol. 65, pp. 815-823; March, 
1960.) Using ray theory it is shown that the 
condition for whistler propagation in ducts de-
pends on the ratio of the electron density in the 
column to that of the background. The theory 
explains part of the variation of whistler rate 
with latitude. 

551.594.6:550.385.4 2754 
Directional Observations of 5-kc/s Radi-

ation from the Earth's Outer Atmosphere— 
G. R. A. Ellis. (J. Geophys. Res., vol. 65, pp. 
839-843; March, 1960.) An account is given of 
the estimation of the position and size of 
sources of IX noise bursts associated %Nit It geo-
magnetic dist urbances. 

551.594.6 : 551.594.221 2755 
H.F. Noise Radiators in Ground Flashes of 

Tropical Lightning—S. V. C. Aiya. (Paoc. IRE, 
vol. 48, pp. 955-956; May, 1960.) A detailed 
analysis of HF noise sources in tropical ground 
flashes. 

551.594.6:621.391.812.6.029.4 2756 
V.L.F. Phase Characteristics deduced from 

Atmospheric Waveforms—Jean, Taylor and 
Wait. (See 2881.) 

LOCATION AND AIDS TO NAVIGATION 

621.396.932 2757 
Radio Aids to Hydrography—C. Powell. 

(Wireless World, vol. 66, pp. 351-358; July, 
1960.) A general description of the Decca two-
range position-fixing system incorporating a 
low-ambiguity Mainbilit'l method of lane 
identification. 

621.396.96 2758 
The Spectrum of X-Band Radiation Back-

Scattered from the Sea Surface—B. L. Hicks, 
N. Knable, J. J. Kovaly, G. S. Newell, J. P. 
Ruina and C. W. Sherwin. (J. Geophys. Res., 
vol. 65, pp. 825-837; March, 1960.) The power 
spectra of more than 200 samples of sea back-
scatter were obtained using a coherent radar. 
The spectral widths are related to certain sea-
state parameters, and the effect of wave and 
whitecap velocities, radar depression angle, and 
wind direction is (hiscussed. 

621.396.965.81:551.507.362.2 2759 
Tracking Radar for Tiros Weather Satellite 

—H. E. O'Kelley. (Electronics, vol. 33, pp. 57-
60; April 15, 1960.) A 60-ft. parabolic reflector 
with citcularly polarized feed for frequencies in 
the range 100-300 suc is described. Conical 
scanning is effected by a rotating lens. 

621.396.969.3 2760 
Portable Radar traces Battlefield Deploy-

ment—J. Scott, I). Randise and R. P. Ltika-
covic. (Electronics, vol. 33, pp. 67-70; March 
18, 1960.) A 50-11) Doppler X-band radar, with 
ranging and AFC circuits uses transistors in 
nearly all stages. It can detect and accurately 
locate men and vehicles. 

621.396.969.35 2761 
New Missile-Warning Radar Site- -(Elec-

tronics, vol. 33, p. 47; March 18, 1960.) A de-
scription of the tracking radar at Fylingside 
Moor, Yorkshire. 

MATERIALS AND SUBSIDIARY 
TECHNIQUES 

535.215 2762 
Induction Effects in Photoconductive Single 

Crystals—W. Thielemann and K. Kreher. (Z. 
Naturforsch., vol. 14a, pp. 687-688; July, 
1959.) Report on measurements of induced 
charges, their variation with time, and the 

simultaneous changes of photoconductivity in 
single-crystal CdS and ZnS specimens. [See 
also 2396 of 1960 (Thielemann)d 

535.215 2763 
Electrical Properties of Alkali Antimonides 

—S. Imitmura. (J. Phys. Soc. Japan, vol. 14, 
pp. 1491-1496; November, 1959.) Measure-
ments are made of the changes of electrical 
properties during preparation, and their subse-
quent variation with temperature. Results 
elucidate the unusual variation of semiconduc-
tor type observed among these compounds. 

535.215 2764 
Photoelectrical Properties of Alkali Anti-

monides— S. Imatnura. (J. Phys. Soc. Japan, 
vol. 14, pp. 1497-1505.) The correlation of 
photoemission and photoconduction properties 
with impurity states is investigated and 
energy-band models for cubic and hexagonal 
crystal structures are derived. 

535.215:535.376 2765 
Luminescence and Conductivity Induced 

by Field Ionization of Traps—R. R. Haering. 
(Caned. J. Phys., vol. 37, pp. 1374-1379; De-
cember, 1959.) If the electric field increases 
linearly with time the conductivity and lumi-
nescence brightness display a sharp maximum. 
It is shown theoretically how this maximum 
may be used to determine the trap energy. 

535.215:546.48'221+ [546.817'221 2766 
Effects of the Surface State of PbS and 

CdS on the Contact Potential Difference— 
L. P. Strakhov. (Fi:. Tverdogo Tela. vol. 1, pp. 
583-588; April, 1959.) Experimental investiga-
tion of the effect of heat treatment, irradiation 
and an applied magnetic field on the contact 
potential difference of single crystals and thin 
films. 

535.215:546.48'221 2767 
Fluctuations in CdS due to Shallow Traps --

J. J. Brophy and R. J. Robinson. (Phys. Rev., 
vol. 117, pp. 738-739; February 1, 1960.) The 
observed current noise in single-crystal CdS is 
quantitatively explained by application of the 
generation-recombination theorem to retrap-
ping effects. Characteristics of the trapping 
levels involved are deduced. 

535.215:546.48'221 2768 
The Effect of Surface Treatment on some 

Characteristics of the Photoconductivity of 
CdS Single Crystals—E. A. Sarkov, G. A. 
Fedoras and M. K. Sheinkman. (Fi:. Tverdogo 
Tela., vol. 1, pp. 579-582; April, 1959.) 

535.215:546.561-31 2769 
Photoconductivity of Cuprous Oxide in 

Relation to its Other Semiconducting Proper-
ties—F. L. Weichman. (Phys. Rev., vol. 117, 
pp. 998-1002; February 13, 1960.) At least two 
of t w three known peaks in the photoconduc-
tivity wavelength curve are found to be 
strongly dependent on the oxygen content of 
the material. The results are consistent with 
the high-temperature actuation energy ol the 
process, and with changes of band gap %vith 
temperature. 

535.37: 546.47'221 2770 
Photoelectromotive Forces in Phosphors— 

P. Brauer. (Z. Naturforsch, vol. 14a, pp. 556-
559; May/June, 1959.) Discussion of photo-
electric measurements on ZnS phosphors and 
their interpretation with regard to the direc-
tion of the displacement current and the po-
larity of the released carriers. 

535.376 2771 
Decay Properties of ZnS(Ag) Phosphors— 

T. Asada, M. Masada, M. Okumura and J. 
Okuma. (J. Phys. Soc. Japan, vol. 14, pp. 
1766-1770; December, 1959.) 

537.227 2772 
Ageing Process in Triglycine Sulphate— 

J. Stankowska and J. Stankowski—(Proc. 
Phys. Soc., vol. 75, pp. 455-456; March 1, 
1960.) 

537.227:546.431'824-31 2773 
Dielectric Properties of Mixed Crystals of 

Barium-Strontium Titanate—S. Kisaka, S. 
Ikegami and H. Sasaki. (J. Phys. Soc. Japan, 
vol. 14, pp. 1680-1685; December, 1959.) 
Results are given of dielectric measurements on 
mixed crystals with varying Sr content up to 
10 mole per cent. 

537.227:546.431'824-31 2774 
Effect of Hydrostatic Pressure on the Di-

electric Properties of BaTi0,- J. Klimowski 
and J. Pietrzak. (Prot. Phys. Soc., vol. 75, pp. 
456-459; Mara 1, 1960.) 

537.227:546.431'824-31 2775 
The Effect of Pressure en the Electric 

Properties of Barium Titanate in Weak Fields 
—Ya. M. Ksendzov and B. A. Rotenberg. 

Tverdogo Tela., vol. 1, pp. 637-642; 
April, 1959.) 

537.227: 546.431'824-31 2776 
Optical Studies on the Effect of Electric 

Fields on the Transitions of Barium Titanate - 
K. Kawabe. (J. Phys. Soc. Japan, vol. 14, pp. 
1755-1765; December, 1959.) 

537.227:546.431'824-31 2777 
Motion of 180° Domain Walls in Metal 

Electroded Barium Titanite Crystals as a Func-
tion of Electric Field and Sample Thickness— 
R. C. Miller and A. Savage. (J. Appt. Phys., 
vol. 31, pp. 662-669; April, 1960.) The wall 
velocity was measured over several decades 
of velocity and found to be v„,exp( -8/E) where 
E is the electric field and ô and v. are v con-
stants. The results are discussed. 

537.227: 546.431'824-31 2778 
Stability of the Piezoelectric Effect in Com-

pressed Barium Titanate—M. M. Kitaigo-
rodskii. (Fi:. Tverdogo Tela, vol. I, pp. 628 
629; April, 1959.) A long-term stability is ob-
served. [See 444 of 1935 ( Kogan and Kitalgo-
rodskii).1 

537.228.1:549.514.51 2779 
Internal Friction in Synthetic Quartz 

C. S. Brown. (Proc. Phys. Soc., vol. 75, pp. 
459-460; March 1, 1960.) The Q-factor 01 
synthetic quartz crystals is found to approach 
that of natural crystals when the growth rate is 
below 0.15 mm/dity. 

537.311.31 2780 
The Electrical Conductivity of Copper with 

Particular Regard to the Anisotropy of the 
Lattice Vibration Spectrum—H. Bross. (Z. 
Nalurforsch, vol. 14a, lip. 560 -580; May/June. 
1959.) 

537.311.33 2781 
Statistical Theory of Electrical Conduc-

tivity of Semiconductors : Part 3—M. I. Klinger. 
(Fi:. Tverdogo Tela, vol. 1, pp. 1385-1392; 
September, 1959.) Mathematical treatment of 
semiconductor theory taking account of elec-
tron transitions from the conduction band to 
impurity levels and the converse, as a result of 
inelastic collisions with phonons. For earlier 
work see 1269 and 2291 of 1960. 

