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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War 11
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work. at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DuBRripGk.




Preface

His volume is intended primarily as a companion and reference

work for Vols. 18 through 23 of the Radiation Laboratory Series. It
contains data on a number of classes of electrical and electronic com-
ponents which are of principal interest to the designer of receiving and
test equipment. In so far as possible it emphasizes the components
which were developed by or under the sponsorship of the Radiation Lab-
oratory, or were of primary importance in its work. In order to avoid
a one-sided presentation, however, this material has been supplemented
with other data so that in most cases an individual chapter approximates
a survey of current practice in its particular field.

The title ‘“ Components Handbook” is undoubtedly too inclusive for
the volume as published, since the circumstances under which it was
written have unfortunately prevented the inclusion of chapters on
several important classes of components and have also had some effect
on the contents of those that were included. The most serious omission
is probably that of fixed condensers. Chapters were also projected on
air-core inductors, on mechanical components, and on several other sub-
jects. Credit is due the authors who contributed to these chapters; the
omission of their work was due neither to any faults of the work itself
nor to a lack of interest in the subject matter, but solely to the fact that
the termination of the Office of Publications caused these chapters to be
left out. Their omission is a serious if unavoidable defect.

The completeness of coverage of a particular field depends in large
measure upon the amount of time which the individual author was able
to devote to it. The necessity for the immediate acceptance of postwar
jobs, usually far from Cambridge, made it impossible for most of the
authors to check their work in final manuscript form. In such cases the
editor hopes that the collation and condensation of the original drafts
have not resulted in serious errors of fact or in undue distortion of the
presentation.

In order to make the volume useful both to the academic research
worker and to the engineer in the industrial laboratory the editor has
tried in most cases to combine the generalized ‘“‘survey-of-a-field” form
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with a reasonable amount of specific data, largely in tabular form. For
discussions of the accuracy and balance of several of the chapters indebt-
edness is expressed to their authors or to others equally familiar with the
subjects. These discussions have considerably improved the book.

It is a pleasant task to record appreciation of the help of the many
people, both in the Office of Publications of the Radiation Laboratory and
outside, who have had a hand in the preparation of this volume. The
lack of space prevents the listing of names, but this omission has been
rectified as far as possible by the inclusion of credit lines to sources out-
side the Laboratory and by the following list of sources of the individual
sections.

In a book such as this one it is difficult to apportion credit fairly
because many of the chapters are the result of a process of synthesis and
rearrangement that left little of the original reactants. The names listed
at the heads of the chapters are those of authors who are responsible for
major portions of those chapters; a somewhat more detailed list of credits
follows: O. Abbiati, Secs. 129 through 12-11; F. N. Barry, Chap. 14;
P. F. Brown, Secs. 5-1 and 5-2; F. E. Dole, Chap. 8; G. Ehrenfried, Chap.
2 and Secs. 3-14, 3-15 and parts of Secs. 3-9 and 3-10; M. D. Fagen, Secs.
1-1 through 1-11, 3-1 through 3-8, and part of Sec. 3-11; S. Frankel,
Secs. 5-3 through 5'5; 8. N. Golembe, parts of all sections of Chap. 4;
W. F. Goodell, Jr., Secs. 10-1 through 10-16; E. A. Holmes, III, Chap. 9;
M. M. Hubbard, Secs. 125, 126, 12-8, and 12-12; M. M. Hubbard and
P. C. Jacobs, Jr.,, Secs. 12-3, 12-4, and 12-7; H. B. Huntington, Chap. 7;
H. E. Kallman, Sec. 1-12 and Chap. 6; T. B. Morse, Chap. 11.

The volume editor is responsible for the remainder of the book and
for numerous interpolations in the texts of some of the authors above.
For advice and for miscellaneous data in connection with these interpola-
tions, credit is due to a number of members of the Radiation Laboratory,
including the following: H. F. Brockschmidt and D. N. Summerfield, for
data on engine-driven generator sets in Secs. 12-3, 12-4, and 12-5; C. E.
Foster, for reviewing Chaps. 10 and 13 and for additional data for these
chapters; C. E. Foster and E. R. Perkins, for original rough draft of
Chap. 10; M. M. Hubbard, for reviewing Chaps. 4, 11, and 12; J. M.
MecBean, for data on the electronic line-voltage stabilizer of Sec. 12-13;
R. J. Sullivan, for reviewing Chap. 8, and for additional data; C. A.
Washburn, for data on high-voltage power-supply transformers of
Sec. 4'3, and for data on M-1060 regulator tube in Sec. 14-2.

It may seem invidious to single out an individual for credit when so
many have helped, but the editor cannot refrain from expressing grati-
tude to Mr. F. N. Barry, who performed the laborious task of compiling
the tables of receiving tubes and who wrote the accompanying text for
Chap. 14. Most of this work was done after- his termination from the
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Laboratory and his acceptance of another job, and at considerable per-
sonal sacrifice.

The editor is also deeply indebted to Mrs. Barbara D. Coté for her
faithful and efficient services as editorial and production assistant, and to
his wife, Harriet, for aid in typing and proofreading,.

JorN F. BLACKBURN,
CAMBRIDGE, Mass,,

October, 1947.
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CHAPTER 1
WIRES AND CABLES

By M. D. FaceN anp H. E. KALLMANN

This chapter will be concerned only with two main classes of conductors for which
joint Army-Navy (JAN) Specifications have been issued. These include the types of
insulated wire ordinarily used in internal chassis wiring and in interconnections
between chassis where the frequency, voltage, and power levels permit, hereafter
referred to as wires, and the recently developed low-loss flexible coaxial cables gener-
ally used for the transmission of triggers, gates, i-f and video signals, and high-voltage
modulator pulses. Data on magnet wire will be found in Chap. 4 and on resistance
wire in Chap. 8 of this volume.

HOOK-UP WIRE

The class of wires used for hook-up and cabling purposes normally
consists of a solid or stranded tinned copper conductor, in sizes AWG
No. 24 to AWG No. 6, covered by a primary insulation of a natural
rubber compound, a synthetic rubber like Butyl or Buna S, or one of
the plastic elastomers like Vinylite or Polyethylene. Over this insulator
is an outer covering of a textile braid made of cotton, fiber glass, nylon,
or rayon. The primary insulation may be applied by extrusion, by
dipping or spraying, or in the form of several layers of tape, subsequently
amalgamated or cured to form a continuous tube adhering to the con-
ductor. The outer covering is a closely woven braid, colored and often
carrying a contrasting tracer for identification, and treated with multiple
coatings of transparent flexible lacquer to impart a smooth finish. Each
of the many possible combinations of primary insulations and outer
coverings has characteristics and properties that suit it particularly for
some special conditions of operation but there is no single type that
meets every requirement. The properties of the various insulations
commonly used and of the finished wires commercially obtainable will
be discussed drawing freely from the imited amount of published infor-
mation available,! and from pertinent joint Army-Navy Specifications?
and Components Lists.?

tJ. M. Caller, ““Characteristics of Radio Wire and Cable,” Radio, 28, No. 5, 25-28,
58 (May 1944), and No. 6, 28-31, 64, 66 (June 1944); E. D. Youmans, ‘“ Plastic Insula-
tion for Conductors,”’ Elec. World, CXX, 457-459 (August 1943) and 812-815 (Septem-

ber 1943) ; Tables of Dielectric Materials, I and I1, Laboratory for Insulation Research,
Massachusetts Institute of Technology.

tJoint Army-Navy Specification JAN-C-76, Cable (Hook-up Wire), Electric,
Insulated, Radio and Instrument, Aug. 19 1945,

3 Standard Components List, Number 5. Available from Army-Navy Electronics
Standards Agency, Red Bank, N. J.

1

iy




2 WIRES AND CABLES [SEc. 1-1

A list of hook-up wires may be found in the Army-Navy Electronics
Standards Agency Standard Components List as issued May 5, 1945 and
July 20, 1945. These have been approved either by the Signal Corps
under Specification 71-4943 or by the Army-Navy Electronics Standards
Agency under Joint Specification JAN-C-76, wire type WL (general pur-
pose applications, thermoplastic insulation for use at 600 volts rms or
less.)

For convenience of reference, the JAN type designation is built np
as follows:

1. letters representing the type of wire, as WL;

2. numbers giving the approximate cross section of the conductor in
thousands of circular mils, as WL-14 for 1500 circular mils;

3. a number in parentheses designating the minimum number of
strands, as WL-1% (1) for solid wire, or WL-13 (7) for stranded
wire made up of 7 strands;

4. numbers representing the AWG wire size, as WL-14 (7) 18 for
No. 18 stranded wire;

5. numbers representing the color code, as WL-14 (7) 18-96 for
white wire with a blue tracer.

1.1. The Conductor.—The conductor used in hook-up wire is soft
annealed round copper, stranded or solid, and almost always tinned.
The reasons for the choice of copper are well recognized: low cost, good
conductivity, low temperature coefficient, high ductility, and good resist-
ance to corrosion and fatigue. Stranded wire is almost invariably used
for hook-up and interconnection purposes because of its greater flexibility
under the shock and vibration conditions present in mobile installations
of electronic equipment. There is a strong feeling, based on some evi-
dence, that solid conductors used for hook-up purposes in sizes smaller
than AWG No. 22 may ““crystallize’”’ under sustained vibration such as
is encountered, for example, in aircraft service. Recommendations for
such applications are that stranded wire be used wherever practicable,
and solid wire be limited to jumper connections or to r-f circuits where
the conductor may be rigidly held in place to limit its motion. Other
reasons for the choice of stranded wire are the following:

1. A slight nick on the surface of a solid conductor, such as might
occur during the removal of insulation, can easily become a point
at which, upon subsequent flexing of the wire, breakage will
occur.

2. Stranded wire can easily be bent and formed into a neat wiring
harness for chassis assembly.

3. Unsoldering and resoldering of a stranded-wire connection are less
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THE CONDUCTOR

3

likely to cause breakage of the wire due to the bending and twist-
ing usually imposed in the operation.

Mechanical and Elecirical Properties—After it has been drawn,
annealed, and tin coated, the copper wire should have tensile strength

and elongation

limits as given in Table 1-1.

TasLi 1-1.—TeENSILE STRENGTH AND ELoNGATION LiMiTs oF TINNED CorPER WIRE

Diameter, Tensile strength (maximum), Elongation, 10-in. test piece
in. Ib per in.? (minimum), %
0.003 to 0.011 40,000 10
0.012 to 0.020 39,000 15
0.021 to 0.102 38,500 20

Splices are permitted in the individual strands of a stranded con-
ductor if they are of the butt-type, brazed with a silver-alloy solder.
For wires in sizes No. 28 AWG and smaller, the splice may be twisted.

TaBrLE 1-2—STRANDED Hook-vr WIRE DaTa

Standard copper strand sizes . Maximum
AWG Weight resistance
. . er ft of
gize Nominal Calculated Area, lsn th. b | PET 1000 ft
diameter, in. | diameter, in. | Cir. mils gth, at 25°C, ohms
40 0.0031 0.003145 10 0.0000299 1,240
39 0.0035 0.003531 13 0.0000377 985
38 0.0040 0.003965 16 0.0000476 780
37 0.0045 0.004453 20 0.0000600 620
36 0.0050 0.005000 25 0.0000757 490
34 0.0063 0.006305 40 0.000120 304
33 0.0071 0.00708 50 0.000152 239
32 0.0080 0.007950 63 0.0002413 188
31 0.0089 0.008928 80 0.0001913 149
30 0.0100 0.01003 101 0.000304 116
29 0.0113 0.01126 127 0.000382 92
28 0.0126 0.01264 160 0.000484 72
27 0.0142 0.01420 202 0.000610 57.5
26 0.0159 0.01594 254 0.000769 45.2
25 0.0179 0.01790 320 0.000969 35.8
24 0.0201 0.02010 404 0.00122 28.4
22 0.0254 0.02535 642 0.00194 17.7
20 0.0320 0.03196 1022 0.00309 11.1
19 0.0359 0.03589 1290 0.00390 8.78
18 0.0403 0.04030 1620 0.00492 6.94
17 0.0453 0.04526 2050 0.00620 5.49
16 0.0508 0.05082 2580 0.00782 4.34
15 0.0571 '0.05707 3260 0.00986 3.44
14 0.0641 0.06408 4110 0.0124 2.73
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Data on tinned copper wire as used in the manufacture of stranded
hook-up wire are given in Table 1-2.

A stranded conductor is formed by twisting individual wires in one of
the three following patterns.

1. Concentric stranding; one wire forms the central core and is sur-
rounded by one or more layers of helically laid wires. The pitch
of the outer layer of conductors is referred to as the lay of the
stranding.

2.* Bunch stranding; the required number of individual conductors are
simply twisted together without regard to geometrical arrangement.

3. Rope stranding; groups of concentric stranded or bunched con-
ductors are assembled in the same fashion as the individual con-
ductors described under (1) above.

The concentric pattern is preferable because it yields a conductor
esgentially circular in cross section so that uniform wall thickness is
obtained with extruded types of insulation. In addition, the individual
wires do not separate when the insulation is stripped for soldering.

Some physical characteristics for tinned copper conductors as used in
the manufacture of AN specification hook-up wire, solid and stranded,
are given in Table 1-3.

TaBLE 1-3.—PraYsICAL CHARACTERISTICS OF TINNED CorpPER CONDUCTORS

Nominal .
Maximum
Army- Mini Maxi strand | Diameter Nominal .
. inimum (Maximum| .. ominal | resistance
Navy size | AWG diameter | over con-
designa~ size number lfly’ (minimum| ductor area, per 1000 £t
tion strands in. strand. in * | cir mils | at 25°C,
. . ! ohms
ing), in.
iy 24 solid | ..... 0.0201 | 0.020 404 | 28.4
un 24 7 0.50 0.0080 | 0.025 442 | 28.4
1) 22 solid | ..... 0.0254 | 0.025 642 | 18.01
{0 22 7 0.75 0.0100 | 0.031 642 { 19.0
1(1) 20 solid | ..... 0.0320 0.032 1,022 11.33
1) 20 7 0.875 0.0126 | 0.039 1,020 | 11.93
13(1) 18 solid | ..... 0.0403 0.040 1,624 7.16
13(P 18 7 0.875 0.0159 | 0.049 1,624 7.52
24(1) 16 solid | ..... 0.0508 | 0.051 2,583 4.48
24(19) 16 19 1.00 0.0113 | 0.060 2,407 4.73
£(1) 14 solid | ..... 0.0641 | 0.064 4,107 2.82
4(19) 14 19 1.50 0.0142 | 0.072 3,828 3.13
6(19) 12 19 2.00 0.0179 | 0.090 6,088 1.92
9(37) 10 37 2.00 0.0159 | 0.109 9,402 1.27
17(133) 8 133 2.25 0.0113 | 0.169 16,824 0.732
27(133) 6 133 2.50 0.0142 | 0.213 26,800 0.454
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1-2. The Primary Insulation.—There is a wide variety of insulating
materials that may be used for coating solid and stranded tinned copper
wire. The suitability of any particular type must be determined by
careful examination of the electrical conditions of operation and the
physical environment in which each operation is to take place. The
electrical properties of the insulation will establish the dielectric strength,
insulation resistance, loss factor, and dielectric constant. The physical
properties will determine the upper and lower limits of operating tem-
perature; resistance to moisture, flame, sunlight, oils, acids, alkalies,
fungus, oxidation; effects of aging, abrasion, vibration, shock; flexibility,
toughness, and mechanical strength. To some extent, these qualities
will be controlled by the nature of the outer covering used over the
primary insulation, a discussion of which will be given in Sec. 1-3.

The primary insulations most generally used are:

1. Thermoplastic Polymers.
A. Vinyl Resins.
a. Plasticized copolymers of vinyl chloride and vinyl acetate
(Vinylite, Geon).
b. Plasticized vinyl chloride polymers (Koroseal).
B. Cellulose Derivatives.
a. Cellulose acetate-butyrate compound, used in the form of
tape applied over the conductor (Tenite IT).
b. Ethyl cellulose.
C. Polyethylene (Polythene).
D. Polyisobutylene (Polybutene, Vistanex).
2. Synthetic Rubbers.
A. Butyl rubber, a copolymer of isobutylene and a small amount
of butadiene or isoprene.
B. Buna S, sometimes referred to as GR-S, a copolymer of buta-
diene and styrene.
3. Natural Rubber Compounds.

A general qualitative summary of some of the characteristics of these
materials is given in Table 1-4. More detailed quantitative information
on the electrical characteristics of the types of dielectrics commonly used
may be obtained from the ‘“Tables of Dielectric Materials’’ of the
Laboratory for Insulation Research of M.I.T.!

An examination of these data indicates that the vinyl resins and
cellulose derivatives have great utility for general-purpose hook-up wire.
They have good dielectric strength and excellent moisture resistance,
stability, and aging characteristics. They are noninflammable and

! Tables of Dielectric Materials, I and II. Laboratory for Insulation Research,
M.LT.




TaABLE 1-4.—CHARACTERISTICS OF PRIMARY INSULATIONS

Dielec- Resist- | Physi- . .
. Type of tric | Chem. lance to ch Nonin-| Ol
Name Chemical type Remarks use prop- | PTOP- | ozone flamma-| resist-
) prop- e
erties | €S launlight| erties | Pility | ance
Koroseal Plasticized Vinyl | Thermoplastic; extrudable; | Insulation E E G E E
chloride Polymer several types or jacket
Vinylite Plasticized Vinyl | Ditto Insulation E 13 G E E
chloride-Vinyl ace- or jacket,
tate Copolymer
Neoprene Chloroprene Polymer| Vulcanizable; rubber-like, | Jacket P E E G E G
extrudable or calendered
strips; several types
Buna S Butadiene-Styrene | Vuleanizable; rubber-like; | Insuiation G G F G P F
Copolymer extrudable or jacket
Butyl Rubber Isobutylene-Diolefin | Ditto Insulation 3 E G G P
Copolymer
Thiokol Organic Polysulfides | Both thermoplastic and vul-| Jacket P G E ¥
canizable types; extrud-
able
Polybutene Isobutylene Polymer | Not vulcanizable; rubber- | Insulation E E E F P P
like; mixed with resins or
rubber; extrudahble
Polythene Ethylene Polymer Thermoplastic; extrudable | Insulation E E E 1D P F
Saran Vinylidene chloride- | Thermoplastic; applicable | Insulation ¥ E I N ID E
Vinyl chloride Co- | as threads or tapes
polymer
Tenite 11 or Koda- | Cellulose  acetate- | Thermoplastic; extrudable | Insulation F G G G F G
pak butyrate or applicable as tapes
Ethyl cellulose Cellulose ethyl ether | Thermoplastic, extrudable | Insulation F G G G F G

Nore: E, excellent.

G, good.
F, fair.
P, poor.
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resistant to oils and most acids and alkalies. A limiting factor in their
use is that like many other thermoplastics they soften at high tempera-
tures and stiffen at very low temperatures, although the low limit has
been extended to —50°C by recent improvements. Their relatively high
dielectric constant and power factor make them undesirable for use at
radio frequencies, where polyethylene is almost exclusively employed.

The synthetic rubbers, Butyl and Buna S, have dielectric properties
somewhat better than the vinyl and cellulose materials but their resist-
ance to solvents, particularly oils, is not as good. The natural-rubber
compounds are little used at present for wire insulation. Technical
developments during the years 1938 to 1945, intensified by war shortages
of natural rubber, have resulted in large quantity production of thermo-
plastic polymers which are greatly superior to the rubber compounds
which previously were standard, particularly with respect to the effects
of heat, sunlight, weather, and oils.

1.3. The Outer Covering.—An outer covering is applied to act as a
support for the primary insulation. It permits higher temperature of
operation than would otherwise be possible, and also improves the
abrasion resistance of the wire. The covering is one of two types: a
closely woven braid of cotton, Fiberglas, nylon, or rayon; or an extruded
jacket of nylon. The braid is colored for identification and coding,
frequently carrying a tracer of contrasting color. If Fiberglas is used,
a colored textile tracer provides the marking. The braid is treated with
multiple coatings of transparent, flexible lacquer to make a smooth
finish. It is necessary that the braid thus treated be noncorrosive,
nontoxie, flexible, and resistant to moisture, flame, and fungus.

Lacquered cotton braid is superior to glass with respect to abrasion
resistance, ease of color coding, and corona properties. Glass braid has
the advantages of being inherently noninflammable and resistant to
fungus, but some difficulty has been experienced with its tendency to
fray at the point where insulation is stripped from the wire. This fray-
ing, in addition to affecting the appearance of the wire, tends to transmit
moisture by wicking action. For some purposes, it is of interest to
examine the effect of the various coverings on the over-all diameter of
the wire. Table 1-5 is a comparison of glass and cotton braid over
acetate-butyrate tape and vinylite for stranded No. 22 and No. 14 wire.
More complete data is given in Fig. 1-1. It is seen from Table 1-5 and
Fig. 1-1 that cotton braid adds to the over-all diameter by an amount
that might be significant in a wiring harness of 10 or 12 wires which is
to be used in a crowded chassis.

Nylon and rayon are other possible choices for outer coverings.
Nylon is applied in the form of an extruded coating approximately
0.005 in. in thickness. It has excellent abrasion resistance and wires
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have been made with it which pass all the JAN specifications for flame
and solvent resistance, cold bend, and insulation resistance. Rayon
braids, in general, do not have abrasion resistance equal to cotton or
nylon and are less widely used.
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Fic. 1-1.—Outside diameters of radio hook-up wire: (a) bare stranded conductor;
(b) butyrate-tape insulated, glass braided; (¢) vinyvlite insulated; (d) vinylite insulated,
glass braided; (¢) vinylite insulated, cotton braided. (Nn. 30 AWG stranding of all wires
for 750 volts continuous service.}

TaBLE 1-5—Grass AND COTTON BRAID v, ACETATE-BUTYRATE Tark AND VINYLITE

Over-all diameter, in.

