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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

4]

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 of 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.

DEFINITIONS
Amplitude: Intersection of leading puise 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.
Overshaot: Percentage by which first excursion
of pulse exceeds 100% amplituce.
Droop: Percentage reduction from 100% am-
pli_tutde a specified time after 100% amplitude
point.
Backswing: Negative swing after trailing edge
as percentage of 100% amplitude.

APPROX. DCR, OHMS BLOCKING OSCILLATOR PULSE ] COUPLING CIRCUIT CHARACTERISTICS

% %

S,

o o %
Type 1.2 3.4 56 Width Rise Over Droop Back P Width Volts Rise Dver Droop Bac.l( Imp. in,
No. u Sec. Time Shoot 9% Swing u Sec. Out Time Shoot % Swing out, chms

H45 3 35 4

H46 55 65 7
H-47 3.7 4.0 4

44
N- 50 58
H-55 78 96 112
H56 93 116 138
H-57 104 135 165 0 10
H-60 124 .14 .05
H-61 ] 48 .19
H-62 3 .94 .33
H-63 ) 226 .70

H-64 v K 1.33

H-65 o 8 2.22
H-66 . 3.6
H-67 ) I 5.14
H-68

Note: 0~ Negligible

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

19 i
18

0 35 500 i
10 45 1000
10 50 1000
10 50 1000 _
15 20 100C__
10 10 1000
, 5 10 10 1000

160
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H-47 thru 52, 9/16 cube 4 grams H-53 thru 57, 5/8 cube 6 grams

AND SPECIAL UNITS While stock items cover special units to customers’

TO YOUR SPECS

low level uses only, most needs, ranging from low
of UTC's production is on levels to 10 megawatts.
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Poles and Zeros

Information for Authors.
The readability of any journal
or periodical 1s 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 AIP (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 Dbeen 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 FKditorial Board expresses thanks; the
comments were cxtremely helpful in formulating the new
“Information for 1RIE Authors.”

Career Brochure. l1ave 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

v
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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 Towa 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 scems
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 It he was Communications and Radar
Ofticer, Battleships, Pacific Fleet; Communications Officer,
South Pacific Area; Communications and Radar Ofhcer,
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-
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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.

World Radio Histo
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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 TrRaNsacTIONS 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 10°
and 10'2, nano and pico for 107° and 107'2, 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 cach 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, ef al., p. 1362)—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 (Greenc 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 1071 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 l.ondon
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)
—1In 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 typesof digital modulation on
ionospheric, tropospheric, or moon-relay circuits.

Forward Scattering by Coated Objects Illuminated by
Short Wavelength Radar (Hiatt, ef 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 (lliatt,
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 Zast 79 Street, New York 21, N. Y.

7‘ YHESIE instructions are for the guidance of
| authors in preparing papers for the following
<+ IRE publications:

1) ProcieEDINGs oF THE |RE, the monthly journal of
the IRE, devoted primarily to papers of long-
range importance and general interest.

2) IRE TraxsacTionNs, published by each of the
Professional Groups of the IRE at frequencies
ranging from two to six times a vear, 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, Stvle and Format, and
Submitting the Paper. Unless otherwise indicated,
they apply equally well to ProceEEDINGS papers and
TRANSACTIONS papers.,

ProCEEDINGS authors should bear in mind that the
ProciEDINGS 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 engincers 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 arc 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 stercotyped
form and should bear in mind constantly that his object
is to communicate information ecffectively to the
reader. l2ven 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 stvle 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
afhiliation.

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. IRI, vol. 40, pp. 1512-1518;
November, 1952,

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

[llustrations

Drawings for printing must be in black ink on white
paper or tracing cloth. Photographs must be glossy
prints. The size should not exceed 83X11 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 33-inch column width when
printed. It is particularly important, therefore, that all
letters, numbers, and lines be drawn large enough and
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heavy enough to remain legible after reduction. Letters
and numbers should be at least 4% 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, lbbreviations and Symbols

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

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 accorcdance with
IRIS Standards.! Authors should be especially careful
to employ the proper form of the symbols shown below.

CAPACITOR: one plate must be curved.

3
/

INDUCTOR: Use scallops instcad of loops.
oYY Y™

RESISTOR: Symbol has only 3 peaks.

VW—

SEMICONDUCTOR DEVICES: P emitter arrow-
head should not touch line,

Mathematical Nolation

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

.\ 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 [RE members, and $10.40 per copy to nonmembers.