537.311.33 2782 
Rules for Prediction of Semiconductivity in 

Inorganic Crystal Lattices—J. P. Suthet. (J. 
Phys. ('hem. Solids. vol. 12, pp. 74-88; Decem-
ber:, 1959. In French.) Rules and bonding 
schemes are studied. 89 references. 
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537.311.33 2783 
The Theory of the Mobility of Electrons in 

Semiconductors—I. I. Boiko. (Fiz. Tverdogo 
Tela, vol. 1, pp. 574-578; April, 1959.) Mathe-
matical analysis, using the Born approxima-
tion, of the scattering of electrons by Coulomb 
centers in an anisotropie medium. The calcu-
lated mobilities are approximately twice as 
high as experimental values, indicating addi-
tional scattering factors. 

537.311.33 2784 
Theory of the Trapping Mechanism in 

Semiconductors—W. Heywang and M. Zerbst. 
(Z. Naturforsch, vol. 14a, pp. 641-645; July, 
1959.) The influence of traps on the photo-
conductivity of semiconductors is investigated 
for stationary and nonstationary excitation 
conditions. 

537.311.33 2785 
Location of p-n and l-h Junctions in Semi-

conductors—P. A. Iles and P. J. Coppen. 
(Brit. J. Appt. Phys., vol. 11, pp. 177-184; 
May, 1960.) Properties of p-n and l-h junctions 
!see 489 of 1957 (Arthur, et ca.)I are discussed 
and methods of location particularly applicable 
to Ge and Si are summarized. 77 references. 

537.311.33 2786 
Effect of External Illumination on Carrier 

Lifetime in Semiconductors—J. Okada. (J. 
Phys. Soc. Japan, vol. 14, pp. 1550-1557; 
November, 1959.) Carrier lifetime is discussed 
for nondegenerate semiconductors illuminated 
by light both in the fundamental absorption 
band and of a longer wavelength. Recombina-
tion equations for many recombination-
center levels are formulated giving exact 
steady-state and transient solutions for specific 
cases. 

537.311.33 2787 
Optical Absorption by Free Carriers in a 

Semiconductor Containing a Dispersed Col-
loidal Phase— B. R. Gossick. (J. App!. Phys., 
vol. 31, pp. 648-649; April, 1960.) A treatment 
is given taking into account the dipolar dif-
fusion of minority carriers about the particles. 

537.311.33 2788 
Effect of the Space Charge of Moving Car-

riers on the Electrical Breadkown of a Strongly 
Asymmetric p-n Junction—A. 1. Uvarov. (Fiz. 
Tverdogo Tela, vol. 1, pp. 1457-1459; Septem-
ber, 1959.) 

537.311.33:535.215 2789 
Relaxation Characteristics of Semiconduc-

tor Photoresistors and Photoelements—F. A. 
Gisina. (Fiz. Tverdogo Tela, vol. 1, pp. 1434-
1440; September, 1959.) The variations of 
photoconductivity and photodiffusion EMF of 
Ge-type semiconductors as a function of time 
are determined by application of operational 
methods to the solution of the diffusion equa-
tion. 

537.311.33: 537.29 2790 
Application of the Magnetoconcentration 

Effect for Investigation of Semiconductor Sur-
faces—V. P. Zlitize, G. E. Pikus and O. V. 
Sorokin. (Fiz, Tverdogo Tela, vol. 1, pp. 1420-
1430; September, 1959.) A method reported 
earlier (500 of 1959) for measuring surface re-
combination velocity s, was based on the re-
lation of the resistance of a thin specimen in 
a magnetic field to the difference in the value 
of s for the two faces. This method has been 
adapted for measuring changes in s under the 
influence of an external electric field. Data ob-
tained by this method on the position and den-
sity of fast surface states in n- and p-type Ge 
are discussed. 

537.311.33:583.63 2791 
Magnetoresistance Effect in Anisotropic 

Semiconductors—L. Rothkirch. (Z. Natur-
forsch, vol. 14a, pp. 683-684; July, 1959.) The 
dependence of the magnetoresistance effect in 
elongated semiconductor crystals on the orien-
tation of the magnetic field is investigated 
theoretically. 

537.311.33:538.63 2792 
A New Longitudinal Magnetoconcentration 

Effect and its Use in Determining the Ratio of 
the Densities of Heavy and Light Holes— 
S. M. Ryvkin, Yu. L. Ivanov, A. A. Grinberg, 
S. R. Novikov and N. D. Potekhina. (Fiz. 
Tverdogo Tela, vol. 1, pp. 1372-1375; Septem-
ber, 1959.) An experimental arrangement for 
measuring the increase in carrier density in a 
longitudinal magnetic field is outlined and re-
sults of measurements on p- and n-type Ge are 
plotted. A theoretical density ratio of 57 fits 
the experimental data for n-type Ge. 

537.311.33:538.632 2793 
Influence of a High-Frequency Alternating 

Magnetic Field on the Hall Effect in Semicon-
ductors with High Conductivity—F. Kuhrt, 
H. J. Lippmann and K. Wiehl. (Naturwiss, 
vol. 46, pp. 351-352; May, 1959.) Preliminary 
note on theoretical investigations, and on ex-
perimental measurements of the Hall effect in 
InAs in an alternating magnetic field in the fre-
quency range 0.1-1.5 mc. 

537.311.33: 546.24 2794 
Recombination and Trapping in Tellurium 

—J. S. Blakemore, J. D. Heaps, K. C. Nomura 
and L. P. Beardsley. (Phys. Rev., vol. 117, pp. 
687-688; February 1, 1960.) Discussion of life-
time measurements by a photoconductive-
decay method, at temperatures from 100° to 
300°K. 

537.311.33: 546.26-1 2795 
Intrinsic Recombination Radiation in 

Diamond—J. C. Mals and J. R. Prior. (Nature, 
vol. 186, pp. 1037-1038; June 25, 1960.) 

537.311.33:1546.28+546.289 2796 
Improvements on the Pedestal Method of 

Growing Silicon and Germanium Crystals— 
W. C. Dash. (J. Appt. Phys., vol. 31, pp. 736-
737; April, 1960.) A tapered pedestal permits 
the growth of large dislocation-free crystals. 
(See also 2785 of 1958). 

537.311.33:546.28 2797 
Precipitation in Silicon Crystals Containing 

Aluminium—R. Bullough, R. C. Newman, J. 
Wakefield and J. B. Willis. (J. Appt. Phys., 
vol. 31, pp. 707-714; April, 1960.) 

537.311.33:546.28 2798 
Experimental Investigations of Traps in 

Silicon—M. Zerbst and W. Heywang. (Z. 
Naturforsch, vol. 14, pp. 645-649; July, 1959.) 
The effect of traps on the decay of photo-
conductivity is measured in high-purity Si and 
results are related to theoretical investigations. 
(See 2784 of 1960.) 

537.311.33:546.28 2799 
Infrared Radiation from Silicon Grown 

Junction—I. Uchida. (J. Phys. Soc. Japan, vol. 
14, p. 1831; December, 1959.) Measurements 
have been made on a sample resistivity 
0.08S/cm in the region doped with B, and 
2.412cm in the region doped with Sb. The dif-
fusion length of the radiative carriers is calcu-
lated to be approximately 300 µ and the life-
time of holes in the n region 77 µsec. 

537.311.33:546.289 2800 
Measurements of Drift Mobility, Electrical 

Resistance and Lifetime of Minority Charge 

Carriers in n- and P-Type Germanium under 
High Hydrostatic Pressure—G. Landwehr. 
(Z. Naturforsch, vol. 14a, pp. 520-531; May/ 
June, 1959.) Measurements were made at pres-
sures up to 1400 kp/cm, using pulse methods. 

537.311.33:546.289 2801 
Properties of Cleaned Germanium Surfaces 

—R. Forman. (Phys. Rev., vol. 117, pp. 698-
704; February 1, 1960.) Field-effect and con-
ductivity measurements show that a ( 100) sur-
face is more highly p-type than a ( 111) surface, 
and these results are interpolated qualitatively 
by an atomistic model. 

537.311.33:546.289 2802 
Origin of the "First-Order Structure" of 

CP4-Etched Ge Surfaces—G. Bonfiglioli, 
A. Ferro and A. Mojoni. (J. Ape Phys., vol. 
31, pp. 684-687; April, 1960.) Examination of 
micrographs indicates that the "first-order 
structure" originates from dislocation etch pits 
which have stopped growing. 

537.311.33: 546.289 2803 
Hot Electron in n-Type Germanium— Y. 

Yamashita and K. Inoue. (J. Phys. Chem. 
Solids, vol. 12, pp. 1-21; December, 1959.) 
The nonolimic current in a many-valley semi-
conductor has been investigated by considering 
scattering by acoustic and optical modes of 
vibrations and intervalley scatterings. The in-
tensity of these interactions has been de-
termined from observed data for the temper-
perature-dependence of the ohmic current, and 
the acoustic-electric effect. The theoretical re-
sult for the drift velocity is in good quantitative 
agreement with the observations of Gunn (3326 
of 1953) and of Ryder (3782 of 1956) over a 
wide range of the applied field. The anisotropy 
in the hot-electron current obxerved by Sasaki, 
et al., (3883 of 1958) is also discussed. 

537.311.33:546.289 2804 
Properties of Oxygen in Germanium—J. 

Bloom, C. Haas and P. Penning. (J. Phys. 
Chem. Solids., vol. 12, pp. 22-27; December, 
1959.) The observed properties are described 
and compared with those of oxygen in Si. 

537.311.33:546.289 2805 
Possible Evidence for the Light-Induced 

Plasticity in Germanium—M. Kikuchi. (J. 
Phys. Soc. Japan, vol. 14, p. 1642; November, 
1959. 

537.311.33:546.289 2806 
Investigations on p-n Junctions in Ger-

manium with Differing Densities of Recombi-
nation Centres—H. Dorendorf. (Z. angew. 
Phys., vol. 11, pp. 162-164; May, 1959.) Life-
time, reverse current and photocurrent as a 
function of recombination-center concentration 
were measured on Ni-doped p-n junctions in 
Ge. The results obtained are compared with 
those concerning transient behavior calculated 
using the equations derived by Clarke (484 
of 1958). 