Insulation e
No. 22 wire' No. 14 wire
‘ |
Bare stranded conductor. . ... .. .. ... ... B 0.03 0.075
Wire plus butyrate tape plus glass braid. .. . . . 0.068 0.110
Wire plus vinylite. ....... .......... .. .. e 0.071 0.119
Wire plus vinylite plus glaas braid......... ... ... .. .. 0.079 | 0.128
Wire plus vinylite plus cotton hrald. P 0.090 \ 0.141

The maximum over-all diameter permitted for solid and stranded
braid-covered or jacketed wires classified as type WL (general purpose
applications, thermoplastic insulation, 600 volts rms or less) is given in
Table 1-6.
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TaBLE 1-6.—MaxiMmum OvVER-ALL DIAMETER PERMITTED FOR TYPE WL WIRE

Diameter over . Diameter over
Type (JAN-C-76) outer covering, in. Type JAN-C-76) | ier covering, in.
WL-§(1)-24 0.080 WL-23(1)-16 0.130
WL-§(7)-24 0.080 WL-24(19)-16 0.130
WL-§(1)-22 0.090 WL-4(1)-14 0.150
WL-3(7)-22 0.090 WL-4(19)-14 0.150
WL-1(1)-20 0.100 WL-6(19)-12 0.170
WL-1(7)-20 0.100 WL-9(37)-19 0.200
WL-14(1)-18 0.115 WL-17(133)-8 0.255
WL-13(7)-18 0.115 WIL-27(133)-6 0.310

Colors available for hook-up wire covering are limited to the following:

0 Black 5 Green

1 Brown 6 Blue

2 Red 7 Violet (purple)
3 Orange 8 Gray (slate)

4 Yellow 9 White

Two colors may be used: the first as the base color, the second as a
contrasting tracer. The digit accompanying the color is used as part of
the wire specification. For example, a white wire with a blue tracer has
the number 96 as the final two numbers of its type designation.

1.4. Physical Properties of the Finished Wire. High Temperature..—
To a large extent, the thermal properties of the finished wire determine
its usefulness. At high temperatures, some insulations deteriorate
rapidly, others soften and deform. At very low temperatures, they
become brittle and may easily be damaged by flexing or vibration. The
principles of maximum temperature rating for insulations are well formu-
lated in one of the AIEE Standards.! They are briefly given here.

1. Insulation does not fail by immediate breakdown at a ecritical
temperature, but by gradual mechanical deterioration with time.
The question of what maximum temperature is safe can be
answered only on the basis of how long the insulation is expected
to last.

2. How long an insulation will last electrically depends not only on
the class of insulation but also on the effectiveness of the physical
support for the insulation.

3. Insulation life is dependent to a considerable extent on the access
of oxygen, moisture, dirt, or chemicals.

VAIEE Standards No. 1. “General Principles Upon Which Temperature Limits
are Based in The Rating of Electrical Machinery and Apparatus.”
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4. Physical deterioration of insulation, under the influence of time
and temperature, increases rapidly with temperature.

Maximum temperature limits have been assigned in accordance with
the above principles. For the types of insulation used in most hook-up
wires, this is the Class A ‘“hottest-spot’’ maximum of 105°C. Class A
insulation consists of

1. Cotton, silk, paper, and similar organic materials when either
impregnated or immersed in a liquid dielectric.

2. Molded or laminated materials with cellulose filler, phenolic resins,
and other resins of similar properties.

3. Films and sheets of cellulose acetate and other cellulose derivatives
of similar properties.

4. Varnishes (enamel) as applied to conductors.

In electronic apparatus, the limiting temperature may be reached
not by temperature rise in the wire due to its own 2R loss but solely
by increase in temperature of the chassis interior due to vacuum-tube
and resistor dissipation. It is not at all unusual to find a temperature
rise of 40°C over ambient in a compact piece of equipment designed for
airborne use. If the ambient temperature is 55°C, as is generally estab-
lished in Army-Navy service specifications, a temperature of 95°C is
attained apart from any rise contributed by the wire itself. If, in
addition to this, filament or power conductors are considered it is evident
that some thought must be given to the current-carrying capacity of
insulated wires.

The AN high-temperature test calls for 24 hr of heating to 120°C,
cooling to room temperature, tightly coiling the wire for five turns around
a mandrel three times the outer diameter of the wire, immersing the coil
in water for 1 hr, and finally applying a 60 cps test voltage. The general
purpose wire (WL) must withstand 2000 volts rms for 1 min. High-
voltage wire (SRHV) must withstand 6000 volts rms.

Low Temperature.—At very low temperatures the brittleness of the
wire may impose serious limitations on its use, particularly in inter-
connecting cables where some flexing may be required or where vibration
conditions are to be met. Present-day thermoplastic polymers as com-
pounded for wire insulation should pass the following cold-bend test.
The wire is cooled to —40°C, then tightly wrapped around a 1-in.
mandrel (for wire sizes No. 24 to No. 16) for at least five turns, unwrapped
and rewrapped in the opposite direction, immersed in tap water at room
temperature and given a 60 cps voltage test as in the preceding paragraph.

Abrasion.—The abrasion resistance of insulated wire is important in
determining how well it will stand up when used with other wires in

O A Y TP IR T PR
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bound wiring harnesses or in flexible conduit to form interconnecting
cables. The AN test describes a machine for stroking the wire with
No. 3/0 120 sandpaper under specified conditions of length of travel,
tautness of wire, rate, etc. General-purpose hook-up wire type WL must
withstand a minimum of 200 strokes without exposing the conductor.

Solvents.—In mobile and industrial applications of electronic equip-
ment there is always the possibility of contact with water, gasoline,
motor oil, antifreeze solutions, alcohol, and in the case of marine equip-
ment, salt water. Tests are prescribed for solvent resistance specifying
immersion for 24 hr at room temperature, one sample in each of the
liquids mentioned. At the end of this time the wire is wiped clean,
immersed in water for 1 br, and given the dielectric test described in the
preceding paragraphs.

Flammability—TIt is to be expected that at some time during the life
of equipment, there will be failure of vacuum tubes or other components
which may result in excessive current in some of the equipment wiring
or in the components that may be close to a wiring harness. Inflammable
insulation or protective lacquer may then become a dangerous fire hazard.
The AN test specifies that the rate of burning be not more than 1 in./min
after a Bunsen burner flame is applied for 30 sec to one end of a horizontal
length of wire in a draft-free chamber and that burning particles shall
not fall from the wire.

Fungus.—Under tropical conditions of high temperature and high
humidity there is likely to be extensive failure of insulations because of
moisture and fungus growth. The Signal Corps Ground Signal Agency
has been energetically pursuing a program to improve the performance
and reliability of equipment intended for tropical service by investiga-
tions of inherently resistant materials, and of fungicides suitable for
surface treatment of components for incorporation into lacquer and
varnishes. With regard to radio hook-up wires, three types of fungicide
have been found suitable for incorporation into the saturants and lacquers
used to impregnate the woven outer covering. These are 15 per cent
salicylanilide,’ 10 per cent pentachlorophenol,? and 1 per cent phenyl
mercuric salicylate.

The AN specification requires a test in which the wire is exposed to a
composite of four types of fungus organisms in a spore suspension for
ten days at 95 per cent relative humidity and room temperature. At
the end of this time there is to be no fungus growth on the wire covering.

Moisture.—The effect of sustained high moisture content in the
atmosphere is particularly insidious in electronic equipment where,
fundamentally, input impedances are high and electrical leakage must

! Du Pont Company *Shirlan Extra.”
? Dow Chemical Co. “Dow No. 7”’; Monsanto Chemical Co. ““Santophen No. 20."
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be kept to a minimum. This is particularly true when equipment is
nonoperative for part of the time and where day-night air temperature
cycles may result in condensation of vapor on the insulation. Hook-up
wire should withstand 95 per cent relative humidity at 65°C for ten
days, with temperature cycling to room temperature; 95 per cent relative
humidity and —10°C for several hours of each 24-hr period. More
complete information on a recommended humidity-temperature cycle
for moisture resistance tests is contained in specification JAN-C-76.
For general-purpose hook-up wire it is required that after exposure to
the moisture test the insulation resistance between adjacent cabled wires
should be at least 100 megohms, the dielectric strength should be at least
4000 volts rms (60 cps) and that between wrapped electrodes 1 in. apart on
the surface of the wire, 2500 volts rms can be applied without flashover.

1.5. Electrical Properties of the Finished Wire.—The electrical
properties of wire cannot be completely separated from its physical

properties since, as can be seen from
36

NERENRNEEP the preceding sections, electrical
g R ‘—‘LAWG—:“Y'N e [, tests must be applied to determine
-3 .I§7—;9' —-é‘,'/ S the effects of temperature, humidity,
H 28 ! Y, and solvents. Moreover, an elec-
% 24 [ / trical property like current-carrying
% 20 11 / 4 / capacity is almost entirely deter-
° / / ) mined by the temperature limita-
w16 ,/ tions of the insulation.
; 12 Current-carrying Capacily and
g. / , // Voltage Drop.—There is little infor-
g 81/ A mation availablé on the current-
E 4 '// carrying capacity of the wire sizes

- generally used for radio hook-up

0 12 16 20 24 25 2Pplications, sizes AWG N9. 14 to
Current In amperes AWG No. 24. A considerable
Fia. 1-2.—Temperature rise vs. current. amount of standardization has been
done by the AIEE on wire sizesused
for commercial and house wiring, but the available tables are not carried
to sizes smaller than AWG No. 14. This data is of some use, however,
for calculations of conductors for filament or primary power if large
numbers of tubes are utilized. Table 1-7 gives safe current-carrying
capacities based on 30°C ambient temperature for wires insulated with
polyvinyl chloride (National Electrical Code type SN, or JAN types WL,
SRIR, SRHY). Some information has been obtained on smaller-size
wires,! but only for a single conductor under conditions of semirestricted
1J. M. Caller, “Characteristics of Radio Wire and Cable,” Radio, 38, No. 5, pp.
25-28, p. 58; Radio, 28, No. 6, pp. 28-31, p. 64, p. 66.
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ventilation. The data is shown in Table 1-8 and applies to wire in-
sulated with 0.025-in. wall extruded polyvinyl chloride. The data does
not cover other insulating materials and liberal safety factors should be
applied where conditions of reduced heat radiation are to be met, as in
cabling, or due to enclosure in conduits. These factors can be estimated
from Table 1-7.

TaBLE 1-7.—CURRENT-CARRYING CapaciTy oF Rapio Hook-up WIRE
Insulation, Polyvinyl Chloride; Ambient Temperature, 30°C

Current-carrying capacity, amp
Size, Dielectric i
AWG thickness, in. Free air Three conductors | Eight conductors
in cable in cable
14 0.031 24 18 13
12 0.031 31 23 16
10 0.031 42 31 22
8 0.047 58 41 29
6 0.063 78 54 38

TaBLE 1-8.—CURRENT-CARRYING CAPACITY OF SMALLER-SIZE WIRE*

Current, Amp

Tempera-

o] AWG | AWG | AWG | AWG | AWG | AWG | AWG | AWG
ture rise, °C

No. 14 | No. 16 | No. 18 { No. 20 | No. 22 No. 24 | No. 26 | No. 28

10 15 11 8 6 4.5 3.3 2.5 1.8

20 21.5 15.5 11.5 8.5 6.5 4.8 3.5 2.6

30 27.5 20 15 11 8.5 6.3 4.5 3.4
* See Fig. 1-2.

Voltage-drop calculations may be necessary for filament and primary
power conductors. The values in Table 1-3 are maximum resistances
per 1000 ft for solid and stranded wires up to size AWG No. 14 and for
stranded wires from No. 14 to No. 6. It is to be noted that these values
hold at 25°C and that for temperatures differing from this value over
the range normally encountered a correction factor {1 + «(f — 25°)] must
be applied. For soft annealed copper of 98 per cent conductivity, « at
25°C is 0.00378. Some uncertainties arise in determining the value of ¢
for an insulated conductor since the thermal characteristics of the insu-
lation affect the temperature of the wire itself. The refinement of such
calculations fortunately is not often required.

Voltage Rating.—Three classifications of general-purpose hook-up
wire based on maximum rms operating voltage are given in the JAN-C-76
specification:
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Type Volts rms
WL e e, 600 or less
SRIR.......oo 1000 or less
SRHYV . ... 2500 or less

In Table 1'9 comparative diameters, dielectric-strength test voltages and
spark test voltages are given for the standard range of wire sizes.

TaBLE 1.9.—CoOMPARATIVE DIAMETERS, SPARK AND DiELECTRIC-STRENGTH TEST
VoLrages

. ielectri
Wire| Diameter* OD, in. (Spark testt 60 cps rms, v Dielectric strength, v,1

' 60 cps rms
Blze
AWG| w1, | smIR |sRHV| WL | SRR |srHV| WL | sRIR | srEV
24 | 0.080 | 0.055 | 0.065 | 5000 | 5000 | 7,500 2000 | 3000 ! 6000
22 | 0.090 | 0.066 | 0.076 | 5000 | 5000 | 7.500] 2000 | 3000 | 6000
20 | 0.100 | 0.074 | 0.084 | 5000 | 5000 | 7.500| 2000 | 3000 | 6000
18 | 0.115 | 0.089 | 0.099 | 5000 | 5000 | 10,000 2000 | 3000 | 6000
16 [0.130 | 0.101 | 0.111 | 5000 | 5000 | 10,000 2000 | 3000 | 6000
14 | 0.150 | 0.127 | 0.137 | 5000 | 7500 | 15.000] 2000 | 3000 | 6000
12 | 0.170 | 0.157 | 0.167 | 5000 | 7500 | 15,000 2000 | 3000 | 6000
10 {0.200 | 0.190 | 0.200 | 5000 | 7500 | 15000 2000 | 3000 | 6000
8 [0.255 | 0.230 | 0.240 | 5000 | 7500 | 15.000] 2000 | 3000 | 6000
6 | 0.310 | 0.283 | 0.293 | 5000 | 7500 | 15.000] 2000 | 3000 | 6000

* For type WL, the OD is measured over the braided or extruded outer covering. The other types
have only primary insulation,

1 The spark test is run in a chain-electrode device that subjects the insulation to impulses of not less
than 0.2 sec duration.

1 The dielectric-strength test is run with 60 cps sine-wave voltage brought up to full test value in
less than 1 min and maintained for 1 min.

Insulation Reststance.—Insulation resistance of hook-up wire is an
important factor since in some cases it may be the limiting factor in
high-impedance input circuits or it may give rise to leakage currents
between circuits that are intended to be isolated. This is particularly
true at the high temperatures, often more than 70°C, which electronic
equipment frequently reaches. Minimum insulation resistance values
at 15.5°C for the three types of wire described in the previous paragraph
are:

Minimum
resistance value,
Type megohms /1000 ft
2 7P 10
BRI R . .. . e e e e 100
SRHYV . e e 750

Measurements are made with a megohm bridge, or with a galva-
nometer and a d-c source of between 200 and 500 volts. The wire is
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immersed in water and the conductor made negative with respect to
the grounded container.

Some idea of the magnitude of the temperature effect on insulation
resistance is given by the correction factors of Table 1-10,  which are
specified to normalize the measurements to 15.5°C.

TABLE 1:10.—TEMPERATURE CORRECTION FacToRs
Coefficient of

Temperature, °C ingulation resistance
0 0.032
10 0.29
20 2.5
30 17.5
35 48.0

Dielectric Constant and Power Factor—For general-purpose hook-up
wire, no power-factor or dielectric-constant measurements are specified.
There is one type of wire classified in JAN-C-76 as SRRF for which
these characteristics are given. It is intended for radio-frequency appli-
cations at 1000 volts rms or less. The. dielectric constant measured at
1 Mc/sec and over a temperature range of 20° to 60°C is limited to a
maximum of 3.5. The power factor under the same conditions is limited
to a maximum of 0.05. These values are easily met by the use of poly-
ethylene insulation.

CABLES

The following sections will deal with the flexible coaxial transmission
lines used for carrying video and i-f signals, CRT sweep currents and
voltages, triggers, range marks, blanking pulses, and other signals that
are associated with receiver and indicator circuits. The frequencies
normally considered do not exceed 100 Mc/sec, and the voltages rarely
exceed 1000 volts, peak. Although the frequencies are considerably
lower than those required for r-f transmission and the voltages much
less than used in modulator pulse cables, special considerations of
impedance, capacitance, and shielding have led to the development of
cables that form a group apart from either of these types. For example,
present practice in r-f applications is limited to cables of 50 to 55 ohms
impedance. For i-f and video transmission it is highly desirable for
reasons of gain and bandwidth to use cables of at least 70 ohms imped-
ance, and preferably higher, and with capacitances lower than that
obtained in the 50-ohm lines. Cable capacitance is also important for
sweep currents and voltages, triggers, and other signals, and special
types of cable have been developed with capacitances of 10 to 14 puf/ft.
The problem of shielding between a mixer and i-f amplifier becomes
important because of the very high gain in both the i-f and video ampli-
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fiers and the consequent danger of pickup. Special cables with two
woven metal braids are often required.

Under the wartime guidance of the Army-Navy R.F. Cable Coordi-
nating Committee, development and standardization of cable types has

S
e

(a) ®) () (d) (e) (2] (@)
Fig. 1-3.—R-f cable: (a) RG-58/U; (b) RG-59/U; (¢) RG-5/U; (d) RG-8/U; (¢) RG-13/U;
(/) RG-12/U; () RG-9/U.

e

attained an excellence and simplicity to be found in few, if any, other
radio components. Much of the data in this section has been obtained
from publications credited to that group, directly or indirectly.?

The cables to be discussed consist of

1. A group of cables having characteristic impedance of 70 to 80
ohms, ranging in size from 0.242 to 0.475 in. over-all diameter,
with single and double shielding braids.

2. A group of low-capacitance cables, capacitance 10 to 13.5 uuf/ft,
impedance from 90 to 125 ohms, varying in size from 0.242 to
0.405 in., with single and double shielding braids.

3. A high-impedance cable having a characteristic impedance of
950 ohms, intended for video applications.

These cables are listed and their characteristics summarized in Table
1-11. A number of standard cables are illustrated in Fig. 1-3.

1.6. The Conductor. Stranded Copper.—Stranded tinned copper
wire is used for cable types RG-11/U and its modifications, RG-12/U
and RG-13/U. Seven strands of No. 26 AWG with a nominal strand

! Joint Army-Navy Specification JAN-C-17A, July 25, 1946, Cables, Coaxial and
Twin-Conductor, for Radio Frequency. (Army No. 71-4920A; Navy No. 16C8ec.)
See also the Standard Componenis List of the Army-Navy Electronics Standards
Agency, Red Bank, N. J.




