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CHAPTER 1
INTRODUCTION

1. General

@. The part of the radio-frequency energy spec-
trum covered in this manual extends from 30 to
1,000 me (megacycles). This area includes the
entire vhf (very-high frequency) band between
30 and 300 me, and that part of the uhf (ultrahigh
frequency) band extending from 800 to 1,000 me.
Utilization of this part of the radio spectrum for
such purposes as communications and radar was
slow because of the relative freedom from con-
gestion in the lower frequency bands in the 1930’s,
the difliculty of developing efficient equipment
for this frequency range, and general lack of
recognition of its possibilities.

b. The great increase in congestion of the r-f
(radio-frequency) channels below 30 me and the
special advantages of the shorter wavelengths in
the 30- to 1,000-me band have resulted in a rapid
expansion of research and development in this
part of the r-f spectrum. The actual use of these
shorter wavelengths has increased to a point
where it is impracticable to cover every sort of
equipment in a single manual. For that reason,
magnetrons, klystrons, traveling-wave tubes, and
specific equipments using these devices are omit-
ted. Even with these omissions, a large amount
of information must be presented, and it will be
studied more easily if the circuitry relationship
between the 30- to 1,000-mc band and the parts
of the radio spectrum above and below it are
understood. The relationships between the type
of components used in the circuits of the different
frequency ranges are shown in figure 2. The
upper limit for radio signals that can be returned
effectively to the surface of the earth by the
ionosphere is about 30 me. Therefore, 30 mc was
chosen as the low-frequency limit of this band.
This 30-me dividing line is not an abrupt one, be-
cause there is no abrupt change in the ability of
the ionosphere to return the waves to earth as the
frequency is increased. The change of conduct

of the ionosphere takes place over a region of the
frequency spectrum with its center at about 30 me.
The band of frequencies in which the ionosphere
behavior changes occasionally moves bodily
higher or lower by considerable amounts. The
1,000-me upper-frequency limit has been selected
because it is about the highest frequency at which
coaxial or parallel-conductor transmission lines
are practical. Above this frequency, waveguides
and resonant cavities become desirable because of
their greater efficiency. Again, the dividing line
is not an abrupt one. The limit should be thought
of as a transition region, centering on about 1,000

me.

2. Need for Vhf and Uhf Radio

a. Congestion on Lower Channels. The rapid
expansion of radio broadcasting and communica-
tions created the serious problem of interference
between stations. To alleviate this situation, the
governments of various countries have held many
conferences since 1903, when they first reached an
international agreement relative to the assignment
of radio-frequency channels for various radio
services. The field of radio increased rapidly and
by the early 1930’s the radio channels between the
lowest practical frequency (about 15 ke (kilo-
cycles)) and the highest frequencies that had
proved useful for long-distance communication
were so congested as to hamper their usefulness.
Thus the radio industry, radio amateurs, and var-
ious government and military agencies were stim-
ulated to explore the region above 30 me. In the
early 1920’s, a great amount of the experimental
work on the higher frequencies was done by
amateurs. From the earliest days of radio, many
prominent men, including Lee De Forest and
Hiram Percy Maxim, have been active radio
amateurs as well as professional engineers and
scientists. This trend continues in the present-
day amateur fraternity, which numbers almost
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Figure 2. Radio-frequency spectrum.

100,000 licensed members in the United States
alone.

b. Special Advantages of Shorter Wavelengths.
In addition to the problem of congestion, certain
natural characteristics of radio waves also en-
couraged experimenters to study the part of the
r-f spectrum above 30 me.

(1) At 30 me and above, the ionosphere does
not return radio waves to the surface of
the earth very effectively, except under
rather unusual conditions. At first this
was considered a serious limitation since
most of the emphasis in early radio de-
velopment was on long-distance com-
munication, far beyond the optical hori-
zon (line of sight). It soon was realized
that the shorter wavelengths, above 30
me, could be used for covering relatively
local areas. This freed some additional
lower frequencies for long-distance com-
munication. - Because propagation of
these shorter radio waves did not reach
points on the surface of the earth beyond
the optical horizon as seen from the trans-
mitting antenna, stations could operate
on the same assigned frequency without
interference, if they were separated far
enough geographically. This principle
already was being used on the broadcast
band (540 to 1,600 ke), and other radio
services operating in the region above
30 me. Figure 8 shows a handy-talkie
designed to operate at 50 me. This pro-
vides reliable short-range communica-
tion.

(2) A second effect of the decrease in wave-

length as the frequency is increased 1S
connected with the phenomenon of radio-
wave reflection.  All electromagnetic
waves, such as radio, light, and heat, can
be reflected, but how well they are re-
flected depends on a number of different
factors. One factor is the relationship
between the length of the wave considered
and the physical size of the reflecting
object. In general, an object must be &
reasonable fraction (1/10 to 1/5) of &
wavelength long in one dimension to ré-
flect radio waves effectively. Objects of
one or more electrical half-wavelengths
reflect best if other factors are eqlmL
Therefore, the shorter the wavelength,
the smaller the object that can reflect
the waves effectively. IFor example, &
wave 10 meters long will be reflected
readily from objects that would have
little effect on a wave 100 meters long.
Similarly, waves 1 meter long are re-
flected readily from objects the size of a
aroran airplane. This is one of the basic
principles on which radar operates, and
its importance hardly can be exaggerated.
Since many of the objects it is desired
to detect with radar are under 5 to 10
meters in length, radio wave 5 meters or
less in length will be more effective in
detecting them than longer waves. Actu-
ally, most radar equipment uses wave-
lengths much shorter than 5 meters, rang-
ing down to 1 centimeter or less, Karlier
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Walkie-tallie radio set.
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ample, a half-wave antenna for a st ation
operating in the broadcast band requires
a steel tower hundreds of feet high, but
at 500 me an aluminum rod 30 centimeters
long is sufficient. Obviously, equipment
for the shorter wavelengths can be made

(3)

more compact and portahle
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and wavelength,
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- physical size
At the lower frequen-
cies in the 30- to  1,000-me band, the
Army walkie-talkie equipment (fig. 4)
containing a transmitter, receiver, and an
antenna is smal] enough to make it
easily portable, ang equipment, for the
higher frequencieg can be made much
smaller. Thig roluti()nsllip between wave-
length and physica] size makes possible
the construction of relatively small an-
tennas capable of ('oncunljl'uling the
radiated waves into g sharp, narrow beam.
The beam, whicl, can be pointed in g
desired direction properly position-
ing the antenna, aidg communie

' : ation in
the desired directioy and reduceg inter-

ference to stations iy othey directiong

by

3. Historical Background

The events in the radio field that ln'ou;_r],(
the development of equipment and t'vvlmiqnos for
use above 30 me are of ('-onsid(-n-;lble intoro.st.‘ m\d
are an aid to undm'ﬁl'un'(lm,«_: this part of the radie
spectrum, and its ])l':l('ll('fll nses.. Intensjyea ]311‘;:0,-
seale research and experimentation (i not
until about 1935, although gma]) proje
garded as of major importance had ‘l)(
taken earlier by isolateq

aboygt,

])(‘f_fi“
cts not, re-

i CIl ungap.
(‘xl)(‘l"]ll]p,”t(\

101 xperiments of FHeim e S. The
original experiments o einricl, H(‘l'tz o ol
which demonstrated that radio 888

| . Yaves wepq |
physical reality, as suggested by Maxwepps 4
tions, were made at frequencieg
Marconi’s first successfyl demonggy
distance transmission acpoge the A
however, was made on 4 relative
Marconi’s success caused mogt
to concentrate on the lowey:
development :11.1(1 use of (he vacuuy tube b
g‘r(\sf(*,(l to a point \\"hm'(* Voltage, ¢ ,,(,“,(,,,l.”ll”;‘)_
fication and generation of hig]wr--ﬁ-p,]”(,“(.\: s
energy, became ]'(’hlf'i\"(‘]‘\' easy. ¥ radio
a. Barly History, As 4
bands became more crowe
characteristics of radio w
perimeters hega investio
lengths. Before 1930, Dy
his assistant, Leo (. Young
wavelengths between 9()
for possible use for

Neay

o I 1901,
Y low l'l'(‘(]ll(‘ll('\'.
radio researclopg
frequenceg until the

the lower-f1q
» And the ¢,
aves more

(]11(‘]](-y

ating the shor
Paylor ang
8y EXperimente with
and 5 meteps (15 to 6o me)
(In'oohm]-ﬁnding Purposes.

During these eXperiments, they observed that



radio waves of suitable wavelength could be re-
flected from aircraft. It was partly as a result of
their research that investigation was begun of this
reflection phenomenon, later developed into radar.
Many amateurs carried on experimentation in the
assigned amateur bands at 56 and 112 me in the
middle and late 1920%s. By 1934, their work had
demonstrated that reliable communication on such
frequencies, using low power and hysically small
antennas, was practical over distances up to 50 or
60 miles.  Shorter wavelengths were being studied
in many foreign countries, but it was not until the
possibility of a detection and ranging device (ra-
dar) became apparent that large-scale organized
research began in earnest. This possibility,
which had been suggested earlier in the experi-
ments of Hertz, occurred to radio researchers of
several nations in the middle 1930%. A radio
method of locating objects was being tested in
Japan, England, France, Germany, and the
United States. Since the use of relatively short
waves was highly desirable, because of the rela-
tionship between the length of the wave and the
size of the reflecting object, many of these ex-
periments were being carried on at wavelengths
ranging from 15 meters down to 1 or 2 meters.

b. Military Research. In the Signal Corps, ex-
perimentation with short wavelengths began as
early as in any other agency, and by 1936 a radar
system capable of detecting echoes from commer-
cial aireraft had been developed in the Signal
Clorps Laboratories at Fort Monmouth, N. J. In
February 1937, a successful radar was demon-
strated to Admiral William D. Leahy, then Chief
of Naval Operations, by personnel of the Naval
Research Laboratory. This radar, operating on a
wavelength of about 114 meters, was considerably
improved during the following months, and in
1938 was installed on the U. S. S. New York for
sea tests. In May 1937, a successful demonstra-
tion in detecting approaching bombers was con-
ducted at Fort Monmouth for the Secretary of
War and members of Congress. Ior experimental
communications between surface stations and air-
craft, frequencies above 30 me had been used with
moderate success for some time. For various tech-
nical reasons, both Army and Navy research was
concentrated on the use of shorter wavelengths.
It is interesting to note that, although later radar
developments extended to wavelengths as short
as 1 centimeter, the Signal Corps radar which
made the first radar contact with the moon on

10 January 1946, used a wavelength of about 2.9
meters. The antenna for this radar is shown in
figure 1.

c. Commercial Developments. 'The research
done by the large communications companies in
the frequency region above 30 me was devoted
principally to developing components and equip-
ments for communication and some navigation
and direction-finding devices, particularly for air-
craft. A great many experiments were also car-
ried out to determine the reliable range and other
characteristics of communication on frequencies
above 30 me. The essential line-of-sight nature
of propagation at these frequencies was apparent
almost from the start, but much more has been
learned about the effects of weather and terrain,
maximum power requirements, and similar in-
formation. Research in radar also was conducted
intensively by the laboratories of the large com-
munications companies, partly under contract with
arious government agencies, and partly inde-
pendently. Much of this research was devoted
to developing equipment that could be produced
in large quantities for the Armed Services. The
needs of the services fell roughly into two general
categories—communication equipment and radar.
The essential difference between the developments
for communications purposes and those for radar
is the greater power output required during the
transmission of the radar pulse. Tubes and other
components capable of handling large amounts of
power for small fractions of a second were needed
in radar transmitters, and there was also great
need for compact, lightweight, portable equipment
for field troops, surface vehicles, and aireraft.
These considerations also encouraged the trend
toward the shorter wavelengths wherever their
propagation characteristics permitted.

d. Broadcasting on VHF. In addition to the
development of communications equipment, two
other commercial radio services were moving
rapidly into the frequency region above 30 me.
These developments were f-m (frequency-modula-
tion) and television. Nothing in the basic nature
of either of these systems prevents its operation
at lower frequencies than 30 me. However, the
bandwidth required, the congestion in the lower
frequency channels, and the geographical area to
be covered have resulted in the assignment of
this frequency band to the broadcasting services.
In general, the areas to be covered are the principal
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cities and the heavily populated districts around
them, up to an extreme radius of 60 to 80 miles.
Such areas can be covered by bl‘()zulcusting Se1V-
ices operating in this frequency band. The field
strength necessary at the receiving point for such
entertainment broadecasting service is from 10 to
100 times greater than that required for adequate
adio communications service. Development and
expansion of f-m and television broadcasting
added another incentive to the development of
components and circuits for use in the 30- to
1,000-me band, because of the need for adequate
transmitter power and relatively good-quality re-
ceiving equipment that could be mass-produced
at moderate cost.

e. More Recent Developments. Much of the
actual research done during World War IT still is

regarded as confidential, but it can be

said gen-

erally that steady progress has been made in re-

fining and improving components, circuits,

techniques for use in the

poses. Many large-scale

services now are ope
tions Commission, as show

plete listing of the

of space.

Table 1. Commercial and Military Frequencies Assigned by 1'CC

Frequency hilllld in mega- General class of service
cycles

30.00 to 30.56._ -
30.56 to 32.00-______

Fixed and mobile
Land mobile

32.00 to 33.00__.__ -
33.00 to 34.00.___ -

Hizediandsinobilef s e e
1G5z no¥e [oaayad oy llerme S o S0 SR R FR T
34.00/it0:85:000- 22222
35.00 t0 86.00_ .- - -

Rixedtandimobiless s

36.00/ to' 37.00--2__—-
37.00 10 88:00- 222"

[HixedranaimoDile s o e
Land mobile----~—_ S e
Mixedsandsniohile s s

38.00 to 39.00--_-___
39.00't0'40:00---___
40.00 t042.00_ - _-
42.00 to 50.00_____ - [HanidSmob]lo=REREE e S ey
Amateur. - .- -
B0 8] G T e

Fixed, and air navigation beacons _

50.00 to 54.00_ .. ___
B4 001t 0872008 =TS
72.00 to 76.00-.._ -

76.00 to 88.00__ .-
88.00 to 108.00_ - -
108.00 to 118.00- .-
118.00 to 132.00_ .

Broadeasting.—__ . _ _____
Broad Casiin oo e e
Air navigation aids_ _ ... ________
Aireraft mobile_____

132.00 to 144.00. - - - - Fixed and mobile__ _ _ _

U. S. Government radio stations.
U. S. Government radio stations.
U. S. Government radio stations.

U. 8. Government radio stations.

departments.
U. 8. Government radio stations.
Police departments.
U. S. Government radio stations,
medical apparatus.
Police, fire, highway departments,
systems, petroleum, telephone
Licensed amateur radio stations,

Airfield and airways marker
open fto public corresponden e,

Television broades

I'requency-modulation broade

Radio beacons and other radic

Airport control, emergency,
utility.

144.00 to 148.00_ .
148.00 to 152.00_ ...
152.00 to 162.00.____
162.00 to 174.00_____

Amateur. _ __

Fixed and mobile________
Land and maritime mobile
Fixed and mobile

174.00 to 216.00_____ Broadeasting-..._____.___ .
216.00 to 220.00_____ Hixedtandimobilos SRR
220.00 to 225.00____ _ Amateur

225.00 to 328.60

U. S. Government radio st
Licensed amateur radio stations,
U. S. Government radio sf
Same general classes of st
U. S. Government, radio stationg.

ations,

ations,

. b y
Television broadeasting, channels 7 to 1

U. 8. Government radio stations.
Licensed amateur radio stations,
U. 8. Government radio stations.

. nin table T,
lists only the general class of se

assigned frequency band is to be .

rarious sul)(livisions

general class would require an excessive

Special industrial, truck and bus, urban transit,
conservation communication systems.

Highway maintenance, fire (]up;u'lm(snls,
panies, low-power industrial systems,

Low-power industrial, maritime-mobile,
way-truck, telephone-company vehicles,

Police departments, power companies

Indust rial,

urban an inte
y and power comy

beacons, priv

private aircrafy,

ations as 35.00 to

and

30- to 1000-me ‘1’1'eqnency
region, both for commercial and milit

ary pur-

radio communications
ating on a continuous basis
in this frequency band, and the higher fre
xtending from 1,000 to at least 30,000
widely used also. Frequencies for these
have been assigned by the I

quencies
me are
services
ederal Communica-
Thig table
rvice in which the
sed. A com-
of each
amount

\

Types of stations

» and f‘”'CStry

])(‘,ll'()l(”llll Com
automoly; i
(,Inlc, high.

|li§.’,'ll\\' §
i ay maj
&“”v(ﬁll{“l(‘(j

s(‘l(‘,]l(‘iﬁ(‘, and

Furbay bus
Jnies,

Television stations, channels 2, 3, and 4.

ate SyStemg not,

asting channels 5 and 6,

asting stations,
) aids (o aip

Wigaf ion,

y flight test, and

36.00-M ¢ band.

3, inclusive,



Table I. Commercial and Military Frequencies Assigned by FCC—Continued

Frequeney band in mega- i
cycles Types of stations

General class of service

Glide-path radio transmitters.

U. S. Government radio stations.

Radiosonde equipment.

U. S. Government radio stations.

Licensed amateur radio stations.

Industrial plants, forest conservation, taxicab, highway
maintenance, railway, police, emergeney, and broadcasting
station remote pick-up.

Citizens radio equipment.

Television broadcasting stations.

Developmental broadeasting and fixed private systems;
industrial, scientific, and medical equipment.

F-M broadeasting studio-to-transmitter link.

Fixed stations used for remote control purposes.

U. S. Government and other radio aids to navigation,

328.60 to 335.40
335.40 to 400.00
400.00 to 406.00_ . __
406.00 to 420.00_____
420.00 to 450.00____ _
450.00 to 460.00_____

Radio aids to air navigation______
IFixediancdimolailctii e
Radio aids to meteorology________
Fixed andimobile SRt e T
AT ALENIE Sy ey SRR B e

Land fixed and mobile_ _ _________

Broadecasting A
Broadecasting and fixed, I. S. M ___

460.00 to 470.00_____
470.00 to 890.00_____
890.00 to 940.00.____

)l 50T (AR el e LA e o e e
11T 6 b S S O (S s o S
Radio aids to air navigation_ ____._

940.00 to 952.00_.___
952.00 to 960.00_____
960.00 to 1215.0_____

4. Scope of Manual the behavior of radio waves in this frequency

ange, and the reasons for the differences.

(1) The distributed properties of inductance,
capacitance, and resistance associated
with any conductor are discussed first,
because their effects must be understood
before the action of radio circuits at these
frequencies can be comprehended. In
particular, this manual discusses the ef-
fects of the distributed properties of in-
ductance, capacitance, and resistance in
the connecting leads used in radio cir-
cuits, and in sections of transmission lines.

quencies. These effects are the principal reason for
(1) At 30 me and above, radio waves propa- the physical differences between equip-

gated through the atmosphere are not ment operating in this frequency range

effectively returned to the surface of the and the more familiar circuits used at
arth by the ionosphere under usual con- lower frequencies.

ditions. This limits the effective range (2) It also is necessary to understand the

of radio communication in this frequency changes that occur in the behavior of

band to points on the surface of the earth lumped-property components, such as in-

not far beyond the optical horizon, as ductors, capacitors, resistors, and vacuum

seen from the transmitting antenna. tubes, when they are operated in the 30-

(2) As the frequency is increased through to 1,000-me region. The differences in

the 30- to 1,000-mc range, the physical design of components meant for opera-

length of radio waves becomes more and tion in this frequency band are compared

more closely comparable to the physical with the more familiar lower-frequency

size of common objects, particularly the components,

component parts of practical radio equip- (3) In considering the design and perform-

ment. ance of practical circuits utilizing the

b. The detailed material in the chapters that principles and components mentioned

above, emphasis is placed on the differ-

follow is arranged in sequence, beginning with in-
formation on the fundamental differences between ences made necessary by much shorter

The information covered in this manual is ar-
anged in a sequence that will make study and
understanding relatively easy for personnel fa-
miliar with fundamental radio theory and prac-
tice. New information pertaining to the higher-
frequency range, presented in chapters 1 through
5, must be understood before its applications in
practical circuits can be studied effectively.

a. Only two basically new ideas are involved in
considering the 30- to 1,000-me frequency band,
as compared with radio phenomena at lower fre-




wavelengths. The underlying reasons
are shown for special physical configura-
tions of circuit elements necessary for
efficiency and stability.

(4) For practical use of radio-frequency
energy for communication, radar, or
other purposes, it must be understood
that the propagation of radio waves
through the atmosphere is very different
in the 30- to 1,000-m¢ band from propa-
gation at lower frequencies, and the dif-
ferences are extremely important. The
physical causes for the differences are
explained, and consideration is given to
antennas for transmitting and receiving.

c. In an effort to prevent misconceptions, cer-
tain terms have been decided upon which may not
agree with the generally accepted use of the word
or phrase in other radio literature. An example
of such a term is use of property instead of the
more generally used constant, when discussing in-
ductance, capacitance, and resistance, particularly
as they exist distributed along conductors (par.
Ta). 'This is to avoid the suggestion of fixed, un-
varying values of effective inductance, capaci-
tance, and resistance, which is implied by the word
constant, as used in many technical books. The
effective values of these electrical properties do
change somewhat with frequency, although the
rate of change usually is small, and often can be
neglected over a considerable frequency range.
At frequencies in the 30- to 1,000-me range, how-
ever, the change in these properties with fre-
quency cannot be neglected.

5. Summary

@. The uht band covers the frequency range
from 300 to 3,000 me.

b. The range of frequencies from 30 to 1,000 me
covers portions of the vhf and uhf bands. :

¢. The 80- to 1,000-me band of frequencies was
developed because of its relative freedom from
congestion, the wider frequency bands required
by f-m and other equipments, and the excellent
reflection qualities of the shorter wavelengths.

d. The frequency of 30 mec was chosen as the
lower limit of the frequency band covered in this
text because it is the upper limit for radio signals
that can be returned effectively to the surface of
the earth by the ionosphere.

e. The upper limit of 1,000 me was chosen be-
cause it is about the highest limit at which coaxial
8

or parallel-conductor transmission lines are prac-
tical.
» >y PP N . = 3
. /- Propagation of the shorter waves is limited to
line of sight as seen from the { ransmitting antenng,
d o [ AR
g. Radio, light, and heat waves are electro-
magnetic in nature and can be reflected from ob-
jects.
h. ]An object must be a reasonable fraction of a
wavelength i 1 i o34
4 oth in one.dlmonslon (Yo to 1) to reflect
radio waves effectively.
. Objects of one or more electrical half-wave-
lengths reflect best if other factors are equal
2 m 3 1 0 : y
4. 'The shorter the wavelength, the

] smaller the
object that can reflect -

adio waves effectively.
k. Most radar equipment yses \
much shorter than 5 me !
centimeter or less,

wavelengths
ters, ranging down to 1

l. Antennas used op higher

e : frequencies de-
creased in physics

U size ag I'n'qlwm-y inereases.
m. At the hl‘g‘h(*r frequencies it is possible to
construct 'r(',lul,lvely small antennas, capable of
concentrating the radiated waves into a slnn-p
narrow beam.

’ 12 ) . 3 . N 5 ; . . . . g
. This aids communication in the desired direc-
tion and reduces Interference to other stations in
other directions,

e ot :

0. The original experiments that demonstrated
that radio waves were g physical reality were
made at frequencies near 100 me,

6. Review Questions

a. Is the lower limit of the 80- (o L,000-me b

e =T ¢
an abrupt dividing line? ;

Explain,

. What is meant, by the optical horizon 2

¢. Does the ionosphere return radio waves g
earth at 500 me? he
d. What area will the shorter wavele

10 llS ak
30 me cover? thoyg

e. What is meant by reflection of

radio wav
» ¥ ; “ 7 v / 'l\(‘,s?
f- Would a wavelength of Yo meter reflo ;

ct fro,
| n
wdily than ¢

1e of 10

a car or an airplane more re;
meters? Explain.
¢. What is the r

ange of frequencie
radar equipment?

S used for
. What is the relationship he
and physical size for antennas?
. What effect does beaming
communication ? :

tween Wavelength

an antenna have on

7 At what frequency was the radar operated
that first made contac

t with the moon ?



CHAPTER 2
DISTRIBUTED PROPERTIES—CIRCUIT ELEMENTS

7. Introduction

a. Definition. Distributed properties may be
defined as the inductance, capacitance, and resist-
ance uniformly spread along each unit length of
any circuit element or conducting linkage, plus
the inductance, capacitance, and resistance exist-
ing from each conductor to ground and to other
objects. For example, a 14-inch rod of pure cop-
per, 4 inches long, placed in free space where no
outside influence could act wpon it, would be found
to possess small but definite values of inductance,
capacitance, and resistance. If the conductor
were cut in two, each part would possess exactly
half the values previously found. In other words,
the distributed properties are uniform. as long as
the conductor itself remains uniform in cross-sec-
tional size, shape, and conductivity, and where no
external influences exist. If the conductor is not
uniform, the distributed properties still exist, but
their distribution is not uniform. When a con-
ductor is placed in an actual ecircuit, it possesses
these self-contained distributed properties and
may or may not possess additional distributed
properties caused by its proximity to ground and
to other conductors in the circuit. Distributed
properties exist in a// conductors and conducting
surfaces, even in the leads and other parts of the
conventional lumped-property circuit elements,
which are manufactured to provide definite, easy-
to-use amounts of the properties. When used in
practical cireuits at 30 me and higher, however, the
distributed properties of inductance, capacitance,
and resistance in a given conductor actually are
not fixed amounts or constants, but slowly change
in value as the frequency changes. The term dis-
tributed properties therefore is used throughout
this manual in preference to the term distributed
constants, although many textbooks use the latter.

b. Cause. At frequencies below 30 me it is prac-
ticable to ignore distributed, or stray, circuit
properties, except in circuits such as resonant sec-

tions of transmission lines or antennas. In and
above the 30- to 1,000-mc frequency range, the
offects of distributed properties upon practical
circuits can no longer be neglected, because of the
relationship between the physical size of the cir-
cuit components and connections and the wave-
lengths. At 3 me, for instance, one wavelength
is 100 meters long, in comparison with which a
6-inch length of wire is very short. When the
wavelengths become relatively short, as the fre-
quency increases, it becomes physically impossible
to scale down the parts of the electronic circuit
and keep them small in relationship to wavelength.
Even where such a size reduction is possible, the
power-handling ability of the circnit is reduced
in proportion. As a result, much of the usefulness
of the device is lost.

¢. Importance. When the operating frequency
increases. the various losses that lower cireuit effi-
ciency increase, making it desirable to use circuit
:11'1';11;;5011\0,11’03 and elements which have lower
Bbuilt-in losses. It hasso far been found impossible
to construct lumped-property elements that are
pure and do not contain small distributed values
of the other two properties. As the working fre-
quency is increased, the effects of the unwanted
distributed properties cause increased losses, with
the result that the efliciency drops. In circuits
having distributed properties, losses are lower
than in the same circuits constructed of Tumped-
property elements, because it is possible to use con-
ductors of proper size and shape to minimize r-f
resistance and the dielectric is usually air. The
result is that better circuit stability and efficiency
are achieved by using the distributed properties.

8. Distributed Inductance

a. General. The term distributed inductance
refers to the self-inductance distributed along the
length of any sort of conductor, whether or not
it is meant to act as an inductor. Inductance is

9




defined as the property of a conductor that tends
to oppose any change of electron flow through the
conductor. Inductance reveals itself only when
current (electron flow) is varying in the conduc-
tor; a back emf (electromotive force) is induced
in a direction which tends to oppose the change
in current flow. Figure 5 shows a cross-sectional
view of a piece of straight wire carrying an
alternating current. Dividing the cross section
into parts 1, 2, and 3 and assuming that the parts
carry exactly equal quantities of current, the ac-
tion is stopped at an instant when the current in
the conductor is increasing in the direction indi-
cated. The magnetic field about the conductor is
expanding or moving outward and is made up of
flux lines contributed by parts 1, 2, and 3. Since
the lines of force created by current in 1 move
outward, they must cut the conductor at both 2 and
3. The result is the same as that when any con-
ductor is cut by lines of force; a back emf is in-
duced that tends to oppose the increase in current.
An instant later, when the current passes maxi-
mum and begins to decrease, the field starts to
collapse. Again, flux lines from 1 cut 2 and 3,
inducing an emf in the opposite direction which
tends to oppose the decrease in current. It is ap-
parent that even a very short section of straight
wire possesses self-inductance. The conductor
does not, have to be wire, however; it can be any
conductor, any shapc or size. This is the under-
lying physical reason for the definite value of in-
ductance which is present wherever a varying
electric current flows. The actual amount of self-
inductance is usually small, but its effect becomes
important at frequencies above 30 me. The effect
may be desirable or unwanted but it cannot be
ignored. A complex equation is used to find the
actual value of self-inductance, but the fact of
importance here is that the value depends directly
on the number of flux lines surrounding the con-
ductor. Note that more flux lines surround 1, the
center of the conductor, than either 2 or 3, and that
3, the outside, is surrounded by the least amount
of flux. Self-inductance is highest at the center
of any conductor carrying a-c (alternating cur-
rent) and tapers off toward the outside surface;
this is the cause of sk effect. Distributed induc-
tance usually has a higher Q ratio of reactance to
resistance than a lumped-property inductor be-
cause the capacitance associated with a conven-
tional coil is much lower.

10
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igure 5. Magnetic field about straight conductor

carrying a-c current.

b. Undesirable Effects. The property of dis-
tributed inductance can cause serious r-f losses if
leads and connecting linkages are not kept as
short as possible. Figure 6 demonstrates how this
loss takes place. The plate tank circuit, A, is de-
signed to operate at a frequency of 4 me with a Q
of 15. The lumped-property inductor is con-
nected to the tube plate by a 4-inch length of +#20
wire having a self-inductance of :11)1)1'0‘xin'1:1to]y A
ph (microhenry). TIgnoring loading and ofher
factors, caleulation shows that the resistive im-
pedance offered by the tank civenit,

at resonance
is 4,710 ohms, whereas the

inductive

: . reactance

(X1=2 «fL) of the connecting  wipg A A
) : * 1S ap-

proximately 2 ohms, and is so small iy, ‘P

! Propopts;
to 4,710 ohms that it can be neglected gt tlhi”]”m
frequency. When the operating frequen 2
; A (il
aised to 100 me, the inductance of the tq l) s
ATl
must be reduced to resonate at {0 hiw}' 2y
quency, B. At 100 me, the self.; i,
| VB , me, the self-inductance Tia
' b ‘ as
decreased slightly and, if the tube-plage s S
Wt il . e lead re.
mains 4 inches long, its inductive reactance j
A C UG S

of the tanl
resonance and, the
i | ¢t oceurs, whie
chtS t.he entire r-f signal output of the

bemg’. impressed across the tanl cireuit and pe
S}llts in a loss of gain. 1In addition, the in‘h'( 11("\
tion of an inductive component, cauges Qa )h:n '): Il'l(f\
which is undesirable in certain :1‘1)]>li<‘ut}011‘:(1 (l\g
higher frequencies, the v

effect becomes even
pronounced, mtroducing  larger losses.

59.6 ohms. The resistive impedance
circuit is still 4,710 ohms at
fore, a voltage-divider effe i
h pre-
tube from

more

1'he



smallest amounts of distributed inductance asso-
ciated with the shortest possible leads, such as tube
pins, cannot be neglected at frequencies above 30
me. The tank cireuit inductance must be made
smaller as the frequency is increased, but tube pins
and other current-carrying leads cannot be re-
duced in the same proportion.

¢. Desirable Effects. In certain circuits, a
condition of series or parallel resonance is desired
and the property of distributed inductance, dis-
tributed capacitance, or a combination of both,
may be used to achieve this. For example, to pro-
vide a bypass for signal voltages from the low-
impedance end of an i-f tank circuit back to the
cathode of the tube, a series-resonant cirvcuit of-
fers the lowest impedance path (Z=R). When
the i-f frequency is above 80 me, it is possible to
get the effect of series resonance by cutting the
leads of a lumped-property capacitor to lengths
which offer the necessary series inductance. This
is shown in A and B of figure 7. Note that the
sapacitance is lumped, but the inductance is the

#20 AWG
4" LONG
\ .1 UH Z = 4,710 OHMS
X, = 2 OHMS
o A C _é 1.3 UH
I40UUF7
Q=15
(o]
+HV
4 MG A
#20 AWG
4" LONG
\ .095 UH Z=4,710 OHMS
X, =59.6
S i C !
--- 5uW‘%é 5UH
Q=15
(o]
+HV
100 MC B
TM 667 -202

Effect of distributed inductance at higher
frequencies,

Figure 6.

221643°—bH2——2

distributed inductance of the capacitor leads.
However, the signal voltage sees a certain value
of each property, regardless of whether the prop-
erties are lumped, distributed, or any combination
thereof.

d. Inductive Coupling. When a conductor or a
wire carrying alternating current runs sufficiently
close to another conductor, its magnetic field in-
duces an electromotive force in the second con-
ductor which causes a current to flow. This is the
effect of mutual inductance. The study of mutual
inductance and coupling at. lower frequencies usu-
ally is restricted to coils and transformers, but
above 80 me the effect of coupling between two

e o
BYPASS +HV
CAPACITOR
A
o ]
o
e
/6\ |( f 6 \
[\
EQUIVALENT +HV
SERIES —RESONANT
CIRCUIT

B

T™ 667-203

Series resonance lumped capacitance and
distributive inductance.

Figure 7.
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conductors, even two straight pieces of wire, be-
comes important. This is true because the amount
of coupling or mutual reactance between two in-
ductors increases as the frequency is increased if
the physical relationship remains the same.
Transferring energy from one circuit to another
is achieved by means of mutual inductance in the
30- to 1,000-me range, but distributed inductances
seldom are used. Even when coupling to resonant
line sections, the coupling Zink generally is small
enough to be considered a lumped inductor and the
coupling effect is not distributed along the whole
line section but appears at a high-current, low-im-
pedance point. Some effects of coupling between
distributed inductances are undesirable. Ior in-
stance, if the grid and plate leads of a single-tube
amplifier stage are permitted to run close to each
other, signal energy from the plate circuit may be
coupled back to the grid, causing either regenera-
tion or degeneration. Distributed capacitance
also will be present, but only the inductive coup-
ling effect is considered at this time. Ag another
example, a current-carrying wire may be too near
a tube shield, inducing an emf that causes current
to flow in the shield. This current flow through
the shield resistance is an I*R power loss which can
be supplied only from the current-carrying wire.
When inductive coupling causes circuit unbalance
or power loss, it usually is spoken of as stray coup-
ling. The amount or degree of coupling depends
directly on the relative positions of the conductors
as well as their distance from each other. Figure
8 shows the effect of physical position on the degree
of coupling. In A, the coupling is loose, since the
Jeads are crossing at a 90° angle, and the least
mutual inductance results. The coupling between
the wires in B and C increases because of .the
greater amount of mutual inductance. Prnct;cal
cireuits are laid out with the shortest possible
leads, well separated from each other and distant
from the chassis and shields. If two wires must
cross, they should cross at right angles, because in
this manner the smallest mutual inductance re-
sults.