537.311.33: 546.289 2807 
The Elastic Constants of Germanium under 

Hydrostatic Pressure up to 12000 kplcm,--J. 
Koppelmann and G. Landwehr. (Z. angew. 
Phys., vol. 11, pp. 164-167; May, 1959.) The 
elastic constants are calculated from the results 
of measurements of ultrasonic velocity in 
single-crystal Ge. (See 2800 of 1960.) 

537.311.33:546.289 2808 
The Dependence of the Lifetime of Elec-

trons and Holes in Germanium on their Con-
centrations—V. G. Alekseeva, I. V. Karpova 
and S. G. Kalashnikov. (Fis. Tverdogo Tela, 
vol. I, pp. 529-534; April, 1959.) Report of ex-
periments on P and B as doping elements. 
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537.311.33.546.289 2809 
The Effect of Temperature on the Rate of 

Recombination of Electrons and Holes at Cop-
per Atoms in Germanium—N. G. Zhadnova, 
S. G. Kalashnikov and A. I. Morozov. (Fiz. 
Tverdogo Tela, vol. 1, pp. 535-544; April, 1959.) 

537.311.33:546.289 2810 
Recombination of Electrons and Holes at 

Nickel Atoms in Germanium—S. G. Kalash-
nikov and K. P. Tissen. (Pis. Tverdogo Tela, 
vol. 1, pp. 545-552; April, 1959.) 

537.311.33:546.289 2811 
Restoration of the Parameters of Ger-

manium Subjected to Thermal Treatment by 
Annealing in Vapours of Antimony and Arsenic 
—N. I. Chetverkiov. (Fiz. Tverdogo Tela, vol. 
1, pp. 553-555; April, 1959.) 

537.311.33:546.289 2812 
Investigation of the State of Silver and Gold 

Local Levels in Germanium—K. D. Glinchuk, 
E. G. Miselyuk and N. N. Fortunatova. (Fiz. 
Tverdogo Tela, vol. 1, pp. 1345-1350; Septem-
ber, 1959.) Local levels of Ag were "deacti-
vated" by annealing at 400°-600°C, resulting 
in a change in the temperature of the majority-
carrier density and a sharp rise in minority-
carrier lifetime. Local levels of Au were prac-
tically unaffected. 

537.311.33:546.289 2813 
Investigation of the Interaction of Holes in 

p-Type Germanium with Acoustic-Mode Vi-
brations— I. V. Mochan, Yu. N. Obraztsov and 
T. V. Smirnova. (Fiz. Tverdogo Tela, vol. 1, 
pp. 1351-1359; September, 1959.) An investi-
gation of the temperature dependence of the 
phonon component of the thermal EMF and 
its variation in a magnetic field. The tem-
perature dependence of the hole free-path time 
corresponding to single-phonon scattering in 
p-type Ge approximates to the theoretical value 
T-312. The observed temperature dependence 
of hole mobility indicates the considerable ef-
fect of some other scattering mechanism. 

537.311.33:546.289 2814 
On the Nature of Surface Recombination 

Centres in Germanium—A. V. Rzhanov, Yu. 
F. Novototskil-Vlasov and I. G. Neizvestnyii. 
(Fiz. Tverdogo Tela, vol. 1, pp. 1471-1474; 
September, 1959.) Discussion of the depend-
ence of the maximum surface recombination 
velocity on the temperature of heat treatment. 

537.311.33:546.289 2815 
Electrical Conductivity of Germanium at 

Low Temperatures—I. A. Kurova and S. G. 
Kalashnikov. (Fiz. Tverdogo Tela, vol. 1, pp. 
1476-1479; September, 1959.) Results of re-
sistivity, Hall-constant and magnetoresistance 
measurements on Ge-Sb alloys are shown. In 
high-resistance Ge with impurity concentra-
tion •-s-,1015 cm-, or lower, weak conductivity in 
the conduction band is retained at low tem-
peratures. 

537.311.33: 546.289 : 535.37 2816 
Visible Light Emission from Germanium 

Diffused p-n Junction—M. Kikuchi and K. 
Tachikawa. (J. Phys. Soc. Japan, vol. 14, 
p. 1830; December, 1959.) Visible light emis-
sion was observed at the periphery of an 
oxygen-enriched p-n junction. 

537.311.33:546.289:538.632 2817 
Longitudinal Hall Effect—L. Grabner. 

(Phys. Rev., vol. 117, pp. 689-697; February 1, 
1960.) The "Hall field," defined as the electric 
field which is an odd function of the magnetic 
field, is split into the conventional transverse 
(TH) field and a longitudinal (LH) field. Some 

properties of the LH field contrast with those 
of the TH field. The LH field is investigated 
theoretically and experimentally for n-type Ge. 

537.311.33: 546.289 : 539.12.04 2818 
Bulk Distribution of Lattice Defects in 

Germanium Crystals Irradiated by Fast Elec-
trons—L. S. Smirnov and P. A. Glazunov. 
(Fiz. Tverdogo Tela, vol. 1, pp. 1376-1378; 
September, 1959.) 

537.311.33:546.289:539.12.04 2819 

Determination of the Number of Acceptor 
Levels of Defects Formed in Germanium by 
'y-Ray Irradiation—N. A. Vitovskii, T. V. 
Mashovets and S. M. Ryvkin. (Fiz. Tverdogo 
Tela, vol. 1, pp. 1381-1384; September, 1959.) 

537.311.33:546.47-31 2820 
Electrical Conductivity of ZnO-SiO2 Mix-

tures—J. Dereii, J. Haber and T. Wilkowa. 
(Nalurutiss., vol. 46, pp. 350-351; May, 1959.) 
The temperature dependence of electrical con-
ductivity of nonsintered Zno-SiO2 mixtures was 
measured in the range 10e-700°C. The results 
obtained are compared with those for pure sin-
tered ZnO, sintered Zn0-1-Si02, and pure SiO2. 

537.311.33:546.623'86 2821 
Infrared Absorption in n-Type Aluminium 

Antimonide—W. J. Turner and W. E. Reese. 
(Phys Rev., vol. 117, pp. 1003-1004; February 
15, 1960.) 

537.311.33:546.681'23'19 2822 
The Question of Electrical Properties of 

Gallium Arsenoselenides—D. N. Nasledov and 
I. A. Feltin'sh. (Fiz. Tverdogo Tela, vol. 1, 
pp. 565-567; April, 1959.) Results of measure-
ments of conductivity and thermo-EMF of 
different compositions are given. 

537.311.33: 546.682'19: 538.63 2823 
The Anomaly of the Hall Coefficient of 

Weakly p-Doped InAs—H. Rupprecht and H. 
Weiss. (Z. Nalurforsch, vol. I4a, pp. 531-535; 
May/June, 1959.) Further investigations of the 
anomalous temperature characteristics of the 
Hall coefficient. (See also 3385 of 1959 (Rup-
precht).] The anomaly is due to the formation 
of a thin n-type film on the material after 
mechanical surface treatment. 

537.311.33:546.682'19'18 2824 
Electron Mobility of Indium Arsenide Phos-

phide [In(AsuP1_„)j—H. Ehrenreich. (J. 
Phys. Chem. Solids, vol. 12, pp. 97-104; Decem-
ber, 1959.) Calculations of the mobility based 
on combined polar and impurity scattering 
agree within 30 per cent with the experimental 
results of Weiss. (Z. Nalurforsch, vol. Ila, pp. 
430-434; June, 1956.) 

537.311.33:546.682'86 2825 
Dislocation Etch Pits on the 11111 and 

1 Hi Surfaces of InSb—H. C. Gatos and 
M. C. Lavine. (J. Ape Phys., vol. 31, pp. 
743-744; April, 1960.) 

537.311.33:545.682'86 2826 
Photomagnetic Effect in Single Crystals of 

n-Type Indium Antimonide—D. N. Nasledov 
and Yu. S. Smetannikova. (Fiz. Tverdogo Tela, 
vol. 1, pp. 556-558; April, 1959.) The variation 
of photo-EMF with magnetic field intensity in 
the range 300-20,000 oersteds is linear. An ex-
ponential increase in photo-EMF is observed 
with decreasing temperature. 

537.311.33:546.682'86 2827 
Electrical Properties of P-Type InSb at 

Low Temperatures—Lyan'Chzhi-chao and 
D. N. Nasledov. (Fiz. Tverdogo Tela, vol. 1, 
pp. 570-571; April, 1959.) 

537.311.33:1546.817'241+546.873'241 2828 
Investigation of the Scattering Mechanism 

of Carriers in some Semimetals—M. N. 
Vinogradova, O. A. Golikova, B. A. Efimova, 
V. A. Kutasov, T. S. Stavitskaya, L. S. Still'-
bans and L. M. Sysoeva. (Fiz. Tverdogo Tela, 
vol. 1, pp. 1333-1344; September, 1959.) 
Results of measurements relating to the thermo-
electric properties of polycrystalline PbTe and 
Bi2Te3 samples are compare( with theoretical 
characteristics. 

537.311.33: [546.817'241 -I- 546.873'241 2829 
Carrier Scattering Mechanism in some 

Solid Solutions based on Lead and Bismuth 
Tellurides— B. A. Efimova, T. S. Stzivitskaya, 
L. S. Still'bans and L. M Sysoeva. (Pis. 
Tverdogo Tela, vol. 1, pp. 1325-1332; Sep-
tember, 1959.) 

537.311.33:546.817'241 2830 
Piezoresistive Effect in p-Type PbTe— 

L. E. Hollander and T. J. Diesel. (J. Ape 
Phys., vol. 31, pp. 692-693; April, 1960.) A large 
positive effect is observed. Measurements of 
longitudinal, transverse and hydrostatic piezo-
resistive coefficients indicate that the energy 
ellipsoids are most likely oriented in the 11111 
direction. 

537.311.33:546.863'221 2831 
Conductivity Fluctuations in a Solid and 

Liquid Antimony Sulphide System—M. I. 
Kornfel'd and L. S. Sochava. (Fiz. Tverdogo 
Tela, vol. 1, pp. 1366-1369; September, 1959.) 