TaABLE 1-11.—ARMY-NAVY STANDARD LisT OF R-F CABLES

Nomi- Max.
. nal . Nomi-| Nomi- )
Army- Dielec- diam- Nomi- nal nal | °PeT-
Class of Navy Inner tric ter of Shielding Protective nal |(Weight,, imped-leapaci- ating R ke
cables type conductor mate- | oo © braid covering OD, | lbs/ft. pe PACLolt- emar
number rHal* dlel.ec- in. ance, | tance, age.
tric, ohmse |uuf/ft.
. rms
.
50-55 ohms
Single braid RG-58/U | 20 AWG cop- A 0.116| Tinned copper Vinyl 0.195( 0.025 | 53.5 | 28.5 1900| General-purpose small-
per size flexible cable
RG-8/U |7/21 AWG A | o0.285 Copper Vinyl 0.405| 0.106 | 52.0 | 29.5 4000| General-purpose me-
copper dium-size flexible ca-
ble
RG-10/U (7/21 AWG A 0.285| Copper Vinyl (noncontam- [(Max.)| 0.146 | 52.0 | 29.5 4000| Same as RG-8/U ar-
copper inating) and ar- | 0.475 mored for Naval
mor equipment
RG-17/U | 0. 188 copper A 0.680| Copper Vinyl (noncontam- | 0.870| 0.460 | 52.0 | 27.5 |11,000| Large high-power low-
inating) attenuation trans-
mission cable
RG-18/U | 0.188 copper A 0.680| Copper Vinyl (noncontam-{(Max.)| 0.585 | 52.0 | 29.5 (11,000| Same as RG-17/U
inating) and armor| 0.945 except armored for
Naval equipment
RG-19/U | 0.250 copper A 0.910( Copper Vinyl (noncontam-| 1.120| 0.740 | 52.0 | 29.5 [14,000| Very large high-power
inating) low-attenuation
transmission cable
RG-20/U | 0.250 copper A 0.910! Copper Vinyl (noncontam- |(Max.}| 0.925 | 52.0 | 29.5 (14,000) Same as RG-19/U
inating)andarmor| 1.195 except armored for
Naval equipment
Double braid RG-55/U | 20 AWG cop- A 0.116 Tinned copper Polyethylene (Max.)| 0.034 | 53.5 | 28.5 1900| Small-size flexible eca-
per 0.206 ble
RG-5/U |16 AWG cop-| A 0.185| Copper Vinyl 0.332| 0.087 | 53.5 | 28.5 2000 Small microwave cable
per
RG-9/U |7/21 AWG A 0.280( Inner, silver-coat- | Vinyl (noncontam-| 0.420| 0.150 | 51.0 | 30.0 4000{ Medium-size, low-level
silvered cop- ed copper; outer, | inating) circuit cable
per copper
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Nomi-
. . | Max.
. nal . Nomi-| Nomi-
Army- Dielec-| diam- Nomi-| nal nal | °PT-
Class of Navy Inner tric eter of Shielding Protective nal |[Weight,| imped-|capaci- ating Remarks
cables type conductor | mate- di braid covering OD, | 1bs/ft. pe P volt-
number rial* lel-ec- in. snce, | tance,| age,
tric, ohms |upf/ft.
in. rma
RG-14/U | 10 AWG cop- A 0.370| Copper Vinyl (noncontam-| 0.545 0.216 | 52.0 | 29.5 5500| General-purpose semi-
per inating) flexible power trans-
misgion cable
RG-74/U |10 AWG cop-| A 0.370} Copper Vinyl (noncontam-| 0.615) 0.310 | 52.0 | 29.5 | 5500/ Same as RG-14/U
per inating) andarmor| except armored for
Navsl equipment
70-80 ohms
Bingle braid RG-59/U | 22 AWG cop- A 0.146| Copper Vinyl 0.242| 0.032 | 73.0 | 21.0 2300] General-purpose small
perweld size video cable
RG-11/U | 7/26 AWG A 0.285| Copper Vinyl 0.405( 0.096 | 75.0 | 20.5 4000 Medium-size flexible
tinned cop- video and communi-
per cation cable
RG-12/U | 7/26 AWG A 0.285| Copper Vinyl (noncontam-| 0.475| 0.141 | 75.0 | 20.5 4000| Same as RG-11/U
tinned cop- inating) and ar- except armored for
per mor Naval equipment
Double braid RG-6/U |21 AWG cop- A 0.185| Inner, silver-coat- | Vinyl (noncontam-| 0.332( 0.082 | 76.0 | 20.0 2700! Small-size video and
perweld ed copper; outer; | inating) i-f cable
copper
RG-13/U (7/26 AWG A 0.280| Copper Vinyl 0.420} 0.126 | 74.0 | 20.5 4000| I-f cable
tinned cop-
per
Cables of special characteristica
Twin conductor| RG-22/U | 2 Cond. 7. §18| A 0.285| Single; tinned cop- | Vinyl 0.405| 0.107 | 95.0 | 16.0 1000| Small-size twin-con-
AWG copper per ductor cable
RG-57/U [ 2 Cond. 7/21 A 0.472{ Single; tinned cop- | Vinyl 0.625| 0.225 | 95.0 | 16.0 3000; Large-size twin-con-
AWG eop- per Juctor cabie
perweld
Hiah attanus. | RG-21/17 116 AWG re-| A _ | 0.185| Inner. silver-coat- ) Vinyl (noncontam-
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High attenua- | RG-21/U | 16 AWG re- 0.185| Inner, silver-coat- | Vinyl (noncontam-| 0.332| 0.087 | 53.0 | 29.0 2700} Special attenuating ca-
tion siatance wire ed copper, outer, | inating) ble with small tem-
copper perature coefficient of
attenuation
High 1mpedance)| RG-65/U | No. 32 For- 0.285| Single; copper Vinyl 0.405) 0.096 | 950 44.0 1000| High-impedance video
mex F. helix cable; see Sec. 1-12.
diam, 0.128
in.
Low capacitance; | RG-62/U | 22 AWG cop- 0.146| Copper Vinyl 0.242( 0.0382| 93.0 | 13.5 750| Small-size low-capaei-
Single braid perweld Max. tance air-spaced ca-
14.5 ble
RG-63/U | 22 AWG cop- 0.285| Copper Vinyl 0.405( 0.0832] 125 10.0 1000| Medium-size low-ca-
perweld Max. pacitance air-spaced
11.0 cable
Double braid RG-71/U | 22 AWG cop- 0.146| Inner, plain cop- | Polyethylene 0.250{ 0.0457 93.0 | 13.5 750{ Small-size low-capaci-
# perweld per; outer, tinned (Max.) Max. tance air-spaced ca-
I copper 14.5 ble for i-f purposes
Pulsc applications;] RG-26/U | 19/0.0117 tin- 40.308| Tinned copper Synthetic rubber |[(Max.)| 0.189 | 48.0 | 50.0 8000 Medium-gize pulse ca-
Single braid ned copper and armor 0.525 (peak)| blearmored for Naval
equipment
RG-27/U | 19/0.0185 tin- 10.455{ Single, tinned cop- | Vinyl and armor [(Max.)| 0.304 | 48.0 | 50.0 [15,000| Large-size pulse cable
ned copper per 0.675 (peak)| armored for Naval
equipment
5‘ Double braid RG-64/U | 19/0.0117 tin- 10.308| Tinned copper Neoprene 0.495| 0.205 | 48.0 | 50.0 8000| Medium-size pulse ca-
ned copper (peak)| ble
RG-25/U | 19/0.0117 tin- 10.308| Tinned copper Neoprene 0.565| 0.205 | 48.0 | 50.0 8000| Special twisting pulse
ned copper (peak)| cable for Naval
equipment
‘ RG-28/U | 19/0.0185 tin- 10.455| Inner, tinned cop- | Synthetic rubber | 0.805| 0.870 | 48.0 | 50.0 |15,000| Large-size pulse cable
J ned copper per; outer, gal- (peak)
“% vanized steel
‘ Twisting applica- | RG-41/U | 16/30 AWG 0.250| Tinned copper Neoprene 0.425 0.150 | 67.5 | 27.0 3000, Special twist cable
tion tinned cop-
Single braid per
* Dielectric Materials
A Stabilized Polyethylene
C Bynthetic rubber compound
D Layer of synthetic rubber dielectric b thin layers of conducting rubber.
t This value is the diameter over the outer layer of conducting rubber.
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20 WIRES AND CABLES [SEc. 1-6

diameter of 0.0159 in. make up a No. 18 AWG conductor, further details
of which are given in Table 1-11.

Copperweld.—In order to obtain cables of smaller size but with the
same or higher impedance than the above, the size of the center con-
ductor must be reduced in accordance with the following expressions for
impedance and capacitance per unit length of a coaxial line:

Zy = &% loglo 2 Oth,
. b
and
—12 ’
C = 2_4)(_10ae farads per meter,
logm 7)

where ¢ = dielectric constant of insulation,

a = diameter of outer conductor,

b = diameter of inner conductor.
This reduction is accomplished by the use of a center conductor that is a
copper-covered steel wire fabricated by a process that welds the copper
continuously to the steel core. This results in a composite conductor
having the high tensile strength of the steel core and the good con-
ductivity of its copper sheath. Data for 30 per cent conductivity grade
solid copperweld wire of the sizes used in cable designs are given in
Table 1-12. These data apply to the grade specified in JAN-C-17 which
has the following characteristics:

Grade............... high strength, 30 per cent conductivity.
Tensile strength....... not less than 127,000 lb/in2
Elongation........... not less than 1 per cent in 10 in.

Maximum resistivity.. 39.18 ohms per circular mil-ft (20°C).
Diameter tolerance.... +0.5 mils for diameters from 0.020 to 0.035 in.

+1.0 mil for diameters from 0.035 to 0.060 in.

TaBLE 1-12.—Sorip CorPERWELD WiIRE (30 Per CeEnt ConNpuUcTIVITY) DATA

Size, | Diameter, Cir mils Area. in.2 Weight, Resistance, Tensile
AWG in. P 1b/1000 ft [ohms/1000ft| strength, 1b
16 0.0508 2583 0.002028 7.167 13.65 270
17 0.0453 2048 0.001609 5.684 17.22 205
18 0.0403 1624 0.001276 4.507 21.71 170
19 0.0359 1288 0.001012 3.575 27.37 135
20 0.0320 1022 0.0008023 2.835 34.52 110
21 0.0285 810.1 0.0006363 2.248 43.52 81.1
22 0.0253 642.5 0.0005046 1.783 54 .88 64.3
23 0.0226 509.5 0.0004001 1.414 69.21 51.0
24 0.0201 404.0 0.0003173 1.121 87.27 40.4
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The small-size 75-ohm cables, RG-59/U and RG-6/U, have a center
conductor of No. 22 AWG and No. 21 AWG, respectively. The low-
capacitance cables, RG-63/U, RG-62/U, and RG-71/U have a center
conductor of No. 22 AWG.

Wound-center Conductor.—In order to match the load impedance of
video amplifiers, a special high-impedance cable has been designed with
a characteristic Z, of 950 ohms. Such a cable offers considerable advan-
tage where the length of run is not so great that the attenuation, which

F . S
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(a) ®) ©)
Fia. 1-4—Low-capacitance r-f cable: (a¢) RG-62/U; (b) RG-71/U; (¢) RG-63/U.

is considerably higher than for conventional cables, does not cancel the
gains to be derived from matching to high load resistance. The RG-65/U
cable is further described in Sec. 1-12.

Resistance Wire.—A few types of cables have been designed to have
high losses, for use as attenuating or terminating devices. These losses
may be introduced by using a high-resistance metal for the center con-
ductor, as in RG-21/U cable, which has a center conductor of No. 16AWG
Nichrome or similar alioy. Three types of high-attenuation cable are
shown in Fig. 17. (The high losses of the RG-38/U are due to the use of
a lossy rubber dielectric, not to a high-resistance center conductor.)

1.7. The Primary Insulation. Solid Dieleciric—The dielectric for
all the cables treated in Secs. 1-6 through 1-11 is polyethylene, charac-
teristics for which are given in Sec. 1-2. Polyethylene is, to date, by
far the best available material from the standpoint of “high-frequency
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losses, flexibility, and temperature stability. In cable construction, it is
extruded around the center conductor and is substantially free from
voids or other imperfections. In general, it is required that the center
conductor, after the extrusion process, should not be off center by more
than 10 per cent of the core radius and that the diameter of the dielectric
should not vary from a stated nominal value by more than +3.5 per
cent or +0.015 in., whichever is smaller.
Air-spaced Dielectric.—For the low-capacitance
Conductor  egbles RG-63/U, RG-62/U, and RG-71/U (see Fig.
Wrap 1-4) the core is constructed by wrapping the con-
ductor with a polyethylene thread widely spaced
between turns and covering this with an extruded
tube of solid polyethylene as shown in Fig. 1-5.
The effect of this wrap is to include a substantial
A 5&@%’ amount of air in the space close to the conductor,
"'ﬁ,ﬁf’ thus lowering the effective capacitance of the cable.
vinyl jacket The reduction in capacitance can be seen by com-
paring two cables having identical physical dimen-
sions; the solid dielectric RG-59/U and the semisolid
) air-spaced dielectric RG-62/U. The figures are 21.0
FIGRC:-227§9::L‘;: of upf/ft and 13.5 uuf/ft, respectively.

1.8. The Metal Braid. Single Braid.—The
outer conductor is a woven metal braid, usually of plain or tinned No.
33 or 34 AWG copper wire. The mechanical requirements are that it
ride tightly, evenly, and smoothly without piling on the surface of the
dielectric material and without imbedding itself within the dielectric.
Types RG-11/U, RG-12/U, RG-59/U, RG-63/U, RG-62/U, and RG-
65/U are single-braid cables.

Double Braid.—For i-f applications, a single braid is insufficient to
prevent pickup at the frequencies and signal levels usually used. For
such use, double-shielded cables (such as RG-13/U, RG-6/U, and
RG-71/U,) are required. The braid may be a double copper braid
(RG-13/U), a silver-coated copper inner braid under a plain copper
outer braid (RG-6/U) or double tinned copper braid (RG-71/U). There
is some preference for a tinned-copper outer braid rather than a plain
copper outer braid because it is less subject to corrosion and less difficult
to handle in soldering. The argument for silver-coated inner braid is
that it seems to have greater stability for high-frequency use. The data
on braids and shielding is not yet complete enough for the formulation
of conclusive recommendations.

1-9. The Outer Covering.—For mechanical protection and sealing
against the entrance of moisture, the outer braid is covered with a tough,
flexible jacket of polyvinyl chloride or polyethylene. For particularly

Polyethylene
extrusion

Copper braia
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severe usage, the jacket may then be covered with a metal armor, as in
the RG-12/U cable.

The Jacket.—Plasticized polyvinyl chloride or plasticized vinyl
chloride-vinyl acetate copolymers have excellent characteristics for
jacketing purposes. Their resistance to abrasion, flexibility at low tem-
perature, resistance to ozone, sunlight, and oil and other chemicals are
all sufficiently good to make such materials the most satisfactory avail-
able at present. It has been found, however, that a special plasticizer
must be used to prevent contamination of the polyethylene dielectric
with aging and use, particularly at elevated temperatures. This con-
tamination or ‘poisoning’’ results in increased cable losses which may
seriously affect the performance of the over-all system at microwave
frequencies if long cables are part of the interconnections. The JAN
specifications call for such a noncontaminating jacket on types RG-6/U
and RG-12/U. It is interesting to note that the contamination test
consists of heating the cable for seven days at 98°C, after which the
attenuation at 3000 Mc/sec is to be not greater than 2 db/100 ft more
than the initial value. The standard vinyl jacket is referred to in this
specification as T'ype I, the noncontaminating type as Type II.

Where minimum size is a consideration, it is sometimes desirable to
use & thin extruded sheath of polyethylene as a protective jacket. Poly-
ethylene has physical properties as good or better than the vinyl polymers
but it is not as good with respect to flammability or oil resistance. For
internal wiring or interconnections between chassis in a protected equip-
ment, polyethylene jackets may be the material of best choice. Such a
jacket is used in RG-71/U.

Metal Armor.—A metal armor may be used over the plastic jacket
where particularly severe military conditions are to be met. The Navy
specifies such armor for many of its shipboard equipment installations,
calling for a braided metal armor of galvanized steel wire, painted with
aluminum paint.

1-10. Physical Properties of the Finished Cable. High Tempera-
ture.—Polyethylene and vinyl polymers have definite limitations at high
temperatures, particularly if at the same time there is heavy mechanical
loading due to flexing or to the weight of long lengths of cable. Dis-
placement of the center conductor may take place under such conditions
if the conductor temperature is much above 85°C, the normal safe maxi-
mum operating temperature for a conductor in a polyethylene dielectric.

The flow characteristic is specified for various cables by giving the
value of a weight to be hung at the ends of the center conductor of a
cable suspended over a mandrel 10 times the cable diameter. After
74 hr at 98°C it is required that the center conductor shall not be dis-
placed by more than 15 per cent of the diameter of the dielectric.
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If elevated temperatures are sustained, heat-aging changes may take
place in both the dielectric and the jacket, rendering the plastics brittle
and subject to cracking when flexed. A heat-aging test is specified
which calls for subjecting the cable to seven days operation at 98°C
after which the cable is wound and unwound ten times over a mandrel
ten times the cable diameter. After such a test the dielectric material
and the outer protective covering are expected to be free from signs of
cracking or loss of pliability.

Low Temperature.—At very low temperatures the materials in the
dielectric and covering may become brittle and subject to cracking when
flexed. There has been considerable progress in improving the low-
temperature pliability of these materials and, at present, they can be
used at —40°C with no special precautions. A cold bending test is
specified which calls for cooling to —40°C and immediately bending the
cable 180° around a mandrel of a diameter ten times the cable diameter.
After this test, the dielectric and outer covering are expected to show
no signs of cracks or fractures.

Moisture and Solvents.—Polyethylene and vinyl compounds are
practically immune to moisture if suitable plasticizers are used in their
formulation. The vinyl jacket has excellent chemical resistance to
gasoline or oil; the resistance of the polyethylene is only fair. A test is
specified which calls for immersion of the cable, except for the exposed
ends, in 100-octane aviation-type gasoline for 4 hr at room temperature.
At the end of this time, it is expected that there will be no evidence of
liquid penetration through the jacket.

1-11. Electrical Properties of the Finished Cable. Impedance and
Capacitance.—The properties of particular interest in the choice and use
of cables for video and i-f applications are impedance, capacitance, and
attenuation. For example, in 30-Mec/sec i-f links between the crystal
mixer and the i-f amplifier, low capacitance and high impedance are
desirable even though the line may be only 6 to 12 in. long. " Ideally,
the impedance should approach 300 ohms, the order of magnitude of the
mixer output impedance, but because no such cables are at present
available it is customary to use 73-ochm or 93-ohm types. Capacitance
of i-f cable is a major problem in broadband i-f circuits where the input
circuit must have a bandwidth of 12 to 15 Mc/sec if the over-all band-
width is to be 6 to 8 Mc/sec. It has been found that even very short
lengths of i-f cable present complications in these circuits because they
cannot be treated as lumped constants. Trial-and-error adjustments of
the input circuit are required for optimum performance.

The length of the cable was not critical for the older type of i-f cir-
cuit, in which the mixer was followed by a preamplifier and the i-f
amplifier was almost always at some considerable distance from the pre-
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amplifier, because an untuned input circuit was used. It was customary
simply to use a 73-ohm input terminating resistor. For this type of
installation, lines of higher impedance which were not then available
would have resulted in better over-all gain and bandwidth by permitting
a larger shunt resistor at the input circuit, thus increasing the available
voltage. RG-71/U cable with an impedance of 93 ohms and a capaci-
tance of 13.5 upf/ft, double shielded, is one of the two cablés particularly
applicable to i-f uses. The other is RG-6/U with an impedance of 76
ohms and a capacitance of 20 uuf/ft, also double shielded.

In the transmission of video signals, cathode-ray-tube sweep currents
and voltages, triggers, blanking pulses, and other signals associated with
; receiver and indication circuits, cable capacitance is advantageously kept
| to a minimum since lengths of cable up to several hundred feet are fre-
quently required. Air-spaced dielectric cables such as RG-63/U and
RG-62/U are most often used. The first has a capacitance of 10 uuf
per foot, and an impedance of 125 ohms; the second, a capacitance of
13.5 upf per foot, and an impedance of 93 ohms. A special type of
high-impedance cable for video use utilizes a wound center conductor, as
has been mentioned in Sec. 1'6. Complete information on this cable,
type RG-65/U, is given in Sec. 1-12.

Attenuation.—The attenuation of polyethylene cables at video and i-f
frequencies is fairly low. None of the cables discussed here, with the
exception of RG-65/U, has an attenuation greater than 2 to 4 db/100 ft

TABLE 1-13.—ATTENUATION AND VOLTAGE CHARACTERISTICS OF R-F CABLES

Attenuati

db?lu(;‘) lf(;n’ Rms voltages, kv

Cable type
At 10 Mec/sec | At 100 Mc/sec | Operating, max Test

RG-11/U 0.5* 2.1 4.0 10
RG-12/U
RG-13/U
RG-59/U 1.0 3.8 2.3 7
RG-6/U 0.7* 2.8 2.7 7
RG-62/U
RG-71/U 1.0 3.1 0.75 3
RG-63/U 0.6 2.0 1.0 3
RG-65/U 21.5 R 1.0 3

* Estimated,
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at 100 Mc/sec. Comparative figures are given in Table 1:13 for attenua-
tion in db per 100 ft at 10 and 100 Mc/sec. More extensive data for all
the standard r-f cables are given in Fig. 1-6. Figure 1-7 is a photograph
of three high-attenuation r-f cables.

Dielectric Strength.—The voltage ratings of the cables discussed pre-
viously are well above the maximum values generally required. CRT
deflection voltages are perhaps the only case where the dielectric is
subjected to an appreciable fraction of its rated voltage. The medium
size 75-ohm cables are rated at 4000 volts, rms; the small size RG-59/U
and RG-6/U at 2300 and 2700 volts, rms; the semisolid low-capacitance
cables at 750 or 1000 volts, rms. A dielectric strength test is specified
in which an a-c voltage (sine form, 15 to 65 cps) is applied to the cable for
60 sec.

1-12. High-impedance Cable.! —High-impedance cables may be used
for the transmission of video signals over distances of approximately 1
to 100 ft.

Present-type video amplifiers are built with load impedances of about
1000 ohms. Ordinary coaxial cables have impedances of 50 to 100 ohms
and capacitances of 10 to 30 puf/ft. They may be matched to cor-
respondingly low load resistances, or they may be treated as lumped load
capacitances. In either case the cable load lowers the peak voltage
output and gain available from a given tube.

To avoid these Josses cables with much higher surge impedance have
been developed. Their design is derived from that used for delay lines
of the distributed-parameter type, but their dimensions are chosen so as
to yield a high impedance with the least possible signal delay and attenua-
tion per unit length. The less the signal delay in the cable, the more
accurate will be the isochronism of the separate units and the less will
be the spacing of spurious echoes from improper terminations.

Electrical Characteristics.—In any line the surge impedance Z is

7=t W

@

and

N
It
aly

where
L is the inductance per unit length,
C is the capacitance per unit length,
T is the delay per unit length.

! The material given in this section has been published by the author; H. E. Kall-
mann, ‘‘ High-Impedance Cable,” Proc. IRE, 34, 348-351 (June 1946).
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In order to make the impedance Z high and the delay 7' low, the induc-
tance L should be made large and the capacitance C kept small. In
high-impedance cable, inductance is increased by replacing the straight
inner conductor of the ordinary
coaxial cable by a close-wound con-
tinuous coil of insulated wire, and

_;_al capacitance is kept low by using

777 wide spacing between the inner

W and outer conductor and by using

Fia. 1-8.—FEssential dimensions of high- a low-dielectric constant material
impedance cable.
as spacer.

The approximate computation of the inductance, capacitance, imped-
ance, and delay of a high-impedance cable may be carried out as follows.
Referring to Fig. 1-8, the inductance L of a continuously wound single-
layer coil will be

L = 10 x2p%2 henries per meter. (3)
The capacitance C of a concentric cable will be

—12
C = 2 X 107% farads per meter. (4)
log;o (%)

From Egs. (1), (3) and (4) Eq. (5) for the impedance Z follows:

— 112,272 g
. \/10 Lr2n2d? loge (b) _ and 1 o -
= 20X 100% /324k VBB
From Eqgs. (2), (3), and (4), Eq. (6) for the time delay T follows:
—23,-2,, 372 —5 2 4k
708 [PEX10Hrnidk _ 107 7dn 2.4k usec.  (6)

loguo (%) ) \/IOg“’ (%>

With negligible error, the surface of the coiled inner conductor is assumed
to be a cylinder of diameter b. Then

b=d+w )

and the core diameter is
c=d - w. (8)

The design of a cable starts with the choice of the largest practicable
outer diameter, for it follows from Egs. (5) and (6) that the impedance
Z rises and the delay T decreases as the outer diameter a is increased.
The cable may have an outer diameter as large as 0.405 in. and still fit a
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$-in. connector. Allowing for a protecting jacket and the thickness of
the outer conductor, the following example is computed for a diameter
a = 0.78 cm (0.308 in.) and for a solid dielectric spacer of polyethylene
with dielectric constant k¥ = 2.25. Both the impedance and the delay
could be improved by 1/+/% if the effective dielectric constant were
reduced, for example by insertion of a helical spacer.