9. Distributed Capacitance

a. General. 'The term distributed capacitance
refers to the capacitance between any point on a
conductor and all surrounding objects. Capaci-
tance exists between any two points which are or
can be at different electrical potentials, This is
true whether the points of differ
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ent potential are

TIGHT COUPLING

C

TM667-204

Figure 8. Coupling effects at higher frequencies.



in different conductors or in the same conductor.
Although the self-capacitance of a conductor is of
relatively little importance, except in special eir-
cuits, the eflect of the capacitance between two
conductors must be taken into consideration at
frequencies above 30 me. This is because of the
distributed capacitance that exists between the
parts of lumped-property circuit elements and the
electrodes of vacuum tubes, as well as between
leads and switch contacts. The actual value of
distributed capacitance changes only slightly with
frequency, but the reactance changes greatly. The
formula for capacitive reactance,

1
" 2nf0
shows that, if the value of capacitance remains the
same, increasing the frequency causes the capaci-
tive reactance to decrease. Therefore, a small
value of distributed capacitance at the lower fre-
quencies will offer a high reactance to the fiow of
a-c, but at a frequency above 30 me it will offer
a lower reactance. This effect often is undesir-
able when it occurs accidently between two con-
ductors in a circuit, but may be used deliberately
to achieve series or parallel resonance in resonant
line sections. The losses in distributed capaci-
tance are lower than those in lumped capacitors
becanse the dielectric is usually air, rather than a
solid, and because the r-f resistance and distrib-
uted inductance values are smaller.

b. Undesirable Effects. An example of the
manner in which distributed capacitance may
upset the proper operation of a circuit is shown
in figure 9. Assume that ; represents a distrib-
uted, or stray, capacitance of 1 ppf (micromicro-
farad) appearing between ground and the lead
from the coupling capacitor to the grid of tube
V,. 'The stray capacitance, 04, effectively shunts
the 5,000-ohm grid impedance, Z,. If an r-f sig-
nal voltage at a frequency of 2 me is traveling
from the tank circuit of V, to the grid of V., the
1-ppt distributed capacitance offers a capacitive
reactance of 79,618 ohms to the signal. This value
is so high in relation to Z, that its effect is negli-
gible at this and similar low frequencies. If,
however, a 100-me signal voltage is coming from
the tank circuit of V', the same 1-ppf stray capaci-
tance offers only 1,092 ohms of capacitive reac-
tance. Now, the signal voltage sees a relatively
low-impedance path across the stray capacitance,
offering less than one-third the opposition of the

X

orid impedance, Z,. Therefore, more than two-
thirds of the signal voltage is shunted across this
path and lost. If the frequency of the signal
voltage is increased to 400 me, the reactance drops
to 398 ohms, and only a very small amount of the
signal voltage reaches the grid impedance. In
many cireuits, Z, will be a tuned L-C (inductance-
capacitance) combination and the grid-cathode
capacitance of V, as well as of ¢y are shunted
acrossit. The effect of this additional capacitance
is to change the resonant frequency of the tuned
grid cireuit. It may be possible to retune the cir-
cuit with the variable capacitor but, if this cannot
be done, the only way to achieve resonance is by
reducing the lumped inductance, which changes
the L-C ratio and the Q. The value of distributed
capacitance between any two conductors depends
on the effective area of the surfaces, the spacing
between them, and the potential difference. To
keep the stray capacitance at a minimum, the cir-
cuit wiring is kept well spaced, with short leads
which run at right angles to each other whenever

possible.
Il .
L
|
amn = l cd_J. -
-- e /T\
1 UUF}|
=4 GRID-CATHODE
9 CAPACITANCE
—+
5000
A OHMS
+HV =
TM 667-205

Figure 9. Bffect of distributed capacitance at higher
frequencies.

¢. Desirable Effects. For certain applications,
such as i-f amplification, a parallel L-C circuit,
resonant at a single frequency, is useful. An
inexpensive and simple way of achieving this is
to wind a coil in such a manner that the total dis-
tributed capacitance is used to make the coil self-
resonant at the desired frequency. Where the
intermediate frequency falls in the 30- to 1,000-
me range, this is done easily, and coils of this
type are found in some radar receivers wherein
the intermediate frequency may be over 200 me.
A of figure 10 shows the distributed capacitance
which exists because of the difference of potential
between adjacent turns of any coil. The sum of
these small values is shown in B as an effective
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value of capacitance in shunt with the lumped in-
ductance of the coil. Although most inductors
are wound to minimize the distributed capaci-
tance, it is possible to design one that offers the
necessary capacitance to provide a desired L-C
ratio. In addition, the Q of the circuit will be
higher because of the higher L-C ratio of the
coil. Therefore, the response of the tuned cir-
cuit is sharper than it could be with lumped-
property elements.
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Figure 10. Parallel resonance; lumped inductance
and distributed capacitance.

10. Distributed Resistance

a. General. 'The term distributed resistance
seldom is used, since it is necessary to distinguish
between the resistance offered to d-c (direct cur-

rent) and low-frequency a-c and the resistance
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offered to r-f currents at the higher frequencies.
D-¢ resistance exists in a/l conductors, depending
on the conductivity of the metal or alloy used. It
is distributed uniformly along conductors that
are uniform in cross-sectional area, shape, and
conductivity. R-f resistance, however, is caused
by d-c resistance plus the effect of selt-inductance,
which is greater at the center of a conductor than
at the surface. At the lower frequencies, this self-
inductance has little effect on the flow of current,
since the values of inductive reactance involved
are extremely small. As the operating fre-
quency is increased, the inductive reactance at the
center of the conductor becomes higher and the
current seeks the lower-reactance path toward the
surface, resulting in a current distribution that is
not uniform. Figure 11 illustrates this tendency
of the current to flow on or near the surface of a
conductor, which is called skin effect. When d-¢
flows through the conductor, as in A, the current
flows through the entire cross-sectional area.
A-c of medium frequencies cause current to flow in
the outer edges of the conductor as in B. As the
frequency increases, as in C, less current flows in
the center of the conductor and more flows on the
surface. The result is that more current is forced
through less conductor, with higher losses and
more heating. Since the center of the conductor
is not carrying current, the effect is the same as
using a smaller conductor. The r-f resistance at
frequencies above 30 me can amount to several
times the d-c resistance of the same conductor.

b. Minimizing Skin Effect and R-F Resistance.
Skin effect takes place regardless of the shape of
the conductor, but it causes less r-f resistance in
conductors having rectangular cross sections than
in those that are circular, like common wire. Klat
copper strip sometimes is used, but it is more ex-
pensive and not easy to work. Another means
of reducing skin effect is the use of hollow or tubu-
lar conductors. Since all parts of the tubular con-
ductor are affected nearly alike by the magnetic
field, a good current distribution results. Litzen-
draht wire is made up of many strands of very
fine enameled wire woven together. The current
is divided among the strands and the skin effect
on any single conductor is extremely small. Litz
wire, as it is commonly called, is comparatively
expensive, however, and is not widely used. Prob-
ably the best method of avoiding losses from r-f
resistance is by silver-plating the conductors.
The depth to which the current flow will pene-
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igure 11. Skin effect.

trate at a certain frequency is calculated, after
which a silver plating of this thickness is applied
to a correspondingly smaller conductor. Notice
that this does not eliminate skin effect, but takes
advantage of it. When the plated conductor car-
ries r-f, skin effect takes place as usual. Now,
however, the current is flowing in silver, which
has less d-c resistance than ordinary conductors:
therefore, the r-f resistance is reduced consid-
erably. In practice, plating is expensive and the
most common means of reducing r-f resistance is
to use a hollow conductor or one of larger diam-
eter. Again, this does not eliminate skin effect.
The depth to which the current penetrates is af-
fected only by the frequency and the conductor
material; consequently, when the diameter is in-
creased, the current layer has the same thickness,
but more cross-sectional area in which to flow.
This reduces the effective r-f resistance.

¢. Undesirable Effects. R-f resistance intro-
duces losses in the same manner as d-c¢ resistance,

the effects of which are heating and attenuation.
The losses resulting from r-f resistance are en-
tirely separate from the losses from self-induc-
tance, even though self-induction causes skin
effect. If the r-f resistance is permitted to become
two or three times the d-c resistance, the results
an be serious in circuits where very small p-f
currents are involved. For example, the d-¢ re-
sistance of a 4-inch length of No. 20 copper wire
is approximately .003 ohm, which offers negligible
opposition to the flow of a current as small as 1
ma (milliampere). However, if the current is an
r-f current at a frequency which causes the r-f
resistance to become three times the d-c value, the
same piece of wire limits the current to 14 ma
(I=FE/R). Thus two-thirds, or over 60 percent
of the current is lost because of skin effect. T
the same current (1 ma) is forced through three
times the resistance, the power loss is three times
as great (P=1*R). Both types of loss are serious
and must be taken into consideration. The sim-
plest method of reducing skin effect is by means
of a smaller sized conductor, because less cross-
sectional area is left unused; this cannot always
be done if power-handling capacity is important.
In practice, designers attempt to use a wire size
sufficiently small that the r-f resistance is no more
than 1.01 times the d-c resistance (R/R is called
the resistance ratio) at the operating frequency.

d. Desirable Effects. In certain circuits, it is
necessary to add resistance to accomplish a definite
purpose. For instance, A of figure 12, shows the
curve of frequency response plotted against 7,
the input voltage to the grid of the tube, for a
tuned i-f cirveuit having a reasonably high Q.
The curve shows that the circuit passes a narrow
band of frequencies near resonance. However, for
accurate reproduction of high-fidelity audio fre-
quencies modulating the carrier, this response is
too narrow, and the high and low audio frequen-
cies are cut off. One means of making the cireuit
respond to a wider range of frequencies (broad-
banding) is to introduce additional r-f resistance
into the LC combination. This may be accom-
plished either by adding a lumped resistor or by
deliberately designing the inductor so that the
proper amount of skin effect will occur at the i-f
frequency. Whichever method is used, the result
is that Q is reduced by the extra loss and the band-
pass characteristic is broadened, as shown in B

of figure 12.
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Figure 12, Bffect of adding r-f resistance

resonant circuit,

to a series-

11. Summary

a. All conductors possess distributed properties
that are important in the frequency range above
30 me.

. b. Distributed inductance, capacitance, and re-
sistance are spread out uniformlty in all the con-
ductors of a circuit and they may or may not POs-
sess additional distributed broperties caused by
nearness to ground and to other conductine
surfaces. Z

¢. The actual values of distributed inauctance,
capacitance, and resistance in a given conductor
slowly change as the frequency changes.

d. The losses in circuit elements incre
frequency is raised.

¢. Circuits employing dish'ilnll'o(l-pmperty
elements usually attain better efficiency and stabil-
ity than those using lumped-property elements
because losses can be kept lower.

/. Distributed inductance is the self-inductance
distributed along the length of any conductor,
which tends to oppose any change in a varying

ase as the
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electron flow through the conductor. This is true
regardless of the shape of the conductor.

g. The self-inductance is greatest at the point
encircled by the greatest number of flux lines (the
center, in the case of a common wire). This is the
cause of skin effect.

/. The inductive reactance of a small value of
self-inductance may hecome large at frequencies
above 30 me. This inductive reactance can cause
a sizable voltage drop which reduces the value of
the r-f or signal voltage.

¢. For this reason, the distributed inductance of
even the shortest possible leads, such as tube pins,
cannot be neglected in the operating range above
30 me.

4. Where a condition of series or parallel reso-
nance is desirable, the property of distributed in-
ductance may conveniently be used, with either
lumped or distributed capacitance.

%. The mutual inductance between any two con-
ductors coupled by their magnetic fields becomes
important in the frequency range above 30 me
because the amount of coupling increases as the
frequency is increased.

l. Losses may be caused by accidental coupling
between leads that run too close together or be-
tween a lead and a tube shield or chassis ground.
The degree of stray coupling depends on the rela-
tive physical positions of the wires and is oreatest
when they are parallel and close together.

m. Practical circuits should have the shortest
possible leads, well separated and distant from
the chassis and surrounding objects.

n. Distributed capacitance is that capacitance
between any point on a conductor and all other
points, including those on the same conductor.
Of chief importance is the distributed capacitance
between two conductors, which may be two leads,
the elements of a vacuum tube, or even parts of
a lumped-property circuit element.

0. Since the value of capacitive reactance de-
creases as the frequency is increased, at some
snﬂicionlly high frequency a small value of dis-
tributed capacitance offers a very low reactance
to the flow of current.

- The value of distributed capacitance between
two conductors depends on the effective area of
the surfaces, the dielectric, and the spacing.

¢- To minimize stray capacitance, the circuit
wiring should consist of short leads well spaced

and crossing at right angles wherever possible.



7. Lumped-property inductors may be wound to
provide a definite distributed capacitance between
the turns, which acts like a single capacitor in
shunt with the coil and gives the necessary LC
atio at the resonant frequency.

5. R-f resistance is the sum of the d-c resistance
of a conductor and the additional resistance
caused by skin effect at the higher frequencies.

t. Skin effect is the tendency of r-f currents to
travel through the lower-reactance paths near the
surface of a conductor, where the self-inductance
is smaller. The result is a nonuniform distribu-
tion of current in the conductor (more current
flows through less conductor) which increases at-
tenuation and power losses.

w. Skin effect occurs in any conductor carrying
r-f but it causes higher r-f resistance in conductors
having a circular cross section than those that
are rectangular.

v. Ilat copper strip or Litz wire sometimes is
used to minimize skin effect, but these materials
are more expensive than common wire.

w. Another method of reducing r-f resistance
losses is silver-plating the conductors to the depth
at, which current is expected to travel, thus pro-
viding a lower-resistance path.

2. R-f resistance is taken into consideration in
circuit design, and skin effect is minimized by
selecting the proper conductor size for the oper-
ating frequency.

. Where it is desirable to add resistance to in-
crease the bandwidth of a tuned cireuit, r-f resist-
ance may be used.

z. This can be accomplished by designing the
coil so that skin effect at the operating frequency
introduces the necessary amount of r-f resistance.

12. Review Questions

a. Define distributed properties.

b. What ave the effects of the distributed prop-
erties of a transmission line at a frequency above
200 me?

. What is the relationship in dimension between
the parts of an electronic circuit and the wave-
length at frequencies above 30 me?

4. What is distributed inductance?

¢. At what point of a straight wire carrying a
high-frequency alternating current is self-induct-
ance the highest?

. What is the reactance of a 6-inch wire with
a self-inductance of .07 ph at 420 me?

¢. How can series or parallel resonance be ob-
tained without the use of lumped properties?

J. What is the effect of mutual inductance when
a conductor carrying high-frequency a-c runs close
to another conductor ?

;. What is distributed capacitance?

7. Why are the losses in distributed capacitance
less than in lumped capacitance?

%. How arve the circuits wired to reduce the
offect of distributed properties?

7. What are the effects of 1-f resistance in a high-
frequency circuit?

m. What is skin effect?

n. How can skin effect be minimized ?

0. What is meant by resistance ratio?

p. Why would resistance which ]0\\'0.1'9- the @
of a circuit be added to a resonant circult ?

17



CHAPTER 3
CIRCUIT ELEMENTS—LINE SECTIONS

13. Introduction

a. General.

(1) Circuit elements are considered to be
those component parts that actually per-
form an electrical function in the circuit,
as opposed to parts that serve only a
mechanical purpose. Vacuum tubes, ca-
pacitors, resistors, and inductors may be
used as circuit, elements, as may many
other sorts of components. Connecting
wires and leads with negligible imped-
ance are not considered to be circwit
elements.

(2) One of the most common uses for a circuit
element or combination of elements is as
an impedance, which may be large or
small in value, and either reactive, resis-
tive, or complex in nature. A complex
impedance is one possessing both resist-
ance and reactance; the reactance may he
either inductive or capacitive in nature.
Circuit elements providing impedance of
the required value and nature may be
made up either of lumped-property com-
ponents (coils and capacitors), or from
sections of transmission line, in which
the properties are distributed uniformly
along the length. So far as their theo-
retical electrical properties arve concerned,
either type could be used anywhere in the
spectrum, from the lowest audio fre-
quency to the highest radio frequency.
Such factors as permissible physical size
and required circuit efficiency, however,
limit the frequency range of each type of
circuit element. In the 30- to 1,000-me
range, both lumped and distributed prop-
erty components are used widely in con-
structing circuit impedances.

b. Uses of Line Sections. In the higher-
frequency range, sections of transmission line
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serve as resonant impedances (tuned circuits) ip
the grid and plate circuits of vacuum-tube ampli-
fiers and oscillators. They are used also to form
band-pass and harmonie filters, impedance trans-
formers, balance-to-unbalance couplers, phase
changers, resonant insulators, and in other ways.
Actual sections of typical coaxial- or parallel-
wire transmission line of the sort used to conne?t
antennas to transmitters or receivers may be uti-
lized for these purposes. It is possible, however,
to attain greater power-handling capacity, higher
Q, and superior mechanical and electrical rugged-
ness and stability with special line sections con-
structed of copper or aluminum tubing (fig. 13).
The use of line sections is standard practice, except
in temporary or makeshift circuits. In general,
the efficiency and stability of cireuit elements made
up of such line sections is much greater than can be
attained with practical lumped-property coils and
capacitors.
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Figure 13. Typical line sections.

14. Transmission-Line Principles

a. A short section of two-wire transmission line
1s shown in A of figure 14, with its equivalent cir-
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Figure 14.

cuit in B.  The properties of inductance, capaci-
tance, series resistance, and shunt conductance
are represented as an infinite number of small
values, distributed uniformly along the line. The
inductance of an extremely short length of one
of the conductors is represented by Z1. The shunt
conductance, ¢, which represents the extremely
gmall conduction across the line from conductor
to conductor, is shown as a high resistance. A
transmission line of a finite length, equal to the
spacing between the conductors or greater, should
be thought of as a large number of sections such
as the section from 1-2 to 3—4, as shown in B, all
connected in series. A section of line of infinite
length offers a certain definite impedance value
at its input terminals, known as the characteristic,
or surge impedance, Z,. The value of Z, depends

on the diameter and spacing of the conductors,
and the nature of the dielectric between them.
When a resistive load equal to Z, is connected to
the output end of a line section of finite length,
voltage and current from a source of a-c energy
at the other end will be in phase, and there will
be no reflected energy from the load. This is
:alled terminating the line in a matching imped-
ance. If the load is not purely resistive, or
numerically equal to the line, Z,, some energy will
be reflected, producing standing waves; voltage
and current will not be exactly in phase, and the
length of the line will be critical. C of figure 14,
shows the equivalent circuit for an unbalanced
coaxial line (when conductance is considered to
be zero), typical sections of which are shown in
figure 15. The electrical properties of the un-
balanced line are the same as for the balanced
line. However, the outer conductor of the coaxial
line 2-4 in the equivalent circuit of C of figure 14,
:an be grounded anywhere along its length with-
out altering its performance, when the line is ter-
minated in a matched impedance.

4. In the infinite line, or in any line terminated
by a matched load, all of the energy sent into the
line is absorbed, there are no reflections, and the
line is said to be nonresonant. However, a sec-
tion of transmission line, of finite length, which is
not terminated in its characteristic impedance,
.annot. absorb all of the energy fed into it and
reflection occurs. This causes standing waves
of voltage and current, which are actually stored
energy. Since this storage of energy causes the
section of transmission line to act as a resonant
cireuit, it may be put to use like any similar LC
combination. A line of any wavelength can pro-
duce standing waves, but to offer a resistive
impedance at a particular frequency (become res-
onant), it must have an electrical length that is
some multiple of a quarter-wavelength. When
this condition is met, the inductive and capacitive
reactances cancel and the section behaves like
either a series-resonant or a parallel-resonant cir-
cuit at the applied frequency. Only quarter-wave
or some multiple of quarter-wave line sections at
the working frequency are considered resonant
line sections. To produce the greatest amount of
reflection and to give the highest or lowest possible
input impedances, the line section is shorted or
left open-circuited at the output end. Figure 16
illustrates the voltage-current relationships for
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Figure 15. Unbalanced

both closed-end and open-end line sections of
various fractions of a wavelength and their
lumped-property equivalent circuits. Kach quar-
ter-wave section inwerts the current and voltage;
for example, if voltage is maximum at the output
end, it drops to minimum a quarter-wavelength
back from the output end. The section of line in
figure 17 shows that this is true also of the imped-
ance. When a second quarter-wave section is con-
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cowrial line section.

nected in series with the first, a second inversion
takes place, with the result that voltage, current,
and impedance are the same at the input and outa
put ends of a half-wave line section, but phase iy
shifted 180°. All odd-numbered multiples of &
quarter-wave resonant line section act the same ay
the basic quarter-wave section, and all even multis
ples have the same characteristics as the half-wave
line section.
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Voltage and current relationships in line sections.
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Figure 17.

c. In figures 16 and 17, voltage, current, and
impedance relationships at the output of the
closed-end line section are exactly opposite to their
relationships at the output of an open-end line
section. This also holds true at the imput ends
for sections of equal lengths. Table IT indicates

Table 11. Circuit Action of Closed- and Open-End Line Sections

Wavelength measured from
output end

Closed-end section

Impedance characteristics of line sections.

the circuit action of closed- and open-end line
The

behavior of longer line sections will depend on

sections at various lengths up to half-wave.

whether they are odd or even multiples of a

quarter-wave section,

Action at input end

Open-end section

_________ Il and I intermediate value.

Less than A/4

Seetion acts like pure L.

Z an intermediate value of reactance.

I5, I, and Z same as closed-end section but
opposite phase.
Section acts like pure C.

Maximum %,
Maximum I,
Minimum I,
7 high resistance.

Section acts like parallel-resonant cir

Minimum 7.
Minimum E.
Maximum I.
7 low resistance.

cuit. Section acts like series-resonant circuit.

Between M4 and A/2 Same as open-end.

Section less than A/4.

Same as closed-end.
Section less than /4.

Minimum %,
Minimum I£,
Maximum T,
7 is low resistance,

Section acts like series-resonant eircuit.

Maximum 7.

Maximum 12,

Minimum 1.

7 high resistance.

Section acts like parallel-resonant circuit.
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d. The curves of voltage and current shown in
figure 16 represent the actual standing waves re-
flected back along the length of the line section.
One complete cycle occurs for each electrical wave-
length (360°), but in practical line sections these
cycles do not all reach the same maximum and
minimum values. The attenuating effect of even a
low-loss line causes the maximum and minimum
values to occur at the reflecting (output) end and
there is a power loss and a gradual decrease in am-
plitude of the waves back toward the input or
source. The swr (standing wave ratio) is the
ratio of the maximum rms (root mean square)
voltage or current to the minimum rmns voltage or
current, and this ratio depends on the amount of
reflection from the output end of the line section.
It the section is either shorted or open, the greatest
amount of energy is reflected and the swr is high.
When the section is terminated in a load, the swr
depends on how much of the total energy fed to
the line the load can accept and dissipate. If the
load accepts 90 percent, only 10 percent is available
to set up standing waves, and a low swr exists
be(rfll,lse only a small amount of energy is involved.
This condition produces the flat carve, in A, figure
18, and it is said to be caused by a reflection coeffi-
(::Ze'i'bt of 10 percent. The reflection coefficient. is
stimply the percentage of energy that the load is
unable to absorb and that is reflected back up
the Iine to form standing waves. Tf the load ab-
sorbs only 10 percent of the total energy, 90 per-
cent is reflected and the swr is high, resembling the
curve in B, figure 18.

A
10%| ReFLEGTION
/ COEFFIGIENT
B 90%
=1
SOURGE LOAD
TM 667 - 304

igure 18.  Bffects of reflection coeficient on swr,

e. A line section may be tuned by varying its
physical length. When the imput frequency re-
mains constant and the resonant line section is
detuned by either lengthening or shortening i
the reactances no longer cancel and one outwoighs
the other, just as in a conventional tuned circuit.
The line section is no longer resonant and resistive,
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but looks to the exterior circuit like either an in-
ductance or a capacitance (A of fig. 19). The
same result can be obtained by varying the input
frequency. Increasing the applied frequency is
the same as lengthening the line section, because
the wavelength of the applied frequency becomes
shorter in relation to the physical length of the
line, as in B of figure 19.

/. Line sections between a /4 (quarter-wave-
length) and a A/2 (half-wavelength) invert the
properties of terminating-load reactances. For
example, a closed-end section between a A/4 and
a A/2 (fig. 20) looks to the exterior circuit like a
sapacitance, but any part of the output end less
than a A/4 acts like an inductance. Therefore, if
a part less than a /4 is cut off and replaced by an
inductance, the section still behaves toward the
exterior circuit like a capacitance. Similarly, the
output end of an open-end section between a A/4
and a /2 may be replaced by a capacitor, but the
section still will behave like an inductance to the
input r-f source. A quarter-wave resonant sec-
tion connected to a reactive load thus inverts the
property of the load from inductive to capacitive
or vice versa, as in A of figure 20, in addition to
inverting the values. Comparison of A and B
shows that a half-wave resonant section acts as a
repeater and the input end sees whatever value
and type of load are placed at the output end.

g. When a line section is spoken of as a quarter-
wavelength or a half-wavelength, the electrical
rather than the physical length is meant. Radio
waves travel approximately 300,000,000 meters per
second in air, but they are slowed down when they
encounter any material with a dielectric constant
greater than that of air. In practical transmis-
sion lines, insulating dielectric supports must be
used for the line conductors. Therefore, the ve-
locity of the waves is reduced and they cannot
travel as far during 1 cycle as they do in air or
free space. For this reason, the electrical wave-
length in the line is shorter than it would be in
air at the same frequency, The velocity is reduced
In proportion to the amount of solid dielectric
encountered. In two-wire transmission lines sep-
arated by ceramic spacers or mounted on stand-oft
insulators, there is not much dielectric to slow the
travel, but in solid-dielectric coaxial line the veloe-
ity and wavelength drop to about 65 percent of
normal. For example, at 100 me, a wave is 3
meters long in air but in solid-dielectric coaxial
line at the same frequency 1 wavelength is 3 times
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Rigure 19. Tuning characteristics of line sections.
65 = 1.95meters. The ratio of the actual vclocil‘y A line in which most of the dielectric between con-

along a transmission line to the velocity in air

is called the V7 (velocity factor). It can be used

to determine the physical length in feet corre-

sponding to an electrical wavelength by means of

the following formula:

984 x V

where f=frequency in megacycles,
V=velocity factor.

length in feet = -

ductors is air usually has a higher velocity factor
than that of the solid-dielectric coaxial types.
The velocity factor for two-wire air- -insulated line
runs between .95 and .98, and the velocity factor
for solid-dielectric coaxial line varies from ap-
proximately .65 to .85.

. Commercially available transmission lines
fall into several subdivisions of the two general

types.
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Figure 20.

be constructed of wire or tubing, sepa-
rated by spacers made of ceramic or some
other low-loss material or supported cn
stand-off insulators. The spacing varies
from approximately 4 to 12 inches, de-
pending on the power-handling require-
ments of the line. Two-wire open line
can be made to have very low losses up
to about 50 me. Above this frequency,
it. becomes increasingly difficult to avoid
radiation losses because of the line spac-
ing. For parallel-resonant tank-circuit
use, higher Q and greater mechanical
strength usually are obtained by using
large-diameter conductors or tubing.
Two-wire solid-dielectric or ribbon line
is incased in, separated, and supported
by a semiflexible sold dielectric, usually
of polyethylene or a similar material.
The dielectric does not act as a shield
and, consequently, radiation losses can
occur at sufficiently high frequencies,
The ribbon line is available in several
sizes and spacings for both receiving and
transmitting use.

Load-inversion and stending-wave positions for resonant-line sections.

(1) Two-wire, open, air-insulated lines may (2) Coaxial (concentric) transmission line 1s

constructed of an inner conductor surs
rounded by either a semiflexible metallie
braid or a solid-metal outer tube. Sev-
eral means are used to support and in-
sulate the inner conductor from the outer,
Solid-dielectric coaxial line has the en-
tire space between the conductors filled
with an efficient dielectric, such as poly-
ethylene; another type of semiflexible
coaxial line employs air as the dielec-
trie, supporting the inner conductor on
beads or washers of ceramic. The most
efficient type is rigid in construction,
consisting of two concentric copper tubes,
separated by low-loss spacing washers,
and filled with dry air nitrogen under
pressure. This, however, is practical
only in permanent installations and it is,
comparatively, more expensive. The
adiation losses in all coaxial lines arve
much lower than in two-wire types, since
the outer conductor acts as a shield.
Stray coupling and pick-up are negligi-
ble when the line is properly terminated,
but the losses in the line are somewhat



greater. The outer shield of a coaxial
line may be grounded if desired.

15. Line Sections as Parallel-resonant Circuits

a. General Properties. Above 50 me, the diffi-
culty of constructing efficient tuned circuits with
common coils and capacitors makes some other
type of circuit desirable. Sections of transmis-
sion line can fill this need, and are used widely
where space and weight considerations permit.
Quarter-wave closed-end, and half-wave open-
end resonant line sections offer the characteris-
tics of parallel resonance. They also have a high
Q at frequencies where tank circuits with lumped-
property elements become inefficient and useless.
Close to resonance, the impedance curve for a
quarter-wave closed-end or half-wave open-end
resonant line section resembles the impedance
curve for a conventional parallel-resonant circuit
using lumped-property elements. The curves dif-
fer at points farther from resonance, because the
reactance of the line section depends on the reflec-
tion effect which produces standing waves and
not on any lumped capacitance or inductance.
Resonant-line sections may be used as tank cir-
cuits in either single-ended or push-pull arrange-
ments, depending on the requirements of a par-
ticular application. A line section, any cireuit,
or any part of a circuit is said to be balanced
when it is composed of two or more potential
paths which operate similarly in respect to
ground, as in a push-pull circuit. An unbalanced
line section or circuit is one in which a single
potelltial path operates at some value above or
pbelow ground. An example of this is the plate
circuit of a single amplifier, A horizontal paral-
lel-wire line section is balanced, and the concentric
line and two-wire line operated with one wire
much closer to the ground than the other is
unbalanced.

(1) Resonant-line sections wsed in tank cir-
cuits. Parallel-resonant line sections
used as tank circuits in single-ended and
push-pull arrangements are shown in fig-
ure 21.  In a properly operated coaxial
line, the outer skin of the outer conductor
carries no r-f current, and may be
grounded. The outer skin of the inside
conductor is above ground potential and
is at a relatively high impedance above
ground. Ifor this reason, the unbalanced
coaxial line usually is found in single-

ended circuits where it is desired to use
line sections in place of lumped-property
tank circuit elements. A common un-
balanced arrangement is shown at A of
figure 21, together with a simplified
schematic of a conventional tank circuit.
In the parallel-wire line section, in B, r-f
currents flow in both conductors, both are
above ground potential, and they present
equal impedances to ground. Therefore,
the line is considered balanced, and is
particularly adapted to the requirements
of push-pull tank circuits. In both bal-
anced and unbalanced circuits at the res-
onant frequency, the line section appears
to the source like a high, pure resistance,
energy is stored in the line, and very
little power is required from the source
to maintain this condition. The two-
wire resonant line section is used gen-
erally in the frequency range from 50 to
300 me, because the tank circuit is some-
what more easy to tune. However,
adiation losses can occeur from two-wire
sections, particularly at the higher fre-
quencies. This reduces the effective Q
and decreases the impedance at resonance,
resulting in a decrease in efficiency as
the frequency is raised. Since coaxial
lines are self-shielding, radiation losses
from coaxial line sections are extremely
small, and there is little loss of Q from
this source. Resonant-line sections made
from coaxial line are more diflicult to
tune, however, because of the physical
arrangement.

(2) Tuning.
() Resonant-line sections used as parallel-

resonant circuits differ from the con-
ventional lumped-property c¢omp o-
nents in their response to the harmonics
of the fundamental resonant frequency.
For example, a quarter-wave section of
a closed line will act as a parallel
resonant circuit to the fundamental
frequency. However, at twice the
fundamental frequency (second har-
monic), the quarter-wave section acts
as a series-resonant cireuit. The imped-
ance curve (fig. 17) shows that a line
section theoretically offers maximum
or minimum impedance at every har-
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Figure 21.  Resonant-line sections as parallel-resonant (tanl

monic of the fundamental frequency.
Actually, this curve is not a true repre-
sentation because of end ¢ffect, which
:auses the open end of a resonant line
section operating at a hormonic to
behave as if the section had been
lengthened physically by a fraction of
a wavelength. The section does not
become resonant exactly at the second
harmonic, but somewhat above it,
When a lumped reactance is used across
the line for tuning purposes, the end
effect is increased. Where it is neces-
sary to tune a line section, a variable
apacitance (A of fig. 22) often is
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used to avoid changing the actual
physical length of the line. This
capacitor shortens the effective wave-
length of the resonant section, thus
reducing the space taken up by the tank
circuit. IHowever, the presence of such
a lumped capacitance upsets the re-
sponse of the section at the harmonie
frequencies. Other methods of tuning
resonant sections may be used; the
most common forms are shown in B of
figure 22.