537.311.22:546.873'241:539.23 2832 
Vapour-Deposited Bismuth Telluride 

Films—W. Hiinlein and K. G. Gunther. 
(Nalurwiss., vol. 46, p. 319; May, 1959.) Bi2Te, 
films are obtained by the "three-temperature 
method." [See 3349 of 1959 ( Günther)•1 

537.311.33:621.317.3.029.6 2833 
Measurement of the Electrical Parameters 

of a Semiconductor by means of U.H.F. Tech-
niques— I. I. Gaskka and Yu. K. Pozhela. 
(Fiz. Tverdogo Tela, vol. 1, pp. 1431-1433; 
September, 1959.) Methods of measuring the 
lifetime, sign and drift velocity of minority 
carriers are outlined, based on the attenuation 
of EM waves by a semiconductor plate inserted 
in a waveguide. 

537.311.33:621.317.3.029.6 2834 
Measurement of Semiconductor Properties 

through Microwave Absorption—R. D. Lar-
rabee. (RCA Rev., vol. 21, pp. 124-129; 
March, 1960.) Minority-carrier lifetime can be 
measured without any direct electrical connec-
tions to the sample. 

537.311.33:621.391.822 2835 
Conductivity Fluctuation in Amorphous 

Semiconductors— NI. I. Kornferd and 1,. S. 
Sochava. (Pis. Tverdogo Tela, vol. 1, pp. 1370-
1371; September, 1959.) A note on noise meas-
urements at 1400 cps on T12Te•AkTe3 and 
TI2Se•As2Te3 in the temperature range — 85° 
to 20°C. Current noise is unexpectedly low. 

537.311.33 : 669.09 2836 
Application of Vibrational Mixing to the 

Synthesis of Semiconductor Materials—A. S. 
Borslichevskil and D. N. Tret'yakov. (Fiz. 
Tverdogo Tela, vol. I, pp. 1483-1485; Sep-
tember, 1959.) 

537.533 2837 
Investigations of Exo-electrons on Vapour-

Deposited Metal Films and some Nonmetallic 
Surfaces—J. Wüstenhagen. (Z. Nalurforsch, 
vol. I4a, pp. 634-641; July, 1959.) Measure-
ments of exo-electron emission were made on 
Al films in vacuum and in the presence of oxy-
gen and nitrogen at various pressures. The 
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emission was also measured on Ag-doped NaCI 
specimens subjected to X-ray and electron 
bombardment. (See also 3097 of 1957.) 

537.533:537.311.31 2838 
The Influence of the Individual Field Com-

ponent on the Electron Emission of Metals— 
G. Ecker and K. G. Müller. (Z. Naturforsch, 
vol. 14a, pp. 511-520; May/June, 1959.) The 
field electron emission of metals under the in-
fluence of space charges is investigated, taking 
account of the field fluctuations on the surface 
due to the statistical distribution of charge 
carriers. 

537.533:546.682 2839 
Photoelectric Determination of the Electron 

Work Function of Indium—J. van Laar and 
J. J. Scheer. (Philips Res. Repts., vol. 15, pp. 
1-6; February, 1960.) "The photoelectric work 
function of evaporated indium films prepared 
in ultra-high vacuum is found to be 4.08 + 0.01 
ev." 

537.533.8 2840 
On the Yield and Energy Distribution of 

Secondary Positive Ions from Metal Surfaces 
— H. E. Stanton. (J. App!. Phys., vol. 31, pp. 
678-683; April, 1960.) Measurements were 
made using a mass spectrometer with an energy 
analyzer. 

538.221 2841 
Ferromagnetic Anisotropy in Cubic Crystals 

— F. Keffer and T. Oguchi. (Phys. Rev., vol. 
117, pp. 718-725; February 1, 1960.) A re-
evaluation of Van Vlech's second-order per-
turbation theory of dipole-type anisotropy in 
cubic ferromagnets. 

538.221:539.23 2842 
Anisotropy Induced by a Magnetic Field in 

Electrolytically Produced Nickel Films-0. 
Stemme and W. Andrii. (Naturiviss., vol. 46, 
p. 352; May, 1959.) The anisotropy constant 
was measured by the torque method in Ni 
films of thickness 5 X 102- 1 X 104À. [See also 
2457 of 1960 (Andrü, el al.).1 

538.221:539.23 2843 
Millimicrosecond Magnetization Reversal 

in Thin Magnetic Films—W. Dietrich and 
W. E. Proebster. (IBM J. Res. Dey., vol. 3, 
pp. 375-376; October, 1959.) Fast changes in 
both longitudinal and transverse flux com-
ponents of permalloy film have been measured. 

538.221:621.318.134 2844 
Magnetic Properties of Polycrystalline Ma-

terials—D. M. Grimes, R. D. Harrington 
and A. L. Rasmussen. (J. Phys. Chem. Solids, 
vol. 12, pp. 28-40; December, 1959.) The 
variation of the magnetic Q with internal mag-
netization is discussed using both the domain-
rotation and the domain-wall-motion models 
of magnetization change. Experimental results 
on four ferrites are given and the results 
examined. (See also Grimes, J. Phys. Chem. 
Solids, vol. 3, pp. 141-152; 1957.) 

538.221:621.318.134 2845 
Experimental and Theoretical Study of the 

Domain Configuration in Thin Layers of 
BaFe;2019—C. Kooy and U. Enz. (Philips 
Res. Repts., vol. 15, pp. 7-29; February, 1960.) 
The domain configuration and the magnetiza-
tion process in transparent single-crystal plates 
are studied by means of the optical Faraday 
effect. 

538.221:621.318.134 2846 
Ferromagnetic Crystalline Anisotropy of 

Fe-Mn Ferrite System—Z. Funatogawa, N. 
Miyata and S. Usami. (J. Phys. Soc. Japan, 
vol. 14, pp. 1583-1587; November, 1959.) 
Variations of magnetic crystalline anisotropy, 

g-value and line width for Mn:Fe3.,04 are 
given for changes in composition and tempera-
ture. The results are difficult to explain on the 
basis of the one-ion model successful elsewhere. 

538.221:621.318.134 2847 
The Aging of Permeability in Manganese-

Zinc Ferrite—S. Miyahara and T. Yamadaya. 
(J. Phys. Soc. Japan, vol. 14, p. 1635; No-
vember, 1959.) Results show that the decrease of 
permeability after sintering arises from dis-
accommodation and not from irreversible struc-
tural changes. 

538.221:621.318.134:538.569.4 2848 
Electron Spin Relaxation in Ferromagnetic 

Insulators—R. C. Fletcher, R. C. LeCraw and 
E. G. Spencer. (Phys. Rev., vol. 117, pp. 955-
963; February 15, 1960.) The rate of energy 
transfer between the uniform precession, the 
spin waves, and the lattice is used to develop a 
theory of the relaxation phenomena. Experi-
mental data on Y-Fe garnet agree well with the 
theory and enable various pertinent relaxation 
times to be determined. 

538.221:621.318.134:538.569.4 2849 
Theory of Ferromagnetic Resonance in 

Rare-Earth Garnets: Part 3—Giant Aniso-
tropy Anomalies—C. Kittel. (Phys. Rev., vol. 
117, pp. 681-687; February 1, 1960.) The 
giant sharp anisotropy anomalies in Y-Fe 
garnet are explained in terms of the cross-
overs or, most probably, near crossovers of the 
energy levels of the rare-earth ions in the com-
bined crystal and exchange fields. Part 2. (See 
Pt. 2, 1722 of 1960 (de Gennes, et all] 

538.221:621.318.134:621.318.4 2850 
Data on Ferrite Materials when used as 

Rod Cores in Solenoidal Inductors and Trans-
formers—A. J. Fuller. (Electronic Engrg., vol. 
32, pp. 236-237; April, 1960.) Charts are pre-
sented of Q-factor and core-insertion-factor 
variations over the frequency range 2 me-80 
mc. 

538.221:621.395.625.3 2851 
Determination of the Recording Perform-

ance of a Tape from its Magnetic Properties— 
Daniel and Levine. (See 2600.) 

538.652 2852 
Temperature Dependence of the Magneto-

striction Constants in Iron and Silicon Iron— 
E. Tatsumoto and T. Okamoto. (J. Phys. Soc. 
Japan, vol. 14, pp. 1588-1594; November, 
1959.) 

MATHEMATICS 

517.918 2853 
Taylor-Cauchy Transforms for Analysis of a 

Class of Nonlinear Systems— Y. H. Ku, A. A. 
Wolf and J. H. Dietz. (PRoc. IRE, vol. 48, 
pp. 912-922; May, 1960.) Nonlinear differen-
tial equations are transformed into algebraic 
equations which can be solved recursively. 

517.918 2854 
Laurent-Cauchy Transforms for Analysis 

of Linear Systems Described by Differential-
Difference and Sum Equations— Y. H. Ku and 
A. A. Wolf. (PRoc. IRE, vol. 48, pp. 923-931; 
May, 1960.) It is shown that Laurent-Cauchy 
transforms can be derived from Taylor-
Cauchy transforms by a simple mapping and 
used in the analysis of discrete-continuous 
systems. 

517.932 2855 
An Improvement of the WIC13 Method in 

the Presence of Turning Points and the Asymp-
totic Solutions of a Class of Hill Equations— 
H. Moriguchi. (J. Phys. Soc. Japan, vol. 14, 
pp. 1771-1796; December, 1959.) 

MEASUREMENTS AND TEST GEAR 

529.786:621.3.018.41(083.74) 2856 
Preliminary Flight Tests of an Atomic 

Clock in Preparation of Long-Range Clock 
Synchronization Experiments—F. H. Reder 
and G. M. R. Winkler. (Nature, vol. 186, pp. 
592-593; May 21, 1960.) Two flight tests of the 
stability of an "atomichron" Cs-beam fre-
quency standard were made by comparison 
with a similar ground-based unit via a micro-
wave link. Results suggest that synchroniza-
tion of remote clocks by means of a shuttle 
airoplane is entirely feasible. 