The impedance and the delay, as computed from Eqs. (5) and (6)
for a = 0.78 em (0.308 in.) and k = 2.25, are plotted in Fig. 1-9 and
Fig. 1-10 as functions of the core diameter c. Three curves are presented
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impedance Z in ohms
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F16. 1-9.—Cable impedance vs. core diameter.
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ineach case. They are computed for coiled inner conductors close-wound
with three different wire gauges.

1. Formex copper wire AWG No. 30F, with w = 0.0108 in.
2. Formex copper wire AWG No. 31F, with w = 0.0099 in.
3. Formex copper wire AWG No. 32F, with w = 0.0089 in.

Figure 1-9 shows that in all cases the impedance Z goes through a
maximum, rising at first linearly with d = ¢ + 2w in the numerator of
Eq. (5), and then eventually falling with v/logy, [a/(c + 2w)]. As can
be seen the maximum is reached in each case at approximately the same
value of the core diameter c. If the thickness of the wire w is negligible
in comparison with the coil diameter d, so that d = b, then it can be
shown that the maximum impedance is always reached for
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g = Ve = 1.65;

thus for ¢ = 0.78 cm the highest impedance is obtained with
d = 0.475 cm and ¢ = 0.45 cm.

Judging from Fig. 1-9 a value of ¢ at or near 0.45 em would be the
preferred choice for this yields maximum impedance and in addition
maintains the impedance unchanged with large variations of the core
diameter. The following factors, however, are opposed to this choice.
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F1G. 1:10.—Delay vs. core diameter.

_10bwnd V3R

Tn sec/moter = ————————————
lo (_“,)
&10 ¢+ 2w

1. As shown in Fig. 1:10 the delay per unit length of cable rises
rapidly with the diameter of the core due both to the increased
coil diameter (increased inductance) and to the closer spacing of
the conductors (increased capacitance). Furthermore, the larger
the delay, the larger will be the spacing of echoes due to improper

terminations.
2. The transmission loss A due to the ohmic resistance R in the coil
is given by
1.35R
A= 7 9)

and A rises with the length of the wire which is proportional to
the core diameter.
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3. Parts of the magnetic field around the coiled inner conductor will
cause eddy current losses in the closed turn of the outer conductor
unless the outer conductor is either far enough away or braided of
separately insulated wires.

A suitable compromise value for the core diameter is ¢ = 0.28 cm
(0.110 in.), (indicated in Figs. 1-9 and 1-10). This choice of ¢ yields an
impedance that is only 89 per cent of the maximum value, but it reduces
the corresponding delay to 49 per cent of the value that is obtained for
¢ = 0.45 em and it reduces the coil resistance to 65 per cent. The outer
conductor has a diameter 2.8 times that of the coil which is sufficiently
large so that eddy current losses are small.

It may be noted that the core diameter ¢ so determined depends only
on the outer diameter a and its choice is not affected, for example, if
another impedance is specified. Figure 1-9 shows that in such cases
choice of a different wire gauge, wound on the same core diameter is the
only change required. The impedance Z rises by over 10 per cent each
time the wire gauge is made one AWG number finer; the delay rises in the
same proportion but the transmission loss A rises by about 20 per cent.

A cable based on this design is manufactured! as the type RG-65/U,
(see Fig. 1-11). Its specifications are:

Core; polyethylene 0.110 + 0.010 in. in diameter.
Inner conductor; close-wound helix of AWG No. 32 copper wire.
Spacer; solid polyethylene extruded to 0.285 + 0.010 in. in diameter.

Fia. 1-11.—RG-65/U high-impedance cable.

Outer conductor; single-braid, plain copper wire No. 33 AWG, max.
diameter 0.340 in.
Jacket; polyvinyl to overall diameter 0.405 + 0.010 in.
Surge impedance; Z = 950 + 50 ohms.
D-c resistance; 7.0 ohms/ft.
Capacitance; 42 ppf/ft.
Delay; 0.042 usec/ft at 5 Me/sec.
Maximum operating voltage; 3000 volts rms.
Attenuation; 5.5 db/100 ft at 1 Mc/sec.
10.2 db/100 ft at 3 Mc/sec.
14 db/100 ft at 5 Mec/sec.
21.5 db/100 ft at 10 Mc/sec.
40 db/100 ft at 30 Mc/sec.

i By the Federal Telegraph and Radio Corp., in Newark, N. J.
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The decrease in time delay with increasing frequency is small. The
delay measured on a preproduction sample of about 1200 ohms impedance
was found to drop steadily about 0.032 per cent per Mc/sec so that at
20 Mc/sec it had fallen to 99.35 per cent of that for the lowest frequencies.

Through choice of a/b < /¢, the cable RG-65/U is deliberately
designed for low signal delay per unit length. It is not meant to be used
as a delay line. However, cables of similar construction but with
a/b > +/e have been designed for use as delay lines in special applications
(Chap. 6).

Terminating the Inner Conductor—In order to attach connectors
reliably to the inner conductor of high-impedance cables, the following
procedure is suggested:

1. Cut back the jacket and push back braid, then remove dielectric
spacer to clear § in. of the coiled inner conductor.

2. Unwind % in. of the coil, cut free wire down to 1 in., remove For-
mex insulation with emery cloth, and tin wire.

3. With a pair of pliers squeeze the exposed stub of the polyethvlene
core to about one-half of its original thickness.

4. Punch a hole at least 4% in. wide with a needle (scriber) through
the middle of the flattened portion.

5. Bend one end of 2-in. tinned copper wire (No. 20 to No. 22 AWG)
to U shape around ¢ in. diameter and hook through the hole.

6. Wrap the tinned end of inner conductor two or three times around
the short end of the hook, and solder.

7. With the heat of soldering the flattened end of the polyethylene
core will melt and form a drop around the U-shaped wire hook.
Hold the latter in place until the drop has hardened.

This procedure has proved both simple and reliable. The free end of
the wire hook can be inserted into any of the usual connectors and
soldered to them. The tensile strength of the hook-and-polyethylene
weld is considerable and strain on the coiled conductor is taken up by a
harmless elongation of the helix. The method is illustrated in Fig. 1-12.

F1a. 1:12.—Method of terminating inner conductor.
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CHAPTER 2
FIXED COMPOSITION RESISTORS
By G. EHRENFRIED

The various types of fixed resistors form the subject matter of the
next two chapters. Chapter 2 is devoted entirely to general-purpose
fixed composition resistors which conform or nearly conform to the specifi-
cations of JAN-R-11. Chapter 3 discusses various types of standard or
near-standard fixed wire-wound resistors and also a number of special
types of resistors, both wire-wound and otherwise. As in most of the
chapters of this volume, special emphasis is given to types conforming
to ANESA specifications because of the concern of the Radiation Labora-
tory with military equipment.

2-1. The Choice of a Resistor.—Resistors are among the components
most widely used in electronic circuits and may be classified into two
main categories: composition resistors and wire-wound resistors. If the
requirements are not such as to demand one or the other type, composi-
tion resistors are usually employed because of their cheapness and com-
pactness. For more stringent requirements the choice is usually based
upon one or more of the following factors.

Size.—A composition resistor for a certain job is often much smaller
than a wire-wound resistor for the same job. This difference is most
marked in high resistance values and in low dissipation ratings because
the thinnest wire that can be used to make a reasonably rugged wire-
wound resistor still has such low resistance per foot that a large amount
of it must be used.

High-frequency Properties.—Composition resistors of low wattage
ratings and medium resistance values can be considered as having
practically pure resistances well up into the megacycle region. At high
frequencies a small wire-wound resistor has a reactance that is of the
same order of magnitude as the resistance itself.

Stability.—The chief disadvantage of composition resistors is their
tendency to change in resistance when subjected to changing conditions.
They do not, in general, return to their initial values after cycles of
change. This lack of stability is a fatal disadvantage in many applica-
tions in which resistors are used in accurate measuring circuits.

Notse.—A composition resistor generates a considerable noise when a
current flows through it; a wire-wound resistor, however, does not. This
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difference makes inadvisable the use of composition resistors in low-level
circuit applications.

Power-dissipating Ability.—Composition resistors are seldom used
for dissipations of more than 2 watts, and are practically never used for
dissipations of over 5 watts. Wire-wound resistors are available with
dissipation ratings up to 200 watts per unit. Wire-wound resistors are
usually capable of operating at higher temperatures than composition
resistors—up to several hundred degrees centigrade in many cases.

Accuracy.—Because of their instability few composition resistors are
furnished in tolerances closer than 5 per cent. Wire-wound resistors are
regularly stocked in tolerances down to i per cent, and may be obtained
down to 0.05 per cent on special order. Wire-wound resistors, unlike
composition resistors, may also be obtained in constructions that have
little change of resistance with changing temperature or other conditions.

To sum up, wire-wound resistors are usually demanded by applica-
tions with rigid stability or accuracy requirements, or if powers of over
a few watts must be dissipated. Composition resistors are usually used
for less critical applications; if high frequencies, high resistance values,
or a crowded chassis are involved, their advantages are marked.

2-2. Standards and Specifications; Coding and Labeling.—Until
recently, the choice of resistors for specific applications was made difficult
by differences between the ways in which manufacturers described their
products and differences between the types of tests they used on them.
The problem is considerably simplified now by the existence of standards
that have been agreed upon by representatives of most resistor manu-
facturers and many users.

Two closely related sets of standards on fixed composition resistors
have been in recent use by the electronic industry. The first is American
War Standard C75.7-1943, approved Oct. 8, 1943, and issued by the
American Standards Association, 70 E. 45th Street, New York City.
Copies can be obtained from this organization for 60 cents apiece. The
other is specification JAN-R-11, issued on May 31, 1944, by the Army-
Navy Electronics Standards Agency, 12 Broad Street, Red Bank, N. J.
This specification was issued mainly for use by those who make equip-
ment for the armed services. It is derived from the American War
Standard and is similar to it in most respects.

The differences between JAN-R-11 and AWS C75.7-1943 will be
noted in appropriate places in this chapter. Attention should be called
to two other documents connected with these standards. American War
Standard C75.17-1944 entitled “Method of Noise-Testing Fixed Com-
position Resistors” is a description of the method of carrying out one of
the tests prescribed in the AWS C75.7-1943 standard. This desecription
was separated from the general resistor standard because it is fairly long

e
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and is of interest mainly to those who make the test and not to those
who use the resistors. Another document of interest is the proposed
Amendment No. 1 to JAN-R-11. This amendment, if approved, will
make two major changes in the specification and a number of minor
changes.! The major changes are: addition of a new-style insulated
resistor, RC-42, a two-watt style much smaller than those previously
listed; and addition of a new characteristic symbol, G, covering insulated
resistors that can be used at higher ambient temperatures than those of
characteristics A, B, C, and D. Details on these changes will be given
in appropriate places.

The AWS and JAN standards described here are not intended to
cover all varieties of fixed composition resistors. Many special-purpose
resistors are not included in their scope—for example, high-resistance
power resistors consisting of a spiral band of carbon composition deposited
on the outside of a ceramic tube. Even in cases like this where dimen-
sions and structure depart from those of the standards, it is the custom
to use the test procedures given in the standards wherever applicable as
criteria by which to judge the quality of a resistor.

For further details the reader is referred to JAN-R-11 and to the
other standards and specifications cited above. It should be noted that
these works do not specify the high-frequency properties of resistors.

Standards Descriptive Code.—By specifying resistors according to the
descriptive code included in the JAN standards a user can obtain from
different manufacturers resistors that are for most purpose interchange-
able with each other. This code consists of symbols using five letters
and five numbers, which completely identify a resistor as to the following
properties: dimensions, wattage rating at room temperature, presence or
absence of insulating case, humidity and salt-water resistance, variation
of resistance with temperature, resistance value, resistance tolerance.
The type designation of a particular resistor breaks down as follows:

RC10 AE 153 M

Component Style Characteristic Value Tolerance

Component: Fixed composition resistors are identified by the symbol
(13 RC.)Y

Style: The first two numbers identify the power rating, shape, and
size as given in Table 2:1 and Fig. 2-1.

Characteristic: The next two letters identify the resistor as to its
insulation, as to its resistance to humidity and salt-water-immersion

! At the time of writing it seems likely that this amendment will be changed some-
what before it is approved and issued.
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TaBLE 2:1.——JAN CoOMPOSITION-RESISTOR DIMENSIONS
Except as noted, all types have 1} + }in. leads and are made in resistance values from
10 ohms to 20 megohms :

Maximum Maximum | Minimum
Fig. over-all over-all lead Minimum
Type Watts 21, length. in diameter, | spacing, lead
sketch B, am. in. in. diameter, in.
A B C

RC-10 3 a 0.406 0.170 | ..... 0.028 (#21 AWQG)
RC-15* 3 b 0.350 0.120 | ..... 0.016 (#26)
RC-16 3 b 0.655 0.248 0.376 | 0.028 (#21)
RC-20 3 a 0.468 0.249 | ..... 0.028

RC-21 ) a 0.655 0.249 | ... 0.028

RC-25 3 b 0.780 0.280 0.407 | 0.032 (#20)
RC-30 1 a 0.750 0.280 | ..... 0.032

RC-31 1 a 1.28 0.310 | ..... 0.032

RC-35 1 b 1.16 0.280 0.814 | 0.036 (#19)
RC-38t 1 b 1.84 0.436 1.45 0.036

RC-40 2 a 1.41 0.405 | ..... 0.036

RC-41 2 a 1.78 0.405 | ..... 0.036

RC-45 2 b 2.12 0.592 1.45 0.036

RC-65 4 b 2.66 0.730 2.06 0.040 (#18)
RC-75 5 b 3.16 0.780 2.47 0.040
RC-76% 5 c 3.16 0.780 | ... |.....

* Resistance range 150 ohms to 4.7 megohms, lead length 1}.in. + }in.
t Special uninsulated high-voltage tyvpe, resistance range 0.27 to 20 megohms.
1 Radial-lug type.

—
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Fra. 2:1.—JAN composition-resistor styles.
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The first operation in designing a coil is to select the wire size for each
winding on the basis of the operating current for that winding. Table
4-4 gives suitable values for the copper allowance for the windings of
small transformers of usual construction and mounting practice. The
tabulated values of circular mils per ampere will result in approximately
a 40°C rise in temperature under ordinary conditions; if a different rise
is desired the area should be changed accordingly.
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Fic. 4:27.—Dimensions of layer-wound coil. 7, = To 7T _ ndv + (n — l)tl;

2 ky
In = 2(b + s 4 mm) = length of mean turn; f = build of winding; n = number of layers;
dy, = OD of wire; t; = thickness of interlayer insulation (this must be multiplied by a con-
stant to allow for lapping: for } turn lapping the constant is about %); k, = build factor

= 0.85 for average construction (see text).

It will often be found that the wire size required for heavy-current or
low-impedance windings is too stiff to wind easily on small coils. In such
cases stranded wire may sometimes be used at the expense of a serious
reduction in space factor, but a better expedient is to make the winding
of two wires of half the area, wound side by side and connected in parallel
at the ends. Even more than two strands may be used in special cases,
although it is difficult to control more than two at a time if the wire is
fed by hand.

A typical layer-insulated coil is shown schematically in cross section
in Fig. 4-27, and certain quantities that are useful in designing a coil are
listed below the figure. A winding table, modified from the one used at
the Radiation Laboratory, is given as Table 4-5. This table includes data
on single-coated and heavy-coated wire only, since other forms of insula-
tion are less important for small transformers. The data apply to both
enamel and Formvar coatings since they are made to almost identical
dimensions. The bare-wire dimensions given apply to wire of the nominal
diameter; the standard diameter tolerance is +1 per cent of the diameter.
Similar data on wire with other insulations may be found in the catalogues
of the wire manufacturers and in engineering handbooks. The values
of turns per inch are obtained by multiplying the theoretical number of
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TaBLE 4-5.—WINDING TaBLE ¥OR PAPER-INSULATED LAYER WINDINGS

Bare wire Single-coated wire
(EorF)
AWG
size L. Resistivity .
number | Nominal o Area, 7 o000 Ty 1000 ft | Maximum .
diameter, | ecircular ; . ’| diameter, | Turns/in.
. . ohms/1000| nominal R
mils mils it mils
10 101.9 10,384 0.999 | 31.4 105.4 9
11 90.7 8226 1.261 24.9 94.1 10
12 80.8 6529 1.588 19.8 84.0 11
13 72.0 5184 2.001 15.7 75.0 12
14 64.1 4109 2.524 12.4 62.0 14
15 57.1 3260 3.181 9.87 59.8 15
16 50.8 2580 4.020 7.81 53.4 17
17 45.3 2052 5.054 6.21 47.7 19
18 40.3 1624 6.386 4.92 42.6 22
19 35.9 1289 8.046 3.90 38.1 24
20 32.0 1024 10.13 3.10 34.1 27
21 28.5 812.3 12.77 2.46 30.5 30 ’
22 25.3 640.1 16.20 1.94 27.3 34
23 22.6 510.8 20.30 1.55 24 .4 38
24 20.1 404.0 25.67 1.22 21.8 42 2
25 17.9 320.4 32.37 0.970 19.5 47
26 15.9 252.8 41.02 0.765 17 .4 52
27 14.2 201.6 51.44 0.610 15.6 59
28 12,+6 158.8 65.31 0.481 14.0 66
29 11.3 127.7 81.21 0.387 12.6 73
30 10.0 100.0 103.7 0.303 11.2 82
31 8.9 79.21 130.9 0.240 10.0 91
32 8.0 64.00 162.0 0.194 9.1 101 t
33 7.1 50.41 205.7 0.153 8.1 114
34 6.3 39.69 | 261.3 0.120 7.2 128 (
35 5.6 31.36 | 330.7 0.0949 6.4 142
36 5.0 25.00 | 414.8 0.0757 5.8 158
37 4.5 20.25 | 512.1 0.0613 5.2 174
38 4.0 16.00 | 648.2 0.0484 4.7 198
39 3.5 12.25 | 846.6 0.0371 4.1 220
40 3.1 9.61 | 1079 0.0291 3.7 246
41 2.8 7.84 | 1323 0.0237 3.3 274
42 2.5 6.25 | 1659 0.0189 3.0 304 N
43 2.2 4.84 | 2143 0.0147 2.7 340
44 2.0 4.00 | 2593 0.0121 2.4 369

b
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TABLE 4-5.—WINDING TABLE FOR PAPER-INsULATED LAYER WINDINGs.—(Conlinued)

(HE or HF) Minitum
AWG Layer interlayer Minimum
size Maximum space factor, | Insulation margin,
number diameter Turns/in. per cent thickness, inches

mils mils
10 107.1 9
11 95.7 10
12 85.5 11 0.010
13 76.5 12
14 68.4 14 1
15 61.2 15
16 54.8 17
17 49.1 18 0.007
18 44.0 21 90
19 39.4 23
20 35.3 26
21 31.6 29
22 28 .4 33 0.005 5
23 25.5 36
24 22.9 40
25 20.6 44
26 18.5 49
27 16.5 56 0.003
28 14.9 62 89
29 13.4 69
30 12.0 77
31 10.8 84
32 9.8 94 88 0.002
33 8.8 105
34 7.8 115
35 7.0 130 3
36 6.3 146
37 5.7 159 87 0.001
38 5.1 182
39 4.5 200

86

40 4.0 227
41 3.6 251 0.0007
42 3.2 285 85
43 2.9 317
44 2.7 328

grusm ey




162 IRON-CORE INDUCTORS [Skc. 4-6

turns per inch (i.e. the reciprocal of the nominal outer diameter of the
wire in inches) by the appropriate layer space factor. This factor is
intended to take care of normal variations in wire diameter and of kink-
ing and springing of the wire during the winding process. The values
given for the factor are conservative; if necessary a few per cent more
turns can usually be crowded into a given space than the figures of the
table would indicate, but it is not always safe to depend upon doing so.

For large transformers and for windings carrying heavy currents it is
sometimes desirable to use square or rectangular wire in order to improve
the space factor of the coil. Such wire is available in a large number of
sizes and with various insulations, of which double cotton and heavy
Formvar are standard. Square wire may be obtained from 64-mil
diameter upwards and rectangular wire from 100 mils wide and 12 mils
thick. Such wires are seldom needed for small coils but for large units
and especially for pie-wound coils they are much easier to handle than
round wire.

Wires smaller than No. 40 are usually avoided wherever possible
because of the difficulty of handling the very small sizes on the usual
types of winding machines. They are rarely specified by AWG size, the
diameter in mils being preferred. The usual sizes are:

2.8 mils (No. 41)

2.5 (No. 42)
2.2 (No. 43)
2.0 (No. 44)
1.75
1.25
1.00

An idea of the fragility of the ultrafine sizes may be obtained from the
fact that the insulation thickness of 1-mil wire is 0.1 to 0.2 mils, its break-
ing strength is 14 grams, and it runs 51 miles to the pound.

Besides the wire dimensions, Table 4-5 includes data on the thickness
of interlayer insulation and on coil margins. These data are based on
the mechanical requirements of a rugged coil; both margin width and
insulation thickness must be sufficiently great to withstand the operating
voltage gradients; therefore the values given in the table may have to be
increased for electrical reasons. A safe value for the maximum per-
missible voltage gradient along the surface of dry or varnish-impregnated
paper is 10 volts per mil, which may be increased to 30 volts per mil for
oil-immersed coils. These gradients refer to the test voltage, which may
be variously specified. One typical specification! requires a test voltage

! Proposed Joint Army-Navy Specification JAN-T-27, “'T'ransformers and Induc-
tors (Audio and Power) for Use in Electronic and Communication Equipment.”
Aug. 15, 1945
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of 700 volts (peak) for all windings with (peak) working voltages up to
175 volts, four times the working voltage for windings up to 500 volts,
and twice the working voltage plus 1000 volts for higher-voltage windings.