Two-wire sections should be spaced no
farther apart than about 14, wave-
length at the resonant frequency, or



radiation losses may become excessive.
Spacing large-diameter conductors too
closely also introduces losses, resulting
from eddy currents, and adds to the
danger of voltage break-down and are-
ing. For this reason, parallel wires
should not be closer than about twice
the diameter of one conductor. When
tuning two-wire line sections by means
of a short-circuiting strap, as in A of
ficure 22, the strap must make a very
low-resistance contact with the con-
ductors because any sizable resistance
will seriously reduce the Q of the tank
circuit. When a shunt capacitance is
used, the capacitor must have mini-
mum distributed inductance and the
lowest possible losses. Supporting the
capacitor entirely on the line con-
ductors, so that no solid dielectric is in
the electrie field, is the most practical
means of maintaining a high Q. A
telescoping tube may be moved inside
the line to change the effective length
of the inner conductor. Coaxial line
sections also may be tuned by means of
a shorting disk or a lumped capacitor.
The lumped capacitance must have a
low-loss and a high Q. It may be con-
nected at the open end of the line,
which gives the greatest tuning eflect
per unit of capacitance, or by tapping
down on the line, which has less effect
on the circuit Q. If the shorting-disk
method of tuning is used, the disk must
make perfect electrical contact to avoid
the introduction of additional contact
resistance. The different methods of
tuning coaxial lines are shown in B of
figure 22.

(8) Coupling to resonant-line sections. As
long as the total length of a line sec-
tion is resonant, both the generator
and the load may be tapped on at any
desired impedance point. This fre-
quently is done to make the impedances
match, just as connections are tapped on
a conventional tank circuit coil. No
matter where the generator, or the load,
is tapped, the tank circuit will appear
resistive.  When coupling inductively to
the two-wire line section, a hairpin loop
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Figure 22. Common tuning methods for two-wire and

coawxial resonant-line sections.

is used. Since the r-f field about the
two-wire resonant line section is not con-
fined, the hairpin loop may be placed at
the necessary distance from the line sec-
tion to give the desired degree of cou-
pling. Inductive coupling to the co-
axial-line section is mechanically more
difficult because the field is confined al-
most entirely within the outer conductor.
A small loop is inserted through an
opening in the outer conductor and pro-
vision often is made for rotating the loop
to provide control of the degree of cou-
pling.  When the loop is at right angles
to the field, maximum coupling is
achieved; when it is parallel to the field,
coupling drops to a minimum, and would
go to zero save for the small capacitive
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coupling between the loop and the inner
conductor. To reduce losses, the two
leads from the coupling loop frequently
are brought out in the form of flexible
coaxial cable.

Impedance and . TIn coaxial-line sec-
tions, the inside surface of diameter
(D) of the outer conductor, and the out-
side surface of diameter (d) of the inner
conductor, are called the effective sur-
faces. The ratio of their diameters, D/d,
is a main factor in determining the un-
Toaded Q of a line section using air as the
dielectric. The highest unloaded Q is
obtained when the ratio of diameters is
8.6 to 15 that is, when the inside diame-
ter of the outer conductor is 8.6 times
the outside diameter of the inner con-
ductor. The actual unloaded Q of a line
section in practical use is influenced also
by the operating frequency. This is
shown in A of figure 23, with the Q in-
creasing as the effective diameter of the
outer conductor becomes a larger frac-
tion of a wavelength. Obviously, this is
limited by the available space in equip-
ment, although for laboratory purposes,
where high Q is important and space is
not, very large diameters may be used.
The diameter of the inner conductor in
each case is kept at the 7)/d ratio, 3.6 to 1.
In B of figure 23, the diameter of the
outer conductor remaing constant and the
graph shows the effect of making the
inner conductor smaller to change the
D/d ratio. The maximum unloaded im-
pedance at resonance oceurs at a much
higher ratio of D/d than the ratio which
gives maximum Q, However, a tank
cireuit usually must be loaded if it is to
be of any use, and loading always causes
a reduction of the Q and the effective
impedance. Tf a heavy load is connected
to a line section designed for maximum
unloaded impedance, 2/d of 9 to 1, the
result may be an effective impedance
nearly as low as the unloaded impedance
of a line section designed for maximum
Q, D/d of 3.6 to 1. This drop in effec-
tive impedance is mnot particularly im-
portant, since the resonance curve will

remain sharp. In commercially avail-
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Impedance and Q of coaxial-line sections,

able coaxial line sections, ratio 22/d will
vary from about 2: 1 to as high as 10: 1,
Line sections that regulate the frequency
in measuring devices require special con-
struction methods: for example, the sup-
faces of the lines may be machined to
exact tolerances, or they may be built up
to the correct size by electrolytic deposit,
to attain the desirved 22/d ratio for maxi-
mum Q. For two-wire line sections, the
effects of loading on impedance and Q are
similar. The curves in B are approxi-
mately true for two-wire sections if the
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ratio of center-to-center spacing to the
radius of the conductors is substituted for
the ratio of diameters, 72/d. The char-
acteristic impedance of the two-wire line
varies in the same straight-line manner,
but the actual values will be double those
shown for the coaxial type.
Advantages of quarter-wave over longer
resonant line sections. It would seem
that a half-wave line section would have
a higher Q than a quarter-wave line sec-
tion, since more energy can be stored.
However, the longer section also increases
line losses so that the Q remains about the
same. Although the longer line section
suffers less reduction in Q than the quar-
ter-wave section, larger conductors can
be used to reduce the effective r-f resist-
ance and improve the Q. The load is
tapped on the tank at the desired imped-
ance point. Harmonie response is con-
trolled easily in a quarter-wave tank cir-
cuit, since it responds to the odd harmon-
ics only ; the half-wave tank cireuit, how-
ever, responds to both odd and even
harmonics.  The third harmonic can be
practically eliminated by loading with
a small value of capacitive reactance to
inerease the end effect or by tapping the
tank to the third-harmonic voltage node.
Although quarter-wave and half-wave
line sections are most commonly used,
the statements made here about the basic
quarter-wave sections also are true for
sections composed of any odd multiples
of a quarter-wave. Statements about
half-wave sections hold true for any mul-
tiple of a half-wave.

Two-wire wersus coa®ial-line tank cir-
cuits. The two-wire line is much easier to
tune and coupling is more convenient, but
radiation from the parallel conductors
is likely to be high if any unbalance is
present. Unbalance may be caused by an
unbalanced condition at either the source
or the load, or by one conductor being
closer to ground, or to a grounded ob-
ject, than the other. When radiation
oceurs, not only is power lost, but energy
may be coupled back into the grid circuit,
causing either regeneration or degenera-

tion and upsetting proper operation of
the stage. Coaxial-line sections are more
difficult to tune, but the self-shielding
construction incloses all of the field ex-
cept where an end is open, and the pos-
sibility of stray coupling is reduced con-
siderably. This means that the coaxial
tank circuit may be located closer to other
circuit elements, resulting in a more com-
pact physical arrangement with fewer
losses.

b. Practical Uses.

(1) Vacuum-tube circuit impedances. 'The

characteristics of vacuum tubes are such
that high impedances often are required
in the grid, plate, and cathode circuits
of amplifiers and oscillators. Resonant-
line sections are used widely for these
purposes at frequencies of 30 to 1,000
mes, since high Q values are more con-
veniently obtained than with lumped-
property tank-circuit elements. Figure
24 shows a low-power push-pull circuit
using a half-wave resonant-line section,
which is a combined oscillator and am-
plifier designed for operation at 400 me.
The half-wave resonant-line section used
as the plate-load impedance offers a high
impedance at each end and a low imped-
ance at the effective midpoint (fig. 17).
The d-c plate voltage for the tube is ap-
plied at the low-impedance midpoint,
through the two 100-ohm resistors. These
resistors help to damp out parasitic oseil-
lations. The plates of the tube feed into
the desired high impedance at the input
end of the line section. The line section
is adjusted to exact resonance by the
capacitors (fig. 24) at the output end.
A hairpin loop is used to couple the
antenna to the line. The stability and the
efficiency of the amplifier depend largely
on the tank-circuit Q. By using the
resonant-line section, the Q is increased
approximately two to five times over that
which might be expected from conven-
tional coils and capacitors operated in
the same cireunit at the same frequency.
Although the circuit shown here is bal-
anced, the same improvement in Q, sta-
bility, and efficiency can be obtained in
single-tube amplifiers using unbalanced,
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Figure 2L Two-wire line section as (push-pull) plate

load impedance,

coaxial resonant-line sections as circuit
impedances.

lf"/'('gmw(:?/-C()v'z,//’(;7//’11;{/ elements.  Oscil-
lators operating in the 30- to 1,000-
me region require accurate frequency
control.  Crystal-controlled frequencies,
overtone circuits, or frequency mul-
tipliers can be used but, for many
purposes, some other frequency-control
element is desirable. Parallel-resonant
line sections can be constructed to control
frequency with an efficiency and fre-
quency stability comparable to that of
the crystal. A Hartley oscillator oper-
ating at 200 to 220 me, with a coaxial-
line section used as the tuned-grid
cireuit, is shown in A of figure 25. The
coaxial section uses a tubular inner con-
ductor, but the outer conductor is a square

shield instead of the more familigy cy-
lindrical shape. As long as the fielq
distribution is uniform, however, the gee-
tion could have any physical shape and
offer high  and good frequency stability.
The inner conductor is tapped at the
desired impedance points and the ineom-
ing signal is inductively coupled to the
line. The section is adjusted to exact
resonance by means of a capacitance
which is paralleled by a temperatyre-
compensating capacitor to avoid fye-
quency changes under operating condi-
tions. A number of oscillator cireuit
arrangements are possible using the pal-
ancv(l'lino, the two-wire line, and the yun-
balanced line as resonant circuits. The
main consideration is low-loss, high-Q
design, to increase efliciency and mini-
mize instability. The similarity of the
circuit to one with lumped properties is
shown in the equivalent circeuit of B of
figure 25.

Metallic insulators. Since a quarter-
wave closed-end resonant line section
offers a high impedance to currents at, the
resonant frequency, it may be used as a
stand-off insulator (insulating stub) for
a transmission line carrying that partie-
ular frequency. A, of figure 26, shows
a A/4 stub used as an insulator in a two-
wire line-section and B shows the stub in
a coaxial line. In order to offer the
highest possible impedance to the trans-
mission line, the Q must be very high.
This requires the insulating section to be
of low-loss construction and cut to an
exact  electrical — quarter-wavelength.
For transmission lines operating at single
frequencies, this arrangement is stable
and mechanically strong and makes an
eflicient insulator, but it is highly sensitive
to frequency. If the signal frequency is
varied above or below the resonant fre-
quency of the stub, the impedance of the
stub is lowered and the stub will act as a
apacitance or an inductance across the
line. The sensitivity of such a line to
small changes of signal frequency may be
reduced somewhat by spacing the stubs at
odd quarter-wavelengths along the line.
The additional stubs will minimize reflec-
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tions, but are effective only on a relatively
short line. A common method of broad-
banding or reducing the frequency sen-
sitivity is to incorporate into the line
half-wave sections which have a lower
characteristic impedance than the rest
of the line. A stub is connected at the
midpoint of each added half-wave sec-
tion. This arrangement does not affect
the characteristic impedance of the line,
but it cancels reactances and broadens the
impedance curves of the stubs. As a
result, the line frequency may vary up to
15 percent from the resonant frequency
without serious loss of insulator efliciency.

(4) Impedance transformers. The inverting

action of a quarter-wave line section also
malkes it a convenient device for use as
an impedance transformer. Impedances
may be stepped up or stepped down, as
desired, and the line section may be op-
erated in a balanced or an unbalanced
condition. The balanced two-wire im-
pedance transformer and its equivalent
circuit are shown in B of ficure 27. The
unbalanced coaxial impedance trans-
former and its equivalent circuit are
shown in C. Reference to the impedance
curves of A demonstrates the impedance
inversion which takes place. A mathe-
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matical relationship exists which makes
it easy to calculate the characteristic im-

~pedance the line section must have to
provide the desired match. This rela-
tionship states that the square of the
characteristic impedance equals the prod-
uct of the input impedance and the load
Impedance, or

Z(,2:Zi,1 X Zlmlll
n o o . .
This frequently is written :
Z‘,:/\/Zi“ X Z[uml
r
I‘].le necessary characteristic impedance
of a quarter-wy ve section to match a 600-

?Ilm transmission line to a T3-ohm an-
enna s fioured as follows :

Zn= N/ZVI';WX‘Z}H(H}
=A/ 600X 73
= A/ 43,800

= 209 ohms.

The quarter-wave line section must have
an impedance of 209 ohms to provide the
necessary match. Any two line sections
may be matched in this manner, provided
that the impedances are resistive. A line
section used as a transformer often is
called a Q section and may be any odd
number of quarter-wavelengths. To
save space and make it less frequency-
sensitive, a single quarter-wave section
is used. The sensitivity to changes in
frequency becomes greater as the ratio of
input to load impedances increases. In
the example mentioned above, the émped-
ance transformation ratio is 600 divided
by 73, or approximately 8 to 1. Under

| A |
I 4 I
A
30—'——10'
>
o—de= 71
eo—s L T
= =
do———= |
AB=LOW IMPEDANCE
CD= HIGH IMPEDANCE
2
Zo =ZiINn*ZLoaD
TWO-WIRE IMPEDANCE TRANSFORMER AND
EQUIVALENT CIRCUIT
=
O3
4
1 T

A=LOW IMPEDANCE
C=HIGHER IMPEDANCE

2
Zo =ZINXZiopp
(¢

COAXIAL IMPEDANCE TRANSFORMER AND
EQUIVALENT CIRCUIT

TM 667-3I3
Resonant-line sections as impedance
transformenrs.

igure 27.



these conditions, the operating frequency
might vary by several percent without
seriously affecting the impedance match.
At high ratios, however, a frequency de-
viation of as little as 1 percent will cause
a mismatch and result in losses. Ordi-
narily, the Q section is made with a fixed
characteristic impedance. For some ap-
plications, it may be necessary to adjust
the output impedance because the load or
source impedance is not known accu-
ately. The spacing of two-wire line
sections may be varied to achieve this,
but in the coaxial line a special type must
be used. This has an elliptical outer
shield and an inner conductor of the same
shape, which may be rotated independ-
ently. Changing the position of the in-
ner conductor in respect to the outer
conductor  varies the characteristic
impedance.

16. Line Sections as Series-resonant Circuits

a. General Properties. 'The quarter-wave open-
end section and the half-wave closed-end section
behave like series-resonant circuits at the resonant
opel'uting frequency. A of ficure 28, illustrates
the A/4 section, C the A/2 section, and B, the
equivalent conventional circuit using lumped-
property elements. The input impedance seen by
the energy source at 1 and 2 is low at resonance
and it is always a pure resistance. The Q would
be infinite and the input impedance value would
be zero, save for the losses in the line section.
With low-loss lines, a high Q is obtained and there-
fore the actual input impedance approaches zero.
To the source, this looks almost like a short circuit.
The series-resonant effect is the same in either
two-wire or coaxial-line sections. The series-
resonant line differs from the parallel-resonant
line only in that the quarter-wave section is open-
end and the half-wave section is closed-end. The
impedance, Q, tuning, and other practical consid-
erations apply equally to the use of the line sections
as series- or parallel-resonant circuits.

b. Practical Uses. Resonant-line sections func-
tioning as series-resonant circuits are used where
it is desired to present a low, purely resistive im-
pedance to a narrow band of frequencies. One of
the most common applications is as a band-pass
filter, used either alone in a transmission line to
suppress even harmonics or in conjunction with
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Figure 28. Resonant-line sections as series-resonant
cireuits.
other filter types for suppression of all the har-
monic frequencies. A of figure 29, illustrates the
manner in which even harmonics are practically
eliminated from an antenna transmission line by
inserting an open-end quarter-wave section in one
side of the main line. This A/4 section offers a low
impedance, in B of figure 29, and does not prevent
current flow at the fundamental frequency. At the
second harmonie, however, the wavelength is
halved and the same section becomes a half-wave
open-end section which acts like a parallel-reso-
nant circuit. An extremely high series impedance
therefore blocks the second harmonic. At the
fourth harmonic, the filter becomes a full-wave
section, and at every ewen harmonic, the section
is a multiple of a half-wavelength and behaves like
the half-wave section to block these frequencies.
At odd harmonics, the same section becomes a
multiple of the basic quarter-wave section and
offers a low impedance that permits the odd har-
monic frequencies to pass. If it is desired to
eliminate these odd harmonics, another means
must be used, since any attempt to use a resonant-
line section for the purpose results in excessive
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loss at the fundamental frequency. Fortunately,
the third harmonic, which is the most troublesome,
may be eliminated in the resonant-line tank circuit
of the final amplifier by capacitive loading or
tapping the tank.

17. Line Sections as Reactances

a. General Properties. A line section other
than a A/4, or a multiple of a A/4, functions as a
reactance. The value of reactance may be high
or low and it may be inductive or capacitive,
depending on the electrical length and the line
termination. An open-end line section less than
a A/4 behaves like a capacitive reactance, and a
closed-end section of the same length offers induc-
tive reactance. For sections exactly a A/8 or odd
multiples thereof, the theoretical reactance is
numerically equal to the characteristic impedance
of the line. A, of figure 30, gives the reactance
curves for line sections up to 1 wavelength. In
a theoretical line with no losses, pure reactances
with zero power factors would exist, but in any
practical line a small resistance is present. This
results in a resistive value in series with the react-
ance of the line section, as in B of figure 30. At
approximately a A/8, or multiples thereof, the
reactance offered by the line section is equal to the
characteristic impedance. The reactance has a
definite power factor, but in a section of well de-
signed line it will be very small and the section can
function as an extremely low-loss reactance with
much greater efficiency at high frequencies than
can be obtained with lumped-property reactances.
The reactance of line sections, however, changes
much more rapidly with frequency than that of
lumped-property components.

b. Practical Uses. Line sections often are used
as reactances to remove standing waves from
transmission lines by tuning out or canceling re-
actance components in mismatched loads. They
also find applications as low-loss substitutes for
lumped reactances in filters.

(1) Line-matching stubs. When a transmis-
sion line is used to feed a reactive load,
such as some antenna arrays, standing
waves are set up because of the load mis-
match. To provide a proper impedance
match and eliminate the standing waves,
a stub is used. The stub is placed at a
point on the line where the resistive com-
ponent is equal to the characteristic im-
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Figure 29. Resonant-line sections as hand-pass filters.

pedance of the line. At this point there
is also a reactive component (B of fig,
30) and the length of the stub is ad-
justed until its reactance is equal ang
opposite to that of the line. When t]ll'lg
is done, the line is matched at that poing
and standing waves are eliminated frony
there back to the input end or source,
For this reason, the stub is placed as neax
to the load as is ])]'il('l'i(':l] even though
there are four points on every electrical
wavelength of line where the resistive
component, equals the characteristic im-~
pedance. The approximate location for
the stub, as well as the stub length, can
be found by using the chart of figure 31
but, because of variations in practical
lines, some final adjustment is necessary.
A closed-end stub generally is used for
convenience of adjustment. In practice,
the standing-wave ratio must be deter-
mined by means of a probe and an indi-
cating device. Maximum and minimum
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Pigure 30.

voltage or current points are located and
the maximum voltage is divided by the
minimum to give the swr. The stub then
is connected to the line at the point deter-
mined from the chart. A closed-end
stub always is placed between the last
voltage maximum on the line and the
input end, never between /.. and the
load end. Usually, a simple final adjust-
ment of stub length completes the match-
ing procedure. If the swr of the line is
at least 10 or more, the adjustment of the
stub becomes critical. Figure 32 illus-
trates the effect of stub matching on a
line with standing waves. When the line

Reactance curves and effective impedance of line section.

is not stubbed, the source sees an im-
pedance that may be any value depend-
ing on the length of the line. Standing
waves appear along the line, as shown in
A. With the stub attached at the proper
point, as in B, the source sees an im-
pedance equal to the characteristic im-
pedance of the line and the resonant
section of the line matches the load im-
pedance no matter what its value may be.
An alternate method of connecting the
stub is shown in C. It is much easier to
use single-stub matching with two-wire
lines than the coaxial line, because of the
greater convenience of measuring the
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31. Stud length and position for impedance

matching.

swr and attaching and moving the stub.
The stub section should be identical physi-
cally and electrically to the main line.
Double-stub matching. In coaxial lines,
the difficulty of moving the stub along the
line for final adjustment is eliminated by
using two stubs, adjustable in length by
means of shorting plungers. These stubs
are located anywhere on the load end of
the line (fig. 33), but the spacing between
the stubs must be exactly an A/8 or an
odd multiple thereof. The arrangement
will not handle the variety of complex
load impedances that the movable single
stub will handle, but where the swr is not
unusually high it is effective and rela-
tively uncritical. The second stub func-
tions as a compensating adjustment, giv-
ing an electrical effect which moves the
position of the first stub.

Stubs as impedance transformers. The
matching stub acts, in combination with
the short resonant section of line between
it and the load, as an impedance trans-
former. Toeliminate the standing waves,
it transforms the complex load impedance
into a resistive impedance equal to Z,.
Since this is true, the stub may be used
also for transforming the line impedance
to match the line to the source. The

load-matching stub is located and ad,
justed as already described and a secong
stub is placed at the input end to matel,
the line to the source in exactly the samg
manner. Thus, the impedances shown il\
ficure 34 are matched perfectly and thg
transmission line operates without stand
ing waves.

18. Miscellaneous Uses of Line Sections

a. Converting From Balanced to Unbalanceq
Impedances. A balanced condition in a transmis
sion line is defined as one in which equal or nearly
equal amounts of positive and negative voltageg
appear above or below a reference point whiecly
may be ground or some established voltage. Iy
high-gain antenna systems it usually is essentia)
to have fairly good balance to ground if the in.
tended directive pattern is to be obtained. If suck
an antenna were connected directly to an unball
anced coaxial line, either the load balance or the
line operation or both would be upset. The un<
balance would shift the electrical feed point of
the load away from the designed point, changing
the ohmic value and introducing reactance intq
the effective load impedance. On the other hand,
a balanced load would act as an interruption ox
discontinuity in the line. Any discontinuity in
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Iigure 32. Elfect of stub impedance matching.
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a transmission line can cause standing waves, put

r-f current on the outside braid of the coaxial line,

.ausing unwanted radiation, and couple the load

reactance back into the source. All this can hap-

pen, even if the impedance of the antenna is purely

resistive and matches the line impedance. Obvi-

ously some means of converting from an unbal-
anced to a balanced condition must be used.

(1) When the impedances of the devices to

be connected already match and no im-

pedance transformation is desired, a

bazooka type of line balance converter,

called a balun, is used widely. This is

a quarter-wave shield which is placed

around the end of the coaxial line. A

of figure 35 shows a closed-end quarter-

wave coaxial section between the detun-

ing sleeve and the outer braid of the un-

balanced line. This causes a high imped-

ance to exist between 1 and 2. The inner

conductor, 3, is already at high imped-

ance in respect to ground. B shows that

2, which formerly was at ground poten-
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Figure 34. Stubs as tmpedance transformers.

tial, now is free and its impedance to
ground will depend on the load to which
it is connected. If 2 and 3 are connected
to a balance line, they will assume equal
impedance to ground and 1 will be at
ground potential. The equivalent cir-
cuit, in C, demonstrates the 1:1 trans-
formation in terms of lumped-property
components. The bazooka gives excel-
lent performance as long as the ope ating
frequency does not vary more than a
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small percent. It also may be operated
in the reverse manner, to convert from
a balanced to an unbalanced condition.

(2) Another type of balun or line-balance
converter (fig. 35) is the half-wave phase
inverter, which acts as an impedance
transformer with a 4:1 ratio. Since
the phase inverter is a A/2, a negative
peak appears at 2 every time a positive
peak appears at 1, and since both peaks
appear on the inner conductor, they have
a high impedance in respect to ground.
If each peak has a value of 50 volts,
measured to ground, the voltage across
1 and 2 is 100 volts. This is a voltage
ratio of 2:1, which gives an impedance
ratioof4: 1. Like the bazooka, the phase
inverter may be operated in either direc-
tion and is highly efficient only within a
narrow range of frequencies.
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T/; s

DETUNING SLEEVE A
1
/ ;
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I b |
) 4 T |
B
| TO |
e
EQUIVALENT CIRCUIT C
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Figure 35. Bazooka line-balance converter.

38

b. Half-Wave Line Section as 1: 1 Transformer,
Because a A/2 line section or any multiple thereot
repeats the input impedance at the output end of
the line, it can be used as a 1:1 transformer. 1If
a source having an impedance of 600 ohms is con-
nected to the input end of the line, an impedance
of 600 ohms will appear at the output end, no
matter what the characteristic impedance of the
line may be. The same is true of the load imped-
ance, and its actual value appears unchanged at the
input end. Therefore, if a source and load match
or have impedance values that are approximately
equal, they may be connected by a half-wave line
section. This is convenient where source and load
are approximately matched, but are separated
physically by some distance. By using a line that
is a multiple of a half-wave length, the two may
be connected without a mismatch. Because no
actual matching is done, it is not possible to
connect a source and a load the impedances of
which are greatly different. Coaxial or two-wire
line may be used.

¢. Line Sections Used for 1ime Delay. In elec-
tronic apparatus, it may be desirable to have a
difference of a fraction of a second between the
time an electrical impulse arrives at one point
and the time the same impulse arrives at another
point. Because of the velocity factor, an elee-
trical impulse is slowed down in a transmission
line and requires a definite period of time to travel
through a given length (A of fig. 37). There-
fore, a time delay can be obtained by using a suit-
able length of line to connect the two points.
The velocity factor must be used to calculate the
correct length. Another means for providing the
desired time delay is shown in B of figure 37. In
this method, the impulse from the source travels
a short length of line to arrive at 1, but has far-
ther to go to reach 2. This extra distance pro-
vides the time delay between 1 and 2.

d. Line Sections as Phase Shifters. When a
time delay between two points is required, it may
or may not be necessary to maintain an exact phase
relationship between them. When it becomes
necessary to produce a definite change of phase, a
line section of the appropriate length between the
two points can be used, or the lines can be cut to
the proper effective difference in the two lengths
connecting to the source. Figure 16 illustrates the
manner in which phase is shifted progressively
from the source toward the output end of the
line. For example, if a phase shift of 90° is re-
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Figure 36.  Phase inverter as line balance converter.

quired, the line should be a A/4 or any number of
full wavelengths plus a A/4. This is important,
because it is possible to use any number of full
wavelengths of line to introduce a desired time
delay, but the phase shift is determined by the
fraction of a wavelength left over at the end of
the line.

e. Combined Phase Shifting and Impedance
Transformation. A half-wave section of two-
wire line, shorted at both ends as shown in figure
38, frequently is used as a phase shifter and im-
pedance transformer. It is referred to as a half-
wave frame, and an r-f source connected at points
1 and 2 of A of figcure 38, or any desired impedance
points causes the standing waves of voltage and
current demonstrated by curves E and I, which in
turn result in the impedance curve Z. The load is
tapped on at whatever location offers the proper
impedance match, and the phase shift is deter-
mined by the distance in electrical degrees be-
tween 1 and 3 or 2 and 4. The lowest impedance
points are at the shorting bars and the highest at
5 and 6, a A/4 away. This makes possible a wide
range of transformation ratios. Beyond 5 and 6
the impedance decreases and the current again
rises, but in the opposite phase. Therefore, there
are two points on each conductor which offer the
same impedance but different phase relationships.
If the load is moved to 7 and 8, the impedance
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Figure 37.

Time delay obtained with line sections.
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is the same, but the phase is not. This happens
because the half-wave frame actually consists of
two quarter-wave sections connected in series. B
of figure 38 shows the phase relationships.

/. Line Sections for Enerqy Storage. A trans-
mission line or a line section also may be used to
store pulses of energy in the form of standing
waves and deliver them at a desired rate. De-
lays of approximately 1 or 2 microseconds can be
obtained in this manner. Longer times, however,
are impractical, because of the length of line that
would become necessary. When longer time de-
lays are necessary, it is possible to construct
artificial-delay lines (fig. 39) composed of Tumped-
property capacitance, inductance, and resistance
to achieve the same purpose.

g. Line Sections for Switching Functions. In
installations where a transmitter and a receiver
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Half-wave frame as phase shifter and im-
pedance transformer.

Rigure 38.
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Figure 39. Artificial delay line,

utilize the same antenna, a means must be pro-
vided to switch from one to the other. This keepg
damaging amounts of power out of the receivey
circuits and prevents loss of feeble incoming sig-
nals. Mechanical switching is satisfactory in thg
low frequencies, but in the higher frequencies it
auses losses by introducing discontinuities which
set up standing waves in the transmission line,
gas-discharge tubes are used in conjune-
tion with quarter-wave and half-wave resonant-
line sections (A of fig. 40) to solve this problem,
At point X, which is close to the transmitter, the
line to the receiver is tapped off.  On the receiver
line, a A/4 from X, a tube is connected which short-
circuits the line when excited by sufficient r-f
energy. Another special tube is connected a short
distance from X toward the transmitter, at the
end of a half-wave line section inserted in one
side of the main line. B of figure 40, shows the
action of the switch in the transmitting position,
The tube in the A/2 section causes a short cireuit

Special
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Figure 40. Line sections for switching functions.

which is reflected back to complete the main line.
The energy from the transmitter then enters the
receiver line and causes the tube there to dis-
charge, but this creates a A/4 closed-end line sec-

tion between the tube and X, which offers a high
impedance at the input end. Only enough energy
is admitted to keep the gas tube discharging and
none can get through to damage the receiver. As
soon as the transmitted energy is interrupted or
stopped, both tubes become open circuits, as shown
in C of figure 40. Incoming r-f signals, which
might otherwise be lost in the transmitting cir-
cuits, find an open circuit toward the transmitter.
Since received signals are too weak to energize
either tube, there is no danger of conditions being

reversed.

19. Summary

. Because of their lower r-f resistance and me-
chanically simple construction, sections of trans-
mission line may be made to act as very efficient
and stable series- or parallel-resonant circuits and
as low-loss reactances.

b. At frequencies in the 30- to 1,000-mc¢ range,
it becomes increasingly difficult to construct
Jumped-property elements that have good stability
and high Q. At these frequencies, however, wave-
lengths ave relatively short, so that line sections
of desirable properties are not too bulky for
practical use.

. Because of their physical construction, two-
wire line sections commonly are used in balanced
civeuits, coaxial sections in unbalanced circuits.

4. Coaxial-line sections are self-shielding and
therefore may be used throughout this frequency
range, whereas practical two-wire types begin to
show serious radiation losses above 300 mc.

¢. The line sections usually are not pieces of
actual transmission line, but units having the same
electrical characteristics, specially constructed for
mechanical rigidity and desired characteristic
impedances.

7. Close-end A/4 line sections and odd multiples
thereof behave as parallel-resonant circuits, which
makes them useful as vacuum-tube circuits imped-
ances, particularly as grid and plate-tank circuits.

g. They offer very high impedance to the source,

and require little power from the source to main-

tain the effect.

7. The inverting action of the basic quarter-
wave line section finds use in impedance trans-
formation. A wide range of transformation ra-
tios may be obtained by tapping on to the line
section at the desired impedance points, and almost

any source and load may be matched by this means.
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i. Closed-end \/4 sections also may be used as
the frequency-control tank cireuit of oscillators,
and as metallic insulating support for transmis-
sion lines.

4. Open-end quarter-wavelength line sections
act as series-resonant circuits and offer low imped-
ance to a narrow range of frequencies at resonance,

k. They are effective as band-pass filters and
are used alone or with other types of filters to
suppress even harmonics in transmission lines.

l. The actual impedance at resonance depends
on the Q, which can be made very high.

m. Nonresonant line sections shorter than quar-
ter-wave and between quarter- and half-wave act
as almost pure reactances with very low losses.

n. This characteristic offers a means of elimi-
nating undesirable standing waves on transmission
lines by cancelling out the reactive component of
a poorly matched load. The arrangement is called
stub matching.

0. Stubs also act as impedance transformers
and are used to make a line of any characteristic
impedance look like the right value to both source
and load.

p. Line sections can be used for converting from
balanced to unbalanced conditions, phase shift-
ing or inverting, providing time delays, storing
energy, and switching.

g. The chief considerations in the construction
of line sections are efficiency, stability, and low
losses, which are relatively easy to obtain in high-
Q line sections of good physical design.

7. The Q of a line section used as a parallel-
resonant cireuit can be two to five times that
attainable with conventional lumped-property
elements.

20. Review Questions

a. What is a complex impedance?
b. Can distributed properties be used at any
frequency in the spectrum?
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¢. Give three uses for line sections.

d. How are the properties of L, C, and R repre-
sented in a transmission line?

¢. What determines the characteristic imped-
ance of a transmission line?

/. What are the phase relationships at the input
end of a line section if a resistance equal to the
characteristic impedance on the line is placed
across the output end?

g. Define the term nonresonant line.

h. What is the definition of swr (standing wave
ratio) ?

i What is the reflection coefficient ?

7. When the input frequency to a line section
is constant and the line section is shortened, what
is the effect on the circuit?

k. Define velocity factor.

l. If the velocity factor is equal to .875 and the
frequency is 235 me, how long will a A/4 line
section be at this frequency?

m. What are the advantages of a resonant-line
tank circuit? The disadvantages?

n. What are the effects of closely spacing large-
diameter conductors in a two-wire line?

0. Name three methods of tuning coaxial lines.

p. What are the effects of loading on the Q of
a two-wire resonant line?

¢. What is a metallic resistor?

7. What is broadbanding?

5. How is the characteristic impedance of a
line determined ?

¢. What is the purpose of a line-matching stub?

u. How is a stub used as an impedance trans-
former? Explain.

». What is a balun?

w. How can line sections be used for time delay ¢

For switching functions?
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CHAPTER 4

CIRCUIT ELEMENTS—LUMPED-PROPERTY COMPONENTS

21. Lumped-Property Components

a. General. A lumped-property component is
an electronic part in which a definite amount of
capacitance, inductance, or resistance exists, usu-
ally with relatively little of either of the other
properties present. Capacitors, coils, and re-
sistors used in radio equipment operating at
frequencies below 30 me generally are lumped-
property components. IFor the purpose of this
manual, it is necessary to make a careful distine-
tion between lumped-property components and
distributed-property components. Lumped-prop-
erty components in the 30- to 1,000-me band are
used as coupling devices, bypasses, blocking
devices, and in many other ways.

b. Advantages. In circuits where the required
efficiency, stability, and other factors permit,
lumped-property components are used in prefer-
ence to distributed-property circuit elements.
Lumped-property components are small and com-
pact in proportion to the amount of the desired
property they provide. They also are reasonably
efficient electrically, readily available, and rela-
tively easy to install, adjust, and replace. All
of these features make them well suited for use
in equipment which must be compact, such as
portable field radio sets, walkie-talkies, and
airborne communications gear.

c. Disadvantages.