1538 PROCEEDINGS OF TIIE IRE September

that there is a clear distinction between the following METRIC PREFIXES AND SYMBOLS
(by means of a note in the margin, if necessary): - N ‘
M 12 3 3, 3 > 3, I 3 3 12
S Multiplier | llil)sft‘;’_r}d Iée'fu[rcd [ Alt)cn}a'u A\!t?m(nc
1) Capital and small letters, when used as symbols. refix Symbol Prefix Symbol
2) Small letter “t” (el) and the number “one.” 101 | tera | T [ megamega MM
3) Zero and the letter “0.” 10 | giga G kilomega kI
108 l niega M '
103 kilo | k
SUBMITTING THI: PAPER :8‘ *}ccw I;k
deca (K
PrRoOCEEDINGS OF THE [RE :3 ‘ [ deci ‘ d
s centl C
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Managing Editor, ProcEEDINGS OF THE IRE, Institute 10-9 —— ,‘: IS .
of Radio Ingineers, 1 East 79 Street, New York 21, 107 pico [ p micromicro e
N. Y. The following material is required: o ) T
1) Three copies of the paper for review purposes, et
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each copy to include illustrations, a separate list ‘ ;’l‘\'\” o l Tf"”
of captions, and a summary of less than 200 words. D 11:;;’(:'ﬁl;ir:]‘ul‘l‘:lrl'(':r"g
2) The original illustrations in a form suitable for ac alternating enrrent
: AW g ican wire gauge
reproduction. :‘ G l\l::‘;ﬂ: UL wire gange
3) A photograph and biography (125 words) of cach ah ampere-hour
author AN amplitude modulation
& . 2 Angstrom
ATR anti-transmit-receive
IREE TRANSACTIONS AlY audio frequency
ADF antomatic direction finder
Items 1 and 2 above are required by all TraNsac- AlFC automatic frequency control
O 3 - Iv by LT e AGC automatic gain control
TIONS. [tem 3 is required only by some. TrRANSACTIONS AVC automatic volume control
papers should be submitted directly to the Editor of the Bev bnllu])ln clectron-volt
. . ga cp candle power
appropriate Professional Group TransacTioNs rather ClRO thode‘zm\, oscilloscope
than to IRE headquarters. A list of Professional Groups, CRT cathode-ray tube
o Eg . . C degree Centigrade
their Editors and addresses is published every odd- P v
numbered month in the [RIZ News and Notes section cgs centimeter-gram-second
> . . . . : C\W contimious wave
of the PROCEEDINGS OF THE [RE. . evele
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raphy are not required gll)\v ({cml)el referred to 1 watt
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. - emil electromagnetic unit
York 21, N. Y. L EMIEF electromotive force
~—T1The IRE Editorial Board ev electron-volt
esu electrostatic unit
EHF extremely-high frequency
APPENDIX ELF extremely-low requency
f farad
ABBRrREvVIATIONS UskDp N IR PuBLicaTIONS °F degree Fahrenheit
ft foot
In gencral, all abbreviations for units of measure fe foot-candle
: . -lamt
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Abbreviation

kMe
km
kv
kva
kw
kwh

upl
umho
usec
uv

uw
MEW
mph
ma

mf

mh

ml
mm
musec
Mev
msec
mv
mw
MCW
MTI
nsec

Q

oD
ppm
PP
PM

pf

PPI

Information for IRE Authors

Term

kilomegacycle per second
kilometer

kilovolt
kilovolt-ampere
kilowatt

kilowatt-hour

lambert
inductance-capacitance
low frequency

lumen

maximum usable frequency
medium frequency
megacycle

megawatt

meter
meter-kilogram-second
microampere
microfarad

microhencry
micromicrofarad
micromho

microsecond

microvolt

microwatt

microwave carly warning
mile per hour
milliampere

millifarad

millihenry

millilambert

millimeter
millimicrosecond
million electron-volt
millisecond

millivolt

milliwatt

modulated continuous wave
moving-target indicator
nanosecond

ohm

outside diameter

part per million

peak to peak

phase modulation
picofarad

plan-position indicator

Abbreviation
psi
PF
PAM
PCM
PCM
PDM
PPM
PRF
PRR
PTM
PWM
pps
RDF
RF
RIF1
RC
rpm
rms
rss

SW

TEM
™
TWT
UHF
VTVM
VI
VLF
VOR
Vs

v
VR
VSWR
va
vpm
vu

w

wh
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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 magaetic
traveling-wave tube
ultra-high frequency
vacuum-tube voltmeter
very-high frequency
very-low frequency

VHEF 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. KAUFMAN{, 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

N important trend in modern electronics is toward
decreased size and increased reliability of clec-
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. llowever, 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.'=® 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, I’a.

PHLHL Scott, “A new type of selective circuit and some applica-
tions,” Proc. IRE, 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.