621.3.018.41(083.74) 2857 
The Broadcasting of Standard Frequencies 

of the Phys kalisch-Technische Bundesanstalt 
over the Transmitter DCF 77—U. Adelsberger. 
(Nachrichtenlech. Z., vol. 12, pp. 261-262; 
May, 1959.) Details are given of the program 
schedule covering transmission of the 77.5-kc 
carrier frequency with or without 200 and 400 
cps modulation and time signals based on a Cs 
clock standard. 

621.3.018.41(083.74)+529.786:538.569.4 2858 
Frequency Shift in Ammonia Absorption 

Lines Other than (3.3)—K. Matsuura. (J. 
Phys. Soc. Japan, vol. 14, p. 1826; December, 
1959.) Measurements have been made of the 
shift in resonance frequency with pressure for 
various lines at 30°C and 100°C. The shift 
coefficient, a decreases with increasing J, being 
very small at J= K = 5 or 6 and finally going 
negative. 

621.3.018.41(083.74):621.396.712 2859 
WWV—the Frequency Standard—( Wire 

Radio Commun., vol. 12, pp. 38-39, 58; Decem-
ber, 1959.) A general description of the stand-
ard-frequency transmission service provided by 
radio staions WWV and WWVH. 

621.317.3:621.382.3:621.391.822 2860 
The Measurement of Transistor Noise Fig-

ure—F. J. Hyde. (Electronic Engrg., vol. 32, 
pp. 224-226; April, 1960.) Formulas are pre-
sented for the determination of the noise figure 
of a quadripole in terms of readily measurable 
admittance and voltage ratios. Standard noise-
diode techniques are used and the effects of the 
coupling circuit and of the amplifier noise are 
considered. 

621.317.335.3 2861 
Improved Circuits for the Measurement of 

the Dielectric Constants of Gases—E. J. 
Gauss and T. S. Gilman. (Rev. Sci. Instr., 
vol. 31, pp. 164-165; February, 1960.) "Chien's 
apparatus for the measurement of dielectric 
constants has been modified by the use of a 
Clapp oscillator. The measuring cell and the 
technique used to detect capacitance differences 
of about 10-3 pf are described." 

621.317.335.3.029.6 2862 
An Automatic Microwave Dielectrometer— 

W. F. Gabriel. (IRE TRANS. ON M ICROWAVE 
THEORY AND TECHNIQUE, vol. MTT-7, p. 481; 
October, 1959.) The slotted-line technique is 
modified to give a direct reading of dielectric 
constant by replacing the slotted line with an 
automatic microwave impedance instrument 
indicating the magnitude and phase of the re-
flection coefficient. 

621.317.343.2: 621.372.2 2863 
Measurement of Balanced Impedances 

in the Metre- and Decimetre-Wavelength 
Ranges—H. Fricke. (Nachrichientech. Z., vol. 
12, pp. 233-238; May, 1959.) The use of tuna-
ble cavity resonators as balancing networks 
enables the measurement of balanced imped-
ances to be carried out by means of unbalanced 
standing-wave indicators. 
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621.317.39: 536.5: 621.391.822 2864 
A New Absolute Noise Thermometer at 

Low Temperatures— H. J. Fink. (Cenad. J. 
Phys., vol. 37, pp. 1397-1406; December, 
1959.) If three resistors, which are kept at dif-
ferent temperatures, are arranged in form of a 

network and if two of the thermal noise 
voltages appearing across the Ir network are 
multiplied together and averaged with respect 
to time, then under certain conditions the cor-
relation between those voltages can be made 
zero. This condition is used to calculate the 
temperature of one noise source provided all 
the resistance values and the other tempera-
tures are known. 

621.317.444:538.569.4:551.507.362.2 2865 
The Vector-Field Proton Magnetometer for 

I.G.Y. Satellite Ground Stations—Shapiro, 
Stolarik and Ileppner. (See 2730.) 

621.317.715: f621.383.292 2866 
Tunable Galvanometer Amplifier—R. M. 

Huey and B. J. Lancaster. (J. Sci. Instr., vol. 
37, pp. 136-138; April, 1960.) Construction 
and performance details of an instrument using 
a photomultiplier tube are described. This 
provides a tuning range > 2 octaves with 
resonant voltage gain > 10, and Q-values 
ranging from 1.7 to 7.5. 

621.317.73 2867 
Automatic Q-Meter Peaking Circuit— 

F. M. Wanlass. (Rev. Sci. Insir., vol. 31, pp. 
199-201; February, 1960.) A circuit for rapid 
measurement of the Q-factor and capacitance 
of a low-loss sample is described. 

621.317.733:539.23 2868 
Instrument for Recording the Resistance 

during the Deposition of a Thin Film.—J. A. 
Bennett and T. P. Flanagan. (J. Sci. ¡asir., 
vol. 37, pp. 143-144; April, 1960.) The un-
known resistance forms one arm of a Wheat-
stone bridge circuit. Out-of-balance voltages 
control a relay and at balance a uniselector 
changes the reference resistance arm, giving 
instants at which selected fixed values are at-
tained. 

621.317.738:621.374.3 2869 
Device for Measuring Small Capacitances 

—W. P. Davis, Jr. (Rev. Sci. ¡asir., vol. 31, pp. 
217-218; February, 1960.) Description of a 
simple measuring circuit using a counting-rate 
meter. 

621.317.79 : 531.76:621.374.32 2870 
Digitron—a Digital Time Analyzer for 

Microsecond Intervals—R. A. Swanson. (Rev. 
Sri. Instr., vol. 31, pp. 149-154; February, 
1960.) A system is described for measuring 
time intervals by counting pulses from a 10-mc 
ringing circuit. The drift in absolute time cali-
bration is < 0.1 per cent over several days. 

621.317.79:621.397.74.001.4 2871 
A Waveform Generator of Limited Spec-

trum—Giva. (See 2921.) 

621.317.794:621.391.822 2872 
Low-Frequency Noise Generator—D. A. 

Bell and A. M. Rosie. (Electronic Technologist, 
vol. 37, pp. 241-245; June, 1960.) The gener-
ator described provides a source of noise hav-
ing a spectrum which is level within + 1 db 
from zero frequency to 60 cps and a Gaussian 
probability distribution of amplitudes., 

621.317.799:621.396.62 2873 
A Nonlinearity Test Set for Broadcast 

Transmission Systems--E. A. Pavel and M. 
Bidlingmaier. (Nachrichtentech. Z., vol. 12, pp. 
243-249; May, 1959.) Equipment is described 
for the measurement of distortion in AF trans-
mission circuits using a single-tone method at 

60, 90, 533 and 800 cps, and a double-tone 
method at 4.2+6.8 kc and 5.6+7.2 kc. 

OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

621.318.134: 536.581.1 2874 
The Use of the Curie Point of Ferrites for 

the Regulation of Temperature—H. Straubel. 
(Z. ° rigor. Phys., vol. 11, pp. 172-174; May, 
1959.) The rapid change of permeability in 
Mn-Zn ferrites in the vicinity of the Curie 
point can be utilized for control purposes. The 
devices briefly described include a thermostat, a 
pyrometer, and flow-regulating mechanisms. 

621.385.833 2875 
Improvement of the Remote-Focus Cathode 

developed by Steigerwald by the Addison of a 
Further Electrode—F. W. Braucks. (Optik 
(Stuttgart), vol. 16, pp. 304-312; May, 1959.) 
The improvements obtained by the addition of 
an auxiliary electrode to the focusing system 
are discussed in relation to the performance of 
the original system (936 of 1959.) 

621.385.833 2876 
The Electron-Optical Formation of Images 

by Orthogonal Systems using a New Model 
Field with Rigorously Defined Paraxial Paths 
—H. Dwiek.(optik (Stuttgart), vol. 16, pp. 419-
445; July, 1959.) 

621.385.833 2877 
Correction of Errors in Electron Stereo-

microscopy—O. C. Wells. (Brit. J. Appt. 
Phys., vol. 11, pp. 199--201: May, 1960.) 

621.385.833 2878 
A Simple Method of Interpreting Electron-

Microscope Stereograms—G. Pohlmann and 
M. Ahrend. (optik (Stuttgart), vol. 16, pp. 461-
471; August, 1959.) 

621.385.833 2879 
The Aberrations in Electron-Optical Dif-

fraction Patterns--F. Lenz. (Opiik (Stuttgart), 
vol. 16, pp. 457-460; August, 1959.) The aber-
rations produced by axially symmetric lenses 
are calculated, and the effects of small devia-
tions from axial symmetry are considered. 

PROPAGATION OF WAVES 

621.391.812 2880 
Experimental Proof of Focusing at the Skip 

Distance by Back-Scatter Records—K. Bibi. 
(Pane. IRE, vol. 48, pp. 956-957; May, 1960.) 
An analysis of records showing focusing effects 
obtained on 16.65 mc over a period of six 
months. 

621.391.812.6.029.4: 551.594.6 2881 
V.L.F. Phase Characteristics deduced from 

Atmospheric Waveforms—A. G. Jean, W. L. 
Taylor and J. R. Wait. (J. Geophys. Res., vol. 
65, pp. 907-912; March, 1960.) The dispersion 
curve derived from observations at four widely 
separated stations shows good agreement with 
that predicted by theory and indicates that the 
phase velocity is about 3 per cent greater than 
e and 4 kc and about 1 per cent greater at 8 kc. 

621.391.812.62 2882 
The Theory of Fading—H. Bremmer. (Note 

Recensioni Notiz., vol. 8, pp. 257-268; May/ 
June, 1959. In French.) The origin of fast 
fading in tropospheric scatter transmissions is 
discussed and expressions for the fading rate 
are derived. 

621.391.812.62.029.53 2883 
Propagation of Ground Waves across a 

Land/Sea Boundary—P. Venkateswarlu and 
R. Satyanarayana. (Curr. Sci., vol. 28, p. 239; 
June, 1959.) The reception of a weak ground-
wave signal on 447.9 m X from at transmitter 

1370 km distant is noted. This can be explained 
on the basis of Millington's theory of trans-
mission across a land/sea boundary. 