(1) As the frequency of operation is raised,
the electrical loss in lumped-property
components increases, until a frequency
is reached where this increasing loss can-
not be tolerated. The increased loss is
actually a combination of three distinct
effects—dielectric loss, r-f resistance loss,
and radiation loss. Loss in even the best
dielectric materials increases with fre-
quency, because a definite amount of the
applied electrical energy is lost in each
cycle, and the more cycles that occur in

221643°—52——6

a unit of time, the more heat is generated
in the dielectric. The r-f resistance loss
also increases with inereasing frequency,
because of skin effect.

2) Some loss occurs in any r-f cireuit be-
cause of the direct radiation from the
parts. This loss usually is negligible, so
long as the circuit is not more than about

1o of a wavelength in any physical
dimension. With increasing frequency,
however, it becomes impossible to scale
the components down in physical size in
proportion to the decreasing wavelength,
and radiation losses increase. The addi-
tion of shielding around the circuit also
causes energy to be lost in heating the
shield, rather than by radiation.

d. Upper Frequency Limit.
(1) There is no definite upper frequency

limit at which it becomes necessary to
change over from lumped- to distributed-
property components. In the broad re-
gion from about 75 me to perhaps 500 me,
satisfactory circuits can be constructed
using either type of component. If com-
pactness and portability are most impor-
tant, lumped components are used, but
where greatest stability and efficiency are
needed, distributed-property components
are chosen.

(2) The filter shown in figure 41 consists of

lumped properties and is designed to be
connected to a transmission line between
the transmitter and the antenna, to pre-
vent harmonics of the transmitter output
frequency from reaching the antenna and
being radiated. It will pass all frequen-
cies below about 35 me, and attenuate
all frequencies above the cut-off fre-
quency. This prevents harmonics of com-
munication transmitters operating at 30
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Figure 1.

me and below from interfering with serv-
ices operating above 35 me. At the rela-
tively low cut-off frequency of 35 mc,
either a lumped-property or a distrib-
uted-property filter can be made efficient
enough to eliminate almost all of the
undesired harmonic radiation from the
antenna. However, if the cut-off fre-
quency were in the upper part of the 75-
to 500-me transition range, a filter made
from suitable sections of transmission
line would be more efficient. There is no
electrical reason for not using distributed-
property circuit elements through the full
range of frequencies where use of lumped-
property elements ordinarily is standard.
The principal reason lumped-property
components are preferred is that the
physical size of distributed-property
elements becomes awkward, except in

special cases where the elements can be
folded mechanically, or where space is no
problem, as in large permanent installa-
tions.

T™ 667401

Low-pass filter using lumped components.

22. Capacitors
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a. General.
(1) All capacitors, of any size, type, or con-

struction, have characteristics that cause
them to behave in a way unlike the theo-
retical ideal capacitor, which would have
pure capacitance, and no inductance or
resistance. Practical capacitors actually
have some series inductance because of
their leads and internal metallic foil
plates. This inductance is effectively in
series with the actual capacitance as
shown in the approximate equivalent cir-
cuit of figure 42, where € represents the
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TM667-403
42. Bquivalent high-frequency circuit of a
capacitor.
actual capacitance, Z the inductance of
each lead, and 7 the effective r-f sering
resistance of the leads and foils.
Losses in the dielectric are represented b
the shunt conductance, ¢. Below 10 mg,
this is seldom serious, even in ordm‘u\v
paper capac itors, and in high- qlnllty
mica and ceramic units it has no seriong
effects at the highest frequencies. Singe
capacitors have a small but significang
amount of inductance in series with the
actual capacitance, there must be a resq.
nant frequency at which the reactanceg
of the inductance and capacitance become
equal, and cancel each other. The gen-
eral impedance-versus-frequency charac-
teristics of a capacitor are shown in figure
43, for frequencies ranging from beloyw
to above series resonance. The curve of
reactance versus frequency for a capaci-
tor is shown in figure 44. The reactance
becomes capacitive at series resonance,
and grows larger as the frequency de_
creases. The opposite effect takes place
above resonance, where the reactance s
inductive, and grows larger with increas-
ing frequency.

b. Common Fizved Capacitors at High Fre-

quency.
paper, and ceramic capacitors are subject to in-

Iigure J3.

The common types of electrolytic, mica,

I

IMPEDANCE

FREQUENCY

T™M 667-404
Impedance of capacitor at frequencies
above and below resonance.
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Figure J}. Reactance versus frequency.

creasing losses as the operating frequency is
increased.

(1) In electrolytic capacitors, these losses and
the inductance of the leads and internal
foil strips that form the plates make them
practically ineflective as capacitors at fre-
guencies above a few megacycles. Even
in equipment operating in the region
below 30 me, electrolytic capacitors
usually are shunted with a suitable value
of paper or mica capacitor, which by-
passes the higher-frequency currents
around the electrolytic unit.

(2) Paper capacitors also are subject to se-
rious losses as the frequency is raised, but
;101: to so severe an extent as in electro-
lytic units. The series inductance of
paper units is large, and causes them to
become series-resonant at frequencies
anging from 1 to 10 me, depending on
the capacitance and lead length.

. t=]

(3) Mica capacitors, because of their lower
losses and smaller series inductance, have
an extended range of usefulness. Aver-
age types become series-resonant at fre-
quencies from 10 to 100 me, depending on
the capacitance value and lead length.

(4) Ceramic capacitors are a more recent de-
_velopmont. and have improved properties
m certain respects. Their losses are
of[‘(?n lower than those of mica units, and
?llen- design permits a much lower series
inductance. As a result, their series res-
onance may be as high as 400 or 500 me
I some units, and this, together with
their stability and low losses, makes them
ﬂ:l{e preferred unit in many applications.
Figure 45 shows examples of the common
types of capacitors described.

TM 667-402

Figure 45. Typical fized capacitors.

23. Improvements in Fixed Capacitors

a. General. Changes in the materials and de-
sign of capacitors have been made to adapt them
for more effective performance at frequencies
above 30 me. In general, since capacitors do not
behave as capacitors above their own resonant
frequency, most of the improvements made have
been with a view to raising the resonant fre-
quency. The greatest improvement resulted from
the development of ceramic materials that made
possible ceramic-dielectric capacitors with only
two plates, as compared with the many inter-
Jeaved foils necessary in paper and mica units.
Ceramics also made possible capacitors with var-
jous temperature coefficients which can be used
to improve the stability of critical cireuits.

b. Material and Design Changes. Various
ceramic materials, such as barium and strontium
titanates, have been found to have high dielectric
constants and good dielectric strength. By plating
or firing silver electrodes directly on thin plates
of this dielectric material, air and moisture are
prevented from getting between the plates of the
capacitor. This results in greatly improved sta-
bility. By varying the mixture of the ce AMics,
the temperature coefficient of the capacitor can be
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made negative, zero, or positive, as desired.
Ceramic capacitors then can be used to compen-
sate for frequency drift caused by changes in
other components with changes in temperature.
Skin effect is reduced by using short, heavy leads,
and losses caused by surface leakage and humidity
are minimized by sealing the surface with a baked
silicon lacquer. A similar process of plating or
coating the silver electrode on mica also has been
developed for the manufacture of mica capaci-
tors, with considerable improvement in their sta-
bility and high-frequency performance.

24. Improved Variable Capacitors

Improved designs have increased the efficiency
of variable capacitors for use in the frequency
range from 30 me up.  Common types of variable
capacitors become less efficient as the frequency is
raised, because of increasing losses in the dielec-
tric material and increasing r-f resistance loss in
the leads and plates, particularly in the lead to
the rotor, which makes a wiping contact with the
rotor shaft. The resistance and inductance of the
rotor lead can be reduced somewhat by using two
or more leads in parallel, but this ar rangement has
mechanical limitations.

a. Butterfly Capacitors. Variable capacitors
for use at 30 me and above often are made in the
butterfly design (fig 46). The external circuit is
connected to the two sets of stator plates, and the

™ 667-415.

Figure }6. Butterfly capacitor.
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rotor serves to increase or decrease the total capaci-
tance between them. Thus, no r-f current need
flow through a wiping contact, and the problem
of inductance of the rotor wiper is removed also.
The shaft and rotor can be insulated from ground
when required, which permits a greater variety
of applications. Improved dielectric materials,
such as polystyrene, Teflon, Steatite, and similar
products, are used as the supporting dielectric ma-
terial. The effects of the dielectric material on
the Q of a variable capacitor can be seen in figure
47, where curves A, B, and C show Q versus fre-
quency of a typical small variable capacitor. The
curves for 4 and B, the higher quality dielectrics,
decline relatively slowly, whereas the curve for
dielectric ' drops rapidly to such a low value as
to be practically useless above 30 me.
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Ligure 47. Variable capacitor Q versus frequency.

b. Other Capacitor Designs. Other practical
variable capacitors for use at frequencies above
30 me are the tubular and disk types in figure 48.
Because of the relatively small values of capaci-
tance required, these types can be used for neu-
tralizing capacitors, and for the tuning of tank
circuits made of line sections. Capacity is varied
by changing the spacing between the plates and,
because the plates have large conducting areas
which minimize r-f resistance loss, the efliciency
of such capacitors is good. The dielectric mate-
rial is kept out of the most intense part of the
field which also helps to produce high Q.

. Butterfly-Tuned Circwit. In addition to
improving variable capacitor designs, an improved
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Figure }8.

circuit consisting of a combined variable capaci-
tance and inductance (fig. 49) has been developed.
The interleaved plates act exactly as in the but-
terfly capacitor, but with an additional effect.
The two groups of stator plates are connected by
extensions of themselves in the form of curved
strips, which act as an inductor in a parallel-tuned
circuit. When the rotor is turned as in A of figure
49, so that its plates are no longer intermeshed
with the stator plates, the capacity between op-
posite groups of stator plates is reduced. The
inductance of the curved connecting arms is re-
duced also, by the proximity of the rotor plates.
This combination of effects makes it possible for
such units to tune with good Q across a relatively
wide frequency range. Connections are made to
points 1 and 2, as shown in the equivalent circuit
in B of figure 49.

BESEIEII19921488827 7
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Tubular and disk variable capacitors.

25. Inductors

a. Qeneral. Any two points between which a
difference of potential can exist may be said to have
capacitance. If two points directly opposite each
other on adjacent turns of an inductor are con-
sidered, it is seen that a difference of potential
can exist between them because of the impedance
of the length of the conductor connecting them.
All inductors have some distributed capacitance
between turns, which appears as a small capaci-
tance in parallel to the external circuit. This
capacitance is usually so small in proportion to the
tuning capacitor connected across the coil that it
can be neglected. As the frequency is raised,
however, the effect of this distributed capacitance
no longer can be ignored.

b. Frequency of Maximwm Q. In the range of
frequencies where the distributed capacitance can
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Rigure }9. Butterfly parallel-resonant tuning circwit, and equivalent circutt.

be ignored, the inductive reactance increases
directly with frequency. The r-f resistance losses
caused by skin and proximity effect, the dielec-
tric loss, and the hysteresis losses in iron-dust
cores also increase with frequency. The net
result of this behavior is that the Q of practical
inductors has a maximum value at some frequency,
and declines gradually above and below this
point. The point of maximum Q usually is de-
signed to fall within the range of frequencies
over which the coil is to operate.

¢. Self-Resonance.  When the applied fre-
quency is increased to a point where the distributed
apacitance of the coil resonates with the induc-
tance, a new effect appears. The coil becomes a
parallel-resonant circuit (fig. 50) to an external
circuit connected to its terminals. The resistance
in this equivalent circuit represents the losses
incurred in practical coils.
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Baquivalent circuit for inductor at high
[requencies,

Figure 50.
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d. Impedance and Reactance. The impedance
and reactance of an inductor at and near the fre-
quency of self-resonance is shown in figure 51.
At resonance, the impedance is highest and purely
resistive, whereas below resonance it exhibits in-
ductive reactance, and above resonance, capacitive
reactance. The impedance curve has the familiar
shape of tuned circuit parallel resonance, the
sharpness of the peak being determined by the
over-all Q of the inductor and its distributed

apacitance.
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Figure 51. Impedance of inductor.



e. Practical Use of Self-Resonance. The graph
of figure 51 shows that any inductor will become
parallel-resonant with its own capacitance at some
frequency. This characteristic is used in many
applications in vhf communications receivers.
The inductor can be macde to resonate with its own
self-capacitance, plus the tube input, and stray
circuit capacitance. This eliminates the need
for a separate tuning capacitor and provides the
highest possible L-C ratio, the largest load im-
pedance, and the greatest stage gain. Self-reso-
nant inductors often are used in the intermediate-
frequency amplifiers of communications and radar
receivers. Such amplifiers are designed to oper-
ate in the frequency range between 80 and 300 me,
depending on the requirements of the particular
radio system concerned. If adjustable tuning is
required, it can be accomplished by varying the
inductance either by a switching arrangement or
with an adjustable core (slug) of iron-dust-
impregnated plastic.

(1) A series of inductors is shown in the
switching arrangement in figure 52.
Such circuitry is often more compact and
stable under severe service conditions

¢ than are more conventional arrange-
ments with standard types of variable
capacitor tuning.

(2) A similar use of the self-resonance char-
acteristic of an inductor is made in r-f
chokes designed to offer a high impedance

TM 667-4'T

Switeh inductor used in television tuners.

Figure 52.

over a moderate range of frequencies.
Such chokes have a medium Q, and are
self-resonant at the approximate center
of the frequency band they are designed
to block. This provides a relatively high
impedance across the band with a small
d-c supply voltage drop. This type of
self-resonant inductor (fig. 53) is not
usually adjustable.

TM 667-418

Self-resonant cholke.

Figure 53.

f. Design Factors. Many factors must be con-
sidered in designing inductors for use at very
high frequencies. Since the inductor must have
a certain power-handling capacity, the conductor
size must be large enough to handle the required
power. The form factor which is the ratio of the
length of the winding to its diameter influences the
Q. and therefore must also be maintained within
given limits. Dielectric losses and distributed
capacitance must be reduced to a practical mini-
mum. The inductance also must be made consider-
ably smaller in order to resonate with the smaller
(-:q;ncit:mce used at high frequencies and to main-
tain the required L-C ratio for the particular ap-
plication. A single turn of wire may provide
sufficient inductance for this purpose, but a serious
additional loss is introduced if the length of the
single turn is near the wavelength of the operat-
ing frequency. When this condition occurs, the
inductor acts like an antenna and radiates a por-
tion of its field energy, resulting in a loss of power
and an attendant reduction of Q. These contra-
dictory factors make the design of lumped values
of inductance more difficult than the design of
lumped capacitance. Above the 400- to 500-mc
region, lumped-property inductors are impracti-
cal, and tuned-tank circuits generally consist of
distributed-property elements or special lumped-
property units.
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9. Practical Modern Inductors. Throughout
the 30- to 500-me range in which lumped-property
inductors may be used, the only type winding
of practical importance is the slug-tuned single-
layer solenoid (fig. 54). The bank, universal, and
progressive windings used for medium- and low-
frequency coils have too much distributed capaci-
tance and proximity effect to provide the necessary
eficiency. The single-layer solenoid winding is
also more efficient for use at the lower frequencies,
but its size becomes unwieldy and impractical
below perhaps 3 or 4 me. Even in the single-layer
solenoid winding, a careful balance between con-
ductor size, spacing between turns, diameter, and
length is necessary to attain reasonable @ in the

ange from 30- to 500-me.

(1) For frequencies up to 100 or 150 me, the
use of powdered-iron cores of appropriate
characteristics will provide somewhat
improved Q, and such inductors are com-
mon in equipment operating in this fre-
quency range. Cores in which the size
and distribution of the particles of mag-
netic material are optimum for the fre-
quency range concerned improve the Q;
they increase the inductance of the coil

TM 667-419

Figure 54. Slug-tuned inductor.
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without causing the losses to increase 1y,
proportion. It is important to rememn_
ber that cores designed to give optimuy,
Q in one part of this frequency regioy
will not be equally eflicient in anothe,,
part of the band. For this reason, any
interchanging or replacement of cores iy
such inductors must be done with caution_
or the performance of the equipment may,
be changed.

In transmitter cireuits, the inductor mus
handle considerable power without se.
rious heating. This requires a coil of
larger physical size (fig. 55) and usually
makes the use of iron-powder cores im.
practical because such cores tend to sat.
urate magnetically, and lose efliciency as
the power level increases. In a few spes
cial applications, it is desirable to use a
lumped-property inductor that has ex.
tremely small change of inductance with
temperature. The change of inductance
with temperature in common induectors
is caused by the thermal expansion of the
unit as a whole, which usually causes the
inductance to increase. To minimize
this effect, special inductors are made of
metals such as Invar, which have low
expansion per degree of temperature
change, as compared with ordinary mate-
rials such as copper, aluminum, or silver.
Since the conductivity of Invar and such
special alloys is low, these coils must be
plated with copper or silver. The cur-
rent actually is carried almost entirely
in the silver or copper plating because
of skin effect, and a high Q results; yet
the thermal expansion is held to a mini-
mum. Coils of this type are used mostly
in measuring equipment such as signal
generators and frequency meters, where
their added cost is justified by the im-
proved stability they provide. Slug-
tuning of equipment operating in the 30-
to 500-me range can be accomplished also
by a tube or cup of metal other than
iron. This reduces the Q of the coil
slightly, because the slug acts as a shorted
turn or loop of wire coupled to the coil
by magnetic linkage. In circuits where
extremely high Q is not required, such a
slug is used for adjusting the inductance
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Air-wound self-supporting transmitting
inductor.

Figure 55.

of the coil, and thus tuning the circuit
over a moderate range.

26. Resistors

a. General. The effects of increasing frequency
on the performance of some types of resistors are
such that the resistors cannot be used efliciently
at frequencies of 30 me and upward. Wire-wound
resistors that are used at low frequencies hecome
useless above this range because of unavoidable
inductance and capacitance, which introduces un-
wanted reactive or resonant effects. Therefore,
composition resistors made of finely divided car-
bon in a suitable binder are most commonly used
in this frequency range.

(1) For practical purposes, the
equivalent circuit shown in figure 56
illustrates the effective impedance of a
composition resistor at high frequencies;
this equivalent circuit generally is used
in the design of vhf and uhf circuits. 2,
is the reciprocal of the conductance and
is referred to as the parallel resistance.
The total effective capacitance, €, is
aused by the capacitance between the
leads, and the eflect of distributed capaci-
tance. A generally accepted theory sug-
gests that, at very high frequencies, a
carbon resistor behaves much like a
closed-end transmission line half as long

simple

as the resistor.

Laboratory measurements of commercial
composition resistors agree fairly well
with theoretical predictions for frequen-
cies up to 200 me.  Above this frequency,
the performance begins to depart from

(2)

Higure 56.

(3)

that predicted by theory because of addi-
tional dielectric losses in the material
which holds the carbon particles together.
These losses cause a decrease in the effec-
tive r-f impedance. The value of capaci-
tance depends largely on the physical
shape and size of the resistor, increasing
as the cross-sectional area is increased, or
as the length is decreased. For example,
the measured resistance of some 1-watt,
10,000-ohm commercial resistors at 60 me
ranges from 6,700 ohms to 9,100 ohms,
depending on their design and physical
characteristics. In general, resistors be-
low about 10,000 ohms exhibit a smaller
percentage decrease in resistance value
with increasing frequency than do the
larger resistance values.

Rp

T~

TM667-411
Bquivalent circuit for composition resistor at
high frequencies.

The theory summarized above does not
describe the behavior of the so-called fila-
ment type resistors. These are made with
a coating of the resistive material on the
outer surface of a small glass tube, the
entire structure being inclosed in an outer
insulating sleeve of molded insulating
material. The leads connecting to the
resistive coating are allowed to extend
inside the glass tube until the ends almost
meet at the center. This construction is
used so that the lead wires can aid in
carrying away the heat generated in the
resistor body. The effect on the per-
formance at vhf is to add considerably
more shunt capacitance. The designa-
tion filament type for resistors of this
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construction is rather misleading, since it
refers to the thin filament appearance of
the resistive-material-coated glass tube,
which cannot be seen after the outer
molded insulating coating is in place.
A cross section of such a resistor is shown
in figure 57.

The method of mounting a resistor may
also affect its performance because of
additional shunt capacitance between one
or both leads and ground. Figure 58

(4

~

duce the capacitance and inductance. This mini.
mizes the undesirable reactive effects as the fre.
quency changes and permits the effective ime
pedance to remain more nearly constant.

(1) A modification of the filament type re.

COPPER GLASS GAP BETWEEN
LEAD WIRE TUBE LEAD ENDS

sistor has been developed that eliminateg
the bulky end caps and the part of the
leads extending within the glass tube,
This reduces the distributed capacitancg
as well as the impedance change with
frequency. Modified filament resistorg

RESISTIVE INSULATING COPPER
MATERIAL JACKET LEAD WIRg

o

TM 667 - 415

Figure 57. FRilament type resistor.
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Figure 58. Hquivalent circuit for resistor, including
capacitance to ground,
shows these values represented by ', and
Cy, and 4 is the total end-to-end capaci-
tance of a unit mounted parallel to and
fairly near a chassis or a metal shield, It
one end of the resistor is grounded,
either €, or €, disappears, but the length
of the ungrounded lead has a sharp effect
on the total capacitance. Care must be
taken that ¢, does not become large
enough to act as a capacitive shunt to
ground.

b. Specialized T'ypes. Special types of composi-
tion resistors which have fairly good high-fre-
quency properties have been developed specifically
for such applications, The primary aim is to re-
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(2)

(3

~—

are available in high-resistance valueg
and in larger sizes, with power ratingg
up to 90 watts. The characteristics o
these resistors make them useful in the
frequency range up to about 200 me.
Resistors having very low reactance oftey
are required for use at frequencies up tq
1,000 me and higher. For values up to
600 ohms, resistors are made which con.
sist of a sheet of low-loss phenolic plastie
coated with a thin film of resistive ma.
terial. The specific resistance is stateq
in ohms per square, because a square piece
of this material, no matter what its SiZe’
has the same resistance from the whole
length of one edge to the whole length of
the opposite edge. Contact to the resistoy
is made through metallic paint applieq
to its surface in a line along opposite
edges. Disks of this material fl'equently
are used as low-reactance shunt resistors
built into devices for terminating coaxial
transmission lines carrying vhf or uht
energy. The disk is cut to size from g
sheet of the material which has the ap-
propriate resistance to match the char-
acteristic impedance of the line; thus
reflections are minimized.

Resistors made by depositing a thin layer
of pure, finely divided carbon or a car-



bon-boron mixture on the surface of a
ceramic or glass tube have been developed
fairly recently. In general, they pro-
vide improved performance characteris-
tics at all frequencies, particularly as to
stability, and show less change in im-
pedance with increasing frequency.

27. Miscellaneous Components and
Materials

a. Dielectric Losses. DBecause of increasing
power losses, moisture absorption, surface leak-
age, and similar effects, common insulating
materials such as rubber, cotton, porcelain, and
bakelite are impractical for use in high-imped-
ance circuits in the 30- to 1,000-mc¢ range. In-
stead, materials with much lower loss factors must
be used if reasonable circuit efliciency is to be
obtained. Steatite, polystyrene, Teflon, polyeth-
ylene, and various silicon compounds are among
the dielectric materials used for insulation at fre-
quencies above 30 me. Efforts also are made to
keep the physical bulk of insulation in the actual
electric field small, and to keep the material out
of the more intense part of the field when possible.

b. Surface Leakage and R-F Resistance. Wide
use is made of lacquers containing silicon com-
pounds, which reduce surface leakage under high-
humidity conditions by breaking up moisture
films into individual drops. Tubes and other com-
ponents are placed close together and shorter
conductors are used for circuit wiring to reduce

T™ 667 — 413
Typical switch for vhf.

Figure 59.

stray capacitances and inductances. Often the
conductors, as well as the soldering lugs and con-
tacts on tube sockets, plugs, switches, and every-
thing in the r-f path, are silver-plated to reduce
their r-f resistance and skin-effect losses. The
physical arrangement of metal in switches, plugs,
jacks, and small parts is such that their parallel-
lying sections offer high distributed capacitance.
Despite ceramic insulation, silver-plating, and
improvements in design, such components
seldom are practicable for use in the r-f path at
frequencies above 300 me, since they are likely to
cause high losses, shunting, or undesired resonant
circuits. Figure 59 illustrates a switch that oper-
ates at about the highest frequencies at which
mechanical switching of high impedance circuits
is practical.

28. Summary

a. Lumped-property components are electronic
parts in which definite amounts of one specific
property are concentrated.

b. Lumped-property components are physically
small and convenient to use in proportion to the
amount of the property they provide, but their
electrical losses increase with frequency until a
frequency is reached at which they are useless
for practical circuit purposes.

¢. The losses appear as heat caused by a com-
bination of dielectric loss, r-f resistance loss, and
radiation loss.

d. Lumped-property components are used
widely as circuit elements at the frequencies be-
low about 500 me, but there is no definite frequency
at which their use becomes impractical because of
losses.

¢. Lumped components are adopted where small
size and portability of equipment are paramount,
whereas distributed components are chosen where
maximum stability and efliciency are needed.

7. All practical capacitors possess small amounts
of series inductance and r-f resistance, causing an
effect of series resonance at some frequencies where
the reactances become equal and opposite.

g. All types of fixed capacitors suffer increasing
losses as the working frequency is raised.

h. Common paper capacitors usually become
series-resonant at some frequency between 1 and
10 me and the losses are relatively high. Average
mica types become series-resonant at frequen-
cies between 10 and 100 me, and ceramic capacitors
become selfresonant at frequencies ranging from
about 30 to 500 me.

53



. Common variable capacitors are subj(?ct_to
higher losses as the operating frequency is in-
crénsed, because of increasing dielectric losses and
r-f resistance in the leads and plates.

J. Improved designs, such as the buiﬂtf?l'ﬂ)’a
tubular, and disk capacitors, and low-loss dlelgc-
tric materials, result in higher Q at frequencies
above 30 me. :

k. The butterfly capacitor, with added bllﬂl‘—l'll
parallel inductance is used as a tuned-tank circuit
of high efficiency.

l. The distributed capacitance between turns of
practical inductors is of negligible importance at
the lower frequencies but, as the operating fre-
quency is increased, a point is reached where the
coil becomes parallel-resonant with its own capaci-
tance.

m. The losses resulting from r-f resistance (skin
and proximity effects) and dielectric loss, as well
as hysteresis losses in iron-dust cores, increase with
frequency.

n. The Q of practical inductors has a maxi-
mum value at some particular frequency, above
and below which it declines gradually; inductors
usually are designed to have the frequency of
maximum Q fall within the operating range.

0. The design of inductors for use at frequencies
above about 30 me is complicated by factors such
as power-handling capacity, form factor, loss re-
duction, and the necessity for making the induct-
ances considerably smaller while maintaining the
desired L-C ratios.

p. The only practical type of winding for the
30- to 500-me range is the single-layer solenoid
which, by careful design, may be made to have
reasonable Q at these frequencies.

g. To reduce the change in inductance caused
by thermal expansion of coils, special inductors
are constructed of alloys with low coeflicients of
expansion, such as Invar. Since these alloys usu-
ally are poor conductors, they are plated with
copper or silver to a depth sufficient to carry most
of the current.

r. At frequencies above a few megacycles, the
effective impedance of ordinary types of carbon
composition resistors decreases as the frequency
is increased, because of the effects of distributed
capacitance and of capacitance between leads,

8. Wire-wound resistors cannot be used at high
frequencies because of unavoidable inductance and
:apacitance, which introduces unwanted reactive
and resonant effects.
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t. The manner in which a resistor is mounted
has a considerable effect on its performance, be-
cause of the added capacitance of the leads and
body to the ground. .

u. Resistors constructed of ]0\\'—1‘euctn.nce films
of resistive material coated on sheets ()‘f lo\v-l.oss
phenolic plastic may be used :li" ’froqu(_).m-,le% as high
as 1,000 me. This type of 1'(\.\'15101' often is cut to
disk shape and used to terminate a t“l'unsm]ssmn
line in its characteristic impedance, for the pur-
pose of minimizing reflections.

». Dielectric materials commonly used at 10\‘-\'01‘
frequencies, such as 1'11])])(-1:, cotton, and Bakelite,
have such high losses in this frequency range that
lower-loss materials, such as polystyrene, Teflon,
polyethylene, and Steatite must be un.'m.l.

w. Surface leakage is held to a minimum by
use of moisture-repellent lacquers. -

2. Unwanted lead inductance and r-f resistance
are minimzed by using short, heavy connections,
and silver-plated conductors where necessary.

y. Switches, sockets, and con.n('!ctf)rs are
mounted physically in ways that minimize stray
apacitance. Y.

2. Switching of high-im|w<1.un<'(.\ cireuits carry-
ing r-f signal energy becomes ineflicient and often
impractical above about 300 mc.

29. Review Questions

a. What are the advantages of lumped compo-
nents in a high-frequency circuit? The dis-
advantages? KES '

b. What is the upper-frequency limit at which
it becomes necessary to change over from lumped
to distributed components?

c. What determines the series resonance of a
apacitor? ;

d- Why are mica and ceramic capacitors used
at the higher frequencies?

e. Describe a butterfly capacitor.

/. How are self-resonant inductors used in high-
frequency circuits?

9. What factor determines the design of in-
ductances for use on the higher frequencies?

h. What effect do powdered-iron cores have on
inductors used on the high frequencies?

¢. Draw a diagram showing the equivalent cir-
cuit of a composition resistor at very high
frequencies. i :

7- Why must materials with low dielectric loss
be used at the higher frequencies?

. How can lead inductance and r-f resistance
be minimized ?



CHAPTER 5
VACUUM TUBES—30- TO 1,000-MC RANGE

Section I. FACTORS AFFECTING TUBE PERFORMANCE

30. Introduction

a. Although the basic principles of vacuum-
tube operation are unchanged, certain factors
which can be disregarded in tube operation below
30 me become important at higher frequencies.
The inductances of the electrode leads and the
capacitances between electrodes are very small,
but at higher frequencies their reactances become
significant. In addition, electrons do not travel
instantaneously from the cathode to the plate, but
require a finite transit time. This causes an in-
phase grid current to flow, even though the grid
is negative, and results in a loading effect across
the input that reduces over-all gain in all classes
of tube operation.

b. Skin effect in the electrodes and electrode
leads causes the r-f resistance to increase with
frequency; dielectric losses in the insulating elec-
trode supports are increased, and some power is
lost by direct radiation from the electrodes and
their leads. The effect of these factors is to cause
tube efficiency to become progressively lower as
the operating frequency is increased. Ior ex-
ample, a tube operated as an amplifier at 50 me
will give less output for a given signal input
than it will at 5 me, even if the external circuits
are equally efficient at both frequencies. Also,
since these losses increase with frequency, there
is a practical upper frequency limit, beyond which
the tube is not useful as an amplifier. If the
same tube is operated as an oscillator, the high-
frequency limit of operation will be about two-
thirds to three-quarters that of the limit as an
amplifier, because the tube can no longer supply
sufficient output to make up the increased losses
and still provide a useful output signal.

¢. These effects always are present in a vacuum
tube, no matter what the operating frequency hut,
as the frequency is raised, the effects increase and
become so large that they place an effective upper

limit on useful operation. Although it is not nec-
essary to learn new operating principles, it is
important to understand how and why these char-
acteristics which were previously disregarded
become major limitations at frequencies above 30
me.  As the wavelength is made shorter, it be-
comes comparable in length to the physical length
and spacing of tube electrodes and leads. The
apparent solution to this difficulty is to scale down
the entire tube structure. There is a practical
limit to this, however, governed by the power-
handling capacity which is required. New tube
designs have been developed which successtully
overcome one or more of the limitations without
requiring such a drastic size reduction that mass-
production methods of manufacture become

impractical.

31. Interelectrode Capacitance and Lead
Inductance
a. General.

(1) Since any two points between which a
difference of potential can exist are said
to have capacitance, a small but signifi-
cant value of capacitance must exist
between any element of a vacuum tube
and each of the other elements. Addi-
tional capacitances exist between the
leads, particularly in those tubes in
which the leads are brought out through
a common stem to the base. When the
tube is operating with normal applied
voltages, the effective capacitances be-
tween electrodes are different from the
capacitances when the cathode is not
emitting. These differences are caused
partly by expansion of the parts when
the tube heats and partly by the electron
stream. When the tube is cold, the dielec-
tric between electrodes is mostly vacuum,
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but in operation this vacuum is partially
filled with a stream of electrons which
results in a change in the dielectric con-
stant. Naturally, this changes with vari-
ations in the electron stream. The ca-
pacitance values are measurable, and are
listed in most tube characteristic tables.
The figures given are generally cold
capacitances. The input capacitance is
measured between the input electrode
(usually the control grid) and all the
other electrodes connected (except the
output electrode, which is grounded).
The output capacitance is measured simi-
larly; the input electrode is grounded,
and capacitance is measured between the
output electrode (usually the plate) and
all the other electrodes connected (ex-
cept the input electrode). The actual
capacitance values vary considerably for
different types and sizes of tubes.

Since any conductor possesses self-indue-
tance, the internal leads to the tube ele-
ments and the elements themselves, as
well as the tube pins, will have some in-
ductance. TFor example, within a tube
operating above 30 me, circuit caleula-
tions must take into consideration the
effective values of inductance. This in-
ductance is in series with the plate, grid,
and cathode, and although the actual
inductance of a lead is usually no more
than one or two hundredths of a micro-
henry for receiving tubes, the reactance
offered at frequencies of several hundred
megacycles becomes appreciable.

b. Effects.