3S. Seely, “Radio Electronics,” McGraw-11ill 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 laver of resistive ma-
terial.) Employing the symbolic notation used by lHager,
the electrical schematic symbol for this structure is also
shown in Fig. 1.* An analog to the distributed struc-
ture is shown in Fig. 2. It consists of a multisection r-¢
ladder network (series r, shunt ¢), 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

aesistjvf =\ -—%[—° ‘l’ ©
ateria - i Z
Dielectric LQ o i T eTMAe
7 T
Good isti
Conductor éR ﬁ?,'g','i‘ﬁ R
= <+ forR it
Structure Symbol
Fig. 1—An idealized distributed bridged-T filter.
r r r r r
o—" N\~ = »I-'\/\/\ro—’\N\/—o
c c ==c c —l-c
LI T
R
o -0

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

* C. K. Hager, “Distributed Parameter Networks for Circuit
Miniaturization,” AIEE-IRE-EIA-WCEMA Joint Electronic Com-
ponents Conference, Philadelphia, Pa.; May, 1959.
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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 IFig. 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:

. R 685(.12)
i(x) = i(x + Ax) + cAx ) (1)
Ohmic
Contacts o—— —0
R =
T
p
| o nghly dopes) | ~
{{highly doped) resistive m_otenol
Ohmic Contact Built in R
Reverse
R ="' Bics
1 . Reverse T Potential
o—— I _F?otg_rm%I o —— 44— - —o

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

X x+AX
‘ rAXx | rAX
°——_——Tl"1 +——— A— —T--'VW———-———O
e(x) | ec(x) HcAX =cAX
i T
________ . . : ———

o}

Fig. 4—One portion of the lumped analog network.
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e.(x) = i(x + Ax)rAx + e(x + Ax), (2)
e(x) = e(x) + Riy, 3)
ip = i cAx 56’— [e.(sax) ] (4)

with #nAx =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<\) along the structure for any given
boundary conditions.

Of particular interest is the expression for complex
gain as a function of w, the angular frequency of the
input signal. The gain of the device is defined as the
ratio of output to input potential,

E(N)
Glw) = — - )
E(0)
Under no-load conditions, this becomes
1 —sechu
G(w) =sechy + — (6)

[0
1+ —cothu
u

or
a + usinh

G = 7
(@) a cosh % + u sinh ™

w 1/2
w=(1+j) (—)
wy

where

rA
o =—
R
2
w = - -
rcA?

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

IFrom (6)
w
Iim G(—) =1
u— o wy

G(0) = 1.

and

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 @ which will allow a zero in the numerator of
(7) for some frequency. The numbers of the set will be
denoted aq .., where # can take on any odd integer. The
integer values of n correspond to the odd numbered inter-
sections of the —tanh (w/w;)' curve with the family of
curves tan (w/w)'’? (see Fig. 5). The values of w/w,; at
which an intersection occurs will be denoted by wg /.
The value of a corresponding to a given intersection is

1/2 1/2 1/2
Wo,n Wo,n . [ won
g, = 2 <—-> cosh <——> sin < > . (8)
wi Wi w1

The first intersection occurs at

w wo,1 I
—=—=15.5951 ...
Wi Wi

and the corresponding « is
Op,1 = 17786 @00,

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

Wo,n m\?
=\ur——]).
wq 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 ao,; and
ass Wwas 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, .1, and a phase
angle, ¢. On a polar coordinate system, the radial dis-
tance corresponds to 4 and the angular position cor-
responds to ¢. Thus, the polar plot of the gain function
is the locus of points (1, ¢) for all frequencies, w. Fig. 6
contains polar plots of G(w) for a in the vicinity of ay,s.
I'ig. 7 contains a polar plot of G(w| a=ay;3). Of particu-
lar interest is the fact that for @ <ay,; the plot does not
encircle the origin; therefore ¢ is restricted to —7 <¢ <.
However, for a>ay,1 the plot does encircle the origin,
and ¢ goes from 0 to 2w. Therefore, there is a discon-
tinuity in ¢ for a=ap,; at w=ws,;. Furthermore, for
ap 1 <a<aps, then 0<¢ <27 But for aps<a<ags, ¢
goes front 0 to 4w, and there is another discontinuity in
¢ for a =ap 3 at w =wy 3 Although it has not been verified
it is expected that for aps<a <ags, ¢ will go from 0 to
6, 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=ay,;) and for
the classical twin-T are plotted in Fig. 12. The close
similarity is apparent from the graphs.