The thickness of interlayer and other sheet insulation necessary for
electrical reasons may be calculated from the data in Table 4-6. The
values given in the table are safe working-voltage gradients in volts per
mil; they may usually be tested at twice the tabulated values and will
break down at four or five times the tabulated values.

TABLE 4-6.—WORKING-VOLTAGE (GRADIENTS OF INSULATING MATERIALS

Material Untreated, Varnishe_d, In oil,
volts/mil volts/mil | volts/mil
Kraft paper......... .. e 40 60 100
Vuleanized fiber. . ... .. ... .. . .. ... . . 40 60 100
Varnished cambric. . .. . .. . . 100 100 100
Glassine. .. ........ ... ... ... . ... 50 75 100
Formvar. . ... ... .. ... ... .. ... PR 100 100 100
Enamel................. ... .. .. ... ... 20 20 20
Scotch tape . . .. e 40 40 20
Pureoil.. ....... .. ... ... .. ... 125

4.7. Coil Processing.—After a coil is wound and finished it is necessary
to treat it in order to drive out whatever moisture it contains and to seal
it against the entrance of moisture. A number of processes and materials,
which vary considerably in their effectiveness, have been developed for
this purpose.

The simplest, cheapest, and least effective of these processes, which is
in common use for poor-quality competitive radio transformers, is the
wax dip. The coils, with or without the cores in place, are dipped in a
container of molten wax and allowed to remain there until all bubbling
has ceased, indicating that at least the major portion of the moisture has
been driven out, and are then removed and allowed to drain. The process
is comparatively ineffective if the temperature of the molten wax is
allowed to fall below about 110°C during the early part of the immersion,
since the pressure of the steam within the coils will be insufficient to
force the moisture out against the hydrostatic head of the molten wax;
and the impregnation will be much more thorough if the bath is allowed
to cool well below 100°C before removing the coils, since the decreased
vapor pressure will allow the wax to be forced into the voids in the coils.

A much more effective method of impregnation is the vacuum process.
In this process the coils are placed in an evacuated container, heated to
drive out the moisture, and then an impregnating medium, of wax,
varnish, or some other material, is admitted to the vacuum chamber and

the vacuum released. The atmospheric pressure forces the impregnant
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into the voids in the coils; impregnation is usually made more thorough
by the use of air pressure after admission of the impregnant. This is a
far better process than the simple wax dip, but its effectiveness depends
greatly upon the processing schedule. It takes a surprising amount of
time to drive out all of the water in a coil, and any impregnation is of
little use that leaves more than the slightest trace of moisture. Probably
the best check on the drying process is the rate of evolution of moisture,
which is most easily determined by the degree of vacuum for a given
pumping speed. Near the end of the process, when moisture is coming
off more slowly, the rate can be checked by eclosing the vacuum line and
observing the rate of rise of pressure in the chamber. Actual values
depend upon the particular installation and to some extent on the char-
acter of the charce in the chamber. The manufacturers of processing
equipment will furnish schedules of processing, and information can also
be secured from the makers of impregnating material.

A number of materials can be used for processing. Cheap trans-
formers often depend upon beeswax, usually mixed with paraffin or rosin.
Special ““amorphous” waxes of high melting point are considerably better,
but the impregnating varnishes especially developed for the purpose are
better than any wax, especially for high-temperature operation. Impreg-
nating varnishes vary considerably in their properties, and the recom-
mendations of the manufacturers should be followed with regard to the
type used and the processing schedule. Two varnishes, Irvington 100-
clear and Harvel 612C, were used by the Radiation Laboratory, and
proved excellent for most purposes, the Harvel being somewhat harder
and more brittle. A properly impregnated coil should be so solid that
it can be cut in half with a band saw and show no voids or air spaces.

Varnish impregnation is satisfactory for units operating up to about
10 kv, but for higher voltages it is preferable to operate the units immer-
sed in oil. All moisture should be driven out under vacuum, but if the
oil is clean it is not necessary to use a vacuum better than 29 in. of
mercury. One precaution necessary in winding coils intended for oil
immersion is to avoid the use of components containing rubber, such as
rubber-based adhesive tapes or rubber-insulated coil leads. The oil
softens and dissolves the rubber, causing the coil to loosen up and some-
times causing breakdown, and the dissolved rubber contaminates the oil.

High-voltage units can be built for operation without oil immersion
by suitable insulation of the high-voltage winding. This is ordinarily
done by radially taping or “half-lapping” the coil. Half-lapping consists
of taping the coil in a direction perpendicular to the windings, threading
each turn through the coil and overlapping the preceding turn by half its
width. One half-lap of 5-mil varnished eambric or rayon is good for
about 2 kv. The coil should be varnished before half-lapping and after
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each two layers. Varnished cambric was originally used by the Labora-
tory for this purpose, but the more absorbent and flexible acetate-rayon
tape referred to above proved so much better that it entirely displaced
the cambric.

Transformers intended for operation in air at voltages above 35 kv
should depend upon increased spacing for insulation. The high-voltage
winding should be supported by suitable insulators at a distance of from
2 to 5 in. from the nearest grounded object such as core or primary. This
construction also serves to reduce the capacitance of the high-voltage
winding to ground, but the inherently high leakage reactance results
in poor voltage regulation. Complete oil immersion, with or with-
out increased spacing, is preferable to dry operation of high-voltage
transformers.

As a means of eliminating the increased weight of hermetic sealing,
especially on airborne equipment, several improved materials for impreg-
nating and coating, which are supposed to be highly resistant to moisture
penetration, have been developed. Chief among these are Westinghouse
“Fosterite,” GE “Permalfil,”” BTL *Flexseal,” and Utah Radio Products
“Styraseal.” These processes all use a thin fluid as an impregnant and
the same or a similar fluid loaded with an inert filler as a coating material.
The fluids are presumably monomeric plastics, such as meta-styrene,
which polymerize to hard tough solids during the curing process. The
chief disadvantages of Fosterite, Styraseal, and Permafil is that they
severely restrict the choice of materials that may be used in the con-
struction of the transformer.

Although it is possible to build excellent transformers under this
restricting condition, it does slow up the manufacturing process and
increase the expense. Styraseal may be used as a coating over ordinary
varnish-impregnated coils, in which case the restrictions do not apply.
Flexseal does not have the material limitations of the others but it is
not as tough and it requires that the coil be half-lapped to present a
smooth surface on the ends. In order to determine the relative effective-
ness of impregnating and sealing materials a test program was inaugurated
in July 1945 under the supervision of the Laboratory for Insulation
Research of the Massachusetts Institute of Technology. It was found
within a few weeks after the program had started that none of the com-
mercial varnishes or other impregnants was good enough to meet Service
specifications, and the program was expanded to develop a new impreg-~
nant that would be acceptable to the Services. At the termination of
operation of the Radiation Laboratory the testing and development
programs were still under way, and were not far enough advanced to
permit the publication of definite conclusions. It is expected that the
work will be continued under Service auspices.
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4-8. Shielding.—Transformers and other coils must often be shielded,
and this shielding may be either of two types, electrostatic or electro-
magnetic.

The simpler of the two is electrostatic shielding, which is used to pre-
vent capacitive coupling between two windings of a coil, or between a
winding and an external field. Electrostatic shields ordinarily consist of
sheets of copper foil or some similar conducting material which are
inserted between the two windings to be shielded from each other. It
is easy to secure 100 per cent effective electrostatic shielding between two
windings by making the foil long enough to permit a lap joint at the
ends, the only precaution necessary being to insulate the joint so as to
prevent the formation of a short-circuited turn. The shield is usually
connected to ground, but sometimes may be connected to other suitable
points in the circuit. If a grounded winding is located between the two
windings which are to be shielded from each other the shield is not
usually necessary. A common example of such an electrostatic shield is
the shield that is used between the primary and the high-voltage second-
ary of most power transformers, which serves as a fairly effective means
of preventing any r-f noise that may be present on the supply line from
reaching the output via the capacitance between primary and secondary.
On units intended for operation at 60 cps it is usually sufficient to ground
the shield to the core at one point; for operation at 400 cps it may be
necessary to ground the shield at each end of the coil.

Electrostatic shielding against external fields is rarely necessary and
is easily accomplished by the use of almost any sort of conducting end
bell or can, but electromagnetic shielding is a much ¢ _re difficult problem.
It is usually required to reduce the pickup of hum in the windings from
an external magnetic field, but may sometimes be used to reduce the
leakage field of a power transformer or choke.

The most effective method of electromagnetic shielding is to com-
pletely enclose the transformer in a can of high-permeability alloy such
as Mumetal. A single Mumetal can of 10-mil thickness will ordinarily
give only about 10 db reduction in pickup, but if several concentric cans
are used, alternating between Mumetal and copper, with the copper cans
either seamless or well soldered except for the lids, shielding of about 30
db per pair of cans may be attained. It is necessary to provide the can
lids with lips so that the joint at the top will be lapped and not a straight
crack; fields will sneak in through a crack to a most surprising extent.
The Mumetal cans must be annealed in hydrogen after all forming opera-
tions are completed, since the high permeability of the material is greatly
reduced by coldworking. If the astatic or ‘“humbucking” conatruction
shown in Fig. 4-15 is used in conjunction with threefold composite
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Mumetal and copper shields the resulting pickup will be negligible for
almost any purpose.

There is a common belief that the use of a heavy cast-iron case will
afford a useful degree of shielding for a transformer. This is definitely
untrue; measurements on a number of commercial transformers in cast-
iron cases showed less than 6 db of shielding, and if the top of the case
was left open the reduction was as little as 2 db. Drawn steel cases are
slightly better if completely closed except for small holes for the leads,
but again the shielding is not enough to be of much use. Hum pickup
may sometimes be reduced by careful reorientation of transformers on a
chassis, but this expedient is a makeshift at best. The only real remedies
are astatic coil construction and the use of adequate high-permeability
plus eddy-current shields.

4.9. Mountings, Enclosures, and Terminals.—A great variety of
mountings and enclosures has been used for transformers, depending upon
the requirements of the individual case. Most of these are intended
for chassis mounting, usually flush with the surface by means of flanges,
studs, or screws, but there are a number of types, such as the familiar
half-shell mounting, which require that a hole be cut in the chassis so
that the unit may project through it. Such a mounting may permit a
reduction of over-all cabinet volume in some cases, and has the definite
advantage that the mounting plane is close to the center of gravity of
the unit, but the additional labor involved in cutting out the large hole
in the chassis is a serious disadvantage in laboratory construction. Some
commercial units are adapted for mounting in any of several positions,
which offers a certain amount of freedom in chassis layout.

Enclosures are also of many types, the completely open types in
which the coil and part of the core are exposed, the semienclosed forms
using end bells, the semisealed potted types, and the truly hermetically
sealed units, either potted in compound or oil-immersed. In general the
degree of protection of the windings increases with the total weight,
although it is by no means true that a heavy transformer is necessarily
adequately protected. The principal advantage of the semienclosed unit
is the mechanical protection afforded to the windings, usually at the
cost of a minor increase in weight, although improved appearance is by
no means a disadvantage. Total enclosure in a can filled with potting
compound but not hermetically sealed does delay the absorption of
moisture by the windings, and affords adequate protection for most
ordinary climates. If the potting compound is exposed to air, however,
complete protection cannot be guaranteed since all such materials are
pervious to some extent, and oxidation, cracking at low temperatures, or
flow when hot may expose the windings. The only method of ensuring
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complete immunity to unfavorable climatic conditions is true hermetic
sealing by solder or some other means that will not deteriorate with age.

Cans.—Transformer cans are usually made from light-gauge sheet
steel, although aluminum or some other nonmagnetic material may be
used in certain cases where the location of a steel of poor magnetic quality
close to the air gap of the core would affect the characteristics of the unit.
In many cases the can is made of fairly heavy material so that it can
transmit acceleration forces from the core clamps to the external support-
ing brackets. This is poor practice, especially for oil-filled units, since
the concentration of stress at the points of attachment between brackets
and can is sufficiently high to produce distortion and eventual failure
unless the can is made extremely heavy. Weight will be saved and a
stronger unit produced if a light-gauge can is used and an adequate
supporting structure provided which is mechanically independent of the
can. This is the only satisfactory method of producing a unit to pass
the Service shock and vibration tests.

Quantity-production cans may be deep-drawn from seamless sheet.
This procedure makes an excellent can that will conform fairly closely to
the shape of the core and coil assembly, but it is only practical in cases
where the expense of drawing dies is justified. Most small-lot cans are
rectangular to permit fabrication in an ordinary sheet-metal shop.
Joints may be soft-soldered, brazed, or resistance-welded. Soft soldering
gives an oil-tight joint if done with reasonable care, but the solder is
inherently weak and subject to failure under vibrational stress; it should
never be used as a mechanical connection but only as a sealing medium.
If vibrational or shock stresses are negligible, however, a good lapped and
soft-soldered joint is satisfactory. Torch brazing or welding gives a
strong tight joint but is difficult to accomplish in light-gauge material
without excessive warping, and the subsequent cleaning of the joint is a
nuisance. Resistance welding gives excellent joints and is cheap, but
usually cannot be depended upon for oil-tightness unless the joints are
filled with soft solder after spotwelding. The use of tin- or lead-coated
steel greatly facilitates making good soft-soldered joints but may cause
difficulty in spotwelding.

Potting—For most low-voltage units the use of potting compound is
preferable to the complications of oil filling. There are many such com-
pounds on the market, of varying quality, and the catalogues of the
manufacturers should be consulted for details. One compound that was
much used by the Radiation Laboratory is Mitchell-Rand 868-EX, which
is effective and easy to handle in production. Potting is essentially a
“messy’’ process, however, and if more than a very few transformers are
to be potted it will pay to use a regular compound-melting unit with
temperature regulation and bottom-pouring spouts. The transformer
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assemblies should be preheated to a temperature above the melting point
of the compound, if possible, to prevent the formation of a ‘““cold-shut”
between the compound and the transformer, which would act as a channel
for the admission of moisture. Since the melted compound is extremely
viscous a distance of 2 in. should be left on all sides between the assembly
and the can, although % in. will suffice if necessary. Cooling should not
be too rapid since the compound shrinks considerably and its heat con-
ductivity is poor, so that premature solidification of the outside portion
may result in the formation of voids next to the coil.

0il Filling.—The two principal problems entailed by the use of oil
filling are the prevention of leaks and the provision for expansion of the
oil. Leak prevention is largely a matter of workmanship, although the
design of the can should be such as to prevent the transmission of appreci-
able stresses across soldered joints and to facilitate the flow of solder into
the lapped joints. The high thermal expansion coefficient of transformer
oil presents a considerable problem with units that must be exposed to a
wide range of temperatures. In some cases, such as the small high-
voltage units of Fig. 4-17, the flat sides of the can may be allowed to
spring sufficiently to take care of the change in volume, but in many cases
some special expansion device must be used. This usually takes the
form of a metal bellows or ““Sylphon,” many forms and sizes of which are
on the market. Rubber bags have also been tried; such experiments have
been conducted at the Radiation Laboratory and by the British at Tele-
communications Research Establishment.

The total change in volume of the oil can be reduced by the use of
sand or small glass beads to make up part of the volume. This method is
satisfactory electrically but the maximum theoretical displacement for
spherical particles is only 66.7 per cent and in practice it runs closer to
45 or 50 per cent. The use of sand necessitates a guard to keep it out of
the convolutions of the bellows, the additional parts usually take up as
much space as was originally saved, and the sand adds a great deal of
weight, so that in the long run it is usually better to use plain oil.

Bushings.—One of the principal problems in the development of
acceptable hermetically sealed units has been the provision of satisfactory
bushings. The first to be used by the Radiation Laboratory were the
rubber-sealed types shown in Fig. 4-28. These were satisfactory both
mechanically and electrically when first installed but the progressive
deterioration of the rubber with age effectively destroyed the sealing after
ayear or two. Another objection to these bushings was the large number
of parts, which increased both cost and assembly time.

A program begun with the T. C. Wheaton Company eventually led
to the production of the Wheaton T-1300 line of solder-seal bushings
shown in Fig. 4-29. These bushings have a metallic glaze fired directly

M
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onto the glass so that they can be soldered to the can. The T-1302,
T-1304, and T-1305 have been used extensively. The T-1301 has been
less satisfactory because the hollow rivet holding its lug goes through to
the bottom of the glass, giving a very short creepage path inside the can.
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Fic. 4.29.—T. C. Wheaton Co. bushings. (Left to right: 1306; 1305; 1304; 1302; 1301.)

Instead of the T-1301 the GE C-12428-A has been much used. This is
also a solder-seal bushing, but instead of soldering directly to the glass a
metal rim is molded to the bushing and the can is soldered to the rim.
Although this bushing also has a stud going clear through, its construction
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Fmv. 4-30.—Metal-to-glass bushings.
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is such as to provide a satisfactory internal creepage path. Several

other types of small glass bushings which have also been used to some
extent are shown in Fig. 4-30.

TasLe 4.7.—BusHING OPERATING VOLTAGES
Operating voltage

Bushing type at sea level-dry
Large HV ... 25,000*
Small HV........... 15,000*
Medium extended................. ... ... ... ... ... ... 10,0001
Medium. ............. ... 6,000
Small. ... 3,000
Little.. ... 1,750
Midget.. ... ... ... ... 750
1306. ... oo 20,000
1805, . o 14,000
1304. .. oo 10,000
1302. ... 5,000
1301, ... e 2,060t
C-12428-A . ..o e 3,000
W-l03. 6,000
C-12290-A. oo 12,500
C-12066-A. o e 10,000
C-13330-A. .. e 30,000

* With oil inside can.
1 With oil or potting compound inside can.

For high-voltage uses porcelain has been used in preference to glass
because of its greater mechanical strength. Three high-voltage porcelain
bushings developed by Westinghouse are shown in Fig. 4-31. A summary
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Fic. 4-32.—Derating curve for high-altitude operation.

of the recommended operating voltages for a number of types of bushings
is given in Table 4-7, and Fig. 4-32 gives a derating curve for high-
altitude operation.

A number of other types of bushings have recently been placed on the
market. Besides a wide variety of solder-seal bushings of both glass and
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porcelain, several manufacturers are producing bushings in which a central
lead or leads are imbedded in a glass bead or slug which is fused into a
flanged rim. The metal parts are made of Kovar or Fernico, which has
the same expansion coefficient as the special glass over a wide range of
temperature. Care should be used if such bushings must withstand
extremely low temperatures, however, since some of these special alloys
have a low-temperature phase transformation that results in a consider-
able change in volume with resulting cracking of the glass. Where low
temperatures are involved the bushing manufacturer should be notified
of the required minimum and a stabilized metal should be used. These
bushings are available in a number of forms, including multiple-lead
varieties in which a number of leads, each with its own glass bead, are

Fig. 4-33.—Maultiple-lead bushings. (Leftto right: T. C. Wheaton; Westinghouse; Sylvania.)

sealed into a multiple-hole header. Three types of multiple bushing are
shown in Fig. 4-33.

Another recent bushing construction involves the use of injection-
molded lead borate-mica glass (Mycalex, Mykroy, etc.) as the insulating
material. It is stronger than either glass or porcelain and has excellent
electrical characteristics, but at the present time the price of such bushings
is very high. If their excellent qualities lead to sufficient use to bring
the price down they should become very popular. Similar bushings have
been produced using plastics as the insulating material, but they have not
been particularly successful. The molding process is inherently inexpen-
sive and flexible and permits the use of a wide variety of inserts and flanges.

Assembly.—Several methods of soldering bushings to covers were used
at the Radiation Laboratory, including soldering iron, torch, induction
heating, and infrared heating. The first two tend to concentrate too
much heat in one place, stripping the glaze from glass bushings and doing
an uneven job. They are useful, however, on the large metal-flanged
bushings. Induction heating heats only the metal parts of abushing
directly, tending to expand the flange away from the glass, and also to
buckle covers that have a large number of holes. By far the most success-
ful method is infrared heating, which heats all parts evenly and quickly
and is uniform and easy to control. An infrared oven built by the
Laboratory is shown in Fig. 4-34. It uses a total of twenty-four 350-
watt ruby infrared lamps, arranged in six rows of four. A cover with its
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bushings in place, each furnished with a small preformed solder ring, is
placed on the track and pushed slowly through the oven. A cover 6 in. ¢
square with 15 to 30 bushings can be completed in 40 to 50 sec.

F16. 4-34.—Infrared soldering oven.




CHAPTER 5
PIEZOELECTRIC DEVICES!

By P. F. BrowN aND S. FRANKEL
QUARTZ-CRYSTAL FREQUENCY STANDARDS

In the field of radar, quartz crystals are used as frequency standards
because of their stability and high @. They are frequently used not in

! Much information on the physics of cryvstals and upon the manufacturing proc-
esses used in preparing crystal slabs is contained in the following articles by Bell
System authors:

E. J. Armstrong, ‘“X-ray Studies of Surface Layers of Crystals,” Bell System Tech.
Jour., 26, 136-155 (January 1946).

W. L. Bond, “The Mathematics of the Physical Properties of Crystals,” ibid., 22, 1-72
(January 1943).

, “A Mineral Survey for Piezo-electric Materials,” ibid., 22, 145-152 (July

1943).

, ““Methods for Specifying Quartz Crystal Orientation and Their Determina-

tion by Optical Means,” bid., 22, 224-262 (July 1943).

and E. J. Armstrong, “ Use of X-rays for Determining the Orientation of Quartz
Crystals,” ibid., 22, 293-337 (October 1943).