(1) General. At frequencies below 30 me, it

is practicable to consider the Colpitts os-
cillator circuit (A of fig. 60) as a vacuum
tube plus an external circuit, and to con-
sider the effects of these separately. The
interelectrode capacitances and the lead
inductances are so small in comparison
with the values of the lumped compori-
ents in the exterior circuit that they may
be ignored, and any slight effect they
have is tuned out easily by the variable
capacitor. To raise the operating fre-
quency without changing the tube, it is
necessary to decrease the inductance and
capacitance of the frequency-determin-

(2)

ing resonant circuit. As the frequency
increases, the lumped components will
have smaller values, and the interelec-
trode capacitances and lead inductances
become important. Ifor example, the
grid-cathode capacitance is in shunt with
the Tumped-property grid-circuit capaci-
tor, limiting the minimum value of capa-
citance in the tuned circuit. If a
resonant line section is used as the ex-
ternal circuit element, as in B of figure
60, it is no longer possible to regard the
arrangement as a vacuum tube and an
external circuit. The grid-plate capaci-
tance of the tube is shunted across the
resonant line section and the grid and
plate lead inductances are in series with
it. This has the same effect as if part
of the external circuit had been pushed
within the tube. Therefore, the arrange-
ment must be considered as a single cir-
cuit with one part operated In a vacuum,
Actually, the circuit-plus-tube must be
considered as a single circuit as soon as
the frequency is high enough to make it
necessary to compensate for tube effects
in the design of the resonant cireuit. If
the operating frequency is increased still
further, the length of the resonant line
section becomes shorter. Iventually, a
frequency is reached at which the inter-
electrode capacitances resonate with the
inductances of the leads when a short,
straight piece of wire is connected across
the grid and plate pins. This condition
is shown in C of figure 60; the circuit is
still essentially a Colpitts oscillator,
The frequency at which this occurs is
called the apparent mavimwm operating
Jrequency.

Cathode lead inductance degeneration.
The inductance of the cathode lead
usually is considered the most important
of the lead inductances, because the vary-
ing components of both the grid and
plate circuits flow through this lead.
The amplified plate current /7, (fig. 61),
which is approximately 180° out of phase
with the grid voltage, flows through the
cathode lead inductance and causes g
voltage drop, Zjz. When the input
voltage, %,, is applied across the griq
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Figure 60. Effects of tube reactances as frequency is
increased.
and cathode leads, it is opposed by this
drop in the cathode lead inductance.
Therefore, the input voltage which ac-
tually appears across the grid and
sathode is less than the applied signal
voltage. Since the reactance of a 1-inch
cathode lead, .025 inch in diameter, is

62.8 ohms at 500 me, the loss occurring
in this manner becomes serious. In gen-
eral, the effect of the inductive reactances
of all the leads is to create r-f voltage
drops in series with the electrodes. More
important, however, is their effect in con-
junction with the interelectrode capaci-
tances. The two reactances produced
within the tube both simple and com-
plex impedance paths, which tend to
recuce the impedances offered at the tube
terminals.

Egk=Eq-Ey

TM 667-502

Biffect of cathode lead inductance on signal
voltage.

Higure 61.

32. Transit Time

a. Signal Losses. Transit time is the length of
time it takes an electron to travel from the cathode
to the anode of a vacuum tube. When the fre-
quency is increased, the time of 1 cycle is short-
ened progressively, and the transit time can be-
come a definite portion of the cycle. During this
part of the cycle, the applied signal on the grid
may go from positive to negative, or from an in-
creasing to a decreasing value. The flow of elec-
trons past the control grid causes to be induced
in that electrode a current which may flow énto
or out of the grid, depending on the relative grid
voltage. The current flow absorbs power from
the input signal, even though the grid is always
negative, and has the same effect as if a shunt
resistance and a shunt capacitance were connected
across the grid and cathode of the tube. The
loss of signal energy brought about in this man-
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ner is the most important effect of transit time,
and the loss increases as the frequency increases.
b. Plate Current Effects. The larger transit
time at higher frequencies causes the plate cur-
rent to lag the plate voltage and distorts the plate
current curve. In tubes operated in class B or
class C, the electrons emitted from the cathode at
different times during the signal pulse have differ-
ent transit times because of the effect of the vary-
ing grid potential on the electron stream. Also,
the electrons that are still flowing when the plate
goes negative are slowed down and finally some
are turned back toward the cathode. The elec-
trons approaching the negative plate induce a
positive plate current. As shown in figure 62,
this results in a tail on the plate-current curve.
When all of the electrons have heen stopped and
turned away from the plate, they induce a nega-
tive plate current which flows for part of the
cycle.  The positive plate current generally flows
for longer than a half cycle when transit time
becomes appreciable. Since g longer plate-cur-
rent pulse increases the plate losses, the net effect
is a reduction of amplifier efficiency. In an oscil-
lator, the voltage phase is fixed by the plate-grid
coupling, and this lag of plate current results in
a serious loss of output power. If the transit
time is made still larger by increasing the fre-
quency, the tube eventually will cease to oscillate,
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Oharges induced on plate by electron in transit,

c. Screen-Grid Twbes. 'The transit-time effects
of sereen-grid tubes are somewhat less pronounced
than those of triodes because the screen grid is
maintained at a fairly high positive potential.
This gives a more uniform acceleration to the
electrons after they pass the control grid and
reduces the tendency of that electrode to cause
varying transit times. There is still some length-
ening of the plate-current pulse, however, with
resultant losses.

d. Back-Heating of Cathode. The effect of
back-heating occurs when a number of electrons
are caught in the grid-cathode space at the instant
when plate current normally would be cut off in
low-frequency operation. A considerable frac-
tion of the electrons are forced back to the cathode
by the negative field at the grid. The energy they
expend on striking the cathode causes heating.
As the transit time increases with higher frequen-
cies, the back-heating supplies an appreciable
amount of the power required to heat the cathode
for normal operation, so that the filament current
must be adjusted to conditions within the tube.
This effect is important only in a few amplifier
tubes operated between 500 and 1,000 me, such as
the 4X150A, and in magnetrons used in radar
work. The life of the cathode may be shortened
by excessive electron bombardment.

33. Tube Impedances and Gain

a. Input I'mpedance.

(1) When a vacuum tube is operated in
the conventional way, the input signal is
applied between the control grid and
cathode. At frequencies up to 25 or 30
me, the impedance seen by the external
circuit which supplies the input signal is
effectively the reactance of the capaci-
tance between grid and cathode. Because
this capacitance is in parallel with the
capacitance of the external tuned circuit,
it can be considered a part of it. The
total capacitance in parallel with the in-
ductance of the coil forms a parallel-
resonant circuit, and the effective im-
pedance the signal sees between grid and
cathode is a large value of almost pure
resistance. As the frequency is increased,
however, this situation gradually
changes. The reactance of the cathode-
lead inductance common to both plate
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and grid circuits becomes significant, and
the transit time becomes a more consider-
able fraction of the time of 1 cycle of the
signal voltage. The effect of these two
factors is as if a resistance had been con-
nected in parallel with the input tuned
circuit, as shown in figure 63. The value
of this effective input resistance decreases
with an increase in frequency for any
tube, and it is the most important com-
ponent of the input impedance of the
tube. The value at a given frequency
depends on the tube characteristics, and
is different for different tubes. The
reciprocal of the input resistance, 1/R,
is called the input conductance. 1f a
resonant cireuit is used at the grid-circuit
impedance of an amplifier, the effective
input resistance of the tube in shunt
with it lowers the Q, reduces the selec
tivity, and also reduces the signal volt-
age applied to the grid of the tube. This
is particularly important in receiving
circuits.

The phase shift between grid and plate
circuits is affected by the tube reactances
so that it is almost never the 180° which
is expected at lower frequencies. In an
amplifier this is not serious, since the cir-
cuit ean be neutralized, but in an oscil-
lator depending on plate-grid feedback
to sutain oscillation the result may vary
from loss of efliciency to complete stop-
page of operation. The capacitive com-
ponent of the tube input impedance be-
comes a part of the total shunt capaci-
tance of the tuned-grid circuit. Thus,
the effect on circuit performance is not
serious, unless it is so large that an un-
favorable Li-C ratio is produced. How-
ever, the changes in value of the input
:apacitance when the electron stream
changes with signal or bias may change
the resonant frequency of the grid circuit
by a significant amount. Ini-f amplifiers
operating at 40 mc or above, the inductor
is often a coil which resonates with its
own very small distributed capacitance.
Since the distributed capacitance is in
parallel with the tube input capacitance,
a variation of 2 or 3 micromicrofarads
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Pigure 63. Hffective input impedance.

in the tube input capacitance will have a
considerable effect on the resonant fre-
quency of the grid cireuit. This effect can
be neutralized by placing an unbypassed
resistor between cathode and ground. In
triodes, the grid-plate capacitance also is
a strong factor in determining the input
impedance because of the positive feed-
back introduced when the stage is not
neutralized. In pentodes, this feedback
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is small, and the cathode lead inductance
and transit time are of greatest impor-
tance. The input resistance of a typical
pentode may be 20 megohms at a fre-
quency of 1 me, but only 2,000 ohms af
100 me.

b. Output Impedance. The r-f component of
current flowing in the plate-circuit bypass capaci-
tors and the plate-cathode capacitance of the tube
would be exactly out of phase with the voltage,
and would not cause a power loss if these capaci-
tances had no resistance. Skin effect in the tube
leads and the dielectric losses at the glass seals,
however, cause this current to be partially in
phase with the voltage, and cause a power loss.
The effect is as if a resistance had been connected
across the plate and cathode terminals of the
tube, in parallel with the output capacitance exist-
ing between the plate and all other elements and
ground. This combination in parallel with the
plate resistance forms the output impedance of
the tube, and shows the same decrease with in-
creasing frequency that occurs in the input im-
pedance. The resistive component of this output
impedance is in shunt with the plate-tank circuit,
and naturally causes some loss of Q and selectivity.
Gain and power output are reduced, because the
resistive impedance of the tank circuit decreases
in comparison with the value of the internal plate
resistance of the tube. The equivalent shunt out-
put resistance at various operating frequencies
is shown in figure 64 for 6¢6 which is an older
tube type, and for a 954 acorn pentode. This
shows that the acorn type, because of its smaller
interelectrode capacitances and lower lead induct-
ance, has higher shunt resistance and, therefore,
performs better at any frequency plotted. These
relationships between the two tubes hold true also
for the input resistances.

¢. Tube-Reactance Limitations on Gain. The
maximum attainable voltage gain for each stage
in a given circuit depends on several tube factors.
These include the transconductance, the input grid
resistance, the grid and plate capacitances to
ground, and the effective plate resistance. The
transconductance, g,,, which is equal to the ampli-
fication factor divided by the plate resistance, is
a good measure of the tube merit, and a high value
is desirable. More important for most purposes,
however, is the figure of merit. 'This is a term in
general use, but considerable confusion exists be-
:ause it has been applied to at least three different
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atios. Therefore, for the purpose of this manual,
the figure of merit is defined as the transconduct-
ance divided by the total of the interelectrode

capacitances.

. Gm
Figure of merit=
= (Ylnn-rt-lw-! rode

The gain of a stage for a given bandwidth is ap-
proximately proportional to the figure of merit
of the tube. By the formula, a higher figure of
merit is obtained if the interelectrode capacitance
can be reduced ; consequently, the oain is (1i1'0('ﬂy
affected. Furthermore, for reasonable gain, it is
necessary to have a fairly high impedance in the
circuit connected to the grid. As the operating
frequency is increased the input resistance de-
creases, and the effective grid circuit impedance
is reduced below the required value. To maintain
the same wide-band response and the same volt-
age amplification at a higher frequency, the ratio
of transconductance to input resistance must be
reduced. The input resistance of the tube must

be made larger,
5



34. Reducing Tube Reactances

Since the tube resistance cannot be increased by
cirenit changes, because the ratio of transcon-
ductance to input resistance is fixed, the design
of the tube must be changed. At given spacings
of electrodes, the limitation in highest operating
frequency is influenced by operating voltages, and
it generally is not practical to raise the voltages
above a reasonable limit, because the ratings of the
tube may be exceeded. The other alternative, size
reduction, has been effective, within limits. For
example, dividing all the linear dimensions of a
tube structure by a constant of four will result in
the lead inductances, the interelectrode capaci-
tances, and the transit time of the electrons be-
tween electrodes being divided by four. The tube
transconductance, amplification factor, plate re-
sistance, and electrode currents, however, will
remain practically the same, even though the new
tube is only one-quarter the size of the original.
The allowable plate dissipation and the available
cathode emission will be divided by 4% or 16,
and the current densities will be multiplied by 16,
which is important in power amplifier or trans-
mitting tubes. In practice, not all of the dimen-
sions of a tube are reduced by the same amount
because of various factors, including economical
commercial production. The electrode leads are
shortened, but usually they are made larger in
diameter in order to reduce the self-inductance.
Some types have double leads, which are connected
in parallel to reduce the inductance. Part of the
interelectrode capacitance in larger tubes results
from the practice of bringing the leads out parallel
to each other through the glass stem at the base of
the tube. Arrangements that separate the leads,
such as the acorn and other types, achieve a con-
siderable reduction in interelectrode capacitance
and nearly all that remains is between the elec-
trodes themselves. Ifurther scaling down is the
only means of decreasing this. The grid-cathode
spacing is particularly important in obtaining
good characteristics at higher frequencies. In the
WE 404A and WE 417A types this spacing is so
close that it is necessary to machine down the
cathodes after they are coated, to eliminate bumps
which could cause a nonuniform electric field. In
another tube structure the problem of lead induct-
ance and interelectrode capacitance is solved by
incorporating the electrode leads, which are low-
mductance disks, into coaxial-line sections, which

may be external, or built into the tube. This is
the disk seal or lighthouse type, which is particu-
larly efficient at frequencies in and above the 30-
to 1,000-me range.

35. Reducing Transit-time Effects

Transit-time effects can be minimized by scaling
down physical dimensions and increasing oper-
ating voltages. Miniaturization is utilized widely
and amplifiers designed for use above 30 me
usually have close interelectrode spacing. Many
transmitting types are very small in proportion
to their power ratings and are cooled by water or
forced-air draft. Where close spacing is utilized,
the cathode-grid distance is particularly impor-
tant. Preventing the electrons from leaking from
:athode to plate around the ends of the control-
grid supports is important, since such leakage
would result in very large transit times and
lengthen the tail of the plate-current pulse.
Finally, pentode or screen-grid tubes with their
naturally shorter transit times may be used in

place of triodes.

36. Dieleciric Losses

Wherever dielectrics are subjected to the in-
fluence of strong, varying electric fields, molecu-
lar movements result in heating, which constitutes
a form of loss known as dielectric hysteresis loss.
Since insulators are required to support the elec-
trodes and since it is economical to use glass for
tube envelopes, a certain amount of loss must
be expected from this source. Hysteresis losses
in dielectrics are ordinarily proportional to the
operating frequency and they may become appre-
ciable if a tube is operated at a sufliciently high
frequency. Part of this problem is solved when
tubes are scaled down physically for improved
performance because the support sizes are reduced
also, which means that less dielectric is left in the
electric field. Proper positioning of the electrodes,
to place the insulators at points of low electric
field, also helps, as does the use of lower-loss ma-
terials. Losses in the outer glass envelope are
usually relatively small, except at the seals where
the electrode leads are brought out. Here the
heating effect is particularly strong where the
electric fields are concentrated in a small area of
glass. Since each cycle causes a certain amount of
heat, doubling the frequency doubles the heat.
In addition to this, more heat is conducted along
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the leads from the electrodes, which may be oper-
ating at very high temperatures, and a thermal
problem is created. Not only must the glass used
at the seals be low-loss, but it must be capable of
withstanding large amounts of heat without
softening or undergoing chemical breakdown.
Glass made of lithia borosilicate has excellent loss
characteristics and is used widely. A soda-alum-
borosilicate glass with added uranium often is
used between tungsten leads and pyrex envelopes
to provide good heat properties, low losses, and
expansion matching. A type of glass known as
nonex frequently is used in power tubes and for
sealing to tungsten leads. Another factor which
helps to reduce dielectric hysteresis losses at the
seals is the use of large-diameter leads. If the
center of the lead is considered as the point source
of the electric field, the glass surrounding a large-
diameter lead is farther away and subjected to a
lower intensity than the glags surrounding a lead
of smaller diameter.

37. Skin Effect

When vacuum tubes are operated at frequencies
above 30 me, all p-f currents, because of skin ef-
fect, flow in thin layers on the surfaces of the
electrodes and leads. Since the r-f resistance of a
f:onductor of given diameter, such as a plate lead,
mereases as the frequency is increased the only
practical means of reducing losses from skin ef-
fect is to increase the diameter of the leads. This
does not reduce the skin effect he ause the depth
to which the current penetrates depends only on
the frequency and the conductor material, but it
flocs increase the cross-sectional area of the part
in which the current travels, reducing the effective
resistance. Therefore, when a tube is designed
to operate at higher frequencies, heavier leads
are used to provide approximately the same ef-
fective resistance as that obtained with smaller
leads at lower frequencies. 1In addition, the use
of heavier leads offers somewhat lower lead induct-
ance and reduces the electric-field strain at the
glass seals.

38. Direct Radiation

The power radiated from a conductor depends
on the relationship between the physical size of
the conductor and the wavelength and increases
as the conductor size :1pp1-onchué one wavelength.
For this reason, the power radiated from the leads
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and the electrodes themselves increases as the
operating frequency is increased. Some reduc-
tion of radiation losses is achieved by shortening
the electrodes and leads in the scaling-down proe-
ess. Tube shielding often is used; this does not
prevent losses but prevents the radiation from
interfering with other parts of the circuit. The
radiation losses are converted to heat losses caused
by induced currents in the shield. The most effi-
cient arrangement is one in which the shielding is
done by a circuit element where current normally
flows. Then the induced currents can be made
to do useful work, and no longer contribute to
the losses. One practical means of doing this is
to use a coaxial-line section as the tank cireuit,
as is frequently done with lighthouse tubes. Here,
the outer conductor of the line section acts as the
tube shield and currents induced in it add to the
normal tank current. In this manner, losses are
reduced substantially and the over-all efliciency
of the tube and circuit is increased.

39. Miscellaneous Effects

a. Grid Gas Current. Even in a well-manu-
factured vacuum tube there are always some
molecules of gas because it 18 impossible at present
to produce a perfect vacuum. “_UTen electrons
collide with these molecules, positive ions are
created and these are attracted to the negative
control grid. This causes a grid current to flow
when the orid is negative. The grid current thus
produ(-m[‘is small, but it has the effect of making
the grid less negative, which is undesirable in view
of the effects of input resistance in this frequency
range. To clean up as much of the residual gas
as possible during manufacture, materials known
as getters are used. The getters, usually alkali
metals, are flashed by means of heating to com-
bine chemically with the gasses, after which the
vaporized metal deposits itself as a thin metallic
film. In tubes meant for rigorous service, it is
important that this film does not settle where it
might form leakage paths and cause increased
losses. Therefore, the getter flash is controlled,
usually by being inclosed in a small cup or tube
so placed that the vaporized metal will not be
deposited on any of the insulators. With mini-
ature and subminiature tubes, the elements are so
small that the flash must be directed cavefully.

b. Grid Emission. Any metal will emit elec-
trons if heated sufficiently, although some are



much more efficient in this respect than others.
In scaled-down tubes suitable for use at frequen-
cies higher than 30 me, the grid is subjected to
heating by the nearness of the cathode as well as
by the in-phase grid currents. Some electrons
will strike the grid even though it is negative,
causing the possibility of secondary emission. As
a result, there is likely to be both primary and sec-
ondary emission from the grid, which adds to the
space charge and is undesirable because it varies
erratically. This effect can be reduced in prac-
tice by plating the grid with a metal that does not
emit electrons easily. Gold is particularly effec-
tive and is used where the type of operation is
severe enough to warrant the expense of applying
it. Another method, somewhat less effective, is
spraying the grid with finely powdered boron
carbide.

¢. Heat Radiation. The radiation of heat from
the plate of an air-cooled tube becomes a factor

Section Il. VHF AND

40. Introduction

The tubes discussed in this section are by no
means the only ones usable at these 1'1'('<1||('|;<'i('s,
but are representative of the various groups into
which most of the others will fall. Iach tube
selected is an example of a particular construc-
tion or a method used to overcome or minimize one
or more of the limitations already explained. The
frequency range covered can be split roughly into
two parts, one extending from 30 to approximately
500 me, the other from perhaps 100 me to 1,000
me. In the lower range, the vacuum tubes are
usually of conventional construction, with the
electrode leads brought out to base pins or termi-
nals on the side or top of the bulb; whereas in the
higher range, a number of unusual mechanical
configurations are used. Consequently, the tubes
are easily mountable in coaxial-line tuned cireuits,
and their efficiency, stability, power-handling
capacity, low lead inductance, interelectrode
capacitance, and high transconductance have been

improved.

41. Tubes Useful Below 500 Mc

The tubes discussed in this section are efficient
in the region below 500 me, and several types are
capable of operating with reasonable efliciency at

of importance because the tube efficiency is re-
duced as the frequency is raised. For a given
power input, a reduction of efficiency causes higher
plate dissipation. This means that the input
power must be reduced to keep the plate dissipa-
tion from going above the rated value and caus-
ing serious overheating. When the input power
is decreased, however, the useful output power
drops. If a way can be found to make the plate
a better radiator of heat, the plate dissipation
.an be higher under the same operating condi-
tions: the input power can be kept the same or
even raised somewhat to maintain the useful
power output as the efliciency of the tube decreases.
The most common method of improving the ther-
mal radiation of a plate is to apply a coating of
finely divided carbon. The resultant dull-black
surface is about 60 percent more eflicient as a heat
.adiator than polished nickel. Carbonized anodes
are used widely in tube manufacture.

UHF VACUUM TUBES

considerably higher frequencies. However, the
types better adapted to coaxial-line circuitry are
more efficient in the upper-frequency range, and
are preferred where more effective performance
is required. In all types, the principles of opera-
tion remain the same, although the physical con-

ficuration of the various tubes may differ con-

siderably (fig. 65).

a. Miniature Triodes. In many receiver cir-
cuits and low-power transmitter stages, miniature
triodes and twin triodes, as well as some triode-
connected pentodes are used. Of the single tri-
odes. the 6C4 is most representative of a general-
purpose miniature triode, and the fi.l4 i]lustr;l‘tes
a desien meant for a more specialized use. The
19AU7 is a commercial general-purpose double
triode, comparable in its applications to the 6C4
in single triode circuits. The 5670 is a tube on the
Armed Services Preferred List and can be used
double triode circuits.

for most general-purpose
are several

Tt is a semispecial-purpose tube, as
others in the 5000 series.

(1) 604. The 6C4 is a seven-pin miniature
usable up to 150 me with
t is similar in in-
formance to the

single triode,
reasonable efficiency. 1
ternal structure and per
older 6.J5 octal-base tube, and is suitable
for class C service. It can provide out-
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120 WATTS

NOTE! POWER OQUTPUT VALUES ARE FOR GONTINUOUS-
SERVICE, CLASS-C TELEGRAPHY OR F-M TELEPHONE OPERATION
WiTH NATURAL COOLING. OPERATION ABOVE THE UPPER-
FREQUENCY LIMITS SHOWN IS POSSIBLE, AT REDUGED POWER

INPUT AND EFFICIENCY

T™ 867-510

Representative vhf and uhf vaciwwom tubes.




(4)

puts up to 5 watts at 60 me, and about 2
watts at 150 me. Its figure of merit is
H00.

6.J. The 6J4 is a miniature tube espe-
cially designed for grounded-grid opera-
tion in high-frequency r-f amplifier cir-
cuits. Operating efliciently up to ap-
proximately 500 megacycles, the tube has
an extremely high transconductance of
12,000 grid-cathode
capacitance is 5.5 puf but, in grounded-
grid operation, this value can be tolerated.
Its plate-cathode capacitance is .24 ppf,
and the plate-grid capacitance is 4 ppf.
The control grid of the 6J4 is gold-plated,
to limit grid emission under adverse oper-
ating conditions. It has a figure of merit
of 1,230. An internal shield, which aids
in controlling feedback in grid-isolation
amplifier service, is connected to the grid.
Because of the very high transconduct-
ance, it has a high figure of merit and
excellent, performance characteristics as
an r-f voltage amplifier in circuits where
a good noise figure is required at frequen-

micromhos. Its

cies up to 500 me.

9002. This tube is one of the first of the
seven-pin miniature tubes developed, but
it is still a useful general-purpose mini-
ature single triode. Its internal struc-
ture is practically identical with that of
the older 955 acorn miniature, but the
interelectrode capacitances are slightly
higher, because of the closer spacing of
the leads in the base. Its figure of merit
is 60O, and it is still used in some mili-
tary radio equipment.

GN4. This is a later type of seven-pin
miniature triode, in which both grid and
cathode are provided with two connect-
ing leads, each being brought to a sep-
arate base pin. Connecting such dual
leads in parallel reduces the series induct-
ance within the tube, permitting a some-
what higher upper frequency limit of
operation. The dual leads also make
possible a greater variety of circuit ar-
rangements and, in some circuits, a re-
duction in plate-to-grid capacity coupling
through the base. The 6N4 has a trans-
conductance of 6,000 micromhos which,
together with its low capacitances, gives

(

I

~

it a figure of merit of 1,000. It is nsed
in applications similar to those of the
6J4, but does not have the specially
treated grid of that tube, and the inter-
electrode capacities are smaller.

955. This triode is one of the first ex-
amples of a tube design in which the
electrode structure was scaled down
physically to reduce the interelectrode
capacitances and transit time. It is of
the acorn type, and the leads are brought
out radially from the electrode assembly,
instead of through a circle of pins in the
base. This reduces the capacity between
leads and aids in isolating the input from
the output: however, it adds to the me-
chanical difficulties in manufacture and
in design of sockets and other compo-
nents. Since the socket is little more than
a ceramic or plastic ring to hold the pin
contacts in a fixed position, the losses that
would oceur in the more conventional
tube socket are practically eliminated.
It is usable as an oscillator up to 600 me,
when it can deliver 500 milliwatts output,
and be mounted readily on a butterfly
tuning cireuit. It also is usable as an
amplifier at slightly over 600 mec. Al-
thouoh the transconductance is only
2,2()(i micromhos, which is c(msidm':lb.ly
less than that of several other tubes dis-
cussed here, its figure of merit is 730
because of its very low capacitances.
¢F). This is also an acorn type triode,
of a later design, in which two leads are
broucht out from both grid and plate
electrodes, to permit connecting them in
paraliel for reduced inductance. ’l.‘he
extra plate lead also aids in conducting
heat away from that element, and
dliochtly improves the plate dissipation
miml)i]it‘y. Its transconductance lb
5.800 micromhos, well over twice that of
the 955, and although the capacities are
comewhat greater, its figure of merit is
1,290. It occasionally is used in low-
power transmitter applications to deliver
an output of about 1.8 watts in class C,
with a power gain of nine.

6L). This tube is similar to the 64,
with the same lead and basing arrange-
ment, but the capacitances are smaller by
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b. Miniature Twin Triodes.

10 to 20 percent. As a result of this ﬂl.ld
its slightly higher transconductance, its
ficure of merit is 1,600.

Within the last

few years, an inereasing number of tubes have
been developed in which two complete triode elec-
trode structures are inclosed in the same envelope.
This design has many variations, and permits
great cireuit flexibility, particularly when the two
sets of electrodes are electrically well isolated
from each other. In certain more recent types,
such as the 6BQT and 6BKT, special shielding and
other measures have been taken to achieve excel-
lent isolation. These tube types are representa-
tive of a number of others of similar charac-
teristics that have been omitted for lack of space.
Data on such tubes can be found in tube hand-
books and manufacturer’s literature.
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(1) 676. The 6J6 was developed early in
World War IT when the need arose for
a miniature twin triode that would
operate well in the uhf range, and would
have a high transconductance together
with moderate power-handling capabili-
ties. It is capable of delivering 3.5 watts
as an oscillator up to 600 me. Its trans-
conductance is 5,300 micromhos; its in-
terelectrode capacitances are D gion) 22 (Ut s
Cony & pufs O, 1.6 ppts the tube has a
figure of merit of 1,260, and a maximum
plate dissipation rating of 1.5 watts.
Since it was the first and, for a long time,
the only tube available in its class, it was
used for many specialized as well as con-
ventional applications, and often in mili-
tary equipment. One of the disadvan-
tages of this tube, however, is a common
cathode serving hoth triode sections.
This somewhat limits the variety of cir-
cuits in which it can be used.

(2) 5670. The 5670 overcomes some of the
limitations of the 6J6. It is a nine-pin
miniature twin triode, having an en-
velope of somewhat larger diameter than
the familiar seven-pin type. It retains the
advantages of low lead inductance, low
interelectrode and lead capacitance, and
small electron transit time common to the
miniature and subminiature group of
tubes. The 5670 is a military preferred
type which is becoming increasingly
common in military equipment. It

(3)

(4)

features separate indirectly heated cath-
odes for each triode unit, and has a trans.
conductance of 5,500 micromhos. The
interelectrode capacitances arve: O, 99
pufs Oy 1.0 pufs Opgy 1.3 put. Tt will
operate efliciently at frequencies wel]
over 500 me, and its figure of merit ig
1,220.

2051, 'The 2C51 is a nine-pin minatupe
twin triode, identical with the 5670 except.
for a difference in the heater current
rating. Since it was developed origj-
nally as a special-application tube fop
S(‘I‘\:i(f(\, in which the balance of charactap.
istics between the two triode units had to
be aceurate within 5 percent, it was rathep
expensive to manufacture, and is useq
commonly only in critical applicationg
requiring accurate balance.

6BQ7. 'This
miniature twin triode, designed particy.
larly for use in direct-coupled, grounded-
;:ri(i r-f amplifier circuits. The tyg
triode sections, however, are entirely i
dependent and the tube also is adaptahle
to other circuit arrangements.

is a low-noise nine-piy

It is Trec-
ommended for use up to 500 me, and hag
been operated successfully as high ag 90
me. The leads to the tube pins gpe
arranced to have the shortest possible
lengot ]ll with the greatest possible s[):l(‘ing,
thereby giving low lead inductance anq
tan A built-in shield betweey
the sections of the tube prevents excessiye
coupling between the output and inpyg
triodes when used in cascade. Kxt remely

capacitance.

fine wire and small turn spacing are ugeq
for the grids, and the grid-cathode spac-
ing is close. This allows the tube to
develop high gain and still .o.xhil)it, an
excellent noise figure. The shield used in
the 6BQT is provided with a specially
shaped grid connector, effectively ye-
ducing the plate-cathode capacitance to
a low value without increasing other
The fact thiat the
shield is not welded to the grid permits
either section of the tube to be used for
grounded-grid or grounded-cathode oper-

eritical capacitances.

ation, as desired. The tube has a figure
of merit of 1,200. It hasa 1'0]:1tively high
imput impedance and a sharp cut-off




characteristie, thus giving good optimum
input loading when used in an amplifier
cireuit having a wide passband.

(5) 6BK7. The 6BKT is a nine-pin minia-
ture twin triode, most of its major char-
acteristics being similar to those of the
6BQ7. One outstanding difference is its
transconductance, which is 8,500 micro-
mhos; this results in a figure of merit of
1,400, the best of any of the conventional
miniatures discussed.

¢. Triode-Connected Pentode Types. Pentodes
occasionally are used as triodes by connecting the
sereen and suppressor grids to the plate. This
practice has the advantage of offering a higher
transconductance than is available with many
triodes. Also, since the screen acts as an anode,
the spacing between the control grid and the
sereen grid is reduced, which helps to minimize
the bad effects of transit time. Tubes suitable
for use in this manner include the 6AGH, 6AKS,
6BC5, and the 6CB6. Each has a transconduct-
ance in the 5,000- to 6,000-micromhos region.

42. Miniature Pentodes

Miniature voltage amplifier pentodes have re-
Jaced almost entirely the older types of tubes in
most applications in the 30- to 1,000-me frequen-
cies. Some older military equipment still uses
tubes such as the 65G7, 65HT, and 6ACT, but
newer designs usually make use of similar minia-
ture types, because of the smaller size and weight
and improved performance.

a. 6AUG. This is a seven-pin miniature pentode,
with a transconductance of 5,200 micromhos,
sharp cut-off characteristics, and moderate inter-
electrode capacitances. Its figure of merit is 500,
which is moderate compared with several other
tubes in this group. It has a small value of plate-
to-grid (feedback) capacitance, and as a result
provides somewhat better internal isolation be-
tween grid and plate circuits. Tt is useful as a
general-purpose pentode up to about 100 me, but
has a higher noise figure than the 6AKS5 and simi-
Jar tubes. In weak-signal applications, other
tubes are preferred in this frequency range. The
6CB6 is a newer and somewhat superior tube of
similar characteristics, except that its plate-to-
grid capacitance is larger.

bh. GAKS. This tube is a sharp cut-off seven-pin
miniature developed during World War II for a
large number of uses in radio and radar equipment

where a tube with a high ficure of merit was
needed. It is useful as high as 400 mc as an ampli-
fier, and because of its uniformity in production,
gold-plated grid, to prevent grid emission, and
dual cathode leads, it has an exceptionally good
noise figure and gain-bandwidth product. It has
been the prototype of such later tubes as the
6AGH and 6BCs, which are slightly inferior to
the 6AK5 in performance, but are easier to
produce.

¢. 5591, This is practically identical with the
6AKS5, with a heater current rating about 15 per-
cent lower. The 5654 is a later, somewhat more
rugged version of the 6AKZH. It is being used
in new equipment, particularly in applications
subject to vibration and mechanical shock. The
5702 is similar to the 6AKDS, and is in a submini-
envelope which permits its use in extremely

ature ‘
Its figure of merit is 635, as

compact circuits.
compared to 735 for the 6AKD.

d. 6BA6. This is a remote cut-off tube with
performance characteristics similar to the older
6SGT, which it has practically superseded in new
nt. Tt is useful in applications similar to
those for the 6AKS, but requires grid-bias control
of eain. Its figure of merit is considerably lower,
but still very good for a tube of this type.

e. 9003. This is an earlier miniature tube of
the remote cut-off type, used in applications simi-
lar to those requiring the 6BAG. In its internal
structure and performance the 9003 is practically
identical with the acorn tube 956. Both are be-
coming obsolete because of the suitability of the?
(SB.-\({ for the same application. The figure of

equipme

merit is 280. 7y
f. 64AN5. Of the miniature pentodes, this 18
the only tube currently available that is capable
of (l(*]i{v(xl'illg as much power as the older 6AGT
and TADT, particularly into relatively low 10:}(1
It can deliver about 1.3 watts 1n
. and has a plate dissipation rating
of 4.2 watts. "As a class C r-f amplifier, it 1s
capable of producing 3 or 4 watts outllmt up to
150 me, and is used frequently as a frequency
multiplier in low-power transmitter stages.

impedances.
class A service

43. Summary

2. The inductance of tube leads, and the capac-
itances between electrodes are very small, but at

higher frequencies their reactance becomes s1g-

nificant.
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b. A tube operated at the higher frequencies
will give less output for a given signal input than
it will at the lower frequencies.

c. As the wavelength is made shorter, it
becomes comparable in length to the physical
length and spacing of tube electrodes and leads.

d. When the tube is operating with normal
applied voltages, the effective capacitance between
electrodes is different from the capacitance when
the cathode is not emitting.

e. The inductance of the cathode lead usually
is considered the most important of the lead induc-
tances because the varying components of both
the grid and plate circuits flow through this load.