=1.0— I i)'/i/

-Tanh (3,

Fig. 5—Tanh (w/w))¥? and ton (w/w )2

(NE]

v o 1
T
Fig. 6—Polar plots of the complex gain
for  in the vicinity of aq.1.
w
-\
2 4
D,
2
i 1
+T SOESmOIC] 0 m
rT— - : 1.0
o it
2

Expanded Scale
Near the Origin

a=35,375

Fig. 7—Polar plot of the complex gain a=ag..
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— T T TT T ¢ 1] T T 11 or
[o] Wo.n 2
Wo,n = ( >_ : (9)
wq 76)\2
-20
. For an abrupt p-n junction, the width of the depletion
s a0 layer, and thus the capacitance per unit area, varies in-
= -60 versely with the square root of the reverse bias potential.
- For a given device geometry, the capacitance per unit
2l length is
-100 c = ¢V, (10)
-|zoo'—1——Ll—‘ I’o- R it)'_[_L—uTéo The resistance per unit length is
. [ w
oy
p
r = — (11)
() wT
1807 T T T 7] T T T T T T T T T1 where
p =resistivity of material,
a W = width of the device,
7'=thickness of the resistive laver.
a For a particular material and geometry,
| T =T,— TWWV2, (12)
where
T’y =original thickness of the resistive layer,
Cul 1] T, =the rate of increase of the depletion layer with

(b)

Fig. 8—(a) Amplitude response vs frequency for a in the vicinity of
aot. (b) Phase vs frequency for « in the vicinity of e,

a=35375

|Gl in db

-100- 1
LI_'_.L, I I N N R NP S

o b0 1% 100 10° 10° 105 100 10° 10° 109 ' 10?

Fig. 9—Amplitude response vs frequency for a=aq 3.

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 « and on w,. The null
frequency for ay,, will be wg,.. As was defined above,
cach number we ./w; is an intersection of the negative
hyperbolic tangent curve with the trigonometric tangent
curves. Therefore, for given aq.,

Wo,n
Wo,n = wy
wy

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

e = (w""') (AVV2 — BY). (13)

wy

Eq. (13) describes a parabola in V2 with zeroes at
=0 and at VV?=.1/B, and a maximum for w,,, of
A%/4B occurring at VV2=_,1/2B. This parabola is an
idealized tuning curve for the distributed bridged-T if
it 1s fabricated from a semiconductor with an abrupt
p-n junction.

NoveiLl Circrits 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<ap, to a>ag., 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 ay,1. An
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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
IFig. 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>ap,1. 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, wee. If ais just slightly greater than aq,;, then
wese Will be nearly equal to wo,;. In fact,

lim Wose = Wo,1.
a—a)g
llowever, since a>aq,; must hold, w,.. <we.:. With «
fixed, the frequency of oscillation can be varied by vary-
ing wy,1. As was described above, when using semi-
conductor materials, wy,; can be changed electrically by
varying junction bias potential.

The extreme sensitivity of phase shift to changes in
« in the vicinity of ag,,, makes it possible to create a bi-
stable device operating on this principle. Such a svstem
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, R,, satisfics the equation

A
KG(w: ) = —1.
R.

(47)
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For large K, R, will be slightly less than 7\ /oy 1.

. rA
lim R, = — -
K-w @g.1

(48)

This bistable system can be used as a threshold trans-
ducer that would switch to an oscillating condition
whenever R goes below R.. 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.s 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
rA measured with no bias at dc was found to be ap-
proximately 3200 ohms. The experimental « 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. 1t is clear that the
experimental results agree almost exactly with the
theoretical curve. The only arca of disagreement is the
depth of the measured null. This is shown in the inset
of Fig. 12. The theoretical null drops to — « but the
measured null was finite. 1t 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

& Westinghouse Electric Corp.
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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
fullv 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 Iig. 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, furthcrmore, any input signal would cause self-
biasing because of the rectifying action of the junction.

Experiments were also performed using the dis-
tributed Dridged-T device in the circuit of Fig. 10.
Operation was possible as a frequency controltable 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 wo,i. In-
stead of 180° the distributed bridged-T network had to
contribute only 105°, which occurs at a frequency some-
what lower than w,,1. This oscillator frequency was still
controllable by varving the bias potential, for the phase
shift contribution of the filter at any frequency is re-
late(l to wo 1.

Theory of a Monolithic Null Device and Some Novel Circuits 1545

o S N N W S R
2
. I/2

Fig. 14—Tuning curve for a distributed bridged-T filter.

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
stab resulting in a configuration similar to Fig. 1 should
be very inexpensive and should, therefore, provide sig-
nificant competition to the tuned II° 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 mec, 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-
Ivtic and synthetic techniques for combined parameter
systems.
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Video Transmission Over Telephone Cable Pairs
by Pulse Code Modulation*

R. L. CARBREY{, 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
r I YHIS PAPER describes an experiment whose pri-

mary objective was to encode standard broadcast

television signals into seven digit PCMI, and to
transmit the digits in parallel over seven pairs of tyvpe
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 ISig.
1, or a double-shielded balanced 19-gauge pair video
cable. In large metropolitan areas this is a very expen-
sive operation. llowever, 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.

1S, E. Miller, “Waveguide as a communication medinm,” 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 IMig. 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
fect 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 me,
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 be used to transmit seven TV programs

Fig. 1—{-inch coaxial cable, and 31-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.? 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.? 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, cach 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 handled 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 1.3 coaxial system,” Bell Sys. Tech. J., vol. 32,
pp. 779-100S; July, 1953.
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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.