A. R. D’heedine, ‘“ Effects of Manufacturing Deviations on Crystal Units for Filters,”
ibid., 28, 260-281 (July 1944).

1. E. Fair, “Piezoelectric Crystals in Oscillator Circuits,” 7bid., 24, 161-216 (April
1945).

R. M. C. Greenidge, “The Mounting and Fabrication of Plated Quartz Crystal Units,”
ibid., 28, 234-259 (July 1944).

C. W. Harrison, “ The Measurement of the Performance Index of Quartz Plates,” ibid.,
24, 217-252 (April 1915).

F. R. Lack, G. W. Willard, and I. E. Fair, ““Some Improvements in Quartz Crystal
Circuit Elements,”” ibid., 18, 453-463 (July 1934).

W. P. Mason, “Quartz Crystal Applications,” 7bid., 22, 178-223 (July 1943).

and R. A. Svkes, “Low Frequency Quartz-crystal Cuts Having Low Tempera-
ture Coeflicients,” Proc. IRE 32, 208-215 (April 1944).

H. J. McSkimin, “Theoretical Analyses of Modes of Vibration for Isotropic Rectangu-
lar Plates Having All Surfaces Free,” Bell System Tech. Jour., 28, 151-177 (April
1944).

R. A. Sykes, “Modes of Motion in Quartz Crystals, the Effects of Coupling and Meth-
ods of Design,” 7bid., 23, 52-96 (January 1944).

, ““Principles of Mounting Quartz Plates,” tbid., 23, 178-189 (April 1944).

G. W. Willard, “Raw Quartz, Its Imperfections and Inspection (Chap. 1V),” tbid., 22,
338-361 (October 1943).

, “Use of the Etch Technique for Determining Orientation and Twinning in

Quartz Crystals,” ibid., 23, 11-51 (January 1944).

Most of the information in these articles and much besides is to be found in
R. A. Heising, Quartz Crystals for Electric Circuits, Van Nostrand, New York, 1946.
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the CRT display equipment itself but in associated driver units, calibra-
tors, or test equipment.

Since the crystals used in radar equipment need not satisfy as rigid
Q and stability requirements and since they are required in quantities
small compared to those used in communication equipment, the procure-
ment problem has not been serious for radar-equipment manufacturers.
Moreover, because of the lower @ required and because they were usually
used in the frequency range of 50 to 200 ke/sec (20- to 5-usec markers),
manufacturing facilities and techniques were already available (as was
not the case in the vhf communication field).

The frequency stability necessary is derived from the over-all require-
ments of the more precise CRT displays and special test equipment.
Precise CRT displays do not usually require better than +0.05 per cent
stability and crystals in special test equipment may vary by as much as
+0.025 per cent. Thus a 100-kc/sec calibrator with a variation of
+0.05 per cent would furnish 10-usec markers on a time base with an
accuracy of +0.005 usec. In a radar set the 0.05 per cent specification
implies a range accuracy of 2.0 yd at 4000 yd or of 15 yd, at 30,000
yd, if there are no other errors in the system.

6-1. Use of Quartz Crystals in Radar.—The principal factors to be
considered when using a crystal for radar purposes are temperature
coefficient; initial aceuracy; susceptibility to damage by shock, vibration,
and humidity; and the electrical circuits.

Temperature Coefficient.—This is the most important of these factors.
For equipment used by the Armed Forces the required ambient tempera-
ture range is —40° to +80°C. In laboratory test equipment the tem-
perature range is more likely to be +15° to +70°C. The crystals usually
used are of the bar type, which have a frequency-temperature curve flat
near 25°C and falling off for extreme negative or positive temperatures,
thus making the coefficient positive at lower temperatures and negative
at higher temperatures. One such type (Valpey RL) has a coefficient of
+2.0 and —3.0 X 10-¢/°C for temperatures above and below the normal.
Another type (Bliley FM-6) has coefficients of +1.6 and —1.4 X 10~%/°C
from +20°C to —40° and +60°C respectively. In the extreme case of a
100-ke/sec crystal with a coefficient of 5.0 X 10~5/°C and zero error at
25°C, the shift to +70°C would give a frequency shift of 22.5 ¢ps or of
0.022 per cent. Since the more recent crystals have a coefficient of about
1 X 10-%/°C, this factor is not critical for radar applications.

Initial Accuracy.—Initial accuracy is easily obtained. For example,
the final calibration of a production run of 82-ke¢/sec crystals will show
that they are all within 25 c¢ps and that 80 per cent will be within 15 cps.
The equivalent accuracies are 0.03 and 0.018 per cent respectively.
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Shock, Vibration, and Humidity.—The susceptibility of the crystal to
damage by shock, vibration, and humidity has forced a new method of
packaging. The erystal types used for the comparatively low frequencies
mentioned above are the bar, which vibrates lengthwise, and the wafer,
which vibrates in shear. Since there is a node in the center in each case,
the crystal elements may be tightly clamped at the center. For one type
(Valpey RL), which is a bar 33 mm long, the clamp may be placed at
least +2 mm from the lengthwise center and adjusted to any degree of
tightness. Shock and vibration tests have shown that the center-clamp-
ing method is satisfactory. In fact, with shocks of 110 g the pins in the
socket break before the quartz bar gives way. A few broken crystals
were obtained and examination proved that the bar is more likely to break
in half at the clamping point than to slip out of the holder.

Humidity conditions may be severe for military equipment but present
no serious problem for the crystals of the types described, since they have
always been tightly packaged to keep out dirt and to prevent atmospheric
corrosion of the silver plating. The package is usually metal, such as a
metal tube shell, the only problem being to seal the insulated output
leads tightly. Manufacturers still have two problems, adequate tropical-
ization and the selection of an insulating material that retains its low
dielectric loss after use and exposure.

Electrical Circuits.—The effect of the electrical circuit on the crystal
is usually small. Tests in which a triode oscillator and a crystal holder
with two pins were used showed that reversing the holder in its socket
changed the frequency of an 82-kc/sec crystal by 2 to 7 cps. This shift
may be eliminated by grounding the metal case. Moving the 2-in. grid
lead in the same oscillator caused a frequency shift of 6 eps. In another
instance, where a triode oscillator had a pulse transformer in itscathode
circuit, the frequency could be pulled by the feedback of signals through
the transformer, but putting the transformer in the plate circuit corrected
this trouble. In those instruments in which the power output of the
oscillator is varied by changing the tuning of an r-f transformer in the
plate circuit, it was found advisable to use a pentode as the oscillator tube.
Changing the self-bias on the Radiation Laboratory type triode oscillator
will change the frequency 2 to 3 cps. Changing the tuning of a pentode
oscillator with the tank circuit in the cathode may change the frequency
by as much as 25 cps. Crystal-oscillator circuits in general are discussed
in Vol. 19, Sec. 85.

6-2. Special Quartz Cuts.—For some applications special quartz cuts
have been selected or developed.

Pulsed crystal oscillators are used when it is necessary to keep the
oscillations always in phase with random triggers or pulses. Thisis done

I
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by shock-exciting the crystal, letting it run for the required number of
cycles, and then completely stopping it until the next shock excitation.
The standard Radiation Laboratory 82-ke/sec crystal (18° X-cut and
length-to-width ratio of 0.35) vibrates in two modes and when shock-
excited has an amplitude modulation caused by heats between the 82-
and 95.6-kc/sec modes. As a result of this, Valpey’s Type RIL was
developed to operate in a single mode. It is a 0° X-cut with a length-to-
width ratio of 0.147. This ratio was selected in order to make the fre-
quency of the coupled-flexure mode well removed from 82 kc/sec.
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Fie. 5:-1.—A collection of crystal types showing the quartz bars and type of mounting.

Manufacturer and Type Frequency, Manufacturer and Type Irequency,
ke/sec ke/sec
(a) Bliley, Type FM6 81.95 (f) Valpey, Type XLST 80.86
(b) Valpey, Type XL 49.16 (9 BTL D171117 2
((;; Xaipey. g.\'pe 3}({11: and XIS g{-gi (k) GE Type 320401 81.95
alpey, Type .9 NV : Ty
(e) Valpey, Type XLS 40.93 (@) Valpey, Type XLR 93.11

During 1943 to 1944 the shortage of quartz caused a redesign of the
low-frequency cuts to save quartz. For example, Valpey modified their
Type XLS into the Type XLST, and the latter into Tvpe XLR, as is
shown by Fig. 51 (¢, f, and 7). A similar modification is also shown by
Fig. 51 (b and ). In addition to saving quartz, the new cuts proved to
be more active.

The very-low-frequency range for a quartz crystal (i.e., 2 to 4 ke/sec)
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TABLE 5-1.—QUARTZ-CRYSTAL FREQUENCY STANDARDS USED BY THE RabiaTioN

LABORATORY
Shown in Freq Temp. Temp Mount-
Mig. Type Fig. no Cut kc/se'(’t coeff. range °.C ing
U per 1°C ’
Valpey] XL and | 5-1b, ¢, e; | 18° X-cut | 40.43 | —2to —5/—20 to 480 On nodal
XL8 52b, ¢ 80.86 | X 10°® line by
81.94 2-point
93.11 clamp
164.0
Valyey| XLST 5:1f 18° X-cut| 80.86 | —2to —3|........... Same as
thickness| 81.94 XL
reduced
and new
length-to-
width ra-
tio
Valpey| XLV  |......... CT 163.93 | <1 |........... In center
by 3
points
Valpey; CBC  |......... AT 819.4 |1 ..., Air gap
Valpey| XLR 5-2¢ 5° X-cut 80.86 {1to2 |........... Leads sol-
81.94 dered to
93.11 crystal
faces
Valpey| XLT 5-2¢ 5° X-cut 80.86 |[1to2 |........... Soldered
leads,
mounted
in %H x
1%11 cy-
linder
Bliley | FM6 5-1a, 5-2a‘ DT 70t0 110 2 —40 to +60| In center
by 3
points
GE 32C401 | 5-1h, 5-2d | Twisted 81.96 |13  |........... Soldered
G43 X-cut leads, in
metal
tube
housing
WE D171117 | 51¢, 52 |. ... ...... 2.000 o Soldered
leads, in
sealed
glass
tube

* Frequency will remain within + 0.04 per cent of 2000 cps for all temperatures between —40° and
+70°C.
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is covered by a development of the Bell Telephone Laboratories and the
Western Electric Company. Figure 51 (g) shows a 2-ke/sec crystal of
this type. It is a duplex unit with two electrodes on one side and a com-
mon one on the other. This split electrode is necessary to get the proper
mode of vibration.

0in 1 2
1 1

Lo

Fon

3
i L

¥1a. 5-2.—A collection of crystal types showing external appearances.

Manufacturer and Type I'requency, Manufacturer and Type Frequency,
ke/sece kc/sec
(a) Bliley, Type I'M6 70 to 200 (d) GE, Type 32C 80 to 165
(b) Valpey, Type XL and XLS 40 to 50 (e) Valpey, Type XLT
(¢) Valpey, Type XLS and (miniature) 80 to 200
XLRR 80 to 200 (f) BTL, Type D171117 2

SUPERSONIC CRYSTAL TRANSDUCERS

The transducer described in this section was developed for underwater
use in a supersonic system designed to simulate radar echoes. In this
system a piezoelectric crystal, submerged in a tank of water, is excited
with a high-power (approximately 1 kw) pulse of 15-Mc/sec energy.
The compressional waves produced in the liquid are shaped by suitable
reflectors and spread out over the surface of a reflecting map located at
the bottom of the tank. Waves reflected from the map impinge on the
quartz crystal and the voltage produced by the piezoelectric action is
amplified, detected, and displayed on the usual radar indicator.

The requirements for this transducer were

1. That it should not introduce appreciable power losses other than
those representing power radiating out into the water.

2. That therc must be no spurious reflections within the crystal
cartridge (mount).
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3. That the crystal should be easily replaceable and easily assembled
into its cartridge.

4. That the cartridge must not leak during long periods of immersion
in water.

5. That the transducer must be designed to withstand the application
of powers of 3 watts (average) at approximately 2000 volts.

6. That the electrical characteristics of the mounted crystal must be
such that electrical circuits of maximum power efficiency can be
designed.

The operating frequency of a supersonic echo-simulating system is
determined by the range requirements. The absorption in water of
supersonic energy in the 10- to 30-Mec/sec band has been shown experi-
mentally to increase as the square of the frequency (at 15 Me/sec at 20°C
the absorption is 67 db/m). Thus in a supersonic system the range is
determined largely by the logarithmic absorption, although the usual
1/ attenuation is still present.

The crystal cartridge to be described has been used with 10-, 15-) 25-,
and 30-Mc/sec quartz crystals, but there is no reason to believe that this
range could not be extended to 40 or 50 Mc/sec.

The crystal cartridge was designed in an attempt to obtain maximum
efficiency and therefore the crystal was backed with air rather than with
solids or liquids as the latter have an acoustic impedance of approximately
that of quartz. The fact that the crystal is backed with air is advantage-
ous as only a small amount of energy is radiated into the air to become
available for undesired multiple reflections within the cartridge. In
addition the high absorption of 15-Me/sec supersonic energy in air mili-
tates against the possibility of appreciable fractions of this power return-
ing to reexcite the crystal.

The crystal cartridge was developed for a crash program and by no
means represents the ultimate in design.

6-3. The Piezoelectric Crystal.—The specifications for the standard
15-Mc/sec crystals require that the plated but unmounted crystal reson-
ate to a frequency of 15.00 + 0.15 Mec/sec. The resonant frequency is
determined in manufacture by measuring the frequency of an oscillator
that employs the crystal as the frequency-determining element. The
grid current of the oscillator is used as an indication of ‘“‘activity.”
Crystals that do not meet the standard oscillator-crystal grid-current
specifications, however, are acceptable in supersonic applications where
the crystal is heavily damped. The resonant frequency of the crystal
mounted in the cartridge and damped by the action of the water drops
to 14.75 + 0.15 Mc/sec. The resonant frequency of the mounted crystal
immersed in a liquid is defined as the frequency at which the conductance
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of the erystal is a maximum. The conductance may be readily meas-
ured with the General Radio 821-A Twin-T Impedance-measuring
Circuit.

The circular crystal is cut from quartz so that the crystallographic
z-axis is perpendicular to the faces of the crystal to within 1° as deter-
mined by X-ray measurement. No tests have been performed to deter-
mine how great an angle may be tolerated. After the two plane surfaces
of the crystal are ground to approximate thickness they are etched for
at least 100 kc/sec to the desired thickness. A gold plating is sputtered
on and is baked for at least one hour at 500°C. Gold is used rather
than a less noble metal in order to minimize the possibility of corro-
sion of the plating by protracted immersion in the water of the echo
tank.

6-4. The Crystal Cartridge. Mechanical Characteristics.—A drawing
of the type 7B crystal cartridge is given in Fig. 5-3. The body of the

Small insulating bead

Large insulating bead

KRR

v

Nl
P W A

L))

Connector
plug

Adaptor
gasket

Contact spring
F1G. 5-3.—Supersonic crystal cartridge.

cartridge is made of brass. Brass has been chosen because it is easily
machined, and can stand the deleterious effects of continued underwater
use. Stainless steel, aluminum, and plastic bodies have been used, but
show no advantages over brass. The crystal is kept in place with a
large threaded insulating bead that screws down into the cartridge body
and forces the crystal against the ledge of the front face of the body. A
thin rubber gasket is placed between the crystal and the ledge so that the
pressure of the large insulating bead will provide a watertight seal.
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Leakage of water through the crystal-ledge interface to the back of the
crystal has three harmful effects:

1. The small spacing between the crystal plating and the cartridge
body and the conductivity of tap water combine to provide a low-
resistance shunt across the erystal.

2. Water in place of air behind the crystal results in an increase in
crystal resistance K;.

3. Half the power delivered to the crystal will be dissipated in the
water behind the crystal.

These factors not only add lossy elements to the crystal but also
change its impedance and hence detune the matching networks that
deliver power to it.

One end of a fine silver contact spring touches lightly on the gold
plating of the crystal. The other end is soft-soldered to the connector
plug that leads the 15-Mc/sec voltage to the erystal. Another small
insulating bead holds the connector plug in place. Holes are provided
in both beads to allow insertion of a tool to facilitate assembly. To make
the crystal cartridge watertight at the connector-plug end, melted
paraffin is usually poured through these holes into the space between the
beads. To further reduce the possibility of leakage to the upper bead, a
rubber gasket may be employed which fits over the connector plug. The
space between the large insulating bead and the crystal is normally
filled with air but may be filled with suitable liquids for the purpose of
acoustically damping the crystal.

Certain problems in transducer design have arisen that are not met
by the transducer described. When high intermediate-frequency volt-
ages are applied to the crystal, the contact between the spring and gold
plating often open-circuits. This is due to a “burning’ of the gold
plating at the point of contact. The cause of this burnout has not been
determined but it may be due to arcing between the spring and plating
when the crystal contracts. The frequency of burnouts has been greatly
reduced by shaping the front end of the spring as shown in Fig. 15-3 to
obtain the maximum area of contact between spring and plating. The
original type of spring made contact at only one point.

The use of the thin rubber gasket to render the crystal-ledge interface
watertight requires careful assembly and, in general, this scheme has not
been wholly satisfactory.

One of the most serious drawbacks of the transducer is the presence
of the phenomenon of ‘“ringing.” When excited by a high-powered
pulse, the crystal appears to vibrate after the pulse for a period some-
times as great as 150 psec. This ringing is not directly observable on a
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synchroscope, but if a high-gain amplifier is connected across the crystal
(as must be done in a supersonic echo-simulating
system) it appears as a block of saturated signals.
s The ringing time increases as the power to the
crystal is increased. These spurious signals are
objectionable for they mask return signals at short
R ranges. No adequate solution to this problem has
been found. It is believed that the ringing can-

—  not be accounted for by the natural decrement of
Fic. 54.—Equiva-

lent circuit of piezo- the crystal.
electric quartz crystal. Electrical Characteristics.—The electrical charac-
Cp = capacitance be- . s .
toeen both faces of teristics of the crystal were obtained for the erystal
1crystall; Co =1‘equiva- mounted in the cartridge of Fig. 5-3. In general
tz’:ltce;e Zf“i“iqufﬁﬁiii; the @ of a crystal in air is high. However, the @
electrical inductance; of a crystal is appreciably lower when one face of
R, = ‘“radiation resist- . . . .. .
ance " of crystal. the crystal radiates directly into a liquid medium
such as water, whose acoustic impedance is of the
order of magnitude of that of the crystal.
An equivalent electrical circuit 200
of the crystal in the cartridge of
Fig. 5-3 isgiven in Fig. 5-4. Here 180
C, is the capacitance between the
plated areas of the crystal plus the
capacitance between the ‘“high”
side of the crystal (plating, con-
tact spring, and connector plug)
and the cartridge itself; L, and C,
are respectively the equivalent
inductance and equivalent capaci- p,ating/
tance of the crystal and are related 80
to its resonant frequency, wo, by / // (b)
L - _ | G=3+8704
the relation w3L,C;=1. Forpiezo- o/ 17 (10-Mc/sec
electric crystals the ratio of the / crystal)
capacitance between the plates of
the crystal to the equivalent
capacitance, C,, isconstant. This
ratio, represented by the constant 0
a, is approximately 140 for quartz. 0 002 0.04. 0.06 9.08 0.10 0.12
The “radiation resistance’ of the Area A in square inches
R R Fig. 5:5.—Conductance of quartz crystal
crystal R, is a function of the sur- v, back-plating area. All front platings
rounding medium. For the crys- $-in. diameter. All back platings circular
N . except as indicated.
tal in the mount of Fig. 53,
radiating into water, R, = 4700 ohms, C, = 20 wuf, and C, = 0.14
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uuf.! For these values it is apparent that the @ of the crystal,
defined as 1/wiC,R,, is approximately equal to 16. The “front” face
of the crystal (the face radiating out into the water) is fully plated and
therefore grounds to the ledge of the cartridge. The “back” plating
must be of smaller diameter so that it is sufficiently removed from the

50 l j

—1—

B3
(=]

N
(=

Equivalent parallel resistance R’in thousands of ohms

7

0 4 8 12 16 20 24 28 32x10°
2
Fia. 5-6.—Validity of equivalent circuit of Fig. 5-4. Eguivalent parallel resistance R’

[from Eqs. (1) and (2)] is plotted as a function of y2. Theoretical slope is R.Q. where R, =
4.7k and Q, = 16.

0

side of the cartridge body to prevent arc-over. The radiation resistance
of the crystal is essentially a function of the smallest plated area, in this
case the back plating. Figure 55 shows the relation between con-
ductance and back-plating area for 10- and 15- Mc/sec crystals in the
cartridge of Fig. 5:3. These curves do not cross the origin but show a
finite conductance when extrapolated to zero backplate area. This is

'R, and C, are functions of the back-plating area; the quoted values are for a
15-Mc/sec crystal with a 3-in. circular back plating.




186 PIEZOELECTRIC DEVICES [SEc. 5-4

believed to be due to the edge effect resulting from the use of a large
constant-diameter front plate. As would be expected this effect is
smaller for the thinner 15-Mc¢/sec erystal than for the 10-Mec/sec crystal.

The effective parallel resistance of the equivalent circuit of Fig. 5-4
can be shown to be given by

= R.(1 + Qiv9), 1

Thus the validity of this equivalent circuit may be determined by plotting
the experimentally determined values of R’ against y2. A representative
plot is given in Fig. 5-6. If the equivalent circuit is valid, the slope of
this curve should be constant and equal to R.Q%. It appears that the
value @, = 16 is constant in a 2.5-Mc/sec band about the center fre-
quency of 14.75 Me/sec. At frequencies remote from the center fre-
quency the effective @, increases and the equivalent circuit becomes

° - - invalid.
In applications in which the
L, bandwidth of the ecrystal and
c, c, associated networks is of impor-
Ry Lo E tance, as it isin a supersonic echo-
Ry simulating system, the crystal
capacitance C, is usually tuned
E, to resonance at the crystal

¢ . . frequency. The parallel-tuned
Fic. 5-7.—Equivalent circuit of erystal and  eircuit that results from this pro-
tuning network. K R

cedure is usually damped with a
resistor. Figure 5-7 shows the equivalent circuit of crystal and tuning
network for a received signal, the resistor being represented by R,.
If E, represents a small voltage induced in the crystal by an incident
supersonic wave, the bandwidth of the system is given by a plot of Eq.
(3) as a function of «.