/- The effect of the inductive reactances of all
the leads is to create r-f voltage drops in series
with the electrodes of the tube,

9. Transit time is the length of time it takes
an electron to travel from the cathode to the anode
of a vacuum tube,

h. The larger transit time at high frequencies
causes the plate current to lag the plate voltage
and distorts the plate-current, curve.

i. Because a screen-grid is maintained at a
fairly high positive potential, the transit time
effects of screen-grid tubes are less pronounced
than those of triodes,

] The phase shift between grid and plate cir-
f:m!'s is affected by the tube reactances so that
1t 1s almost never the 180° expected at lower
frequencies.

k. The acorn type, because of its smaller inter-
electrode capacitances and lower lead inductance,
has higher shunt resistance and performs better
at the higher frequencies,

l. The figure of merit is defined as the transcon-
ductance divided by the total interelectrode
capacitances of the tube,

. The gain of a stage for a given bandwidth
1S approximately proportionate to the figure of
merit of the tube,

7. Dividing all the linear dimensions of a tube
gtructure by a constant will result in the lead
mductan?es, the interelectrode capacitances, and
th.e transit time of the electrons between electrodes
being reduced proportionately.
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o. Wherever dielectrics are subjected to the Iy
fluence of strong, varying electric fields, moleculy .
movements result in heating, which constitutes %
form of loss known as dielectric hysteresis loyg,

p- These losses are proportionate to the operay_
ing frequency and may become appreciable if g
tube is operated at a sufliciently high frequency.

. When a tube is designed to operate at highg,.
frequencies, heavier leads are used to proviqe
approximately the same effective resistance as thy¢
obtained with smaller leads at lower frequencieg.

r. Pentodes can be used as triodes, by cor_
necting the screen and suppressor grids to the
plate. 'This gives a higher transconductance tha,
is available with many triodes.

44. Review Questions

a. How is the efficiency of vacuum tubes a ffecteq
when frequency is increased ?

b. What is input capacitance? Output capaaq_
itance?

¢. What is transit time?

d. What effect does increased transit time havg
on the operation of the vacuum tube at highe,.
frequencies?

¢. Why do screen-grid tubes have less transig
time effect than triodes?

7. What is the effect of back-heating?

¢- What is the effect of lead inductance on the
input impedance of a vacuum tube?

A. What is the input resistance of a typica]
pentode ?

/. What determines the output impedance of Q
vacuum tube? The figure of merit?

4. How can tube impedances be reduced ?

/. How can transit time be reduced ?

/. What determines the dielectric hysteresis
loss of a vacuum tube?

m. How are radiation losses reduced in the
lichthouse tube?

n. What is a getter?

0. What are the effects of grid emission? Of
heat radiation ?

p- Name three tubes useful at frequencies below
500 me; above 500 me.



CHAPTER 6
AMPLIFIERS FOR 30- TO 1,000-MEGACYCLE BAND

Section I. INTRODUCTION

45. General

The operating princples of amplifiers used in
this range involve no change from the basic con-
cepts of amplified operation at lower frequencies.
However, component and adjustment require-
ments for stable, reasonably eflicient operation,
particularly in the upper part of this range, are
far more critical. The successful performance
of such amplifiers is due largely to refinements in
the design and arrangement of the components
used, rather than to any change in their basic
nature. Several factors must be considered when
making a choice between lumped- or distributed-
property components to form the circuit im-
pedances in practical amplifiers. Distributed-
property circuit elements can provide greater
electrical efficiency at any frequency, but are
heavier and bulkier than practical lumped-prop-
erty components. Therefore, a compromise must
be made in design between permissible size and
weight and required circuit efficiency. The ampli-
fiers used in this frequency range are either volt-
age or power amplifiers. Voltage amplifiers pro-
vide the greatest possible voltage gain over a given
bandwidth, and power amplifiers deliver a large
power output into a load, operating with a given-
signal input power and producing a rvelatively
small voltage gain. The earlier stages of a cas-
cade amplifier are almost always voltage ampli-
fiers, since voltage gain is desired to operate the
grid of the following tube. Voltage amplifiers
usually have relatively large values of plate-load
impedance. Output stages whose load is to be fed
to a transducer of some kind are designed as power
amplifiers. These amplifiers normally have rather
low plate-load impedances to allow for a large
current flow and a correspondingly large power
output. Borderline conditions exist in some
specialized applications, in which both power out-

put and a reasonable voltage gain are desired.
In general, voltage amplifiers almost always are
operated under class A conditions, but power am-
plifiers may be operated class A, AB, B, or C.

46. Bandwidth

a. General. Amplifiers often are referred to as
narrow-hand or wide-band. The term wide-
band amplifiers usually implies a tuned amplifier
with a pass band of at least 1 megacycle. In this
frequency range, wide-band amplifiers are used
as intermediate- and radio-frequency amplifiers
in radar and television receivers, wherein require-
ments for bandwidths of approximately 4 to 10
me and upward are common. Bandwidth means
the band of frequencies passed by a tuned circuit
or amplifier whose upper and lower frequencies
are attenuated from the peak value by not more
than 3 db (decibels) or one-half the peak power.
These points are known as the kalf-power points
and are shown on the response curve (fig. 66). To
make possible a comparison of bandwidths hav-
ing different center frequencies, the term percent-
age bandwidth is used. For example, an ampli-
fier circuit tuned to 200 me and having a pass
band of 8 me (200 me=+4 me) is said to have a
4-percent bandwidth. An amplifier operating at
80 mc, having the same 8-me bandwidth (= 4mc),
thus would have 10-percent bandwidth. For
many purposes, the minimium bandwidth obtain-
able with practical circuit elements is desired.
In other applications, a uniform response over a
definite band of frequencies is required to pass the
desired signal with negligible distortion.

b. Amplifier Bandwidth Requirements. The
maximum usable bandwidth of amplifiers in this
frequency range is important in many applica-
tions, and therefore, the amplifiers are designed
to provide a definite pass band. At lower fre-
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Ligure 66.  Typical amplifier response curve, showing

half-power points.

quencies, the only requirement in this respect is
often the minimum practicable bandwidth: The
bandwidth required for faithful reproduction of
a given signal will vary directly with the amount
of information in the signal or the complexity of
the signal. ~ Also, the bandwidth of a given ampli-
fier has a direct effect on the voltage gain obtain-
able from that amplifier. As the bandwidth of an
amplifier is increased or decr ased, the gain
will vary in inverse proportion to the change
in bandwidth, causing the mathematical product
of gain and bandwidth to remain constant,
For example, the gain-bandwidth product of
an amplifier with a voltage gain of 40 and
a 3-me pass band would have g gain-bhand-
width product of 120. TIf the pass band is
increased to 6 me, the voltage gain will drop
to 20, so that the gain-bandwidth product
remains unchanged. In communication equip-
ment, the pass band often is just wide enough to
pass the complete transmitted signal, with a small
allowance for frequency drift and instability.,
When an amplifier is required to pass signals of
a more complex nature, such as facsimile, or radar
pulses, the bandwidth must be considerably
greater than for voice or c-w (continuous-wave)
so that the entire signal may be passed and am-
plified with negligible distortion. Some idea of
the bandwidth required for a complex signal can
be had by considering a radar pulse or a similar
steep, flat-topped pulse. The bandwidth required
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in megacycles is roughly inversely proportional to
the pulse width in microseconds; that is,

BW = 1/PW.
For example, a bandwidth of 1 me would be re-
quired to pass a 1-microsecond pulse, and a band-
width of 4 me would be required to pass a
25-microsecond pulse.

. Effect of Bandwidth on Circuit Noise. The
electrical noise voltages associated with all parts
of radio circuits, such as resistors, conducting
leads, tubes, and capacitors, are caused by the
natural motions of the electrons. Such noise in.
creases with increasing temperature, and is dis-
tributed uniformily throughout the frequency
spectrum. Because of this uniform frequency
distribution of thermal noise, there is g direct
relationship between the width of the pass band
of an amplifier, and the total noise output. As the
bandwidth of a circuit is inereased, the total cireuit
noise increases, resulting in a relatively poorer
signal-to-noise ration in a wide-band amplifier.
The bandwidth, therefore, usually is kept as nar-
row as practicable to obtain the best possible
signal-to-noise ratio consistent with other civeuijt
requirements.

d. Circuit Selection. A cascade amplifier ig a
series of individual amplifier stages through
which the signal passes in succession. When g
wide band pass and a high gain are required, it
is not practical to use single-tuned high-Q caseade
amplifier stages, all resonant at the same fpre-
quency. Such simple circuits cannot provide the
required bandwidth, and it is necessary to use
other methods to achieve the needed resylt.
Methods used to obtain wide bandwidths with reg.
sonable gain figures include stagger-tuning, over-
coupling between interstage transformer wind-
ings, loading of tuned cireuits with added shunt
resistance, and the use of degenerative feedbacl.
All of these methods depend on the requirements
of the application involved. Sl:lg;:(*l'-tuning, in
which each amplifier stage is tuned to a different
frequency, is used in many wide-band amplifiers,
because it can be adjusted for good performance
with a simple amplitude-modulated signal gen-
erator and output meter. The resonant fre-
quency and gain of each stage is adjusted to pro-
duce uniform over-all gain within the pass band
of the complete amplifier. This results in a pass
band much wider than that of any one stage,
Figure 67 shows the over-all frequency response



of a wide-band i-f (intermediate-frequency) am-
plifier, and the response and gain of each stage.
In this amplifier, stage ¢/ has a relatively low Q
and a low voltage gain. It is tuned to 25.4 me,
which is the center frequency desired. Stages 5
and D have a somewhat higher Q and greater
voltage gain than stage ¢. They are tuned to
frequencies (22.3 and 24.5 mc) somewhat above
and below the center frequency. Stages A and Z
have a still higher Q and voltage gain than stages
B and D. They are tuned to 21.8 and 25.0 me
respectively. The over-all gain and pass band of
this amplifier are indicated by the dotted line.
Some television-receiver i-f amplifiers are similar
to this, with certain modifications necessary for
receiving that particular type of pro.gmm
transmission.
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Figure 67. Stagger-tuned i-f amplifier response.

e. Adjustment of Wide-Band Amplifiers. 'The
servicing and maintenance of amplifiers used in
this frequency range require careful attention to
procedure. The circuit adjustments often are
critical, and many of the techniques involved may
pbe unfamiliar, since they rarely are used in con-
nection with lower-frequency equipment. As a
general rule, when raising the operating fre-
quency and/or bandwidth, the adjustments made
in amplifier stages as well as in complete ampli-
fiers become increasingly critical. This is because
of the greater relative importance of such factors
as component variations, stray lead inductance,
and stray circuit capacitance.

47. Stability

a. General. The stability of an amplifier de-
pends on the ability of the stage to amplify with-
out tending to oscillate, its ability to be tuned
over a range of frequencies without requiring re-

neutralization, and its maintenance of constant-
frequency characteristics under changing condi-
tions of temperature, voltage, and positive and
negative feedback. To insure stability in ampli-
fiers for this frequency range, extreme care in the
design, construction, and maintenance of such
equipment is necessary. A relatively small change
in the electrical value of a part, the relative posi-
tioning of the parts, or the efficiency of the shield-
ing can produce a large change in performance.
High gain often is required in apparatus which
is physically small, making the problem of con-
trolling feedback particularly acute. Although
triodes are desirable because of their low noise
and relatively high figure of merit, their large
plate-grid capacitance causes enough feedback to
make stable operation hard to obtain. This is
especially true in the higher portion of this fre-
quency band. Neutralization is used In many
cases, but it is almost impossible to obtain complete
neutralization over a wide frequency range.

b. Practical Methods. One method of mini-
mizing this problem is by means of the grid-isola-
tion, or grounded-grid circuit, which is useful in
coaxial circuits. Tetrodes or pentodes are used
wherever possible, but it is practicable to do this
- in the lower portion of the frequency band.
ir lower feedback capaci-
neutralization

only
These tubes, with the
tance, do not eliminate the need for
entirely, but minimize it greatly. Therefore, the
offects of neutralization and tube :apacitance with
changing frequency are not serious. Some trans-
mitting tetrodes are designed to be selfneutraliz-
ing over a relatively wide frequency range. Fre-
quency drift caused by thermal changes can be
fairly well compensated by the use of temperature-
apacitors. The temperature €O-
apacitors must be given
ation in this fre-
adjustments and

compensating
efficient of these special
caveful consideration for oper
Poor circuit

quency range.
changes resulting from factors other than tem-
» feed-

nges may lead to regenerative

back, or oscillation. Operational stability occi-
is increased by the use of distributed-

uit impedances, where space consid-

perature ch:

sionally
property cire
erations permit.

48. Frequency Considerations

a. General. In evaluating phenomena in the
30- to 1,000-me band, it is convenient to consider
the band as being divided into a lower- and 2

higlwr—i’requency range. The transition between
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the two bands takes place in the region between
75 and 450 me (fig. 68), because this 1S a 11:1171.11‘21]
dividing line between distinct types of physical
circuit configurations. No sharp line of demar-
cation separates these ranges; they are approxi-
mate, arbitrary, and based on certain circuit char-
acteristics which change gradually as frequencies
are increased.

7—: 7
LOWER # TRANSITION HIGHER
RANGE RANGE RANGE
% NN
LUMPED LUMPED  OR ;émsrmaurso
PROPERTY DISTRIBUTED <0 PROPERTY
COMPONENTS KX PROPERTY GOMPONENTS SICOMPONENTS
30 MC 75 M 450 MC 1000 MG
T™M 667-601

igure 68, Component breakdown of 30-to 1,000-me range.

b. 30- to 450-Megacycle Band. TIn the lower
portion of the 30- to 450-me band, most amplifiers
are similar to those operating at lower frequen-
cies. Cathodes generally are at or near ground
potential, control grids are biased negatively, and
similar circuit conditions prevail. The use of
conventional lumped-property capacitors and in-
ductors is almost universal at these frequencies.
The greater efliciency and stability of distrib-
uted-property circuit elements are outweighed by
the disadvantage of their large and cumbersome
physical size. Amplifiers for higher frequencies
use tubes having lower transit time, lead induct-
ance, and interelectrode capacitance. Compo-
nents, particularly inductors, must be designed
carefully; accurate physical layout of parts and

the use of short lead lengths in circuit wiring are
important. The power sensitivity and voltage
gain of tetrodes and pentodes are greater than
those of triodes. Therefore, it is desirable to use
them in any application where their electrical limi-
tations and somewhat lower mechanical and elec-
trical ruggedness permit. The use of lumped-
property components, such as butterfly tuners,
offers the advantages of compactness and ease of
mechanical adaptability to wide-range tuning,
Most of this added flexibility results from smallep
size and compact construction.
not severely limited and electrical efliciency and
stability are important, (lis(l'ibuivd-pmperty ele-
ments are used more frequently.

e. 450- to 1,000-Megacycle Band. At frequen-
cies above 400 me, distributed-property cireuit
elements are used almost exclusively. The mg-
jority of these are of the coaxial l.\']n" since theip
size at these frequencies is not objectionable, ang
their advantages in terms of reliability and effi
ciency are ])i;_;'lll‘\r desirable. The hnnpo(,l»pl'()p-
erty components available are unst‘ub]e‘ :m(.l have
low efficiency. Distributed-property cireuitry ig
used at these frequencies because the irreducible
capacitances and inductances of tubes, cireuit
wiring, and other components become a major fac-
tor in over-all circuit design. Since tetrodes or
pentodes which will operate with a low noise out-
put at the higher part of the 450- to 1,000-me
band have not yet been developed, the triode 18
used almost exclusively. Triodes have excellent
noise characteristics, are mechanically rugged and
reliable, and are less subject to microphonics than
tetrodes or pentodes. Another advantage is the
relative simplicity of the circuitry required, since
no provision is needed for extra voltage supplies
and bypassing for screen and suppressor grids,

Where space is

Section Il. VOLTAGE AMPLIFIERS

49. General

Voltage amplifiers for frequencies between 30
and 1,000 me are used to increase the amplitude
of a desired signal to a value great enough to op-
erate a detector or a demodulator. In receivers,
signal generators, and measuring instruments,
the concern is not with available power gain, but
with the voltage amplification of a desired signal,
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while simultaneously amplifying noise and un-
desired signals as little as possible. The relative
emphasis placed on the various factors affecting
voltage amplification changes as the frequency
increases, and to some extent with the amplitude
and character of the signal. Therefore, detailed
consideration of these factors is needed before
practical examples of voltage-amplifier circuits
can be properly discussed.




50. Voltage Gain

a. General. Almost all voltage amplifiers are
operated under class A conditions. The major
factors on which voltage gain per stage is depend-
ent are the specific characteristics of the tube used,
the input and output impedances, and the band-
width for which the stage is designed. In some
circuits, noise figures also must be considered as
a limiting factor in the determination of voltage
gain. However, beyond the first or second stage
in cascade amplifiers, the noise figure is low
enough in relation to the signal amplitude to be
neglected.

b. Operation Below }50 Megacycles. At fre-
quencies up to 2560 me, circuits similar to those
used at lower frequencies are practical. The volt-
age gain in amplifiers with a bandwidth of 2 or 3
me will range from 40 to 50 at 30 me and from
8to 10 at 215 me. Triodes can be used successfully
in this frequency range, but it is more common to
use pentodes, such as the 6AKS5 or 6CB6. The
voltage gain of a triode is considerably lower,
making it necessary to use a greater number of
amplifier stages to obtain a given total gain. A
factor limiting the use of pentodes at higher fre-
quencies is their noise ficure. In general, pen-
todes operating at frequencies up to 250 me give
greater voltage gain than triodes. Because of
their poor noise figure, pentodes are not used in
the upper part of this frequency range where the
noise level is approximately that of the desired
signal.

e. Operation Above )50 Megacycles. In the
frequency range from 300 me to 1,000 me, the use
of triodes and distributed-property circuit ele-
ments becomes essential. Reasonably good gain
and noise figure can be obtained with triodes when
the signal level is so low that it is close to the level
of the noise in the circuit. Above 500 me, con-
centric-line circuits and special lighthouse, rocket,
pencil, or disk-seal planar type triodes are used
to obtain voltage gain with an acceptable noise
figure. One of the features of the concentric-line
cireuit is the ease with which a shielding and iso-
lating effect can be obtained in grounded-grid
configurations. No practical pentodes have yet
been developed for use as voltage amplifiers in
such circuits. The voltage gain to be expected
with triodes in circuits containing concentric-line
sections usually does not exceed 3 to 12. Although
higher gain can be obtained at the lower end of
the frequency range, the gain declines rapidly

as the frequency increases because of lowered cir-
cuit Q and decreasing tube efliciency.

d. Voltage Versus Bandwidth. When compar-
ing the performance of different tube and circuit
combinations, it is useful to have a fairly simple
method of assigning a relative figure of merit.
If this figure of merit can be made constant for
a given tube and circuit, independent of operating
frequency and other variables, better results can
be obtained. Such a figure of merit for a single
amplifier stage is called the gain-bandwidih prod-
uct. 'To increase the bandwidth of a resonant
cireuit, it is necessary to lower the Q of the cireuit,
and often to reduce its voltage gain. This means
that the gain of the stage or circuit is inversely
prop()rtio}ml to the bandwidth of that stage. Since
the bandwidth increases as the gain decreases, the
area under the gain-versus-response curve (fig.
69) always remains the same. Ior a given con-
fiouration, 4, the product of gain times bandwidth
is a constant. It can be shown mathematically
that, for a single-tuned amplifier stage, the gain-
pandwidth product is equal to g, the tube trans-
conductance in micromhos, divided by 2= times
the total circuit capacitance in ppf.

Thus,
A I
A X bandwidth= 50
For example, in a circuit using the 6AIS pentode,
the tube has a ¢w of 4,500 micromhos, and 0, the
total circuit capacitance, is 11 ppf.

4500 659
6.28 X 11
Therefore, the gain-bandwidth product is 65.2,
which is expressed in megacycles. This means
tLat if the required bandwidth is 10 me, a voltage
oain of 65.2/10, or 6.52 could be obtained at the
center or resonant frequency. If the bandwidth
is 5 me, a gain of 65.2/5, or 13.04 me, is possib.le.
In an amplifier consisting of a cascaded series
of single-tuned amplifier stages, all resonant at
the same frequency, the over-all response bzm.d
becomes narrower as the number of stages 1S
increased. Therefore, the bandwidth of the indi-
vidual stages must be far greater than the roquired
over-all bandwidth of the combination. Kxami-
nation of the formula indicates that the relation-
ship between transconductance and -up:lci[:lll'Ce
here is the same as that of the zube figure of merit.
Thus, it follows that, if circuit impedances are
maintained constant, the gain-bandwidth product
of an amplifier is governed by the selection of the

A X bandwidth=
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tube used; if the tube has a higher transconduct-
ance or lower capacitances, then the gain-band-
width product will be increased.
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Figure 69. Gain versus response curve.

51. Noise Figure

a. Noise figure is a relative measure of merit of
an amplifier or a receiver which permits compari-
son of various circuit arrangements, without re-
gard to absolute gain or bandwidth. It is equal
to the product of the reciprocal of the gain times
the ratio of the output noise to input noise. Iix-
pressed mathematically :

Noise ﬁgureZé‘Vlmﬁ—x 2
St G,
It is the ratio of the noise output of an imaginary
perfect stage having a specified gain, bandwidth,
and input, to the noise output of the stage under
consideration, with identical gain, bandwidth,
and input conditions.

b. In considering the limiting factors applying
to voltage amplifiers operating in this froquvncy

‘ange, noise figure begins to assume primary im-
portance. At lower frequencies, the level of at-
mospheric noise is high compared with circuit
noise in the receiver, and the signal-to-noise ratio
of a received signal almost always is established
in the antenna. With well designed receivers, this
holds true even with simple antennas up to about
50 me, provided the antenna and receiver input
are coupled properly to the transmission line.
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With high-gain antennas, this frequency limit is
somewhat higher. At higher frequencies, the
noise contributed to the composite signal by the
input circuit and first r-f amplifier stage becomes
the limiting factor in determining how weak a
signal can be received satisfactorily. When am-
plifying a weak signal in the 50- to 1,000-me range,
the ratio of signal to noise is established in the
first amplifier stage, since all the succeeding am-
plifier stages amplify both signal and noise
equally. An exception to this statement is where
the second stage is a mixer, which always has con-
siderably higher internal noise than the same tube
operated as a straight .unpllhm' At times, the
mixer stage is found to be so noisy that it must be
preceded by two r-f amplifier stages to furnish
sufficient g'lin that the level of the signal enter-
ing the mixer will greatly exceed the noise intro-
duced by the mixer itself.

¢. The noise figure exhibited by a particular
stage depends partly on the tube used, the circuit
configuration, and the precision with which cir-
cuit. adjustments have been made. Generally
speaking, better noise figures can be obtained with
triodes than with pontodvs. The noise figure
obtainable with a given tube increases as the
operating frequency is raised, because of cathode
lead inductance, transit time, and similar factors.

52. Practical Voltage Amplifier Circuits

a. General. 'There are several voltage ampli-
fier circuits, each of which is designed for a par-
ticular application. The cascode circuit is partic-
ularly suitable in cases where a weak signal is to
be um])llhod, since it has an excellent noise figure
and the gain of a pentode, when both sections of
the amplifier are considered. The pentode ampli-
fier circuit is well adapted where a relatively poor
noise ﬁ(rul-(- 18 t()l('l“ll)l(' because it has a cood
gain-bandwidth product and, compared with the

:ascode cireuit, is of simpler construction.

b. Pentode I-I7 Amplifier for 60 Megacycles.

(1) The schematic diagram (fig. 70) shows
one stage of a 10-stage, 6-me, i-f strip
used in the receiver portion of an auto-
matic-tracking radar system. A 6AKSH
pentode is used, because the operating
frequency is well within the limits for
successful pentode operation. It has am-
ple gain, the noise figure is acceptable,
and the circuit is simple and easy to con-
struct. All of the stages are similar;




Figure 70,

Lm— Y

however, four of them have minor varia-
tions to provide for control of the ampli-
fier gain. The over-all bandwidth of the
10-stage amplifier is 12.5 me. The gain of
each stage is approximately 11 db. To
obtain the required over-all bandwidth,
the bandwidth of each stage is increased
to about 25 mec, by means of resistors R1

and R3 across the tank circuits. The

ratio of primary Q to secondary Q in the
interstage transformers has been adjusted
toa value of 2.2: 1, since it has been estab-
lished experimentally that this value is
optimum for the best possible gain, while
retaining reasonably small sensitivity to
changes in component values.

PRECEDING FOLLOWING
STAGE STAGE
120V 120V
T™ 667 =609

Schematic of GO0-megacycle intermediate-

frequency amplifier,

(2) Tuning both grid and plate cirenits gives
added advantages in this respect. and
allows a better gain-bandwidth product.
Inductive interstage coupling also elimi-
nates the interstage coupling capacitor,
thereby decreasing the grid-circuit time
constant. The input and output cir-
cuits of an amplifier stage are more or less
independent, since the tuned circuits do
not have to be returned to ground, but
may be returned directly to the tube cath-
ode. The 6A K5 tube has the cathode con-
nection brought out to two separate tube
pins; one is used for the input circuit
and one for the output circuit. This pro-
vides a lowered cathode lead inductance
effect, less coupling between input and
output circuits, and reduces the undesir-
able degenerative feedback caused by the
common-cathode connection.

The low r-f potential end of the grid-
tank coil is isolated from ground by re-

(3)

221643°—52——6

e e

sistor R4, and bypassed directly to the
cathode through capacitor C1. The plate
and screen are directly bypassed to the
other cathode connection through capaci-
tors C3 and C2. Capacitor C4 bypasses
the cathode circuit to ground. This min-
imizes circulating r-f currents in the
chassis, and reduces coupling between
stages of the amplifier.

Button- and feed-through capacitors are
used for bypassing and all parts are
arranged for shortest lead lengths and
minimum radiation pick-up. Plate- and
screen-supply filter resistors R5 and R2
pass through rubber grommets in the
chassis, thus allowing the power-supp.ly
circuits to be isolated from the r-f cir-
cuits by the metal chassis. Figure 71
shows the parts placement of this ampli-

(4)

fier.
FILTER RUBBER CERAMIG-INSULATED  TIE POINT
RESISTOR GROMMETS HEATER CHOKE /

CATHODE
BYPASS

711 667 — 620

FILTER

SCREEN
RESISTOR

UTTON-TYPE
B BYPASS

CAPACITOR

Intermediate-frequency amplijier,

Figure 71.
G0-megacycles.

¢. Neutralized Push-Pull Triode Amplifier.
(1) Although the voltage gain for triodes
oenerally is lower and their circuitry com-

B 2 " . (%
plicated by the need for neutralization,
they frequently are used as voltage ampli-
fiers in the 30- to 1,000-mc frequency
ance to obtain a better noise figure. A
pair of triodes in push-pull often is used
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for the input stage of an r-f amplifier,
since it furnishes a simple method of

utilizing the input signal delivered by a

balanced antenna transmission line.

~
o
~

An amplifier of this type using a 66

twin triode is shown in figure 72. The in-
put and output tank circuits are tuned by
apacitors 01 and €2, which can be of
the semibutterfly type. The center point
between the two capacitors forming ('1

is at ground potential and may be

grounded without affecting the operation

This arrangement combines the desirable features
of both pentodes and triodes, eliminating some of
the undesivable features of each. It has the high-
eain, high-impedance input, and s(':ll)ilibly ofi &
pentode, but the low noise figcure of a triode. For
optimum performance, the first stage should be
neutralized, but such neutralization is neither
difficult nor eritical. The neutralization is not
needed for stability, but is used because it im-
proves the noise figure. The amount of improve-
ment increases with frequency, being negligible at
30 me, and rising to as much as 3 db at 200 to 300

TI

INPUT
FROM
ANTENNA

b

i

—= - .-

T2

7ca OUTPUT
Wb
AL ==

Nc3

Figure 7T2.

1, is noninductive.

pass is required, additional resistance

i

R

!

o~
o ——

T™ 667-621

Schematic of neutralized push-pull triode voltage amplifier.
of the amplifier. Cathode bypass ca-
pacitor 5 usually is a disk-type ceramic.
The neutralizing capacitors, 03 and 04,
are used in a conventional cross-neutrali-
zation connection. The carbon resistor,

When a wide band

may have to be placed across the plate-
tank circuit to increase the bandwidth.
Short lead lengths and physical relation-
ship of parts are important. The selec-
tivity of this cireuit is good.

d. Cascode Amplifier Circuit. The cascode (not

to be confused with cascade) amplifier has been
developed as one method of obtaining a satisfac-
tory noise figure and adequate gain. The simpli-
fied circuit (fig. 73) uses two triodes which are

effectively in series. V2 operates similarly to a

conventional grounded-cathode amplifier. The

output from its plate is applied to the cathode of

V1, and the grid is grounded for r-f voltages.
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me.  The appearance of one type of cascode-cir-
cuit construction is shown in figure 74. It is
built as a separate unit because it was designed
to replace the existing input stages of a radar
receiver. This circuit can be used for the same
sort of applications as the neutralized push-pull
triode amplifier. Comparatively, it is easier to
design and adjust, is more stable in operation,
and has a wider band pass with equal gain. The
somewhat modified and improved version of the
basic cascode circuit in figure 75 was designed
for use as an r-f amplifier, utilizing a 6BK7 twin
triode tube. Other tubes having similar electri-
al characteristics and equally good shielding
between the two triode units can be used. The
sathode of V1 is grounded. Capacitor C5 tunes
the input tank. Inductor I3 and resistor R2 de-
velop bias voltage for the tube. Inductor I.2 in
the plate circuit tunes out stray wiring and
heater-cathode capacitance ; the L2-C3 inductance-
capacitance network is for neutralizing purposes.




Capacitor C2 grounds the grid of V2 for signal
frequencies, and resistor R1 furnishes grid-leak
bias to the tube. Plate voltage for both tubes is
fed through the output tank, consisting of capaci-
tor C1 and inductor L1. The output is taken
from the plate of the upper tube.

INPUT

2

B+
OUTPUT

—0

Vi

v2

- o
I @

T™ 667-622

Pigure 73. Simplificd schematice, cascode circuit using

two triodes.

e. Grounded-Grid Triode Amplifier.
(1) A common application of grounded-grid

(2)

triode amplifiers (fig. 76) is as an r-f
input stage in a uhf receiver. This cir-
cuit is used in radio direction-finding
equipment for gathering data from radio-
sonde balloons. The tube is a 6J4 mini-
ature triode, and line sections are used
as circuit elements. The operating fre-
quency is slightly under 400 me.

The entire stage is well shiclded from
the rest of the receiver. The signal is
applied to the resonant line-section tank
circnit. 117, at the point of required
impedance. From the tank, the signal
is coupled to the tube cathode, which is
isolated from the plate by the shielding

i

s T

TM 667-623 ]

Rigure 7). Cascode amplificr used in radar receiver.

effect of the grounded grid. Capacitors

(4 and C7 bypass the cathode; C8 and

(9 bypass the tube heater. Resistor R2,

across capacitor C7, furnishes bias volt-

age. Capacitor C10 is used to tune the
+250V D-C

Ll ‘7“.\

R2
47K

L
]
o

TM 667-624

Pigure 75. Schematic of cascode amplifier using twin
triode.

77



78

ANTENNA INPUT

l——w-"——— i —————————F—————-_¥

c4 (]
i . 350UUF \
; i"” 350UUF
| T =
i R i 7 T
| o[ X / |
| UUF I i i
R2SI130| (oo clo
: 10 s : £29 I
I UUI 1 I
IrRi0S RN
I L____.._A...___—I-——— ST R BoKe 2ok
| B+
I
|
b rosr
1 I-F AMP
1 L]
1 |
: ¢ 100
& %l
x< N
|
|
¢33
o Wi
uuF |l
R45< R46
25K < 25K
TM 667-625

Figure 76.
line. The output signal is passed from
the plate through capacitors C5 and 6
to the output tuned line, 1.18, which is
adjusted by means of capacitor (2,
Resistor R151 serves to damp parasitic
oscillations.

The use of resonant-line sections reduces
the effect of lead inductance and str ay
capacitance to the point where they are
no longer troublesome. The 10]411\0])
low plate-cathode capacitance and the
shielding effect of the grid allow the
cireuit to operate without oscillation, and

Schematic of grounded-grid triode amplificr.

the use of neutralization, with its attend-
ant difficulties, is unnecessary. The
orounded-erid amplifier unit is shown
in figure 77.

LI8 ce C5 6J4 C4

T™M 667-626

Figure 7. Grounded-grid triode amplifier.



Section lll. POWER AMPLIFIERS

53. General

Ill r-1 > 5
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54. Comparisons of Tube Types
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L o ]].)(.)\\ 01.1111)111_,. The power gain of triode
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The e ‘ s ging from 5 to 90.
o ll gain of tetrode amplifiers ranges from
p to about 200, and that of penlodos from ap-

Few pentodes are cur-

capable of as much actual
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q number of triodes,

rently available that are

output as certain tetrodes ¢
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gains for all
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The power gain of
whether triode,
\sing rate
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particularly
1,000-me band.
tubes are much higher, rangin
for pentodes, but such gains
readily in ])1':1('1‘ic:l] cireuits.
any amplifier using & given tube,
tetrode, or pentode, falls off at an incres
as the operating frequency rises. .
¢. Driving-Power Requirements. Since t.he
power gain of a trioc 1'11211_1 ﬂ\ﬂf; Qf &
tetrode or pentode, 2 much g‘rld-dmvmg
power must be furnished the ¢riode in order to
obtain the same power output. The driving power
actical tertode and pentode power:
be as little as 10 percent 0
For certain tubes, it
atts, although as the

le is much less
oreater

required in pr
amplifier circuits may

that required for triodes.
may be as little as 1 to 3 W
operating frequency increases, driving-power e
dly. For example, 2 4-125A
about 2.5 watts of driving
atts output at 30 me. At
requires about 5 watts to

quirements rise rapi
tetrode tube requires
power to produce 3o
900 me, the same tube
produce 300 watts output.

d. Tube Operating Efficiency. The measured
plate operating officiency 18 equal to the plate
power output divided by the plate power input,
and is expressed in percent. In this frequency
range the plate ope ating efficiency is about the
same for all three kinds of tubes. It commonly
varies from about 75 or 80 percent at the lower
frequencies to about 30 percent at the highest use-
ful frequency of a given tube.
cuit Considerations

ation in the upper portion
an improved

55. Special Cir

Stable amplifier oper
of the 30- to 1,000-mc hand requires
method of electrically separating the input and
output circuits to avoid feedback. The use of
grid isolation, or so-called ;:r(mm]od—grid cireuitry,
rs one solution to the problem. Although the
above ground for d-¢, it is effectively
grounded for adio frequencies, and acts as a sepa-
ating shield between the cathode and plate. The
applied between grid and cathode,

input signal is ¢
and the cathode must be above oround for r-f by
The grid be-

the amount of the signal voltage.
comes the element common to both input- and

offe
grid may be

79



output-signal circuits, rather than the cathode.
The circuit requires more driving power than the
grounded-cathode circuit, which may make design
of the preceding stage more difficult. Also, if the
stage is modulated, it is necessary that the preced-
ing driver stage also be modulated, if complete
utilization of the carrier power (100-percent
modulation) is to be had. This is true because
part of the driving power supplied to the input
circuit of the grounded-grid amplifier appears in
the output as useful power.