CopiNnGg TERMINAL

The basic system and sampling frequency is set by a
10-mc crystal oscillator, so, in accordance with the
Nvyquist theorem,? the maxiinuin frequency which can
be transmitted is just under 5 me. The 10-me sampling
rate was selected somewhat arbitrarily because it was a
nice round number, and because it would permit a
gradual roll-oftf in the video output flter. 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 me. The precise frequency to use in a system ap-
plication must take into account a number of complex
factors.

IFig. 3 is a pictorial diagram of a coder in which only
five digits are shown for simplicity. A 10-me 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.’
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-mec 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.® It was developed by the Electron Tube De-
velopment Dept.” The rectangular gun structure forms
a ribbon beam instead of the more conventional string
beam. Referring again to I7ig. 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 bean 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. AIEE, vol. 47, pp. 617-641; April, 1928.

5 One nsec =10 ? seconds.

8 \W. M. Goodall, “Television by pulse code modulation,” Bell
Sys. Tech. J., vol. 30, no. 1, pp. 33—49; January, 1951.

7R. W. Sears, “Flash coding tube,” presented at the IRE
WESCON Convention, Los Angeles, Calif.; August 21, 1956.
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Pictorial diagram of five digit coder.,
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Iig., 4—Sample and hold circuit waveforms. (a) Video input to
sample and hold circuit. (b) 10-mc control wave. (¢) Sampled and
held output of coder deflection amplifier. Time scale: 100 msec
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 ves or no
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I'ig. 5 Beam coder tube and aperture plate,

GRAY CODE PATTERN NATURAL BINARY CODE

Fig. 6—Gray and natural binary code patterns.

It we were to use an aperture pliate 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-
ston circuits are such that they all might not make a
consistent decision. When a “Gray code” pattern® 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 1. Gray, “Pulse code communication,” U. S. Patent No.
2,632 058; March 17, 1953,



1960

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-me sine wave whose amplitude is modutated by the
signal position. I7ig. 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 ¢ shows the amplified output
wave from the coder tube as the beam sweeps completely
across a digit 5 hole. The sweep speed is 2 usec 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
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(c)

()

IFig. 8—Coder output regenerator waveforms. {a) Amplified output
with coder beam sweeping across the aperture edge. (b) Blocking
oscillator output pulses showing decision (0.1 wpsec/division).
(c) Output with beam sweeping across digit 5 aperture (2 usec /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 1the pulses caused by
the marked increase in attenuation with frequency as
noted in IFig. 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 decision level of the
regenerator as the signal duty tactor ehanges.

Fig. 9 shows what the low [requency 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 fect 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 usec.) 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)

(h)

(¢)

Fig. 9—Response of transformers and line to long pulse train. (a) S00-
Pulse group at primary of input transformer to 22-gauge cable
(10 _pscee/division). (b} Transformer coupled unequahized output
of 3000 feet of cable. (¢) Equalized output of repeater amplifier
showing low frequency entoff 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 ke.* Unfor-
tunately, quantized feedback around the whole repeater
turned out to be ditticult at 10 mec. 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 (Al). 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 usec, so a single line at constant
level would produce 521 pulses or spaces in a row for
cach 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-

*L. R. Wrathall, “Transistorized binary pulse regenerator,”
Bell Sys. Tech. J., vol. 35, pp. 1059-1084; September, 1956,
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Fig. 10—Alternate interchange at start of pulse train, with pulse
train shified to show double space and double pulse transition
conditions. (a) Coded signal input (0.5 usec/division). (b) S-me
control wave (c¢) Repeat of (a). (d) Alternate interchanged out-
put. (e) Pulses period later. (I) S-inc control wave. (g) Repeat
of (e). (h) Alternate interchanged output.

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

IFig. 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 S-me wave. At the top, the start of a coded
group of pulses is shown; a S-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 combina-
tions 04+0=0, 14+0=1, 04+1=1, and 14+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 S-mc pulse train in phase with the refer-
ence wave. .\ double space is produced at the transition
from spaces to pulses because the first pulse is in phase
with the S-me control wave. During the pulse run, a 5-
me wave 180° out of phase with the control wave is sent
out. Ilad the pulse run started 0.1 usec later (or earlier)
as shown in waveform ¢, a double pulse would have oc-
curred at the transition as shown in /.