621.391.812.621:523.164.32 2884 
The Refraction of dm Waves in the Tropo-

sphere—O. Hachenberg and R. Schachen-
meier. (Hockfrequenz.., vol. 68, pp. 1-7; May, 
1959.) Measurements of refraction angle of 
solar radio emission at the horizon over the 
sea were made at 20 cm X using equipment de-
scribed in 1013 of 1958 ( Mollwo). Results are 
analyzed and related to radiosonde measure-
ments of atmospheric refraction. Evidence of 
ducting has been obtained on some days. 

621.391.812.624 2885 
On the Question of Multiple Scattering in 

the Troposphere— D. S. Bugnolo. (J. Geophys. 
Res., vol. 65, pp. 879-884; March, 1960.) A 
criterion of multiple scattering is developed 
which may check the reliability of single. 
scatter approximations and which indicates 
the importance of multiple-scattering effects 
in the microwave spectrum. 

621.391.812.63 2886 
Fading of Short-Wave Signals—V. L. 

Lokre. (Curr. Sci., vol. 28, pp. 237-238; June, 
1959.) A preliminary analysis of facing pat-
terns recorded at Nagpur in the frequency 
range 4920-15120 kc. 

621.391.812.63 2887 
Twisted Ray Paths in the Ionosphere— 

C. B. Haselgrove and J. Flaselgrove. (Proc. 
Phys. Soc., vol. 75, pp. 357-163; March 1. 
1960.) The Hamiltonian equations for a ray in 
an anisotropic medium are used to calculate 
ray paths in three dimensions using an elec-
tronic computer. 

621.391.812.63 2888 
Gyro Splitting of Ionospheric Echoes— 

G. R. A. Ellis. (J. Atajos. Terr. Phys., vol. 18, 
pp. 20-28; April, 1960.) Highly retarded F-
region echoes observed at frequencies just 
below the gyro-frequency may be explained if 
they are caused by the reflection of the X mode 
at the normal extraordinary-wave reflection 
level. 

621.391.812.63 2889 
Sudden Ionospheric Disturbances and the 

Propagation of Long Waves—A. Haubert. 
(J. 'limos. Terr. Phys., vol. 18, pp. 71-72; 
April, 1960. In French.) There is a marked 
seasonal variation in the proportion of the 
number of enhancements of signal strength of 
200-kc transmissions from Droitwich received 
at Rabat, to the number of fades. The enhance-
ments show a maximum during summer 
months. (See also 643 of 1960.) 

621.391.812.63 2890 
Conditions for the Persistence of Purely 

Longitudinal or Purely Transverse Propaga-
tion—W. C. Hoffman. (J. Atoms. Terr. Phys., 
vol. 18, pp. 1-7; April, 1960.) The forms of the 
refractive indexes required for purely longi-
tudinal or transverse propagation are de-
termined by integration of a simpler form of 
the Haselgrove equations for ray tracing in an 
imhomogeneous anisotropic medium. 

621.391.812.63: 523.78 2891 
Propagation of Radio Waves Reflected 

from the Ionosphere during a Solar Eclipse— 
R. G. Rastogi. (Geofis. pura e app!., vol. 45, 
pp. 123-152; January-April, 1960. In Eng-
lish.) Observations on radiowave propagation 
during solar eclipses are reviewed in chrono-
logical order. Measurements of vertical-inci-
dence absorption and of propagation at oblique 
incidence made at various localities during 
different eclipses are discussed. A theory coy-
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ering the changes of ionospheric absorption 
during an eclipse is given and used to explain 
some of the apparent discrepancies in the re-
sults of observations. 44 references. 

621.391.814.029.64 2892 
Surface-Wave Propagation over a Sand-

Covered Conducting Plane—A. G. Mungall 
and D. Morris. (Cenad. J. Phys., vol. 37, pp. 
1349-1356; December, 1959.) The velocity as a 
function of depth of sand has been investigated 
experimentally at 9 kmc using a phase compari-
son system. The application of the results to 
distance measuring techniques is discussed. 

RECEPTION 

621.376.23: 621.391.822 2893 
An Experimental Study of Detection in 

Nonstationary Noise—T. R. Williams and 
J. B. Thomas. (Commun. and Electronics, pp. 
678-682; November, 1959.) A system simulat-
ing receiver outputs enables the effects of non-
stationary noise on receiver performance to be 
studied experimentally. 

621.391.822 2894 
First- and Second-Order Distributions of a 

Sine Wave of Random Phase plus Gaussian 
Noise—R. Leipnik. (Z. angew. Math. Phys., 
vol. 11, pp. 117-126; March 25, 1960. In Eng-
lish.) Calculation of the distributions using 
Rice's formula (2219 of 1948). 

621.396.662.078 2895 
Increasing the Dynamic Tracking Range of 

a Phase-Locked Loop—C. S. Weaver. ( Paoc. 
IRE, vol. 48, pp. 952-953; May, 1960.) This 
can be effected without adversely affecting the 
transient response or the effective noise band-
width. 

STATIONS AND COMMUNICATION 
SYSTEMS 

621.391 2896 
A Systematic Method for the Construction 

of Error-Correcting Group Codes—R. B. 
Banerji. (Nature, vol. 186, p. 627; May 21, 
1960.) 

621.394.3: 621.371 2897 
A Monitor for 7-Unit Synchronous Error-

Correcting Systems for Use on Radio-Tele-
graph Circuits—R. P. Froom, F. J. Lee, C. G. 
Hilton and P. Mackrill. (P. 0. Elec. Engrg. J., 
vol. 53, pp. 1-8; April, 1960.) A unit designed 
to monitor telegraph circuits and count the 
character errors has been found satisfactory 
after a year's testing. Details of operation are 
given. 

621.394.441:621.396.41 2898 
Frequency - Modulated Voice - Frequency 

Telegraph Systems for Radio Telegraph Serv-
ices—G. S. Hunt. (P.O. Elec. Engrg. J., vol. 53, 
pp. 21-23; April, 1960.) The system was de-
signed to overcome the deterioration in per-
formance due to fluctuations in gain of trans-
mission path. Speeds up to 260 bauds are pos-
sible. 

621.396:523.1 2899 
How can we detect Radio Transmissions 

from Distant Planetary Systems?—F. D. 
Drake. (Sky is- Telesc., vol. 19, pp. 140-143; 
January, 1960.) Brief description of the Project 
Ozma radiometer. The equipment operates 
near 1420 mc and is essentially a highly stable 
narrow-band superheterodyne receiver fed 
from two switched horns mounted at the focus 
of a parabola. 

621.396:523.1 2900 
Communications from Superior Galactic 

Communities—R. N. Bracewell. (Nature, vol. 
186, pp. 670-671; May 28, 1960.) It is reasoned 
that a neighboring superior community is 

more likely to communicate with the earth 
via artificial satellites or probes than by direct 
radio communication. [See 320 of 1960 (Coc-
coni and Morrison).] This argument is de-
veloped and possible characteristics of the sig-
nals are discussed. 

621.396.65 2901 
A New High-Capacity Microwave Relay 

System—C. G. Arnold, V. E. Isaac, H. R. 
Mathwich, R. F. Privett and L. E. Thompson. 
(Commun. and Electronics, pp. 712-722; No-
vember, 1959.) By using new components and 
techniques, a high-capacity relay system has 
been developed for the 2-kmc band. It is suit-
able for varied commercial and military com-
munication needs. 

SUBSIDIARY APPARATUS 

621-52 2902 
A 'Z-Transform Describing Function' for 

On/Off-Type Sampled-Data Systems—B. C. 
Kum. ( Paoc. IRE, vol. 48, pp. 941-942; May, 
1960.) The derivation of the function for a 
sinusoidal error signal is fully described. 

621-52 2903 
A Note on the Steady-State Response of 

Linear Time-Invariant Systems to General 
Periodic Input—E. I. Jury. (Paoc. IRE, vol. 
48, pp. 942-944; May, 1960.) 

621-526 2904 
A Class of Optimum Control Systems— 

C. W. Merrian, III. (J. Franklin Inst., vol. 267, 
pp. 267-281; April, 1959.) A class of opimum 
control systems is defined and investigated 
with special emphasis on time-domain con-
cepts. This class is particularly suitable for 
feedback-control applications where adapta-
bility to changing conditions is desired. 

621.314.58 2905 
Linear Circuits Regulate Solid-State In-

verter—R. Wileman. (Electronics, vol. 33, pp. 
61-63; April 15, 1960.) Circuits are described 
for the regulation of a 50-w transistorized dc/ac 
converter using a tuning-fork oscillator. The 
output of 115 I/ at 400 cps is regulated to 
within ± 0.2 per cent with 1 per cent harmonic 
distortion. 

621.314.58:621.382.3 2906 
A More Stable 3-Phase Transistor-Core 

Power Inverter—W. E. Jewett and P. L. 
Schmidt. (Commun. and Electronics, pp. 686-
691; November. 1959.) A square-wave inverter 
for driving gyroscope motors is described, 
which could provide up to 1-kw continuous 
power. 

621.316.9:621.311.62:621.382.3 2907 
A Circuit for the Protection of a Stabilized 

Transistor Power Supply—H. Kemhadjian and 
A. F. Newell. (Electronic Engrg., vol. 32, pp. 
228-230; April, 1960.) Details are given of a 
transistorized protection circuit providing 
switch-off times < 50µsec and activated by cur-
rents below the full-load value. 

TELEVISION AND PHOTOTELEGRAPHY 

621.397.132:621.397.331.222 2908 
Simultaneous Signal Separation in the Tri-

colour Vidicon— H. Borkan. (RCA Rev., vol. 
21, pp. 3-16; March, 1960.) The high capacity 
between adjacent color electrodes requires cir-
cuits to maintain adequate color separation and 
satisfactory signal per noise ratio. The system 
described involves low input impedance, feed-
back preamplifiers and "mixed-highs" cir-
cuitry. 