56. Operation below 450 Megacycles

Because of their electrical ruggedness and the
simple circuitry required, triode amplifiers are
used in the lower portion of this range, although
they have lower power sensitivity than multigrid
tubes, and require neutralization in conventional
circuits. Tetrodes and pentodes have higher
power gain, but are more easily damaged by over-
load or other misadjustment, and require more
complex circuitry because of the necessary voltage
supply and bypassing for the added grids. In
amplitude-modulated stages, the screen supply
must be modulated also. Lumped-property com-
ponents are readily usable in plate- and grid-tuned
circuits with either triode or multigrid tubes, up
to 7 me. With triodes, push-pull circuits fre-
quently are used because the symmetrical arrange-
ment makes effective neutralization and stability
easier to attain.

57. Operation above 450 Megacycles

Power amplifiers operating above 400 to 500 me
utilize coaxial or concentric-line circuitry almost
exclusively. Few currently available tetrodes
and even fewer pentodes are effective as power
amplifiers above 500 mc. However, their higher
power gain and fairly easy neutralizing capa-
bilities make them desirable for use at all fre-
quencies where they can operate efficiently. At
present, triodes are used much more extensively
than tetrodes or pentodes above 500 me, particu-
larly if more than a few watts output is needed.
Both single-ended and push-pull coaxial configu-
rations are common in the grid-isolation circuit
arrangement. In this frequency range, triodes
almost always outperform the multigrid tubes,
and have the added advantage that the complica-
tions of voltage supply and bypassing for the
sereen and suppressor grids do not exist,
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58. Practical Power Amplifiers

In the design of any power amplifier, the da
signer takes into consideration such factoyg as
needed power output, driving power availilble,
permissible size and weight, power-supply ya-
quirements, tuning range, type of service, ang pe-
quired service life and reliability. Some of t}egq
factors frequently conflict, requiring COmpyro-
mises in the design. As an illustration, a Pentode
amplifier designed to operate at 70 me coulq be
constructed with line sections for the tank cir-
cuits, in place of lumped-property COMPOnepts.
This would provide somewhat greater efﬁciency,
but would make the amplifier bulkier and he&"ier,
adding to transportation and installation prob-
lems. If the amplifier were a part of a Perma-
nent, fixed installation, where bulk and Weight
were not important considerations, the use of the
more efficient line-section tank circuits Probably
would be justified.

a. Lumped-Property Pentode Amplifier fop 70
to 100 MC. A lumped-property amplifier, aop-
sisting of a pair of 41827A pentodes connecteq in
a push-pull circuit, is shown in figure 78. The
equipment is used for the purpose of boost.ing the
transmitter output from a maximum of 50 watts
to a maximum of 250 watts. The amplifiey jg
tunable through the range of 70 to 100 me by means
of tank tuning capacitors C201 and C208. Tpe
r-f signal is brought in on a coaxial cable and
applied to inductor L201, which is coupled jp.-
ductively to the balanced (split‘—winding) erid-
tank inductor L.202. Neutralization is accom-
plished by connections from each control erid to
capacitive pick-up plates at the opposite tube,
The plate-voltage supply for these tubes is 1,900
volts. The screen grid is regulated for 450 volts.
All components are so placed that the connecting
leads will be short, and the bypass capacitors, par-
ticularly C206 and C207 for the screens, are placed
as close to the pin connections as possible. A no-
signal bias of approximately 100 volts is con-
nected at the center of L202. Additional bias
under signal-input conditions is developed across
the grid-load networks consisting of R201, C202,
and R202, C203. The small number of turns in
plate-tank inductors 1.203 and 1.204 and the grid-
tank inductors, 1201 and 1202, can be seen in the
top view of the amplifier (fig. 79) and the bottom
view (fig. 80).
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Rigure 78.  Schematic of lumped-property pentode power amplifier.
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Figure 79. Top view of lumped-property pentode power

amplifier.
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Pigure 80. Bottom view of Tumped-property pentode

power amplifier.

b. Parallel-Line Section Beam Power Amplifier
for 230 to 250 MC. A final power amplifier stage
using line-section circuit elements and a dual beam
power tube, 829B, in a push-pull configuration 18
shown in figure 81. Driving power is supplied
to the tube input grids through a balanced-to-
ground pick-up loop, L210, inductively coupled
to the output tank circuit of the preceding stage.
The five unnumbered capacitors shown in the
schematic below V203 are built into the tube
socket and bypass the heater, cathode, and screen
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of the tube to ground for signal frequencies. The
output cireuit is tuned to the third harmonic of the
mput frequency and is adjustable over the re-
quired frequency range of 230 to 250 mec. The
plate-tank circuit, 1211, is a section of parallel-
conductor transmission line which operates as a
tuned circuit balanced to ground. Tt is tuned to
the third harmonic of the input signal frequency,
and is adjustable from 230 to 250 me by means of
variable capacitor (243. The plate voltage is
connected to the tank at a point of low r-f poten-

fier in a grid-separation circuit, using coaxig] Ling
sections constructed of metal tubing as griq- and
plate-tank ecircuits. The high Q and excellent.
shielding and input-to-output isolation Provided
by this arrangement make eflicient operation pos-
sible at frequencies as high as 3,000 me, Tubes
suitable for use in this type of circuit inelyge the
2040, 2043, and 446A. The grid-tank cirenit =
a quarter-wave section of coaxial line formegq by

the concentric metal tubes, A and B. The input
signal is coupled through the input coupling loop,
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Figure 81. Schematic of parallel

tial, through r-f chokes 1214, which are shunted
by parasitic-suppression resistors R246 and R247.
I_iypuss capacitor (210 has a low impedance at
signal frequencies. The signal output power is
coupled inductively to pick-up loop inductor L2212
and conducted to the antenna by means of a
coaxial cable. TInductor 1212 is tuned by adjust-
able capacitor 0242, This amplifier is stable, and
1’e]ntzively eficient over its entire tuning range. A
top view of the parallel line-section amplifier is
shown ip figure 82.

¢ Grid-Separation Triode Amplifier. Figure
83 shows a cross section of a triode power ampli-
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line-section power amplifier

which can be rotated to vary the amount of cou-
plin{_f. The line section is tunable to reasonance by
moving the shorting ring, X, in or out, as indi-
c:m-fl by the dotted arrows. The input signal volt-
age 1s developed between the grid and cathode, and
the amplified signal appears in the plate-tank
circuit, which is formed by the quarter-wave eo-
axial-line section made up of the outer surface of
tube W, and the inner surface of the outer tubing,
B. The output power is taken off by inductive
coupling through the adjustable output coupii‘@;

loop. The plate-tank tuning is adjusted by mm{ # ]




orid.
and cireuit operation is stable.
circuit diagram of this amplifier is shown in figure

84.
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Figure 82.

ing the tuning disk, Y. "The only coupling between
grid and plate circuit occurs through the capacity
that exists between the plate and cathode, and this
is very small because of the shielding action of the

use above 30 mec are the same as those for lower
frequency applications. A pentode cathode-fol-
lower amplifier is shown in the schematic diagram
of figure 85. This amplifier is used to couple a
pulse signal containing vhf harmonics to a low-
impedance transmission line from a relatively
high-impedance source. The grid return resistor,
R122, is returned to the junction of R123 and
R124, which are connected in series to form the
:athode load resistor. The value of R123 is chosen
to develop the proper negative bias for the stage.
R123 and R124 in series are effectively in parallel
with the line impedance, and by proper choice of
alue for R124, the combination can be made to
match the line impedance properly. Cathode fol-
lower circeuits seldom are used in the r-f power
stages of communication equipment. An impor-
tant feature of the cathode follower is that, where-
as the voltage gain is always less than 1.0, the
power gain is the same as in an ordinary plate-
loaded amplifier circuit.

59. Summary

a. Distributed-property circuit elements can
provide greater electrical efliciency at any fre-
quency but are heavier and bulkier than prac-
tical lumped-property components.
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Pigure 83. Cross-sectional view of coazial-line triode power amplifier.

As a result, neutralizing is not required,
The equivalent

d. Cathode Follower. The fundamental oper-
ating principles of cathode-follower amplifiers for

b. The term wide-band amplifier usnally implies
a tuned amplifier with a pass band of at least it
megacycle.

¢. Bandwidth means the band of frequencies
passed by a tuned circuit or amplifier whose up-
per and lower frequencies are attenuated from
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the peak value by not more than 3 db, or one-half
the peak power. These points are known as half-
power points.

d. As the bandwidth of an amplifier increases
or decreases, the gain varies in inverse proportion
to the bandwidth, causing the mathematical prod-
uct of gain and bandwidth to remain constant.

¢. Increasing the bandwidth of a circuit in-
creases the total circuit noise, resulting in a rela-
tively poor signal-to-noise ratio.

f. Because of the greater relative importance
of component values, stray lead inductance, and
stray capacitance, the adjustments made in wide-
band amplifiers become increasingly eritical.

¢g. Although triodes are desirable in wide-band
amplifiers because of their low noise and rela-
tively high figure of merit, their large plate-grid
capacitance causes enough feedback to make stable
operation hard to obtain,

h. The voltage gain per stage in wide-band am-
plifiers is dependent on the specific characteristics
of the tube used, the input and output impedances,
and the bandwidth for which the stage is designed.

i. Above 450 me, concentric-line circuits and
special lighthouse, rocket, pencil, or disk-seal
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Figure 85. Schematic of pentode cathode follower.
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planar type tubes are used to obtain voltage gaiy,
with an acceptable noise figure.

4. A figure of merit for a single amplifier stage
is called the gain-bandwidth product and, for ‘a
given configuration, the product of gain timee
bandwidth is constant. .

k. For a single-tuned amplifier stage, the gaiy
bandwidth product is equal to the tube transcoy,_
ductance divided by 2
capacitance.

/. In an amplifier consisting of a cascaded Seripg
of single-tuned amplifier stages, all resonant at the
same frequency, the over-all response band be.
comes narrower as the number of stages
increased.

m. Noise figure is equal to the product of tle
reciprocal of the gain times the ratio of the out.
put noise to the input noise.

7= times the total cirenyg

1s

n. The noise figure of a given tube increases ¢
the operating frequency is increased because of
cathode lead inductance, transit time, and simil
factors.

0. The cascode circuit effectively uses two iy
odes in series to obtain a satistactory noise figure
and adequate gain.

ar

p. Since power-amplifiers draw grid curreng,
considerable driving power must be supplied ¢
the grid cireuit.

g. Power gain is the ratio of the power output
of an amplifier stage to the driving-power inpuyg.

7. The power gain of a given amplifier decreases
with an increase in frequency.

5. At frequencies above 500 me, triodes almost
always outperform the multigrid tubes,

60. Review Questions

a. What is a voltage amplifier?
amplifier?
b. What is a wide-band amplifier?

A power

¢. What is the percentage bandwidth of an am-
plifier operating at 60 me and having a pass band
of 15 me?

d. What is a cascade amplifier? A cascode
amplifier?

e. How is a stagger-tuned amplifier adjusted ?

/. On what does the stability of a wide-band am-
plifier depend?

g. What are some of the methods used to obtain
good stability in wide-band amplifiers?

h. Why are lumped-property components used
at frequencies below 500 me?



i. Why are concentric lines generally used above k. If the required bandwidth in the previous

450 me? problem is equal to 4 me, what is the gain of the
7. If the g, of a tube is 3,000 micromhos and  stage?

the total circuit capacitance of the stage is 50 ppf, l. How is the plate-operating efficiency of a

what will the bandwidth product equal? power amplifier found?
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CHAPTER 7
SPECIAL OSCILLATOR CIRCUITS

61. Introduction

@. General. The oscillators used in the 30- to
1,000-me range serve the same purpose as those
at lower frequencies; that is, they generate
adio-frequency energy for transmitters or a
hetel'odynh_)g local oscillator signal to be mixed
Wwith the incoming r-f signal in a superheterodyne
veceiver, Their application as r-f power sources
I transmitters requires that a reasonable amount
of power be available. The output generally
drives one or more following amplifier stages
although it may be used directly to drive the trans-
I‘I.]it‘ti”g‘ antenna. The output of an oscillator
creuit may be utilized at its fundamental fre-
quency, or at. one of its harmonics or overtones.
An oscillator, for purposes of this chapter, is de-
fined as a vacuum-tube oscillator circuit, which
Produces an output frequency within the limits
of the 30- to 1,000-me range. This output can be
the fundamental frequency of the oscillator or
one of its overtones or harmonics. An oscillator
cireuit congists basically of an electron tube capa-
ble of providing amplification, a tuned eircuit,
and a feedback path capable of coupling enough
M-phase energy from the output terminal of the
amplifying element back to its input terminal to
Sustain oscillation. Figure 86 shows a simple
oscillator cireuit embodying the application of
these hagic principles.

b. Stability. Although the basic principles are
the same, the cireuitry and some of the parts used
for oscillators in this frequency range are different
from those used at lower frequencies. Excellent
Percentage stability of operation is an important
YeQuirement. Percentage stability is a measure
of the percentage of the design-center frequency
Within which the frequency of oscillation varies,
Yather than the actual variation of frequency,
Measured in cycles, kilocycles, or megacycles. A
Measurement expressed in cycles is relatively
eaningless, unless interpreted in the light of the
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Figure 86. Simple oscillator circwit.

actual operating frequency of the cireuit., For
example, when an oscillator designed for 1,00q ke
deviates 20 ke from the 1,000-ke point, it ig S

aid
to have a frequency stability of 2 percent.

an
oscillator designed to operate at 500 me, wit], the

same frequency stability figure of 2 percent hins
a deviation of =10 me. A deviation of 10 me jp,
the oscillating frequency generally is more than
can be tolerated under actual operating

' e condi-
tions. Therefore, to make as eflicient

use as
possible of the available frequency spectrum, and

to make fairly consistent reception possible, it
is necessary that the tolerances on percentage
frequency stability be made progressively smaller
as operating frequencies rise. 1t would be highly
satisfactory if the same absolute stability could
be maintained as at lower frequencies, byt the
attainment of this condition is impracticable,

¢. Vacuum-Tube Limitations. Since the oper-
ating efficiency of vacuum tubes decreases as the
frequency increases, it is necessary to use more
efficient components in the external circuits, par-
ticularly in tank circuits. Some of the character-
istics of vacuum tubes which ilu'l'u:lsingly tend to
limit performance as the frequency is raised are
interelectrode capacitance, electrode and lead in-
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ductance, envelope and base dielectric losses, radi-
ation losses, and electron transit time. The tran-
sit time tends to increase the effective series grid-
circuit impedance, and to introduce unwanted
phase distortion in the plate circuit. It also in-
creases as the square of the operating frequency.
The other factors introduce undesirable circuit im-
pedances and increase shunt signal-conduction
paths to ground, thereby effectively reducing the
available output signal. In any given vacuum
tube, there is an upper frequency limit beyond
which the tube will not function satisfactorily as
either an amplifier or an oscillator. The limits
for each type of service are not the same, but they
are related. The exact upper-frequency limit is
affected to some degree hy the characteristics of
the components used in the external circuit; but,
regardless of how eficient these may be, the limit
still exists. To realize acceptable values of sta-
bility, efliciency, and usable power output, tubes
must be operated considerably below the upper
frvq'uvnqv limit. As the limit is approached, op-
eration becomes less stable and the factors of
power output and efliciency fall off rather
rapidly.

62. Harmonic and Overtone Crystal
Oscillators

a. General. Harmonic and overtone oscilla-
tors used for the generation of stable radio fre-
quencies usually are controlled by crystals. Their
output may be amplified or multiplied for use
as a transmitter frequency, or it may be used di-
rectly, as in a receiver local oscillator. A har-
monic oscillator is one in which the frequency
taken from the plate circuit is an integral multi-
ple of the operating frequency of the grid circuit,
which may or may not be erystal-controlled. An
overtone oscillator is a erystal oscillator that does
not oscillate at its fundamental frequency, but
at frequencies very close to odd harmonics of the
fundamental. Special circuits or erystals cut for
overtone service must be used.

b. Harmonic Oscillators.
tors, the tube and associated circuits operate in the
normal manner, but a voltage at one of the har-
monics of the fundamental frequency is taken
from the output circuit. This provides low-fre-
quency fundamental operation with either a crys-
tal or a noncrystal oscillator, and allows a multi-
ple of the desired frequency to be obtained at the
output. It is practical to generate a frequency

In harmonic oscilla-

that can be multiplied to any frequency in the
30- to 1,000-me band, but the ecircuitry involved
is relatively complex and requires many parts.
Adjustment and maintenance are difficult and the
harmonic oscillator is used above 300 me only
for special purpose. Below 300 me, the number
of harmonic multiplying stages is small enough
to justify its use. The cireuit for a harmonic os-
cillator is shown in figure 87. This oscillator uses
a GANS to generate r-f for a low-power trans-
mitter. The crystal in this arrangement is in
series with the plate-grid feedback circuit, and
therefore controls the frequency through its ef-
fect on the magnitude and phase of the feedback
signal. The crystal is cut for 12 me, capacitor C2
tunes the output tank for the third harmonic of
the crystal frequency, and the output signal from
the plate tank is 36 me. The signal then is passed
through capacitor C5 to another r-f amplifier or
multiplier stage. Tuning the plate tank to a
slightly higher frequency than that of the crys-
tal harmonic insures better stability and self-
starting.
¢. Overtone Oscillators.

(1) Overtone oscillators should not be con-
fused with harmonic oscillators since, in
an overtone oscillator, the only frequency
present at the input and output is the
desived frequency. Almost any crystal
an be used for overtone service; how-
ever, the power output above the third
overtone is poor. The desired frequency
usually is obtained directly from the me-
chanical vibrations of a crystal designed
for overtone service, and is close to an
odd harmonic of some fundamental fre-
quency for which the crystal was basi-
ally cut. The erystals used may have the
gl'e:‘lter thickness typical of a crystal at
a lower fundamental frequency, but act
as though they have been sliced in a num-
ber of thinner layers equivalent to the
overtone being used. Since it is imprac-
ticable to cut and grind crystals thin
enough to vibrate at the desired fre-
quency as a fundamental, the overtone
frequency is a mechanical function of the
crystal. The overtone frequency of a
erystal is either above or below a har-
monic of the fundamental frequency by
an unpredictable amount; the fundamen-
tal frequency is ignored, and the crystal
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Figure 8%7. Orystal-controlled harmonic oscillator circuit.

is ground for, and marked with, the de-
sived overtone value.

Since the overtone crystal vibrates at
the desired frequency, or at a much higher
submultiple of the final frequency than
conventional crystals, there are fewer
spurious and sum-and-difference fre-
quency oscillations. Less frequency mul-
tiplication is required than with con-
ventional cerystals, and thus the number
of components is reduced and the cir-
cuitry is considerably simplified. For
example, if an output frequency of 576
me is desired, conventional crystal cir-
cuitry might use a fundamental crysl;;}]
frequency of 6 or 12 me, and multiply it
48 or 96 times. With an overtone crystal
oscillator eircuit, this could be done by
using an overtone crystal frequency of
96 me, fed through a doubler and a tripler
(multiplied 6 times) to get 576 me. The
96-mc frequency could be the ninth over-
tone of a 10.67-mc fundamental cl'ystgxl.
The lowest frequency present in this cir-
cuit would be 96 me, as against 6 or 12 me,
using a conventional crystal circnit. For
communication work, this allows chan-
nels to be spaced at much closer intervals
without danger of interference.
Overtone crystal oscillators exhibit ex-
cellent frequency stability in the presence
of plate voltage changes, severe physical
vibration, and temperature fluctuations.
Smaller and more efficient equipment,

(4)

with lower-power supply requirements,
is feasible. Certain special circuit condi-
tions are required for proper operation
of an overtone crystal. As the overtone
at which a crystal is operated increases,
its effective capacitive component ¢ de-
creases proportionately. This increases
the ratio of the combined effects of
crystal holder, wiring, and tube-input
:apacitances, which remain substantially
constant, to the effective capacitive com-
ponent. To sustain oscillations at g yea
sonable power level an extremely high
grid-circnit impedance is required. A
crystal can be broken down into electrica)l
properties of L, C, and R, ‘When a
piezoelectric crystal is energized at o fre-
quency below the series-resonant fre-
quency of its own L and C, the crystal
exhibits a capacitive reactance to the ex.
ternal circuit. By shunting the input
cireuit with added in(luctauce, to make it
appear inductive to the erystal, it is pos-
sible to combine the inductive effect of the
input circuit with the capacitive effect
of the crystal to form a parallel-reso-
nant circuit having the desiredq high: im-
pedance at the selected erystal operating
frequency.

A cirenit designed for an overtone output
of 77 me is shown in figure 8], This is
the ninth overtone of a crystal having a
fundamental frequency of =l1)[)1‘0xiumtké1y
8.55 me. Since such a high overtone is

e —————— ‘W ——
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used, a pentode has been selected, rather
than a triode, to control any tendency
toward self-oscillation through the plate-
grid capacitance of the tube. However,
in oscillators using lower overtones, a tri-
ode will give good results. Inductor L1
is used to balance out the capacitive effect
of the crystal and stray circuit capaei-
tance, and the variable capacitor C1 tunes
the circuit. The cireuit is resonated at a
frequency Aigher than that of the desired
overtone, to insure oscillation in the cor-
rect mode and to assist the self-starting
of oscillations. The resonant frequency
of the grid circuit may be considerably

G2
50UUF
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Cl 74 Ll = Rl
=10 I5UH 10K
UUF

(tuned-plate, tuned-grid) oscillator is similar to
that of a simple crystal oscillator, except that a
tuned circuit is substituted for the crystal in the
grid circuit. A basic single-tube TPTG oscil-
lator circuit designed for low-frequency use is
shown in ficure 89. The grid- and plate-tank
circuits are tuned independently and there is no
magnetic coupling between the two coils L1 and
I2. The feedback path is through the plate-grid
:apacitance of the tube. Correct operation results
when the plate tank is tuned to a slightly higher
frequency than the grid tank. This places the
feedback signal in the proper phase for regenera-

Bigure 88.
higher than the overtone frequency; the
greater the difference within the oscil-
lating range of the circuit, the wider the
range over which the plate tank can be
tuned without causing self-oscillation.
As the overtone is increased, the grid
resonant frequency approaches the over-
tone frequency ; therefore, the higher the
overtone, the greater the likelihood of
self-oscillation. The plate tank capacitor
Ch is tuned to resonate with L2 at the de-
sired overtone frequency. Thermal sta-
bility of better than one part per million
over a wide range of temperatures has
been obtained with this oscillator.

63. Tuned-Plate, Tuned-Grid Oscillator

a. General. The basic circuit of a TPTG

tion. Adjustment of either tank controls the
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Overtone crystal oscillator circuit.

TM 667-704
Figure 89. Tuned-plate, tuned-grid oscillator cireuit,
wsing lumped-property components.

amount of feedback. The tank that has the higher
Q determines the frequency of oscillation.

b. High-Frequency TPT'G. The TPTG oscil-
Jator can be used at the higher frequencies if the
tank-circuit impedances are changed to the reson-
ant line type. Figure 90 shows a schematic-pic-

torial representation of a TPTG oscillator using

89




parallel-line sections for tank circuits. This ar-
angement is suitable for use in the transition
ange of the 30- to 1,000-me band. Since parallel-
line sections are suited best to push-pull configura-
tions and allow better performance and stability,
two tubes wired in push-pull are used instead uf. a
single tube, This increases the power output ““”_l’
able and also effectively places the l’l?‘t"'g"'“1
capacitance of the two tubes in series. Because
the value of interelectrode capacitance is cut in
half, operation at considerably higher frequencies
can be obtained with the same circuit elements.
The main differences between this circuit and those
used at lower frequencies are the use of plate and
grid lines Z, and Z,, instead of lumped-property
tanks, and the filtering provisions in the filament
cireuit, Adjusting the shorting bars changes the
electrical length of the lines and tunes the circuit
to the desired frequency. Inductances L. and
L2 ave r-f chokes which are effectively open cir-
cuits to r-f, and capacitors C1, (2, €3, and C4
are r-f short circuits, thus isolating vr-f currents
from the filament supply.

ADJUSTABLE

FILAMENT
SUPPLY —_—

VOLTAGE ,._rm-\_l

Bigure 90. Tuned-plate, tuncd-grid oscillator circuit
using parallel-line sections.

T™M 667-705
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¢. Kquivalent Circuits.

(1) Reference to the equivalent circuits shown
in figure 91 will help in understanding
the operation of the oscillator. In A,
line sections Z, and L, and inductances
L, L1, and L2 are not shown since they
are d-c short circuits. (', represents the
stray capacitance between the short-cir-
cuited end of grid line Z, and ground,
and the tubes appear to be in parallel.
An r-f equivalent circuit, omitting tube
capacitances, is shown in B. Since a
TPTG oscillator oscillates at a frequency
higher than the resonant frequency to
which the tank circuits are tuned, lines
L, and L, plus the plate and grid leads,
are effectively less than one quarter-wave-
length, causing them to appear as induc-
tive reactances. Ifach cathode eireuit
consists of an adjustable capacitor, @y, in
series with the tube lead inductance.
Grid resistor 22, and parasitic suppressor
R, are apparently open circuits for y-f
currents, and the center points of the oriq
and plate inductances are shown ;-on-
nected to ground. The balanced-to-
ground structure of the push-pull civeuit
maintains the center points of the lines at
zero r-1 potential.

(2) The cathode variable capacitors, ), are
tuned to series resonance with the lead
inductances, Ly Since a resonant con-
dition exists, and the cathode cirenit
losses are small, the cathodes are placeq
effectively at r-f ground potential s
shown at C. Only one tube ig shown,
because they are identical. €,, ang Gl
are the interelectrode capacitances, The
similarity of this oscillator to the low-fre-
quency oscillator shown in figure 90 is
obvious. Ly, and Lg. in C of figure 91,
correspond to L, and Z, in B. The cir-
cuit can be redrawn and further simpli-
fied, as shown in D. Since the tank cip-
cuits are inductive at the oscillating fre-
quency, they are represented by inductive
reactances X, and Xy, The plate-grid
feedback capacitance, €y, remains as in
C. At the frequency of oscillation, the
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Figure 91. Tuned-plate, tuned-grid oscillator, equivalent circuits.
circuit is that of a conventional Hartley 64. Tuned-grid, Tuned-cathode Oscillator
oscillator, as shown in D. Since the oscil-
lating frequency must be lower than that
of the two tank resonant frequencies; the

a. A tuned-grid, tuned-cathode oscillator using
push-pull line sections is shown schematically in

tank tuned to the lower frequency con- figure 92. The grid and cathode lines in this
'l'()]h‘ ) o . » 1 (01 at1 © . %
t i (h;], "t“l“l‘ ney of oscillation and the — \c.ifjator ave tunable, and the connection between
other affects the magnitude of the feed- . : it

g gnitude of the feed the two plates is as nearly a perfect short circuit as

back voltage. 'The oscillator output

¢ age. The oscillat pu : . . :

: : : yossible. ' When tubes having appreciable plate
usually is coupled to the load by means of I e e b
an inductive loop, located near a low-
voltage high-current point on the reso-

lead inductance arve used, a half-wavelength line
is used to connect them, giving an effective short
nant plate line. circuit.
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using parallel-line sections.
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b. The plate circuit in this oscillator plays no
part in the oscillatory circuit, since it has been
placed at r-f ground potential. The grid circuit
functions like that described for the TPTG oscil-
lator. In the cathode circuit, hollow tubular con-
ductors form the r-f line section. These may be
tuned to the oscillating frequency or slightly above
or below, thereby adjusting the reactance of the
circnit, and controlling the amount and phase of
the feedback voltage. An r-f voltage exists be-
tween points A and B on the cathode lines; there-
fore, standing waves are present on the lines and
r-f fields exist in the space surrounding them.
Since high-frequency currents travel on the sur-
face of conductors, however, and these are good
conductors, r-f does not penetrate to the space
within the hollow conductors. Thus, the filament
leads which are brought to the tube through the
space within the tubular conductors are not af-
fected by r-f currents. This shielding effect is so
efficient that the relatively complex filter network
used in the TPTG circuit is unnecessary. Capaci-
tors Cy, C,, C;, and C, are simple r-f bypass ca-
pacitors,

¢. Broken down to its simplest form, this circuit
is the equivalent of a conventional Colpitts oscil-
lator. Adjustment of the grid shorting bar con-
trols the frequency of oscillation, and it always

92

must be adjusted to less than one quarter-wave-
length. Adjustment of the cathode shorting bar
controls the amount of feedback voltage, and, con-
sequently, the output of the oscillator. There is
a small amount of interaction between the con-
trols. One advantage of this circuit is that these
are the only two adjustments required. Since
only d-c voltage exists between plate and ground,
and only r-f voltages exist between cathode and
ground, the peak voltage between any point in
the oscillator circuit and ground is reduced to a
minimum. The cathode is at ground potential
for d-¢, and output connections to the load may
be made directly by taps on the cathode line.

65. Tuned-plate, Tuned-grid, Tuned-cathode
Oscillator

A circuit combining the essential arrangements
of the TPTG and tuned grid, tuned cathode oscil-
lators is called a tuned-plate, tuned-grid, tuned-
:athode oscillator. Depending on the relative
adjustments of the three lines, this circuit can pe
made to simulate either the TPTG of the tuned-
grid, tuned-cathode oscillator. Gonerally’ the
frequency depends on the sum of the lengths of
the plate and grid lines; the feedback voltage de-
pends on the ratio of the plate- and grid-1ine
lengths, as well as on the length of the eathode
line relative to a (]ll:ll‘l(‘]‘-}\';l\'(‘](“Hgtll. Since
there are three variables in this arrangement, ang
only frequency and the amount of feedback yolt.
age to be controlled, numerous combinations of
line length are available, all of which will give the
same frequency and efficiency.

66. Lighthouse Tube Oscillator

a. The lighthouse type tube, 2C43, serves as an
efficient oscillator at frequencies up to 1,000

me,
It is particularly adapted for use in a coaxi

. al-line
circuit configuration, in which it becomes an

integral part of the physical circuit shown in
figure 93.

b. The oscillator assembly consists of thyee
coaxial eylindrical conductors. The inner con-
ductor makes contact with the plate, the next
with the grid, and the outer one with the shell,
or cathode of the tube. The cathode connection
is external for d-c¢, and through the capacitance
between the cathode and outer conductor for p-f.
The space between the cathode and grid condue-
tors forms the cathode line which is tuned by an
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Figure 93.

adjustable shorting plunger. The plunger does
not actually touch the grid conductor, but suffi-
clent, apacitance exists to provide an 1-f short
?{rcmt.. The d-c grid-cathode path is through R,.
lh.e grid and plate conductors form the plate line
which is open-circuited at the end away from the
tube. An open-circuited plate line is used because
qf the high d-c voltage between the grid and plate
lines. A re-entrant quarter-wave line, called a
quarter-wave choke, is built into the end of the
p.late.con(luclm- to isolate r-f currents in the plate
cireut from the power supply. This choke can
be ad.!ust‘ed with a plate-tuning rod. The con-
.?‘tl'll('(?l()ll of the tube is such that the lead
inductances and tube capacitances form part of
the tuning circuits.

¢. Because of the arrangement of tuning cir-
cuits? this oscillator can be called a 1'nne('l-Tﬂnte,
tuned-cathode oscillator, which is a erid-isolation
type .of (:i.rcui(ry. Its equivalent. is similar to the
Colpitts circuit. The cathode circuit must present
a capacitive reactance, and is, therefore, tuned to
a frequency lower than the oscillating frvquency.
The plate circuit must be inductive, and is tuned to
a /‘Lz'g/wr frequency than the frequency of oscil-
lation. Consequently, the circuit oscillates at a
frequgncy somewhere between the resonant fre-
quencies of the cathode and plate tanks. The
tuning of the plate line controls the frequency,
and the tuning of the cathode line controls the
amount of feedback, and the output. Correct
tuning is indicated by maximum output. The
completely shielded construction insures that
1o ']ines other than the plate- and cathode-
tumng lines are potentially available to support
parasitic oscillations. The only possibilities for
wrong oscillating frequencies are those for which
the lines are multiples of a quarter-wavelength.

Coazial-line oscillator circuit, using lighthouse tube.

For example, with oscillations occurring at one-
third the desired frequency, the cathode line would
appear as approximately one quarter-wavelength.
At this frequency, the plate line would act no
longer as a A/4 choke, but when measured from
the short circuit within the plate conductor around
the open end and back to the tube, it would act
approximately as a 5 A/12 choke. This length is
sufficiently close to one half-wavelength that its
reactance would be extremely low, and oscillations
at that frequency would be impossible.