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-
crated as a long run of alternate pulses and spaces, this
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pulse train. (a) End of caded pulses (0.5 psec/division). (b) Inter-
change showing double space. (c) Pulses period later. (d) Inter-
change showing double puise. (¢) Unequalized output of 3000 feet
of pair for double space. (f) Unequalized output for double pulse.
(g) Equalized output of ampiitfier—double space. (h) Equalized
output of amplitier—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 dury 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 o 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 casier 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
de shift is negligible. Homogenizing the signal in this
manner ts 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 ecircuit can automatically adjust the
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(a)

(M

(c)

(d)

Iig. 12—Eifectof alternate interchange on long pulse groups. (a) S00-
pulse group from regenerated coder output (10 psec/division).
(b) Same signal after interchange at line input. (¢) 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 ot interest in designing the
repeater and the timing recovery circuits. Statistical
measurcments of off-the-air program imaterial 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 i the signal as originally
coded, that runs cquivalent to twenty pulses in a row
after interchange are very rare.

H 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 ro 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.
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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 cireuitry appears at the top, and the regu-
lated rectifier supplies and control circuits are mounted
in the bottom,

CaBrLe EouarnizaTtioN

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 attenunation of the cable pair,
the tow 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 ke, so the low fre-
quency cutoff of the transformers contributes only
shghtly 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 suthcient low frequency loss in some
form of simple cqualizer to bring the low frequency loss

September

Fig. 14 -Complete coder terminal.
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(a)

(b)

(c)

(d)

Iig. 15—\Waveforms showing need for simple line equalization.
(a) 10101 input to cable pair. (b} Unequalized output of 3000-foot
pair showing efiect of line distortion. (¢) Equalized output of re-
peater amplifier. (d) Regencrated output pulses.

up to that of the high frequency. Fig. 15(¢) 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 psec, a dispersion of a few per cent at each
span might result in 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 mirimum, 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 3-mc rate, the pulses
are rich in second harmonic energy, so the output of the
common filter is a 10-me sine wave of nearly constant
magnitude which is used for retimirg 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 fransistors in the common circuit. Nor-
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I'ig. 16—Single digit regenerative repeater block diagram.

REGENERATIVE REPEATER GROUP

10MC TIMING

——
RECOVERY
p-C PEDESTAL
l« ~"B1AS VOLTAGE
— — . —_—
[RIPND W — BLOCKING
AMP =i OSCILLATOR | ~ )
i REGENERATOR L
—_—l 6_1/ k] _— 1 .
—— —— —t S — - —
P e —_— — .
2 é —r 2 2
— - b~ ——
T 1 .
3 1 3 3
—_— —_—— ] .
FROM
226a | —— —e ——t
—_—— ——
o -1 %) 4 B
- —— — > —_— e 4
— —  —1 .
g -T 5 5
—— —_— |
- — —— ————4
| ) e—— e |
6 e G | 6 |
RIS ST | [ R —_—
— L DA S S——) l
—— BLOCKING > |
AMP OSCILLATOR ] |
7 REGENERATOR | < )
—— 7  —
N
IFig. 17—Repeater block diagram for seven

digits transmitted in parallel.

mally, a failure of a transistor in any one of the digit
circuits would just cut down the transmission capacity
by a single digit,'* but f{ailure 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 hnite 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 sct 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

10 The least significant digit should be the one eliminated by ap
propriate switching at the terminals.
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Fig. 18—Repeater waveforms with additive timing. (a) Equalized
signal. (b) 10-mc timing wave. (c) Sum of signal and timing
wave. (d) Regenerated output.

present, the blocking oscillator would never fire. But,
there can be no 1iming pulse unless the btocking 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 de 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 pius 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 Iig. 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-me sine wave as it appears at the output of the
repeater amplifier when the signal and timing waves are
removed isshown. Fig. 19(b) shows an equalized signat
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 FFig. 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-
lering signal. The one db signal-to-noise ratio is not a
violation of the theoretical limit of six db, because that

PROCEEDINGS OF TIIE IRE
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(a}

(b)

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

Fig. 20—Repeater waveforms with interference 6 db below signal.
(a) Signalalone. (b) Sine wave “noise” 6 db betow signal. {c) Signal
plus noise. (d) Sum of signal, noise, and timing. (¢) 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 sce how rapidly the regener-
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I'ig. 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 ¢, 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 biocking
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-

Fig. 22—Experimental regenerative 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. 1f 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,''=#

nQ, E. De Lange, “The timing of high speed regenerative re-
peaters,” Bell Sys. Tech. J., vol. 37, pp. 1455-1486; November, 1958,

20, E. De Lange and M. Pustelynick, “Experiments on the
timing of regencrative repeaters,” Bell Sys. Tech. J., vol. 37, pp.
1487-1500; November, 1958.

13 1, E. Rowe, “Timing in a loug chain of regenerative binary re-
peaters,” Bell Sys. Tech. J., vol. 37, pp. 1543-1398; November, 1958.
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which is a problem subject unto itself. Use of an inter-
changed signal simplifies this problem materially, be-
cause pulse pattern variations arc reduced. Additive
backward acting timing is only one of the possible
methods of operating. This and several other methods
are being studied.