E\? _ 1
S o e

LX)

A plot of this expression for « = 140 for various values of @, is given in
Fig. 5:8.

It can be shown that the bandwidth of this system may be increased
by reducing the @ of the crystal. This may be done by substituting
various liquids for air in the space behind the crystal in the cartridge.
For example the @ drops to 6.9 with castor-oil or mineral-oil backing and
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to 4.2 with methylene iodide backing. Although acoustically damping
the erystal in this manner does produce systems of wider bandwidth, it
results in a sacrifice of some of the power that would normally radiate
“into the water. It is possible, however, to increase the bandwidth with-
out loss of power by interposing between the crvstal and the medium s

quarter-wavelength layer of material of acoustic impedance, p.C,, such
that

Z: = p.Co = V(PC)uuarts * (PC) mosiven- )
1.0 \
N\ Half-power (3db) point
AN
A\N
S \N
£ A
g o >
£ ™ Q,=05
(=}
- N
Q=5
NN
Q=20
0.01 Q=30
\‘QP=°°

[} 0.5 1.0 15 20 25 3.0 35
=(@_w
T=(5-89

Frs. 5-8.—Frequency response of crystal in circuit of Fig. 5-7, where @, = 15 and o = 140.

Successful work along these lines has been carried out at the Telecom-
munications Research Establishment in Great Britain.

It is also possible that the bandwidth of the erystal might be increased
by proper design of the crystal itself. The properties of wedge-shaped
crystals have not been investigated.

Compensating circuits for the crystal may be designed in an effort to
increase the bandwidth but these usually result in a serious decrease of
gain. One type of compensating circuit is shown in Fig. 5-9.

When the ecrystal is employed with an intermediate-frequency
amplifier it is possible to compensate for the narrow band of the crystal
by proper design of the amplifier pass band. This method is somewhat
similar to the method of Fig. 5-9 except that the final series-tuned circuit
is placed after one or more stages of amplification. In this way the
compensation is carried out well above noise level and no serious decrease




188 PIEZOELECTRIC DEVICES [SEc. 5.4

of gain need be tolerated. Figure 5-10 shows the pass band of such an
amplifier operating at 10 Mc/sec. The frequency response of an assumed
crystal and input circuit having a @ of 11.3 was approximated in design

-
Lg L

Cs TO 3R gl c E
R R

Eo

F1g. 5:9.—Crystal compensating circuit.
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F1u. 5-10.—Bandpass curves of compensating amplifier. Curve a, pass band of simu-
lated crystal and tuning network. Curve b, pass band of uncompensated amplifier.
Curve ¢, pass band of compensated amplifier. Curve d, pass band of over-all system.

by a simple series-resonant circuit. The pass band of this circuit is
given in Curve a. Curve b shows the pass band of the uncompensated
amplifier alone; Curve ¢, that of the compensated amplifier; and Curve d,




Sec. 5-5] THE REFLECTOR 189

the over-all pass band of the system. Comparison of Curves d and a
indicates an improvement in 3-db bandwidth from 1.3 to 2.1 Mc/sec and
there is no reason to believe that compensation Position of
greater than this cannot be achieved. crystal and reflector

6-6. The Reflector.—Experiments indicate
that the diffraction of sound waves emanating
from the crystal cartridge follow the theoretical h r
predictions for diffraction by a circular aper-
ture. =
A reflector designed to produce constant  Strip of constant illumination
illumination along a line parallel to the face Fro. 5:11.—Geometry of re-

. . flector derivation.

of the crystal can be calculated. If it is
assumed that the diffraction of a §-in. aperture (approximately 65 wave-
lengths at 10 Mc/sec) is negligible, that the waves from the crystal are
essentially plane, and that the aperture of the crystal is small compared

8

Plane wave from crystlal

12 i i
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10 - ,/
9 /
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8 /,A-—b,c
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0
0 1 2 3 4 5 6 7

Fi1e. 5-12.—Curves providing constant illumination. Curve @, trial-and-error curve.
Curve b, theoretical curve neglecting absorption in medium. Curve ¢, theoretical curve
including absorption in water at 10 Mc/sec.

with the strip to be illuminated, then the required distribution for con-
stant illumination [P(8) = constant)] is given by

P(6) = Poh? cac? fe—2ahem?, (5)
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The quantities involved in this equation are indicated in Fig. 5-11.
This formula is based on 1/r4 attenuation and on the logarithmic absorp-
tion of the supersonic waves given by

P = Poetor, (6)

where « is the absorption coeflicient.
From the conservation of energy, the following equation is obtained:

P) dz = P(6) db. )

The energy incident on the reflector is constant if the radiations from the
crystal are plane waves.

If there is no absorption (a = 0), Eq. (7) may be integrated and
yields as the required surface

=1n1_j_\£+_zz_\/i+—zz. (8)

2

If however a # 0, Eq. (7) must be graphically integrated for any one
value of ah. Both types of calculated curves are plotted in Fig. 5-12.
They are identical within the precision of the plot for those sections of the
reflector that throw energy out to large ranges. Both curves are calcu-
lated for a 50-cm coverage when h = 3.5 cm. Curve b is the theoretical
curve in which absorption is neglected. Curve ¢ is calculated including
the absorption at 10 Mec/sec in water, for which @ = 3.45. Curve a is
that of a hand-tooled reflector that was made by trial-and-error methods
and was not entirely satisfactory.




CHAPTER 6
ELECTROMAGNETIC DELAY LINES
By H. E. KALLMANN

Since pulsed radar is based upon measurement of time intervals,?
one of its most frequently recurring problems is that of delaying pulses or
blocks of signals for accurately known times. Basically there are at
least two solutions to this problem: one involves recording a signal in
some kind of storage device and reproducing it at a known time later;
the other involves feeding the signal into one end of a “long’’ transmission
line and taking it out at the other end after an interval equal to the time
of transmission along the line. The stcrage technique, which involves
the use of image-storing tubes whose operation is similar to that of the
iconoscope of RCA, is outside the field of this volume but is discussed in
Vol. 19, Chap. 21. The transmission-line technique led to the develop-
ment of the two classes of devices which form the subjects of this chapter
and Chap. 7. The choice of the method to be used in a particular case
depends principally upon the magnitude of the delay required: the
electromagnetic delay lines are most useful for delays up to a few micro-
seconds, the acoustic delay lines up to milliseconds, and the storage-tube
techniques up to seconds. The applications of the delay lines and the
details of their associated equipment and circuits will be found in Vol.
19, and Vol. 20, Chap. 13; this chapter and Chap. 7 describe a number
of delay lines of both types and give a full discussion of methods of
design.

Steep-fronted signals are attenuated and distorted in delay lines, as
in any other network, because of transmission losses and phase distortion
in the lines and mismatch at their ends. The degree of fidelity required
differs widely for different applications.

The main design parameters of an electromagnetic delay line are its
impedance

Z = \/Ié ohms, henrys, farads, )

and its time delay

1 “Thou knowst we work by wit, and not by witchcraft: and wit depends on
dilatory time.” Othello II, 3.
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T = VLC seconds, henrys, farads. (2)
For a given impedance and time delay the inductance is determined by
L=TZ 3)
and the capacitance by
T
¢=7 @)

Delay lines are designed to provide the required inductance and capaci-
tance in a small space without undue signal distortion.

The most conservative delay line is a length I of coaxial cable. Its
delay, regardless of its impedance, is

T=4%-10""-1+k seconds, centimeters, (5)

where k£ is the dielectric constant of the space between the conductors.
Thus a polyethylene cable with & equal to 2.25 delays signals by 1 usec
per 200-m length.

Electromagnetic delay lines may be grouped into two classes: The
distributed-parameter type, formerly called ‘condensed cable,”’! and the
lumped-parameter type, derived from low-pass filter networks.

6-1. Distributed-parameter Delay Lines. Characteristics—Delay
lines of the distributed-parameter type are practicable for the impedance
range from 200 to over 3000 ohms. In their simplest form they are
derived from a coaxial cable or a parallel line by changing one conductor
into a long thin coil; because of the resulting increase in inductance both
the delay and the impedance increase. Close spacing of the two condue-
tors increases the capacitance; this also increases the delay but reduces
the impedance.

The inductance of a long eylindrical coil is

I

L,
w

henrys per centimeter, (6)

where w is the pitch and d the average diameter, both measured in centi-
meters. The inductance so computed applies exactly at low frequencies
only. At higher frequencies, currents in different turns along a delay line,
although still magnetically linked, are less and less in phase with each
other and add less and less to each other’s magnetic field. The separation
of two turns having a given phase difference decreases in proportion to
the frequency; their mutual inductance thus drops and later reverses.
This effect manifests itself as a steady drop in the effective inductance L

' H. E. Kallmann, ‘“Transversal Filter,” Proc. I.R.E., 28, No. 7, 302-310, (July
1940).
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of the winding, as is shown in Fig. 6-1.1 The ordinate is L/Lo, that is,
the effective inductance L compared with the low-frequency inductance
Lo. The abscissa is proportional to frequency. The drop in effective
inductance L at a given frequency f will increase as the phase dif-
ference between any two points increases—that is in proportion to the
delay T per unit length of line; and the drop will also increase as the
coupling between two given turns becomes stronger, that is, proportion-
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FiG. 6-1.—Effective inductance and time delay vs. frequency.

ally to the diameter d of the turn and inversely proportionally to the
separation . Thus the generalized frequency scale of Fig. 6-1 is presented

in units of T—ldf.

Because the distributed capacitance C of a delay line varies widely
with the geometry of the design and the dielectric properties of the spacer,
it is not easily computed. The capacitance between conductors does not
vary significantly with frequency.

Because inductance decreases as frequency increases the delay T of a
simple delay line is a function of frequency, decreasing steadily as plotted
in Fig. 6-1. This decrease in time delay manifests itself as phase distor-

1J. P. Blewett, R. V. Langmuir, R. B. Nelson, J. H. Rubel, “Delay Lines,”
GE Report, May 31, 1943; also J. P. Blewett and J. H. Rubel, “Video Delay Lines,”
Proc. I.R.E., 88, 1580-1584 (December 1047.)
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tion, the phases of the high-frequency components in a signal being
advanced relative to the phase of the low-frequency components. Phase
distortion severely affects the shape of pulses, but it can be held within
acceptable limits either by conservative design, choice of a low coefficient
Td/l, or by the equalizing means! discussed in Sec. 6-2.

Signals are also distorted by the attenuation in the line. Equal
attenuation of all signal frequencies is not considered distortion; it is
harmful only in applications such as pulse-forming circuits where the
absolute rather than the relative steepness of the echo front is important.
Because of increased attenuation of the higher-frequency components,
pulses that were originally square are rounded as they are in a system
with too narrow a pass band.

Attenuation in delay lines is due to resistance of the conductor and
to dielectric losses between conductors. The attenuation Ar due to the
resistance R of the conductor is

Ap = 4.35’% db, 1)

where R is the total series resistance of the line in chms. The resistance
R rises with frequency because of skin effect; this rise starts, for example,
near 2 Mc/sec in a coil of AWG No. 40 copper wire and soon reaches a
slope of B =~ +/f. However, the amplitude distortion due to skin effect
plays only a minor role in delay lines used at present. With the materials
now available for wire insulation, dielectric losses are more important
by far.

The dielectric losses arise: (1) in the space between the two conduc-
tors; (2) between turns of a coiled conductor. The loss between the
conductors can be held down somewhat by insertion of low-loss dielectrics
as spacers between conductors; the losses between the turns of a coiled
conductor can be reduced by spacing the turns, with a corresponding
increase in line length, or by reducing the wire thickness. Formex
insulation (a polyvinyl plastic now widely used), although better than
others, is still unsatisfactory for frequencies above 2 Mc/sec. The
relative contributions of skin effect and dielectric loss in AWG No. 40
Formex HF wire (0.0031-in. copper, OD 0.0036 in.) may be gauged from
Fig. 6-2. The broken line shows the attenuation obtained with a 0.003-
in. wire crudely hand-coated with a low-loss plastic.

Attenuation of high-frequency components is also caused by mismatch
at the ends of a terminated line. The impedance of a line does not stay
exactly constant over its whole useful frequency range, but because

1H. E. Kallmann, “Equalized Delay Lines,” Proc. I.R.E., 84, No. 9, 646-657
(September 1946).
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of the drop in effective inductance and the unavoidable load capacitance it 4]
usually changes slightly at the higher frequencies. At lower frequencies,
for which the delay line is accurately matched, all power is delivered to
the load. At the higher frequencies, at which the line is mismatched, a

161

—
s
T

—— Measured with Formex insulation

—
N

3000 ohms

10+

Measured with /
. LT
low-loss insulation i
/

Computed from
skin effect

Attenuation in db for lines with Z
o

0 2 4 6 8 10 12 14 16 18 20
Frequency in Mc/sec

F1a. 6-2.—Relative contributions of skin effect and dielectric loss to attenuation.

fraction of the power is reflected at the termination, partly reflected
again at the input terminal, and then appears at the output terminal as
a short pip after each transition, delayed by twice the delay time of the
line. (See Fig. 6-3.)

Another appreciable mismatch occurs |-—2T-—-1
within the line just before the end. In this ‘—[_—A_L
region, the inductance per unit length of the
line changes because each turn is coupled to Time—e

fewer and fewer other turns. Flaring of the 1. 6-3.—Effect of mismatch at
. . . . . high frequencies.

ends or the insertion of conical pieces of iron-

dust core may be used as a mean of compensation for manufactured lines.
Another means of compensation is the simple expedient of cutting the
line into small pieces. Thus the line may be wound in many equal sec-
tions, each of which produces an end echo; the sections, however, are so
short that the echoes form a ripple of invisibly high frequency. If, for
example, each section has a delay of 0.025 usec, the echo ripple would
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correspond to an oscillation of 20 Mc/sec and its harmonics. None of
these frequencies would pass through a line with a cutoff of, for example,
16-Mc/sec. Such lines are used in oscilloscopes for signal delay at high
impedance levels.

Faults such as short circuits or uneven distribution of capacitance in a
delay line may show up as anomalous humps in the time-delay character-
istic. They are certain to show conspicuously in the transient response
as echoes from the defective place. Touching a point of the coiled
conductor will also give an echo pip because of the locally increased
ground capacitance; and by moving one’s finger along the coil, this pip
can be made to move along the transient response and to ride on the
fault echo when the faulty place is touched.

F1G. 6-4.—Uniform delay line, General Electric Company.

Delay lines, wound either continuously or in sections, can be made
with much higher impedance than can be properly matched. Satis-
factory models were made with impedances as high as 4000 ohms.

A lower limit to the impedance attainable is set by the operating
voltage, the dielectric constant of the insulator, and the space available
since it is necessary to attach more and more distributed ground capaci-
tance to less and less inductance. Unless special dielectrics, multiple
wires, or tape are used, the lowest practicable impedance is approximately
200 ohms.

Typical Delay Lines with Distributed Parameters.—A delay line manu-
factured by the General Electric Company is widely used. Its inner
conductor is & long thin coil, its outer one a metal braid surrounding the
inner one so closely that it must be braided from insulated wires to avoid
excessive eddy-current losses. The manufacturing specification of an
early model® is:

1J. H. Rube), H. E. Stevens, R. E. Troell, “Design of Delay Lines,” GE Report,
Oct. 25, 1943; see alse references cited on p. 193.
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Core: {-in.-diameter tubing of Saran, a moderately flexible plastic
Winding: AWG No. 40 Copper (0.0031-in. diameter) Formex HF
insulation (OD 0.0036 in.) close-wound, 109 turns per centimeter;

inductance 20 ph/cm

lnsulator: §- by 0.0015-in. cellulose aceto-
butyrate tape, single wrap, 50 per cent
overlap

Outer conductor: braid of 24 by 8 strands
AWG No. 36 (0.0051r.) Formex-insulated
copper wire; pitch, 1.9 in; capacitance,
16.5 uuf/ cm

Jacket: double cotton wrap (special lines
have polyvinyl jacket).

Its electrical characteristics are: impedance
Z, 1100 ohms; delay T\, 1 psec in 55 cm; vol-
tage rating, 5000 volts d-c. The temperature
coefficient of the delay in such lines is 4-0.12
per cent per degree between —60° and
+100°C. The construction of this line is
shown in Fig. 6-4. The line is so flexible that
it can be bent around a 5-in. diameter. All
strands of the braid are grounded at one end.
The time-delay characteristic of such lines cor-
responds closely to the computed curve of Fig.
6-1, dropping 5 per cent in the range from 0 to
10 Mc/sec. The attenuation per microsecond
was found to rise from 1.5 to 2 db at very low
frequencies to 2 to 3 db at 2 Mc/sec and to 4
to 6 db at 4 Mec/sec. The distortion of a
1-psec pulse is illustrated in Fig. 6-5, where the
shape of the pulse at the input terminal and
after 1-, 3-, and 5-psec delays is shown.

il

(e) Input 1u sec pulse
Delay 1usec
(¢) Delay

f\

) Delay Susec
F1a. 6-5.—Distortion of

l-usec pulse by line of Fig.
6-4.

A somewhat similar simple line was manufactured by the Federal
Telephone and Radio Corporation for a special application which required
that 0.25-usec pulses of 25 kv be delayed with less distortion than could

be noticed on the best available oscilloscopes.

These requirements were

met by a line with conservative parameters designed to the following

specifications:

Core: polyethylene 0.380 in. in diameter

Winding: AWG No. 23 copper (0.0226 in.) Formex-insulated, close-

wound to 15 turns per centimeter

Dielectric: solid polyethylene (k = 2.25) extruded to 0.680-in.

diameter
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QOuter conductor: single-braid plain AWG No. 35 copper wire
Jacket: polyvinyl to 0.875-in. over-all diameter.

This line, shown in Fig. 66, closely resembles the RG-65/U high-
impedance cable (Sec. 1:12) but has a relatively much larger coil diameter
(a/d < +/e) which serves to increase the delay.

The delay line of Fig. 6-6 has
an impedance of 830 + 10 ohms
and a delay of 1 usec in 500 em.
When a 0.5 usec pulse whose front
rises from 0.1 to 0.9 of its total
rise in less than 0.03 psec is trans-
mitted through a length of this

wire line which gives a delay of 0.5 usec,
Fra. “"i;}:,,‘i:i.‘,?;'“Rﬁi‘iiyc‘x:;,,‘;i?::“ Tele- the output pulse is gttenuated 0.6
db and shows a slight rounding

of its corners, but it still rises from 0.1 to 0.9 in less than 0.03 pusec.

Another line that avoids distortion by a conservative choice of
parameters is an experimental variable delay line, of which one conductor
is again a long thin coil, and the other a grounded strip of metal foil
placed between the winding and its core. Its design specification is as
follows:

Polyethylene oD
0.680"

Core: 0.30-in.-diameter tubing of Saran

Grounded conductor: soft copper foil 0.090 in. by 0.001 in.

Insulator: one layer of kraft paper 0.001 in. boiled in ceresin wax

Coil: AWG No. 30 copper Formex-insulated, close-wound with 36
turns per centimeter.

The line, which is 25 in. long, is bent into a circle of 9 in. diameter and
furnished with a contact arm, similar to that of a wire-wound potentio-
meter. The line impedance is 1,000 ohms. Its total delay is 0.44 usec,
calibrated in equal steps of 0.01 psec and reliable at all points to 0.002
usec for frequencies up to at least 20 Mc/sec. For use as a variable delay
line its far end is terminated in the characteristic impedance and the
signal taken off by a contact sliding on a bared path on the coil. The
load at this point should be of high impedance, but the calibration is
remarkably insensitive to a load at the contact even if it is comparable
to the line impedance.

The impedance of delay lines is increased if both conductors are sole-
noidal in form. Such lines consist of two windings on a slim insulating
core, continuously wound on top of each other with opposite winding
sense. Such lines are called “balanced delay lines;”’ however, the signal
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traveling along them does not remain balanced with respect to ground
because the diameters of the two windings, and therefore their inductances
per unit length, are not exactly equal. This imperfect balance does not
matter in such applications as pulse-forming circuits where the far end
of the line is either short-circuited or open.

Balanced lines, close-wound in two ‘layers of AWG No. 37 Formex

wire on %-in.-diameter core, were used experimentally in pulse-forming *

and pulse-coincidence circuits; their impedance was 620 ohms.
Simple delay lines are adequate for the formation and delay of trigger
pulses and, with moderate fidelity, for signal delay. Unless obscured by
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Fig. 6:7.—Effect of subdivision of floating capacitance strip.

very bad attenuation, asymmetric distortion of pulses, as shown in Fig.
6-5d, will be noticeable. For more stringent requirements, such as signal
delay in oscilloscopes, equalization of the phase distortion is necessary.
This equalization has been achieved by the addition of phase-equalizing
networks,! but, even for modest improvements, the size and the com-
plexity of the networks may exceed that of the delay line itself.