621.397.2:621.391 2909 
Investigations into Redundancy and Pos-

sible Bandwidth Compression in Television 

Transmission—K. Teer. (Philips Res. Repts., 
vol. 14, pp. 501-556; December, 1959. Also 
vol. 15, pp. 30-95; February, 1960.) Three dif-
ferent aspects of redundancy are considered, 
I) statistical, 2) physiological, and 3) psy-
chological. Transmission systems with narrow 
bandwidths are described in which bandwidth 
compression is affected either by decreasing the 
frame frequency using a vidicon-type camera 
tube as a storage device, or by decreasing the 
information per frame, which may be realized 
by dot-interlace and subcarrier techniques. 
The application of these principles to color 
television is considered in the case of the 
NTSC system and a two-subcarrier system. 

621.397.331.22 2910 
Possibilities of Reducing After-Effects in 

Camera Tubes of the Vidicon Type—W. 
Heimann. (Arch. elekt. Übertragung, vol. 13, 
pp. 221-225; May, 1959.) Some of the inertia 
effects discussed in 2552 of 1956 may be due to 
semiconductor processes in the photoconduc-
tive storage element. Special forming treat-
ment of the photoconductive layer can halve 
the inertia effects. 

621.397.331.22 2911 
Noise Limitations to Resolving Power in 

Electronic Imaging—J. W. Coltman and A. E. 
Anderson. (Paoc. IRE, vol. 48, pp. 858-865; 
May, 1960.) Theory and experiment show that 
the masking effect of white noise depends only 
on the noise power per unit bandwidth; know-
ing the response of the system, the resolution 
limit can be predicted. 

621.397.331.24 2912 
Deflection Techniques for 110° Picture 

Tubes—B. Eastwood. (J. Telev. Soc., vol. 9, 
pp. 185-196; January-March, 1960.) 

621.397.6 2913 
A Television Focus Indicator Unit—J. B. 

Potter. (Electronic Engrg., vol. 32, pp. 240-
241; April, 1960.) A description is given of 
equipment providing an objective quality cri-
terion on the assumption that correct elec-
trical and optical focus gives a relative maxi-
mum of the high-frequency content of the 
picture signal. 

621.397.6:621.3.049.75 2914 
The Application of Printed Wiring to De-

velopment and Small Batch Production with 
Particular Reference to Television Equipment 
—E. Davies. (J. Brit. IRE, vol. 20, pp. 265-
279; April, 1960.) Details of production 
methods for incorporating printed circuits in 
television equipment are given. Standards, 
methods of circuit translation and production 
equipment are discussed. 

621.397.62:621.3.049.75 2915 
The Plated Circuit in the Large-Scale 

Production of Television Receivers—W. I. 
Flack. (J. Brit. IRE, vol. 20, pp. 283-289; 
April, 1960.) Etched-foil and plated circuits 
are compared and details of the latter are given 
in respect of the plating process, equipment for 
assembly and advantages over printed wiring. 

621.397.62:621.3.049.75 2916 
Printed-Circuit Production for a Television 

Tuner—P. C. Ganderton. (J. Brit. IRE, vol. 
20, pp. 290-292; April, 1960.) Greater con-
sistency of production of tuners with narrower 
spread of gain and improved frequency sta-
bility has been obtained with printed circuits. 

621.397.62:621.382.333 2917 
Designing TV Tuners with Mesa Tran-

sistors—H. F. Cooke. (Electronics, vol. 33, pp. 
64-69; April 8, 1960.) Design procedure for 
RF amplifier, mixer and oscillator stages is de-
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tailed. Noise pertormance is equal to that ob-
tained using tubes. 

621.397.62:621.396.662 2918 
Transistorized Tuners for Portable Tele-

vision—V. Mukai and P. V. Simpson. (Elec-
tronics, vol. 33, pp. 76-78; March 18, 1960.) 
Micro-alloy diffused-base transistors in a 
typical tuner give 18-19 db power gain at 210 
mc with 12 db noise factor. Design details are 
given. 

621.397.62.001.4 2919 
A Television Line Selector—H. WoIt. 

(Nachrichtentech. Z., vol. 12, pp. 239-242; 
May, 1959.) Circuit details are given of a 
selector unit for CRO representation of pic-
ture signal waveforms, and oscillograms ob-
tained with the instrument are reproduced. 

621.397.621 2920 
Ringing in Horizontal-Deflection and High-

Voltage Television Circuits—T. M urakami 
(RCA Rev., vol. 21, pp. 17-44; March, 1960.) 
An analytical study and results of measure-
ments, show that, by correct choice of circuit 
constants, ringing during the trace period can 
be eliminated at the source. Simplified design 
information is given. 

621.397.74.001.4: 621.317.79 2921 
A Waveform Generator of Limited Spec-

trum—E. Giva. (Note Recensioni Notiz., vol. 8, 
pp. 269-287; May/June, 1959.) The circuit de-
scribed generates four different types of pulse 
and step waveform which can be superimposed 
on a television synchronizing waveform for 
testing long-distance television links. 

621.397.743 2922 
Experience with Long-Distance Television 

Fields used for Retransmission—W. L. 
Braun. (Commun. and Electronics, pp. 594-596; 
November, 1959.) A report of experience gained 
in the application of long-distance "diffrac-
tion" fields for broadcasting and television. 

621.397.743:621.372.2 2923 
Television Coverage of Mountain Valleys 

and Remote Localities by means of Single-
Wire Transmission Line (Goubau Line)— 
J. Kornfeld. (Radioschait, vol. 9, pp. 416-418, 
460-463; December, 1959.) The principle of 
the surface-wave transmission line and its ap-
plication in extending the coverage of televi-
sion transmitters in difficult terrain are dis-
cussed. Details are given of an experimental 
installation successfully operated in an Aus-
trian mountain valley. 

TUBES AND THERMIONICS 

621.382.23 2924 
The Dependence of the Reverse Current 

in a Germanium Diode on the Repetition Rate 
of Voltage Pulses—S. G. Shuirman. (Fiz. 
Tverdogo Tela, vol. 1, pp. 597-601; April, 
1959.) Investigation of the influence of sur-
face treatment of a p-n junction on the magni-
tude of the reverse current and the breakdown 
voltage. 

621.382.23 2925 
Solution of the Diffusion Equation of a 

Semiconductor Diode of Rotational Symmetry 
taking account of Volume and Surface Re-
combination by means of an Analogue Net-
work, and Comparison with Measurements on 
Diodes —A. H. Frei and M. J. O. Strutt. 
(Arch. ele/cg. Überiragung, vol. 13, pp. 199-210; 
May, 1959.) 

621.382.23 2926 
Esaki Tunnelling—P. J. Price and J. M. 

Radcliffe. (IBM J. Res. Dey., vol. 3, pp. 364-
371; October, 1959.) Tunnelling probabilities 
are found for the "elastic" process of Esaki 

(1784 of 1958) and for the "phonon-assisted" 
processes. //V characteristics are calculated. 

621.382.23 2927 
Tunel Diodes—G. N. Roberts. (Electronic 

Technologist, vol. 37, pp. 217-222; June, 1960.) 
The principle of operation and a number of 
applications of the tunnel diode are described. 

621.382.23:621.372.44 2928 
Effect of Minority Carriers on the Dynamic 

Characteristic of Parametric Diodes— l. lief ni. 
(Electronic Engrg., vol. 32, pp. 226-227; April, 
1960.) Investigations of // lf relations for large 
signal inputs at frequencies above 10 mc have 
shown a secondary breakdown and negative-
resistance region. 

621.382.23:621.372.632 2929 
Noise Figure of Tunnel-Diode Mixer— 

D. 1. Breitzer. ( Paoc. IRE, vol. 48, pp. 933-
936; May, 1960.) Analysis leads to a best value 
of 8.3 db as a mixer and 5 db as a negative-
resistance amplifier for a Ge Type-Z J56 diode. 

621.382.23:621.373.029.64 2930 
A 3000-Mc/s Lumped-Parameter Oscillator 

using an Esaki Negative-Resistance Diode— 
R. F. Rutz. ( IBM J. Res. Der., vol. 3, pp. 372-
374; October, 1959.) The construction and 
some experimental measurements are de-
scribed. 

621.382.3 2931 
The Thermal Stability of Transistors under 

Dynamic Conditions—F. Weitzsch. (Arch. 
Übertragung, vol. 13, pp. 185-198; May, 

1959.) The general criteria governing thermal 
stability under dynamic conditions with sine-

wave and pulse input are investigated and 
practical formulas and curves are derived. 
(See also 1713 of 1959.) 

621.382.3:551.507.362.2 2932 
Radiation Damage and Transistor Life in 

Satellites—J. M. Denney and D. Pomeroy. 
(Paoc. IRE., vol. 48, pp. 950-952; May, 1960.) 
Curves of the estimated lifetime of Ge and Si 
semiconductors as a function of altitude in the 
equatorial (± 25°) radiation belt are given. 
Heights between 1000 and 2000 miles are un-
suitable for a semiconductor life of I year. 

621.382.3:621.391.822:621.317.3 2933 
The Measurement of Transistor Noise Fig-

ure—Hyde. (See 2860.) 

621.382.3:621.396.665 2934 
The Controlled Transistor—L. Steinke. 

Nachrichlentech. Z., vol. 9, pp. 261-264; June 
1959.) The gain control of transistors is in-
vestigated as a function of operating conditions, 
and the suitability of transistors for various 
gain-control circuits is considered. 

621.382.3.012 2935 
Four-Pole Locus Curves of the Transistor 

for Use in Circuit Design—H. Rohr. (Nachrich-
tentech. Z., vol. 9, pp. 253-260; June, 1959.) 
The transistor is considered as a four-pole net-
work and the circuits are given for the measure-
ment of the parameters on which the locus 
curves are based. A graphical method of con-
structing the locus curves is described which 
yields results sufficiently accurate for design 
purposes. 

621.382.323:621.373.5 2936 
A High-Field-Effect Two-Terminal Oscil-

lator—R. W. Lade and T. R. Schlax. (Paoc. 
IRE, vol. 48, pp. 940-941; May. 1960.) Ap-
pl:cation of known theory to sinusoidal oscil-
lators using readily available solid-state de-
vices is outlined, and some measurements are 
described. 

621.382.333 2937 
Calculation of the Relaxation Characteris-

tics of a p-n-p- n-p-n Combination—K. 
Leberwurst. (Nachrichtentech. Z., vol. 9, pp. 
246-253; June, 1959). Equiwdent circuits are 
given and operating parameters calculated and 
measured for the different switching states of a 
two-transistor relaxation oscillator. 