Dicopir TERMINAL

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-me 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.

l
L

Lil_

23—Decoder terminal block diagram.

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 simultancously 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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Fig. 24—Alernate reinterchange waveforms. (a) 5-mc control wave
for alternate reinterchange (0.2 usec/division). (b) Received digit
3 signal after regeneration (150 uut shunt load). (c) Overlay of a
and b. (d4 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 beth 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. Reinterchaunged 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 ¢ 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

" R, L. Carbrey, UL 5. Patents, No. 2,571,680, October 16, 1951,
and No. 2,755.459, July 17, 1956.
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(c)

(d)

(e)

Fig. 25—Gray-to-ratural 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 transhtor. (f) Translated
digit 3 output—conventional code to decoder and digit 4 transla-
tor.

number 3 had not been delaved 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 inscrted delay at the transmitter, however,
this digit arrives at the correct time, and digit 3 is trans-
lated as shown in the lower three wavelorms 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 usec delay is inserted in the digit 1 path
to the pulse strctcher.

PurLsE 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 tvpe of sample-and-hold
circuit. An input digit sequence might appear as shown
in Ifig. 26. Short sampling pulses are used to gate the
pulse or space condition into a storage capacitor which
holds the 1 or 0 state untit 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 stretehed 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 sccond 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 same 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. liven though these spikes are as short as one
nsee, 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 ficlds 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
shightly, without adding to the contour amplitude
difference.

DECODER NETWORK

The decoder is a simple binary weighted voltage ad-
dition network type of decoder,' as shown in the block
diagram of Ilig. 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 17, and no current
flows in the network. 11 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 binary 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

2RH16R+8R+4R+ 2R+ R+ R =64 ohms,
and the total voltage drop will be 64 mv, This produces

the most significant digit voltage step. When the second

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

(b

()

Fig. 20—Decoder pulse stretcher waveforms. (a) Blocking oscillator
pulses from emitter of translator. (b) Stretched output to standard
current switch of decoder. (¢) Same as @, with TV signal source
(1 sec exposure). (d) Saine as b, with T\ signal source (1 sec ex-
postire).

digit only is a pulse, the current will low through a total
of 32 ohms to produce a 32-mv 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 simitarly with the ecffective 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 develaped, to all ones where
127 mv would be developed.

[n 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
same impedance in the output filter network which is
connected directly across the “high end” of the resist-
ance network. The maximum voltage swing is, thercfore,
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. Iig. 29 is a photo-
graph of the decoder chassis.



1960 Carbrey: Video Transmission Quver Telephene Cable Pairs by Pulse Code Modulation 1559

Fig. 27—Quantized approximation of coded sawtooth signal by addi-
tion of one digit at a time. (Shown before filter, except for lower
right which is filter output with six digits.)

IFig. 28—Compilete 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 PCMI system. Fig. 31

s b S ¥ 2 T N

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
mn its standard set-up value, 25 per cent, which means
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three “digits

six digils seven digifs

Fig. 32—TV picture showing the eficet of adding one digit at a time, starting with two digits and ending at seven digit=.
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Fig. 33—DMonachrome 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 cight 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 monechrome 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 Ilas 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 arca telephone
cable was used.

The PCM signals can be transmitted over 22-gauge
cable by using one pair for cach of the digits, and a re-
peater spacing of the order of 3000 {cet. Ten million bits
per serond 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
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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. SMALLMAN{, A. E. SLADEf, ano M. L. COHENY, 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
I[ using the phenomenon of superconductivity to con-
struct an active computer component.! Since that
time several papers have described the character-
istics of the cryoton®** and other superconductive
devices.5~7
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 lavers 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-18-119-8C-145. The contributions of Dr. John Miles are
gratefully acknowledged.

t Arthur D, Little, Inc., Acorn Park, Cambridge, Mass.

' D. A. Buck, “The cryotron-—a superconductive computer com-
ponent,” Proc. 1RE, vol. 44, pp. 182-193; April, 1956.

* A, E. Slade and H. O. McMahon, “A cryotron catalog memory
system,” Proc. Eastern Joint Computer Conf., pp. 115-120; December,
19506.

3A. E. Slade, “The woven cryotron memory,” Proc. Internatl.
Symp. on the Theory of Switching, Part 11, Cambridge, Mass., Har-
vard University Press, Cambridge, Mass., vol. XXX, pp. 326-333;
1059.

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

5 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 ’hysics and
Chemistry, Session 22-5, Madison, Wis.; August, 1957,

7 J. W. Crowe, “Frapped-flux superconducting memory,” IBM
J. Res. Dev., vol. 1, p. 295; October, 1957.

evaporated superconducting films have been of interest
to a number of investigators since 1938, when Shalni-
kov® studied the variation in critical external magnetic
fields with the size of tin and lead films, and Appleyard
et al.® made a detailed study of critical field variation
with the size and temperature of mercury films.
Alekseyevsky® made similar studies of tin fitms 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 quenching?® 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 How or externally applied. This phenomenon,
known as Silsbee’s Hypothesis, can be derived from

8 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 fitm.