6-2. Equalizing the Time-delay Characteristic. Methods.—A simple
means of equalizing the time-delay characteristic is the addition of a

1D. F. Weekes, ‘“A Video Delay Line,” RL Report No. 61-20, Apr. 26, 1943.
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bridge capacitance that effectively increases with higher frequencies.
This method of equalization may be understood from the observations
plotted in Fig. 6:7. A continuous coil of AWG. No. 28 enameled
wire was close-wound on an insulator of -in. diameter and 16-in.
length over a paper-insulated strip of copper foil 0.001 by 0.160 by 15 in.
Its time delay, plotted as N = 0 (Fig. 6-7), dropped steadily from 0.78
usec at low frequencies to 0.616 usec at 16 Me/sec. This rate is
somewhat less rapid than that calculated from Fig. 6-1. Another strip
of copper foil was then mounted along the outside of the coil and held in
place with tape. Connecting it to the inner copper strip and to ground
just doubled the ground capacitance; the initial time delay was thus in-
creased by 4/2 to 1.1 psec, and the time delay dropped steadily to 0.764
usec at 16 Mc/sec. When one of the two strips was disconnected from
ground, but left in place, a different type of curve was observed. The
new curve started at To = 0.78 usec. This effect was expected since at
very low frequencies there is no phase difference between any two turns
of a low-loss line, and therefore no alternating current flows by way of
the floating strip from any turn to another turn in any bridge circuit
formed by the capacitances. However, at very high frequencies, when
> 1/T, the time-delay response will be the same as if the floating strip
were grounded because at those frequencies, the equal couplings to turns
at all phases cancel each other in their effect upon the potential of the
strip. Similar cancellations also take place at certain lower frequencies,
whenever f = 1/T, 2/T, etc. These may be observed near f = 0.9 Mc/sec
and f = 1.8 Mec/sec in the curve for N = 1.

From the curve for N = 2in Fig. 6-7, it is seen that the delay at very
low and very high frequencies is unaffected if the floating copper strip is
cut into two equal pieces, each extending over one half of the line. The
curve for N = 2 resembles the curve for N = 1 except that the peaks at
lower frequencies occur at twice the former frequency, when f = 2/T, 4/T
etec. If the floating copper strip is divided into three or four equal
lengths, the peaks occur at proportionally higher frequencies. Continued
subdivision of the floating copper strip, however, leads to a different
type of curve. The delay at very low frequencies is still that of the
unpatched line; it rises steadily with increasing frequency to a peak
just below the frequency

N
fp = 2_7'1’ (8)

where T is the total delay at that frequency and N the number of equal
floating patches along the line. The delay drops sharply at f,, then
recovers to follow the curve of a line with all patches grounded. This
type of response is observed on the model with 8 and with 16 equal floating
patches. The delay response for these higher numbers of patches has
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its peak at a frequency for which each patch extends over about one-half
wavelength on the line. The phenomenon is different from that observed
at N = 4, when the patches were one whole wavelength at the first peak.
The change-over is rather sudden, as plotted in Fig. 6-8.

ol

0 5 10 15 20
Number of patches N

Fia. 6-8,—Wavelength per patch at peak.

The smooth rise to the peak of the time-delay characteristic is utilized
for the equalization of delay lines. The desired isochronism—or some
other desired time-delay characteristic—is adjusted by the choice of two
parameters, the length and width of each patch; periodical change of the
size of the patches may offer a third means of adjustment. The number
of patches is always so large that Eq. (8) applies. The characteristic is
then generally smooth over a frequency range to at least 0.8f,. Thus
the lowest number of patches required for the equalization up to 0.8f, is

N = 27f,. (8a)

There is no harm in choosing a larger number of patches, provided that
they can be made proportionally wider. The width of the patches and
the thickness and dielectric constant of the insulation between them and
the coiled conductor serve to control the amount of bridge capacitance.
At higher frequencies the delay is increased in proportion to these capaci-
tances, and isochronism may therefore be adjusted by the width or thick-
ness of insulation of the patches, as illustrated in Fig. 6-9 for a line with
To equal to 0.90 usec. The response of this line before equalization
dropped steadily to 0.82 usec at 16 Mc/sec. An application of 24 patches,
each 0.10 in. wide and 1 in. long, resulted in overcompensation of the drop,
but over too narrow a frequency range, the frequency of the peak, f,,
being 10.8 Mc/sec. Another curve shows the result after each patch was
cut in two, resulting in 48 patches, 0.10 in. by 0.50 in. The peak moved
outside the observed range, presumably to 25 Mec/sec, and the equaliza-
tion was nearly correct, rising to 0.93 usec at 16 Mc/sec. A slight reduc-
tion of patch width then adjusted the delay characteristic to just-equal
delays of 0.90 usec at zero and at 16 Mc/sec, with a drop of less than 1 per
cent in between. If necessary, this curvature can be further equalized by
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adding another row of about 14 slim patches which contribute a slight
lift with a peak frequency near 8 Me/sec.

115
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Fic. 6-9.—Effect of size and subdivision of patches,

In these models the delay characteristics, even before patching, did
not drop as much as was calculated. This fact can be attributed to the
natural coil capacitance C, which may be found from the inductance of
the coil and from the frequency at which it resonates without external
capacitance. It is best estimated from the following relation:

C, = d, micromicrofarads, inches. 9)

Accordingly, the effects of natural bridge capacitance in a delay line are
found to increase with the diameter of the line. Most of the bridge
capacitance is on the outside of the long slim coils. If, therefore, a
substantial part of the surface of the coil is covered by grounded con-
ductors, such as the metal braid used on the GE lines, all but neighboring
turns are effectively screened from each other and equalization due to
natural coil capacitance is suppressed (see Fig. 6-10).

For a given coil diameter, the less ground capacitance per turn is
required, the higher the desired impedance of the line. The natural coil
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capacitance, however, is not reduced. Thus, with increasing line
impedance, narrower and, finally, no equalizing patches are required.

Another means of influencing the delay characteristic of a line is to
divide its winding into sections. This method results in loss of indue-

1.00

N
Continuous lines with
¢oil capacitance
0.90 / N
Computed and \
measured, on line
without coil capacitance \

T/ To < \

N

N

X .
~J
™. //
Winding in sections each \“—/
1/ d=1.6,n0 coil capacitance
| |
0 1 2 3 4 5 6

Generalized frequency Z?i !

Fra. 6:10.—Effect of natural coil capacitance and of subdividing coil.

tance which causes less delay per length, and consequently less drop in
the delay characteristic. It also results in a conspicuous cutoff frequency
at which the delay rises to a peak as shown by the lower curve in Fig.
6-10, representing a coil wound in spaced sections with natural coil
capacitance suppressed by a cover of braid. Delay lines wound in
sections and with floating patches have certain special merits and several
examples will be discussed.

Typical Equalized Delay Lines.—In the following examples the delay
equalization is driven well beyond the beginning of excessive attenuation.
These designs should be justified as soon-as low-loss insulated wires
become commercially available.

‘The construction of a continuously wound delay line designed for a
moderate frequency range is shown in Fig. 6-11. The delay is 1 usec
for about 10 in.; the impedance, 400 ochms. An insulating core of }-in.
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diameter is covered with a conducting layer, by copper plating or by
cementing on (with self-curing rubber) thin soft copper foil, which is cut
into four full-length strips separated by gaps about 3% in. wide. Three
of these strips are grounded and the fourth is divided into a row of float-
ing patches, each §4 in. long, spaced g% in. apart.! The complete core

Grounded strips

1.05 15
]
~ / s
8 100 | —~ = 103
§ Delay =
o c
o ]
£ §
£ 095 pd 5 §
. L4
3 penutics \ L
0.90 0
0 1 2 3 4 5 6 7
Frequency in Mc/sec
()
I'1a. 6:11 (a and b).—Continuously wound delay line with floating patches and grounded
strips.

is given a thin coating of low-loss dielectric and then wound with No. 36
Formex HF wire. The resulting time-delay characteristic is thus
equalized to better than one per cent at frequencies up to f, = 4.5 Mec/sec
(Fig. 6:11b). The transient response is symmetrical, its shape being due
entirely to attenuation. Losses rise to 10 db/usec before any phase dis-
tortion sets in (Fig. 6:116). The upturn of the delay characteristic at
the lowest frequencies, if genuine, is harmless, corresponding to a phase
shift well below one degree. Delay lines of this construction are manu-
factured by the Raytheon Manufacturing Company as type M-10178;
they have an impedance of 390 ohms and a delay of 8 usec, and are
fabricated in 14 pieces sealed in a metal case of approximately 5 by 5
by 10 in.

Another design of a continuously wound line, shown in Fig. 6:12, is a

1 Such cores, made of Pyrex glass rod with grounded and floating strips of burnt-on
silver, are commercially available from Corning Glass Works.
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wodification of the Formex-braid-covered lines manufactured by the
General Electric Company. The introduction of patches permits making
the line thicker, and thus shorter and with somewhat less attenuation
for a given delay. This line is wound on a tube of insulating material

*40 Formex HF
195 x 0.005" Formex
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Fig. 6-12 (a, b, and ¢).——Continuously wound delay line with floating patches and Formex
braid.
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having an outside diameter of 1 in. The patches on the core are each
0.001 in. thick and 0.345 in. wide, and they are spaced {% in. from center
to center, with about 0.02-in. gap between them; they are covered with
one layer of 0.001-in. ceresin-wax-impregnated condenser paper. The
line is closely wound with AWG No. 40 Formex HF and covered with a
tight-fitting braid of 195 strands of 0.005-in. Formex-insulated copper
wire. The delay for a 10-in. length is 1 usec with an impedance of about
1150 ohms. The delay characteristic of several models 105 in. long is
plotted in Fig. 6-12b. Since finished braid was drawn - ver the windings
of these models and tightened by hand, ground capacitance, delay, and
impedance varied slightly, which will explain the unevenness of curve
No. 3 of Fig. 6:12b. The transmission loss and impedance character-
istics of such a line are plotted in Fig. 6-12¢.

100 <y ,
[~ New type
0.98 %J—ﬁ\:‘l\{\( e |
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|
!
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F1a. 6:13.—Effect of metal-paste dielectric.
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The original design of the GE delay line shown in Fig. 64 has been
improved! by the introduction of distributed bridge capacitance. The
coiled conductor is coated after winding with a paste of fine aluminum
powder in polystyrene coil dope. It is then covered with plastic tape
and Formex wire braid as before. The metal powder paste is a substance
of very high dielectric constant. Inserting it between the coiled and
the braided conductor will thus change the capacitance between them
only slightly, and this change is easily compensated by a slight adjust-
ment in the dimensions of the dielectric tape. However, the capacitive
coupling between distant turns, which before had been suppressed by the
close-fitting metal braid, is now very much increased and the resulting
benefits to the phase response are analogous to those derived from floating
patches. Fig. 6-13 shows the delay response of the improved GE line,
compared with that of an old line. The attenuation of the line is not
perceptibly affected by this modification.

To ensure signal delay without spurious echo pips, lines of the dis-
tributed-parameter type may be modified by winding them in sections.
Figure 6:14 shows a signal delay line, wound in sections with I/d equal to
1.6. Each section vields a delay of about 0.038 usec, at an impedance of

! See Blewett and Rubel paper cited on p. 193.
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1000 ohms. The line is wound with AWG 34 Formex HF wire on bakelite
tubing of §-in. OD with 4%-in. wall; each section of 85 turns is closely
wound; sections are spaced 1 in. center to center. The capacitance to
ground of 39 uuf per section is provided in this model by four strips of
AWG No. 20 Formex HF wire rolled to 0.010-in. thickness and placed
between core and coil. Three strips of AWG No. 34 Formex HF wire
rolled to 0.0025 in. are also inserted; after winding, the latter strips are
cut between each two coils to form the floating bridge capacitances. It
is both reasonable and convenient to make the number of equalizing
patches equal to that of the sections. The width and exact location of
the cut between coils is immaterial. The delay response of 10 sections
is plotted in Fig. 6-14b with that of an unpatched line for comparison
(Curves I and II). The transmission loss of such lines is also plotted in
Fig. 6-:14b Curves III and IV, the latter computed from skin effect. The
input impedance and the characteristic impedance of a very similar line
of 0.35-psec delay is plotted in Fig. 6-14c.

Another model of a signal delay line wound in sections is illustrated
in Fig. 6-15. This line is designed for a delay of about 0.05 usec per
section at an impedance of 3000 ohms. It was wound on bakelite tubing
of &-in. OD and #5-in. wall thickness, with 164 close-wound turns of No.
40 Formex HF per section, 10 sections spaced 1 in. center-to-center.
The ground capacitance of 14-5 puf per section was provided by inserting
three grounded strips under the winding, each a No. 36 Formex HF wire
rolled flat to 0.003 in. Since winding of fine wire by hand does not make
for closely predictable ground capacitance, those of different models
varied, resulting in impedances from 2600 to 3100 ohms, and delays from
0.43 to 0.51 usec (Fig. 6-15b). Capacitances may also be uneven within
a line as is shown in Curve No. 5, and cause a hump in the delay character-
istic. There is no visible equalizing capacitance provided with these
lines since the distributed coil capacitances are of just the right value
for the 3000-ohm model. The delay of Curve No. 9 drops since the
greater delay time of 0.051 psec per section needs more equalization;
similar models for higher impedances already have too much natural coil
capacitance, resulting in steadily rising delay characteristics. The trans-
mission-loss characteristic of the line for 3000 ohms is plotted in Fig.
6-15¢; the input impedance resembles that of Fig. 6-14c.

Models of delay lines with iron-dust cores have been made but are
still in an experimental stage.

6:3. Lumped-parameter Delay Lines. Characterisiics.—For very low
impedances or for very high voltages, it is more convenient to lump the
ground capacitances than to distribute them along the winding. Also,
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where suitable condensers are chosen, the attenuation, due largely
to dielectric losses, is appreciably lower in lumped-parameter than in
distributed-parameter delay lines and the temperature coefficient usually
is only approximately 0.01 per cent per degree centigrade.

The delay in a simple low-pass filter network comprising only series
inductances and shunt capacitances rises appreciably with frequency w
according to the equation

2

T = (10)
- (@)

It has therefore long been the practice to improve the delay character-
istic of the ordinary low-pass filter by the use of sections with a value of
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F1a. 6-16.—Delay in m-derived low-pass filter sections.

m = 1.27. The time delay of an m-derived filter is given in the following
equation,
2m

VI = (/o [ — (I — m?) (@/wg)?] (1)

Time delay is plotted for various values of m in Fig. 6:16. The choice
of m = 1.27 is arrived at by arbitrarily equating the delay at o = 0
with that at o = 0.5wo; but it can also be seen from Fig. 6-16 that this
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choice offers the flattest possible delay characteristic up to about 0.55w.
As shown in Fig. 6-16, each m-derived filter section is built with one
inductance L, on each side of the condenser Cy, and the pair of inductances
is coupled with a mutual inductance M,, whereby

€, = 2mC = 2.51C,
m?2 4+ 1

L, = L = 1.03L,
2m
and
11[1 _ ﬂ‘z -1 _
L. mr1- 0.237. (12)

Delay equalization depends critically on the coupling between the two
coils L,. Apparently the most convenient way to control the equalization
is to wind both coils as a continuous close-wound or pitch-wound single
coil with a tap at the center, and to choose the core diameter, wire gauge,
and thickness of insulation so that the coupling between the two halves is
correct. It can be shown that this method requires only that the ratio
of the length to the diameter of the whole coil equal 1.55. In a proper
coil the total inductance is

4m?

2.54L = 2L, + 20, = mi 1

L1 = 24GL1

The total inductance is thus 1.23 times larger than the sum of the halves
L,. This ratio depends only on the values of coefficients k& which can be
found from a plot of Nagaoka’s constant % for the inductance of a solenoid
by searching for a pair of values k, and k; such that k; = 1.23 k; when
l,/d = 2l;/d. Such a pair occurs only once, for k; = 0.62 and k, = 0.77
with l,/d = 1.55.

The design then requires the choice of an average coil diameter and
pitch such that the desired total inductance 2.46L is obtained with a coil
1.55 times longer than its average diameter d, to be found by satisfying
both Eqgs. (13) and (14).

— 9 209 272
2.46L,; = ml—lg,)r—nd = 5 X 10~°n%d, henry, cm, (13)
and

I = nw. (14)

Satisfactory coils for delay networks wound according to the specifications
of Egs. (13) and (14) are illustrated in Fig. 6-17. These coils were wound
on cores ¥ to 1 in. in diameter, for impedances from 70 ohms to over
1000 ohms and for voltages up to 25,000 volts. Capacitances were not
only selected to tolerances of + 1 per cent, but also were placed in the order
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Low-pass filter, m=1.27 ‘

l
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Fia, 6:17 (a, b, and ¢).—Lumped-parameter delay line,
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of their value so as to minimize impedance changes between adjacent
sections. Results measured on a typical network of 24 sections with
m = 1.27 are plotted (Fig. 6-17b); the impedance is 1000 ohms; the
nominal cutoff frequency, 16 Mec/sec; the delay per section, 0.025 usec.
In this as in all similar cases, the
delay characteristic stays flat over a
somewhat larger frequency range than
that computed from Eq. 11 (see Fig.
6-17b). The attenuation (Fig. 6-17¢)
in such a filter with mica or ceramic o—
condensers is much lower than in delay =127 m=07

lines of the distributed parameter type Fic. 6:18.—Termination of lumped-
because of the much lower dielectrie parameter line.

losses. The input impedance, shown for a line without input termination
in Fig. 6:17c¢, is very flat, rising slowly after 0.50,. Conventional methods
of termination can be used for further improvements. The most satis-

factory results were obtained with an m-derived half section, as shown in
Fig. 6-18.

254 L, 07L,

0.60 8

0.55 A 6
s
8 -
1 <
£ 050 42
? Attenuation /\\/ 2
2 ~ T N g

0.45 / 2

Delay
040 0
0 1 2 3 4 5 6 7 8

Frequency in Mc/sec
F1a. 6:19.—Characteristics of 8 sections of Raytheon delay line type CRP 14 ABD.

A delay network of this type suitable for long delay of trigger pulses
is manufactured by the Raytheon Manufacturing Company as type
CRP 14 ABD. The line has an impedance of 75 ohms. Each section
of the line is connected to the next by a spade lug and terminal screw,
and therefore any desired delay up to 2.4 usec can be set in steps of 0.05
usec. Six blocks of eight sections with m = 1.27 are housed in a common
metal case about 15 by 3 by 8in. Each center-tapped coil of 47 turns is
wound to 3.46 ph on a threaded ceramic core of 0.375-in. + 0.002-in.
diameter. The capacitors are silver-mica condensers of 750 uuf + 2 per
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cent. The nominal cutoff frequency is 8 Mc/sec. The delay and
attenuation observed on a block of eight sections are plotted in Fig.
6-19 (the attenuation includes a loss of 3 db due to the measuring setup).

Design of this type of delay networks is based on the assumption that
there is no appreciable coupling between sections. In practice, this

tw;-u«u-.ulu-uﬁﬁ(ﬁ@“mgt

««@7@

=

0.515
0.510 [

4
0.505 /

0.500 |-} /

[
0.495 \S
0.490

0 1 2 3 4 5 6 7 8
Frequency in Mc/sec
Fic. 6-21 (a and b).—BTL type D-168435 delay line.
(NotE: ‘‘attenuation” in Figs. 6:21 and 6-22 should read “insertion loss.”)

(&)

Delay inusec
- rd
g
w

Attenuation in db

N

condition is fairly well satisfied if there is a clear space equal to the coil
diameter between each two sections. This requirement may be objec-
tionable if only very little space is available. A number of delay net-
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works that require very little space have been developed in the Bell
Telephone Laboratories.

These networks consist only of series coils and shunt condensers such
as would correspond to an ordinary low-pass filter with m = 1. But the
relatively short coils of each section are wound with rather close spacing
on a common core and the coupling to the adjacent section M, and even
to the next one, M., becomes significant as shown in Fig. 6:20. In these

Each section 40 turns #37

(a) Formex HF, close-wound
4.70 25
4.65 20
8 Delay, equalized /
5 e T — e A— A~ ")
g 460 15 2
~ 5
E \\\ 1 / g
2 455 ~ < = 10 &
® <
2 Insertion loss \_\_‘,40/ y
~ elay
before Py //
450 ~$lay — 5
—~—— ™
445 0
0 1 2 3 4 5 6 7 8

Frequency in Mc/sec

(b)
Fi1c. 6-22 (a and b).—BTL type D-172597 delay line.

lines the relative amounts of inductance L and mutual inductances M,
and M, are controlled by choice of three parameters:

1. the ratio of length to diameter of each coil,

2. the spacing between sections, and

3. in some models, the closeness of the short-circuited turn provided
by a rather narrow metal case.

e
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When properly proportioned, such lines have time-delay responses that
oscillate only slightly around the desired value up to 55 per cent of the
nominal cutoff frequency. One or two phase-correcting T-sections may
be added to the whole delay line for further delay equalization.

Typical Lumped-parameter Delay Lines—The specifications of two
typical lines are as follows:

1. BTL type D-168435. (This line is used in portable oscilloscopes.
In Fig. 6-21a it is sketched lifted out of and on top of its case.)

The Ao o8

N

Case: 63 in. by 1in. by § in.

. Impedance: Z = 550 ohms

Delay: T = 0.5 usec

. Nominal cutoff frequency: 9.5 Mec/sec

Phase: equalized within +3° up to 4 Mc/sec
Attenuation: 1/4 db at low frequencies rising to 1 db at 4
Me/sec (see Fig. 6-21b)

. Coil: 12 sections wound to 5 per cent tolerance
. Capacitors: button-type silver-mica condensers + 5 per cent

-

(a) 1usec test pulse

1

(b) lusec test puise through delay line of Fig 6-21

Ll

(c) 1usec test pulse through delay line of Fig 6-22

FiG. 6-23.—Waveforms of BTL delay networks. Rise time is 0.2 usec for (b) and 0.1 usec

for (¢).

¢. BTL type D-172597. (This line is characterized by long delay
with very little distortion. It has negligible crosstalk.)

a.

Case: 9 by 3% by 2% in. with individual screen cans for each
length of line controlling mutual inductances (and helping
prevent crosstalk between them)

b. Impedance: 430 ohms

©

Delay: 4.6 wsec in 144 sections and 2 equalizing T-sections
Nominal cutoff frequency: 12.5 Mc/sec