621.382.333 2938 
An Electric Analogue of Heat Flow in 

Power Transisistors—J. Reese, W. W. Gran-

nemann and J. R. Durant_ (Commun. and 
Electronics, pp. 640 -643; November, 1959.) 

621.382.333 2939 
Transistor with Base containing a Dis-

persed Colloidal Phase-- B. R. Gossick. (J. 
Ape Phys., vol. 31, p. 745; April, 1960.) The 
manner in which the presence of colloidal par-
ticles in the base could simultaneously increase 
both gain and bandwidth is explained for a 
simple junction transistor. 

621.382.333 2940 
Negative Resistance in Transistors based 

on Transit-Time and Avalanche Effects— 
H. N. Statz and R. A. Pucel. ( Pane. IRE, vol. 
48, pp. 948-949; May, 1960) It is shown 
theoretically that with specially designed 
transistors having small collector capacity and 
extrinics base resistance a negative-resistance 
effect is possible at microwave frequencies. 

621.382.333:391.822 2941 
Effect of External Base and Emitter Re-

sistors on Noise Figure—J. W. Halligan. 
(Paoc. IRE, vol. 48, pp. 936-937; May, 1960.) 
Analysis based on an equivalent circuit of a 
common-emitter amplifier neglecting only the 
excess noise in the transistor. 

621.382.333.34: 621.318.57 2942 
Germanium p-n-p-n Thyratron— M. Klein 

and A. P. Kordalewski. (IBM J. Res. Der., 
vol. 3, pp. 377-379; October, 1959.) The de-
sign, construction and characteristics of the 
device are given. • 

621.383.032.217.2 2943 
Bismuth-Silver-Caesium Photocathodes— 

A. A. Mostovskil, O. B. Vorob'eva and K. A. 
Maiskaya. (Fiz. Tverdogo Tela, vol. 1, pp. 643-
647; April, 1959.) Experimental investigation 
of the properties of Bi-Ag-Cs photocathodes, 
with sensitivities up to 120 µA/lumen. The 
spectral sensitivity depends principally on the 
thickness of the evaporated layer of Bi and on 
the degree of oxygen sensitization. 

-1621.383.292 2944 
Use of an Auxiliary Grid to Stabilize the 

Gain of a Photomultiplier—C. F. G. Delaney 
and A. J. Walton. (Nature, vol. 186, pp. 625-
626; May 21, 1960.) The sensitivity of a photo-
multiplier to changes in supply voltage is re-
duced by means of feedback to an auxiliary 
grid with an appropriate dc bias between 
cathode and first dynode. 

621.383.5 2945 
Spectral Characteristics of GaAs Photocells 

—D  N N-tsledov and B. V. Tsarenkov. (Fis. 
Tverdogo Tela, vol. 1, pp. 1467-1470; Septem-
ber, 1959.) 

-1621.383.53 2946 
Cadmium Sulphide Field-Effect Photo-

transistor— R. R. Rod:en-meld. ( Paoc. IRE, 
vol. 48, pp. 875-882; May, 1900.) Experi-
mental investigation indicates that CdS gives 
a useful power gain and has certain advantages 
in phototransistor applications. 

621.384.6 2947 
Nonlinear Theory of a Velocity- Modulated 

Electron Beam with Finite Diameter 
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Paschke. (RCA Rev., vol. 21, pp. 53-74; 
March, 1960.) The conditions of bunching in 
.the beam are considered with particular atten-
tion to the generation of harmonics. Two high-
efficiency klystrons are proposed, one with a 
disk-loaded nonpropagating drift tube and the 
other with a third cavity tuned to the second 
harmonic. 

621.385.032.213.13 2948 
Investigation and Assessment of Oxide 

Cathodes by means of Test Valves—G. 
Landauer and W. Veith. (Arch. elekt. über-
tragung, vol. 13, pp. 211-218; May, 1959.) A 
twin test tube is described which can be used 
for measurement of interface and bulk resist-
ance in oxide cathodes under normal operating 
conditions. Some experimental results are 
given and differences in the effects of tempera-
ture and current activation are discussed. 

621.385.032.213.13 2949 
The Poisoning of Impregnated Cathodes— 

R. O. Jenkins and W. G. Trodden. (J. Elec-
tronics Control, vol. 7, pp. 393-415; November, 
1959.) The poisoning of tungsten cathodes im-
pregnated with Ba-Ca aluminate has been in-
vestigated experimentally. Oxygen, water 
vapor, carbon dioxide and air poison these 
cathodes if certain critical pressures are ex-
ceeded. The critical pressures are given and 
other effects are discussed. 

621.385.3.011 2950 
A General Relation among the Parameters 

of Multi-electrode Valves—B. Meltzer. (J. 
Electronics Control, vol. 7, p. 416; November, 
1959.) A short theoretical treatment is given. 

621.385.3.026.447 2951 
Super-Power Electron Tube for U.H.F. 

Band—G. Flynn. (Electronics, vol. 33, pp. 70-A 

72; April 8, 1960.) Details are given of a tube 
with a peak rating of 5 mw. 

621.385.6:621.376.239 2952 
A Broad-Band Cyclotron-Resonance R. F. 

Detector Tube—Turner. (See 2675.) 

621.385.623:621.374.4 2953 
Theory of a Fast-Switching Electron-Beam 

Frequency Divider—N. M. Kroll and 1. 
Palócz. (IBM J. Res. Dey., vol. 3, pp. 345-
354; October, 1959.) The operation is analyzed 
in terms of velocity-modulation bunching 
theory. Two stable states of opposite phase 
exist; the time required to switch the device is 
discussed. 

621.385.623.5 2954 
Ferrite Tuning of Reflex Klystrons— 

P. E. V. AIlin. (J. Electronics Control, vol. 7, 
pp. 377-392; November, 1959.) "Experimental 
results on the ferrite tuning of the reflex kly-
strons CV2164 and CV2346 are given and the 
relation between valve parameters and ex-
pected tuning ranges is discussed." See also 
Proc. IEE, vol. 105, pp. 978-984; 1958. 

621.385.623.5:621.375.2.029.65 2955 
Using Reflex Klystrons as Millimetre-

Wave Amplifiers—K. Ishii. (Electronics, vol. 
33, pp. 71-73; March 18, 1960.) A gain of 10 db 
is obtained with a reflex klystron as a regenera-
tive amplifier at 60 kmc by adjustment of out-
put impedance and electrode potentials. 

621.385.633.24 2956 
Noise Measurements on an M-Type Back-

ward-Wave Amplifier—J. R. Anderson. (Paoc. 
IRE, vol. 48, pp. 946-947; May, 1960.) Re-
sults of measurements of noise figure, signal-
to-noise ratio and velocity spread are given for 
various operating conditions. 

621.385.644 2957 
A Frequency-Locked Grid-Controlled Mag-

netron—C. L. Cuccia. (RCA Rev., vol. 21, pp. 
75-93; March, 1960.) An 800-mc magnetron is 
described in which a frequency-locking signal 
can be introduced into the electron cloud. The 
output power can be varied from zero to several 
hundred watts without change of frequency. 

621.385.832: 536.5 2958 
Techniques of Cathode Temperature Meas-

urements as applied to Commercial Cathode-
Ray Tubes—P. P. Coppola. (Rev. Sci. lnstr., 
vol. 31, pp. 137-143; February, 1960.) A re-
view of the thermocouple, optical pyrometer, 
and retarding potential techniques for measur-
ing cathode temperatures. 

621.387 2959 
Effects of Argon Content on the Charac-

teristics of Glow-Discharge Tubes—F. A. 
Benson and P. M. Chalmers. (Electronic Engrg., 
vol. 32, pp. 218-223; April, 1960.) Results are 
presented showing the variation of the striking 
and running voltages, the running-voltage/ 
temperature curves, the initial drifts, and the 
impedance/frequency and noise characteristics 
of Ne- and He-filled tubes. 

621.387:621.362 2960 
Effic'ency of the Plasma Thermocouple— 

H. W. Lewis and J. R. Reitz. (J. Appt. Phys., 
vol. 31, pp. 723-727; April, 1960.) The effi-
ciency is calculated where the plasma density 
is sufficient for the random current density to 
be large compared with the actual curernt den-
sity. (See also 1082 of 1960.) 

MISCELLANEOUS 
621.3:061.4 2961 

Instruments, Electronics and Automation— 
(Wireless World, vol. 66, pp. 314-321; July, 
1960.) Review of the ¡EA exhibition held in 
London, May 23-28, 1960. 
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Translations of Russian Technical Literature 

Listed below is information on Russian technical literature in electronics and allied fields which is 
available in the U. S. in the English language. Further inquiries should be directed to the sources listed. 
In addition, general information on translation programs in the U. S. may be obtained from the Office 
of Science Information Service, National Science Foundation, Washington 25, D. C., and from the Office 
of Technical Services, U. S. Department of Commerce, Washington 25, D. C. 

PUBLICATION FREQUENCY DESCRIPTION SPONSOR ORDER FROM: 

Acoustics Journal 
(Akusticlieskii Zhurnal) 

Quarterly Complete journal National Science American Institute of Physics 
Foundation—AIP 335 E. 45 St., New York 17, N. Y. 

Automation and Remote Control 
(Avtomatika i Telemekhanika) 

Monthly Complete journal National Science Instrument Society of America 
Foundation—MIT 313 Sixth Ave., Pittsburgh 22, Pa. 

Monthly Abstracts only Office of Technical Services 
U. S. Dept. of Commerce 
Washington 25, D. C. 

Journal of Abstracts, 
Electrical Engineering 

(Reserativnyy Zhurnal: Electronika) 

Monthly Abstracts of Russian and non-
Russian literature 

Office of Technical Services 
U. S. Dept. of Commerce 
Washington 25, D. C. 

Journal of Experimental and 
Theoretical Physics 

(ZIturnal Eksperimentalnoi i 
Teoreticheskoi Fiziki) 

Monthly Complete journal National Science American Institute of Physics 
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