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:'

, 1011, t
Jerie=——tanh <—) (1)
27 2\

where

Jerie=the critical current per unit width of film
(a/cm),
II.=the critical magnetic field for the bulk
specimen,

A = the penetration depth, and
t =the thickness of the film.

For small limiting values of ¢/2X\ as t/2\ approaches
zero, we see from (1) that J'cic approaches the value
10 H.t/4w\; as t/ 2\ becomes very large, J'cic approaches
the value 10 I1./2w. 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 & for a tin
film at a temperature of 0.25°K below T..

The assumption of uniform current distribution leads
to calculated values of critical current per unit width of

10 R, B. Scott, “Destruction of superconductivity by current,”
NBS J. Res., vol. 41, p. 581; December, 1948.
1 J. Daunt, private communication.
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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
Silshee'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 A
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, 16,000, of a replica of a 1620 A thick
t}a‘vaporate(l tin film showing an irregular surface and numerous
oles.

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-

2 [ 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 107®* 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.
IFig. 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-

Gh d;"

(a)

(b)

Fig. 2—Test specimens. (a) Tin film for current carrying-
capacity measurcients. (b) Single cryotron.
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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. Hf 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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I'ig. 3—Schematic behavior of a superconductive film carrying cur-
rent showing the transition from supercouducting to nornial
states and the etfect 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.”™ 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 ditficulty 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 crrors
that would be caused by film inductance or phase shift

13 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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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.

IYig. 5 is an example of the kind of information avail-
able from pulse measurements. IFig. 5(a) is an oscillo-
gram of a 100-usec 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 film at 3.65°K and 3.56°K. According to the
slope of the voltage-current curve in IFig. 5(b), the re-
sistance of the filin between voltage taps is 0.075 ohm.
From Ig. 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 yietds 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
[, orie VS temperature curve).

I"tg. 5(c¢) also shows a hysteresis cffect, in which the
return to the superconducting stite is not coincident
with the critical current of the super-to-normal transi-
tion. We can estimate the temperature rise of the film 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 fitm was
caused by the energy of a single pulse. We can deter-
mine the energy of this pulse by integrating *RdT or
(E*/R)dT for a single pulse. Pulse energies used in this
experiment were of the order of 10 uwatt-sec.
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Iig. S—Pulse test oscillograms. (a) Input-current wave shape. (b) Voltage drop—current trace of a tin film in the normal state.
(c) 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 de and pulse
measurements were made on these films, and the plot
cffectively 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, cach 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 J' i (I, _erit/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 77 of the thinner film more nearly
approaching the bulk value of 7°.°,
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Fig. 7—Critical current vs temperature for various
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Fig. 8—Critical current vs temperature for various
widths of 16,300 A thick tin lilms on glass.
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Fig. 9—Critical current vs width of tin films showing lincar corre-
spondence of current-carrying capacity with width of film.

Data from 17 specimens of different thicknesses are
presented as a curve of J'eie vs thickness at a constant
reduced temperature in Fig. 10. There is a great deal of
scatter; but the curve [see (1)] drawn through the
points indicates that there is some tendency for J'..q,
to be independent of thickness for thick films; it also
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shows a crossover between thick and thin fitms 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 pohm cm, whereas our thick filtms approach
a value of 0.1 wohm 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
fils is a desirable feature, however, if theyv 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!

b
he/H. =1+ (2)
2a

dh, dll, 1500
(.- 0 o
dT Jre dT/rc /

1500
= 150 (1 + )
{

for tin films where ¢ is thickness in Angstrom Units.
The magnetic fields associated with current flow in a
thin film can be derived from Ampere’s law.” If we as-
sume an infinitely long film of rectangular cross section,
uniform current distribution, and negligibly small thick-

where

14 Shoeuberg, op. cit., p. 17.
5 L. Page, “Introduction to Theoretical Physics,” D. \'an Nos-
trand Co., Inc., New York, N. Y., p. 370; 1928.
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Fig. 11—Low-tenperature resistivity of tin films vs thickness.
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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 (f17) and normal (H,) components
of the field at a point, p, outside the film are given by

Ur =—¢ H
dw
and
I [ 41
II,. = In — (5)
W [£]

where [ is the total current, w is the width, 7, and r. the
distances from the point, p, to the edges of the film, and
¢ 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 1/5w;
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

1

w
5w<1 + lnT)

and does not become infinite as shown in (5).
IFor a typical film, w/f is 10°-10%, the logarithmic term
is 8-12.5, and the maximum normal field is therefore
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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, J'qit,
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 