67. Ring Oscillator

a. General. The power output of a two-tube
push-pull oscillator is limited by the maximum
allowable current-carrying capacity of the tubes
used. The size of tubes in vhf and uhf oscillators
is relatively small, to avoid excessive transit time
and interelectrode capacitance. These consider-
ations result in small available power outputs,
particularly at frequencies in the upper portion
of the 30- to 1,000-mc range. Although the logical
solution to the problem is to increase the number
of tubes, adding tubes in parallel increases the
offect of the interelectrode capacitances. A ring
oscillator (fig. 94) can be constructed by connect-
ing several push-pull units in such a manner that
they operate as one cireuit. Since push-pull ar-
rangements are used, the tubes always are added
in pairs, and the interelectrode capacitors are not
as great. To shorten leads, the tubes usually are
anged about the circumference of a circle. The

ar
dits of the individual push-pull units which

cire
makeup the oscillator are the same as those already
described. There is no theoretical maximum, but

the principles of operation are the same regardless

of the number of tubes.
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Figure 94.
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Ring oscillator circuil, using siec tubes.

b. Operating Principles.

924

(1) The schematic in figure 94 shows that the
six tubes are effectively connected in se-
ries. Since the interelectrode capacitan-
ces also are in series, the total capacitance
is reduced. This advantage is somewhat
nullified because the lead inductances are
in series, and the total inductance is in-
creased. The operation of each pair of
tubes in this circuit is comparable to the
tuned-plate, tuned-grid oscillator of fig-
ure 90. The outer ring is grounded and
the cathodes are connected to this ring
through half-wave resonant lines, placing
the cathodes effectively at r-f ground po-
tential. The plates and grids are con-
nected to the inner and second rings, re-
spectively, through quarter-wave tuned
lines. The grid load, plate load, and
parasitic suppression are furnished by
circuits common to all tubes. Since the
tubes are in push-pull, the instantaneous
conditions in adjacent tubes are always of
opposite phase. Ior example, assume
that the grid signal of V, is a positive
maximum at a given instant. At the
same instant, the plate signal of ¥, will

be at a negative maximum. The plate of

V2, approximately one half-wavelength

away, is positive because of the standine

wave of voltage on the tuned tl‘illlSllli;

sion line. The signal on the erid of V.

is produced by the interelectrode Capaci:

tance and is a negative maximum. Con-
tinuing around the ring in this manner,
the electrode voltages of alternate tubes
are in phase, and those of adjacent tubes
are 180° out of phase.

(2) The arrangement of tubes around a cirele
with the plate lines connected at the cen-
ter allows the output to be taken off by
means of an inductive coupling 1001)
placed close to the plate ring. One of the
disadvantages of the ring oscillator 18
the number of adjustments that must be
made. If they are not made properly,
ineflicient operation will result, or, in
extreme cases, the circuit will not ogej].
late at all. Because of the symmetrieq]
mechanical arrangement of the circuit
elements, it is possible to gang together
similar adjustments, and reduce the
trols to a relatively small number,
plifying operation.

con-
Sim-

68. Butterfly Oscillator

The butterfly tuner is particularly useful in
applications where it is necessary to tune the cir-
cuits through a wide band of frequencies, They
are used commonly in the vhi and uhf recejy

: ; er
local oscillators where power requirements gy

: : : . e low,
A pictorial diagram of a butterfly tuner used iy a
. . . . . <
receiver local oscillator circuit is shown in fioure
¥ ; ; ; - : 2
95. This oscillator is used in one of seve ‘al intep
changeable tuners covering different frequenec

ranges. This receiver monitors enemy radar sjo
S10-

nals and, since the frequency of these sionals is
unknown, the receiver must be tunable ove; a \\‘id(;
range of frequencies, with a minimum numbey of
different, tuners. The butterfly capacitor ig well
adapted to this type of service, and this particular
cireuit covers frequencies from 100 to 500 me, The
butterfly unit is about 414 inches in diameter, The
10 silver-plated brass stator plates and 9 silyvep
plated brass rotor plates are shaped to provide g
semilogarithmic frequency variation with rota-
tion, and a relatively high resonant impedance at
the lower frequencies. The oscillator tube, a 953
acorn triode, is mounted directly on top of the




unit. Its plate and grid leads are connected to the
butterfly by means of low-inductance arms. Fig-
ure 96 shows the schematic diagram of the oscilla-
tor. Capacitor C1 and resistor R1 serve to isolate
the plate supply ; Z1 is the butterfly tuner, which is
connected between the grid and plate of the tube.
Energy is coupled to the grid cireuit through ca-
pacitor C2, and resistor R2 is the grid load. The
plate-grid capacitance of the tube C,, serves as
the feedback path. To reduce the resonance ef-
fects of cathode lead inductance, which would

together with the r-f signal which is inserteq
through the untuned crystal mixer.

69. Summary

a. Oscillators in the 30- to 1,000-me band are
used to generate r-f energy for transmitters and
as local oscillators in superheterodyne receivers.

b. Special cireuits and components are required
in this frequency range for good percentage
stability of operating frequency.

¢. In harmonic oscillators, the grid ecircuit,
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Figure 95.
sause serious dips in the frequency curve of the
oscillator, the cathode and heater leads are isolated
from ground by means of damping resistors R3
and R4. These are shunted by r-f chokes L1 and
1.2, which are wound around the tubular resistors,
and furnish a low-resistance path for the heater
current. Capacitor C3 bypasses r-f currents to
ground on the high side of the heater circuit. The
output is coupled inductively by a pick-up loop,
as shown in figure 95, and fed to the i-f amplifier,

TM 667-713

Construction of 100- to 500-me butterfly oscillator assembly.

which usually is crystal-controlled, resonates at a
fundamental frequency; the plate circuit is tuned
to some harmonic of the fundamental frequency.

d. An overtone crystal oscillator generally is
characterized by the use of a specially cut crystal
which vibrates at some overtone of its funda-
mental frequency. The overtone is related to, but
not equal to, some odd harmonic of the funda-
mental.

¢. This overtone is the lowest frequency present
in the circuit, simplifying construction as well as
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Figwre 96. Butterfly local oscillator 100- to 500-me
schematic diagram.

the problem of spurious oscillations. The plate
circuit of an overtone oscillator is tuned to the
same frequency as the grid current.

f- In a tuned-plate, tuned-grid oscillator, there
are separate tank circuits for grid and plate, and
there is no magnetic coupling between the tank
circuits,

g- As the operating frequency is increased, the
lumped-property tank components of the TPTG
oscillator are veplaced by parallel-tuned reso-
nant-line sections.

h. At the operating frequency, a TPTG oscil-
lator circuit is the equivalent of a IHartley
oscillator.

i. A tuned-grid, tuned-cathode oscillator breaks

down into the equivalent of a Colpitts oscillator
cireuit.
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j. The essential features of the TPTG oscillators
sometimes are combined in a tuned-plate, tuned-
grid, tuned-cathode arrangement, giving advan-
tages of increased flexibility.

k. At frequencies above 300 me, a lighthouse
tube often is used as an oscillator in a resonant
coaxial-line configuration.

I. When r-f energy is required at high power
levels, several push-pull parallel-line oscillators
may be arranged about a circle to form a ring
oscillator.

m. For low-power receiver local oscillators
which must be tunable over a wide frequency

range, the butterfly oscillator produces good
results.

70. Review Questions

a. What does an oscillator circuit consist of 2

b. What is meant by percentage stability ?

c. What determines the upper frequency limit
at which a tube will oscillate ?

d. What is the difference between a harmonie
oscillator and an overtone oscillator?

e. How do frequency multipliers operate ?

f. What are the advantages of
oscillator ?

g. Why are TPTG oscillators used at the highey
frequencies ?

h. Explain the operation of a tuned-plate,
tuned-cathode oscillator circuit using parallel-line
sections.

i. Explain the operation of a tuned-plate.
tuned-grid, tuned-cathode oscillator circuit, :

j. How is a lighthouse oscillator assembly con-
structed ?

k. What is a ring oscillator?

Z. What are the advantages of a ring oseillator 2

m. What is a butterfly tuner and how does it
operate ?

an overtone




CHAPTER 8
COUPLING PRINCIPLES AND CIRCUITS

71. Differences from Lower Frequency Prac-
tices

It often is necessary to transfer v-f energy from
one circuit to another, and this transfer of energy
is ca].]ed coupling. Almost any element in a sig-
nal circuit of a receiver or a transmitter acts to
couple energy from one point in the circuit to an-
other, often while serving another purpose. For
example, an i-f transformer serves as the coupling
device between the plate circuit of one tube and
the grid circuit of the next, and also provides con-
trol of bandwidth as well as a path for the d-c
voltage. The principles on which coupling de-
pends are the same at all frequencies, but the
shorter wavelengths malke different physical con-
figurations necessary for coupling devices in this
range. Where electrostatic coupling is not wanted,
it is necessary either to shield the inductive cou-
pling loop with a Faraday sereen, or to mount it in
such a position that coupling is at a minimum.
This is true also at lower frequencies, but to a
much lesser extent, because of the smaller pro-
portion of capacitive coupling to inductive cou-
pling. The low-frequency tank-circuit inductance
shown in figure 97 is designed to operate at about
7 me. The coil in the center inductively couples
the larger coils to another circuit. The coupling
coil is large at the low frequencies, but as the fre-
quency is increased, adequate inductive coupling
can be obtained with a relatively small inductor.
Thus, at 30 me or above, it is common to use only
a single-turn link for coupling to the tank cir-
cuit. This is shown in the lumped-property com-
ponent tank circuit (fig. 80) for use at about
70 me.

72. Added Functions

In addition to their primary function of pro-
viding a controllable means of coupling energy
from one circuit to another, coupling devices in

ADJUSTABLE
COUPLING LOOP

TANK-CIRCUIT
INDUGTOR

"M 67821 |
Figure 97. Low-frequency tank-circuit inductance.
practical equipment often are designed to perform
certain other functions. Isolation of circuits for
direct current is one of the most common fune-
tions of a coupling circuit, because this is neces-
sary between most stages of transmitters and re-
ceivers. Obviously the plate voltage of a stage
must be kept off the grid of the following stage
in grounded-cathode amplifier circuits. This is
equally important at low or high frequencies, and
can be done easily by using inductive or capacitive
coupling for the signal frequency, with no d-c con-
nection. A change of impedance in the signal cir-
cuit permits effective transfer of energy from the
relatively high impedance of a vacuum-tube out-
put cireuit to the relatively low impedance of a
load such as an antenna. Couplings of this sort
permit a considerable range of impedances to be
matched by adjusting the degree of coupling and
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can be used to provide a fixed ratio of impedance
between coupled circuits. Coupling also is used
to match a balanced-to-ground circuit to another
circuit in which one side is at or near ground po-
tential. This can be accomplished at low fre-
quencies rather easily, but at higher frequencies
it is more difficult because of the unbalancing ef-
fect of a relatively small difference in circuit
capacitances.

73. Practical Coupling Devices

The requirements of a given piece of equipment
may make necessary a special circuit or device
for coupling, but the principles involved in the
transfer of energy remain the same. Careful con-
sideration of the particular coupling device con-
cerned usually will make the operation clear.
These principles are the same at all frequencies
and depend on conductive, inductive, or capacitive
effects. The degree of coupling is adjustable in
many coupling devices, usually by a simple me-
chanical motion of the pick-up device, which may
be an inductive loop or a capacitive probe. An
adjustment of this kind may be used to control
the loading of a transmitter, and the amount of
energy delivered to the load circuit.

74, Inductive Coupling Methods

Many coupling devices depend on mutual induc-
tion between the circuit from which the energy is
to be taken and the coupling device. The pick-up
loop is mounted near the point where the largest
current flows, and energy is taken from the cir-
cuit. The flux density of the r-f magnetic fields is
greatest there, and a given degree of coupling can
be obtained with a smaller coupling loop, and
usually with less detuning. It is relativel y easy
to couple energy from a high-impedance circuit
to a low-impedance load by inductive methods.
This system is used in practical equipment, par-
ticularly where considerable power is to be trans-
ferred, such as coupling from the final amplifier
of a transmitter to a transmission line.

a. Tuned-Link Coupling. In the part of the
30- to 1,000-me band in which lumped-property
components are practical, the inductively coupled
tuned-link ar rangement, is used frequently. The
transfer of energy from the tank-cireuit coil to the
tuned link is accomplished almost entirely through
the mutual inductance between them. In cireuits
In which it is essential that capacitive coupling
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be reduced, the single-turn link may be inclosed in
a Faraday screen. This almost eliminates capaci-
tive coupling, but has practically no effect on in-
ductive coupling. Control of capacitive coupling
is usually necessary only where radiation of hap-
monics of the signal frequency must be reduced to
the lowest possible value. The amount of coupling
is greatest at resonance, because the capacitive re-
actance equals and cancels the inductive reactance
and maximum current flows. Such a link cou-
pling provides a good match from the tank cireuit
to a coaxial transmission line, and is mechanically
and electrically rugged and easy to adjust. Tt
also isolates the d-c plate voltage of the amplifier
from the output circuit. The frequency range
over which it can operate correctly is limited l;y
the tuning range of the tank circeuit. 1In equip-
ment in which the tank coil can be changed t¢ pro-
vide another tank-tuning range, the link also can
be changed to match. When an untuned Jinj
coupling to the center of an amplifier tank civenit
is used, the coupling is varied by moving the linj
in or out of mesh with the tank coil. The serjes.
tuned link usually is easier to adjust, ang will
operate well over a greater range of frequencies.
b. Tuned-Link Coupling to Linear T anle Clipe
cuit. Figure 98 shows a series-tuned link coupline
used with a tank circuit made of a section 0?
transmission line. It is electrically similgy 6
the series-tuned link coupling made of lumpeq-
property components; however, the method of
tuning the link to resonance differs. The length of
the section of coaxial transmission line gt the
ground end of the link is adjusted until the capaci-
tive reactance is equal to the inductive reactance of
the link, The tuning is done by moving the inter-
nal shorting ring of the series-tuning stulb ip —
out as required to resonate the link at the operat-
ing frequency. The spacing between the U‘Shilped
link and the tank circuit is fixed, and the loading
adjustment is made by adjusting the series tvunin:-
of the link. The efliciency, mechanical ang @,]ectf
trical ruggedness, and stability are the same s
those of the lumped-property circuit. This dis-
tributed-property type of coupling device is well
suited to coupling in practical equipment ysine
parallel-conductor line-section cireuit elementsc:
Equipment of this sort is used commonly in the
frequency range between about 100 and 500 me.
o. Adjustable Link for Coazial-7ank Circuit.
In coaxial-line tank (fig. 99) circuits used for

the upper part of the 400- to 1,000-me range, series-
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Figure 98. Series-tuned lincar tank link coupling.

tuning arrangements may be difficult to design, be-
cause of the mechanical configuration of the cir-
cuit elements.  Adjustable link couplings in the
plate and grid circuits of a coaxial amplifier stage
are shown in figure 99. The coupling link consists
of a half-turn loop mounted on the inside end of
the coaxial-line connection fitting mounted in the
tuning ring of the coaxial-tank cireuit. The cou-
pling loop remains near the high-current, low-
voltage region of the coaxial tank, regardless of
how the tuning ring is moved in normal tuning.
A djustment of the amount of coupling, therefore,
must be made by some other method than chang-
ing the spacing, or tuning to resonance. This is
accomplished by turning the loop about the axis
of the center conductor of the coaxial connecting
fitting. Since the st rongest part of the r-f mag-
netic field in the coaxial tank exists as lines of
force surrounding the central rod or tubing con-
ductor, turning the plane of the coupling loop
perpendicular to the radius of the tank reduces
the inductive coupling to a minimum. In that
position, both sides of the loop are at the same
distance from the central conductor, and have
equal and opposite induced voltages, which cancel.
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Digure 99. Link coupling in a coarial-line circuit.

When the plane of the coupling loop is rotated to
a position parallel to the radius of the tank cir-
cuit, one side of the loop is nearer the central con-
ductor of the tank by the width of the loop. The
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voltages in opposite sides of the loop no longer
balance, and current can flow out through the co-
axial line to the load.

75. Capacitive Coupling Devices

Where the load circuit to which it is desired to
couple energy is a relatively high impedance, the
use of capacitive coupling (fig. 100) is more con-
venient than inductive methods. The adjustable
:apacitance tab (probe) is actually a small metal
plate which acts as one plate of a capacitor, with
the center conductor of the tank acting as the
other plate. Since the nonshorted end of such a
quarter-wave line section is a high-voltage, low-
current point, energy can be transferred readily
through the small capacitance between the probe
and the central conductor. Obviously the degree
of coupling can be adjusted by moving the probe
in or out, which increases or decreases the coupling
capacity. This change of capacity also changes
the resonant frequency of the tank cireuit, so that
it is hecessary to retune it to resonance when any
major change in the coupling capacitor is made.
In general, a large change in coupling with any
system, inductive or capacitive, will cause some
change in the tank-circuit tuning, but, with in-

ADJUSTABLE
CAPACITANCE TAB

effectively across the high-impedance end of the
tank circuit, such capacitive coupling systems are
not suited for coupling to low-impedance circuits,
unless the degree of coupling is kept very small.
For example, if a 50-ohm coaxial line connected to
a 50-ohm load were connected to the probe in
place of the grid of the following stage, which is
a relatively high-impedance load, the tube in the
coaxial stage would see the 50-ohm load shunted
across the high impedance of the coaxial tank.
For efficient operation, vacuum tubes require a
load impedance at least comparable to their own
internal impedance, which is usually several thou-
sand ohms, unless the tube is operating as a cathode
follower. The shunting effect of such a 50-ohm
load would ruin the efliciency of the stage, if it
were coupled directly across the coaxial tank.

76. Balanced-to-Unbalanced Coupling

When a circuit balanced to ground for the
signal frequency is to be connected to g circuit
with one side at or near ground r-f potential, it
is possible to combine this function with that of
coupling. This can be done with either indue

or capacitive couplings, but when an imped

tive
ance
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Figure 100. Capacitive coupling in a coazial-tank circuit.

ductive methods, this detuning effect is smul.ler
for a given change of coupling. Capacitive
coupling is effective over a relatively wide fre-
quency range, once it has been adjusted to the
proper value, and does not require frequent re-
adjustment when the tank-circuit tuning is
changed. This is true because the coupling cir-
cuit is not resonant. Because the load is shunted
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step-down is needed also, inductive coupling is
much more practical.

. The coupling method described in paragraph
T4a is designed to transfer the r-f output from a
push-pull amplifier tank circuit to a low-imped-
ance coaxial line, in which the outer conductor
is at ground r-f potential. A single-turn cou-
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77. Summary
a. The transfer of energy from one circuit to
another is called coupling.

b. The principles on shich coupling depends
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frequencies.
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d. Isolation of circuits for direct current is
necessary between most stages of transmitters and
receivers. This can be accomplished by either
inductive or capacitive coupling.

e. Coupling devices can be used to permit effec-
tive transfer of energy from the relatively high
impedance of a vacuum-tube output cireuit to the
relatively low impedance of a load such as an
antenna.

f. Many coupling devices depend on mutual in-
duction between the circuit from which the energy
is to be taken and the coupling device.

g. Faraday shields can be used to reduce capaci-
tive coupling in a link-coupled device. They have
practically no effect on inductive coupling.

k. The series-tuned link is easy to adjust, and
operates well over a wide range of frequencies.

% The distributed-property type of coupling de-
vice is well suited to coupling in practical equip-
ment using parallel-conductor line-section circuit
elements.

7. Where the load circuit to which it is desired
to couple energy is a relatively high impedance,
the use of a capacitive coupling is more convenient
than inductive methods.
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k. A large change of coupling with any system,
inductive or capacitive, will cause some change in
tuning but, with inductive methods, this detuning
effect is smaller for a given change of coupling.

78. Review Questions

a. FFor what purposes are coupling devices used ?

b. How can the degree of coupling be adjusted
in capacitively coupled circuits? In inductive
circuits?

¢. Why is the pick-up loop in an inductively
coupled circuit mounted near the point of maxi-
mum current flow?

d. Why is control of capacitive coupling usually
necessary in an inductive circuit? ¥

e. How is coupling achieved in a coaxial-t
circuit?

f. Where does the strongest part of the r-f 1
netic field exist in a coaxial tank?

g. How can capacitive coupling be accomplished
in a quarter-wave line section?

ank

ao0-
ag

h. How can balanced-to-unbalanced coupling be
accomplished ? 5

7. What will be the effect of nonsymmetriecg|
loading on a linear tank circuit ?




CHAPTER 9
PROPAGATION AND ANTENNAS

79. Introduction

a. Flield Relationships. Tomake eflicient use of
radio equipment in the frequency range from 30
to 1,000 me, it is necessary to understand the natu-
ral })ln(%lmllmim that influence the propagation of
radio waves at these frequencies. The :ll'e(:ts of
t.,he ui‘mo.s])hvm and the surface of the earth on
:fl'.(‘quon('ws above approximately 30 me vary with
climate, terrain, geographical location freq'uoncv
and chvr conditions. In any r;ulio, wave t]‘1(3
electric and magnetic fields are at exactly :; 90°
angle to each other, and both are also at a 90°
ung]('*, to the direction of wave motion. This basic
physical relationship in space is shown in fiu'lil'o
102. : A train of radio waves is illustrated mov-
ing from left to right across the field of view of
the observer. If all points of identical phase in a
selected wave could be made visible at a given
instant, they would be seen to form a Sll:'l’n('e
curved on a radius centered on the antenna.
When the antenna is at a considerable distance
from F]le observing point, and the portion of such
a Sm‘i‘:u:e of identical phase considered is small
in relation to the distance to the antenna, the
cnrv:l.i‘m'e of the surface may be neglected for
practical purposes. This means that a given
amall area of such an equiphase surface can l):r(*])—
resented as a plane surface.

b. Radio-wave Representation. A single com-
plete wave occupies the space between A and A,
and several equiphase planes within the wave are
shown.  Solid vertical lines represent the lines of
force in the electrical field, and dotted horizontal
lines are used for the force lines in the magnetic
ﬁe]d.. In each equiphase plane, the weight of the
lines indicates the intensity of the olm-h:c field 1n
l‘hut.phum. Thus, in planes 2, D, and B, thé field
has its greatest intensity, and in planes A, ¢, and
A 4, the field strength is zero. This is ShO/\\’II, also
by the background shading, which is heaviest in
the planes of greatest instantaneous field strength,

and on the graph of field intensity above the pic-
torial view. Only a small area of each equi-
phase plane in the advancing wave is shown filled
in with force lines. This is necessary to prevent
confusion, but the lines should be imagined as ex-
tending to considerable distances, both vertically
and horizontally.

¢. Polarization.
be polarized in the plane of the electric field lines.
The choice of vertical or horizontal polarization
is governed by such factors as the extent and direc-
tion of the area it is desired to cover from a given
For example, if it is de-

A radio wave is considered to

transmitting antenna.
sirable to radiate the waves in all horizontal direc-
tions from the transmitting point, a simple half-
wave dipole mounted with its axis vertical is often
Such a vertically polarized antenna

<

chosen.
radiates equally well in all horizontal directions.

It also radiates upward sufliciently to communi-
ate satisfactorily with aircraft, excepting for a
«mall area dirvectly above the antenna. In actual
radio communication, the plane of polarization
of the received radio wave at any given point may
differ somewhat from that at the transmitting
antenna. This is because of the effects of reflec-
tion from the ground and surfaces such as water
tanks and buildings. It also is possible to radiate
elliptically po]:uized adio waves from special
antennas, In such waves, the plane of polariza-
tion rotates as the wave advances. At present,
such waves are used almost entirely in experi-

mental work.

80. Propagation of Direct, Sky, and Ground
Waves

. General. Tn considering propagation in the
30- to 1,000-me band, only the direct-wave mode
of propagation is effective at all times. The direct
wave is defined as that part of the radiated energy
that travels directly from the transmitting an-
tenna to the receiving antenna, without being re-
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turned from the ionosphere above or reflected from
the surface of the earth or objects on or above it.
Sky propagation and ground-wave propagation,
.\ which account for the long distances covered by
. radio waves on lower frequencies, become less
effective as the frequency is raised above 30 me.
At frequencies of 100 me and above, they are of
Jittle practical use, except under unusual circum-
stances.

b. Propagation. Figure 103 shows the portions
of the radiated wave in the sky wave, the reflected
wave, and the direct wave, also called the space
wave. The sky wave is considered to be that por-
tion of the radiated wave that reaches the receiv-
ing antenna after being deflected downward from
its original direction. This wave becomes very
weak as the frequency is increased, as shown by
the dotted line. At 30 me and above, most of the

IONOSPHERE

DIRECT WAVE\

L

beyond the horizon that it is useless for practical
purposes. Because of these conditions, sky and
ground waves are relatively unimportant in this
frequency range most of the time.

¢. Reception. The radio energy intercepted by
a receiving antenna, located relatively near but
above the surface of the earth, is actually the 7e-
sultant of the direct and reflected waves that reach
that point. The reflected wave is almost always
the weaker of the two, because of some absorption
and scattering at the reflecting point. As a result,
the actual strength of the signal generated in the
receiving antenna may be either stronger or weak-
er than that which would be produced by the
direct wave alone, the strength of the signal de-
pending on the phase relationship between the
divect and reflected waves at the antenna. The re-
flected wave is usually weaker, and the two waves

REFLECTED WAVE

T™ 667-92

Figure 103. Direct, sky, and reflected waves.

energy radiated passes through the ionosphere
with only slight downward bending, excepting
under unusual ionospheric conditions. Ground-
wave propagation, strictly speaking, refers to the
part of the radiated energy that moves along the
surface of the earth at and closely above the
boundary between the surface and the air above
it. At frequencies below 3 me, the ground wave
(sometimes called the surface, or surface-guided
wave) is strong enough to permit communication
at distances far beyond the optical horizon. At
the higher frequencies, however, the attenuation
of the ground wave is great, and the true ground
or surface wave decreases in strength so rapidly

ancel each other completely, even
xactly out of phase at thg re-
Because of the relative inef-
fectiveness of sky-wave and ground-wave propa-
1 the vhf and uhf bands, only those points
he surface of the earth that can pe
reached by the direct wave are 13(\)1'111;1?137 \‘\:11th1£1
effective communi ation range. lll'e g?]}eld 64-
foct on communications can be seen in figure 19
The aircraft at C and the antenna on the tow ‘el
at B receive good signals, but the jeep at D re-
ceives only a very weak ground-wave signal. :
d. Radio Iorizon. Since all 0]vctl'on.m;zn.etqc
aight lines in free space, 1t might

seldom will ¢
when they are e
ceiving antenna.

gation i
on or above t

waves move in st
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Pigure 10} Practical propagation at vhj.

seem at first that communication beyond the range
at which the receiving antenna actually can be
seen from the transmitting antenna would be im-
possible. Experiment has shown that this it l'l()l;
true. The actual range beyond true optical line
of sight is rather limited in the vhf and uht bands,
except under unusual atmospheric conditions.
For this reason, radio waves above 30 me often
are referred to as quasioptical, to indicate that
they behave similarly to light waves. Since radio
waves in this frequency range do behave similarly
to light waves, their propagation characteristics
are often called line-of-sight transmission and re-
ception. Actually, the radio horizon is somewhat
beyond the optical horizon under normal condli-
tions of the lower part of the atmosphere, which
is called the troposphere. If the earth is con-
sidered to have a radius about 1.33 times as great
as its actual radius, a straight line drawn from
the transmitting antenna to the visible ]101'i7,01'1 of
this larger earth will indicate the true radio ln.]e—
of-sight distance. The difference in the behqur
of light, and that of radio waves in this band, 1s
due almost entirely to the difference in wave-
length.

e. Practical Range of Communication. With
reasonable antenna heights at the transmitter and
receiver, and transmitters of 50 to 100 watts, re-
liable communication by a-m (amplitude-mod-
ulated) radio telephone can be had at distances up
to 100 miles. This rough estimate of distance is
for average rolling country during normal tropo-
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spheric conditions, and may be modified greatly
by other factors. With greater antenna heights at
one or both ends of the link, or with greater trans.
mitter power, the reliable communication distance
can be increased somewhat. Because the terrain
varies greatly in different localities, and the radig
equipment available for use is of many types, it
is beyond the scope of this manual to ut‘tmnpﬁ a
description of the performance to be expected
when all these factors are varied.

81. Reflection of Radio Waves

a. General.  Reflection of radio waves in this
frequency range occurs by the same process ag at
lower frequencies. When electromagnetie waves
of any frequency encounter an object of different
conductivity and/or dielectric constant from that
of the medium in which they are moving, some of
the energy will be reflected. The degree of re-
flection will depend on the conductivity and qie-
lectric constant of the obstacle and its physical size
as compared with the wavelength. The better the
conductivity of the reflecting object, or the areater
the dielectric constant, the more vﬂ'octivo]y 1t will
reflect radiation of a given wavelength, Also,
large objects of a given material reflect better than
small ones. Objects of a half-wavelength or exaet
multiples of a half-wavelength, in the plane of po-
larization of the radio waves, reflect more effec-
tively than those of other dimensions. Objects of
less than one-fifth wavelength act rather to scat-



ter the radiation over a large angle than to reflect
it in a given direction.
b. Ground Reflection Effects.

(1) One of the most important effects is that
produced by radio waves reflected from
the ground after leaving the transmitting
antenna. The paths followed by the di-
rect and reflected energy traveling be-
tween two antennas relatively near a
plane reflecting surface are shown in fig-
ure 105.

(2) It can be seen that, for the conditions
given, R is the only point on the surface
from which reflected energy can reach
antenna B from antenna A. Waves re-
flected from M and N do not pass through
B, and would not produce any effect in an
antenna located there. However, with
antenna B located at any other point
above the surface of the earth, there will
always be some point on the surface
from which it can be reached by reflected

(3)

changes. The over-all effect of this com-
bining of direct and reflected energy is to
produce a pattern of alternate lobes of
reinforcement and cancellation in the
whole region above the reflecting surface.
Figure 106 shows a cross section of the
lobe structure, with the dotted lines
drawn throuOh points of maximum and
minimum field strength.
The curvature of the earth modifies the
lobe pattern only slightly, because the
radius of the earth is large in relation to
the distance being considered. However,
the effects of ground-surface irregulari-
ties are considerable, because they are
approximately of the same magnitude as,
or larger than the wavelengths of radio
raves within this frequency band. The
over-all result is that, even over fairly
smooth terrain, the lobe structure of
maximum and minimum signals is usual-
ly rather broken up. The differences in

waves. The phase relationship between
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Figure 105.

the direct wave arriving along path A-B
and the reflected wave arriving along
path A-R-B, is dependent on the differ-
ence in length of the paths A-B and
A-R-B, the polarization, and the amount
of phase shift that occurs at the reflect-
ing point. The difference in path length
will vary as the relative location of the
antennas is changed in respect to the sur-
face of the earth, and the phase shift at
the reflection point will vary also as the
angle of incidence and/or the conductivi-
ty and dielectric constant of the surface

221643°—b52——8

Dircet and reflected waves above planc-reflecting surface.

amplitude between maximum and mini-
mum signal strength points are a great
deal less than they would be over a per-
fectly regular, smooth surface. However,
there is enough of the lobe structure effect
to show up as considerable variations in
received signal strength in an aireraft fly-
ing a straight course toward a distant
transmitting antenna. As it approaches
the transmitting antenna at a constant
altitude, there will be alternate regions
of maximum and minimum signal
strength. Figure 107 shows a three-di-
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igure 106.  Lobe structure of radiated field.

mensional view of the lobe structure, as the interference thus produced can pe
it would be radiated from a directional serious. In receiving television signals,
antenna. The shape and depth of the mulllp.lth reception produces a (-‘]1()St
lobes have been idealized as they would image or images displaced to the right of
exist over very smooth terrain, in order the main image on the face of the kine-
to show the effect. scope.

(4) Reflections from objects of good conduc- (5) The amount of displacement for o given
tivity are particularly strong, and since difference in path length depends on the
many of the works of men are metallic, size of the television screen. Fop ex.
reflections from them often are trouble- ample, on a 16-inch \uvcn the displace-
some. Whenever the waves of the de- ment will be about 1 inch for g path-
sired signal reach the receiving antenna length difference of 1 000 yards.  Figure
over paths of different lengths, there is 108 illustrates the principle and the ef-
the possibility of multipath interference. fect in the picture. The effects in pe.
Obviously, when the difference in path ceiving aural programs are just as un-
length is great enough, the receiver re- desirable. Distortion and mnntolhn,]nl_
ceives two signal impulses carrying the ity result if the interfering wllocte(l sig-
same information, but separated by a nal is strong, and the time (llﬁ'menge is
short time interval. If the two signals more than a hundredth of a secon(., Mul-
are of approximately the same amplitude, tipath interference caused by reflected
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Figure 107. Practical effects of lobe structure.
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Figure 108.

signal energy is most likely to be serious
in an area where there are large struc-
tures of metal. Interference can occur
also in hilly or mountainous terrain, par-
ticularly if the transmitting antenna is
on a peak, and the receivers are not in a
position to pick up a strong direct signal.
(6) The phenomenon of reflection is made use
of in directional antennas, where addi-
tional antenna elements are mounted in
such a physical relationship to the actual
radiating element, usually a dipole, that
the reflected energy acts to reinforce the
dipole radiation in a desired direction.

Many antennas using parasitic elements
depend on this principle for at least a
part of their directivity. When objects
are small in proportion to the wavelength
of the radiation, the effect is to scatter
the reflected energy with nonuniform dis-
tribution over a very wide solid angle
approaching 360°. The amount of ener-
gy reflected to any given point from such
obstacles is small, and usually not im-
portant. The reflection of radio waves
from relatively sharp discontinuities in
the dielectric constant of the atmosphere
can take place at boundaries between air
masses of different characteristics, or
from strongly ionized parts of the aurora
borealis or of the E layer of the iono-
sphere. Reflections of this sort sometimes
return signal energy that ordinarily
would escape into outer space to the sur-
face of the earth at points several hun-
dreds or even thousands of miles distant,
for relatively short, erratic periods. The
effect decreases with increasing frequen-
¢y, and is seldom of any importance above
300 me. Many f-m broadcasting stations
in the United States, on frequencies near
100 me, have been received for short pe-
riods in Australia.

82. Diffraction of Radio Waves

a. Diffraction is the phenomenon by means of
which waves are bent around obstacles in the path
of their motion. Most material objects offer some
impedance to the passage of radio waves, either
by attenuating, reflecting, or scattering the wave
in new directions. Diffraction causes some of that
portion of the wave just grazing the edges of the
radio-shadow region behind the obstacle. Figure
109 shows the effects of diffraction of two differ-
ent wavelengths.

b. Long waves are diffracted more around an
obstacle of given size than shorter waves, as shown
in A and B, where the actual amount of diffrac-
tion of both wavelengths is exaggerated for
clavity. The strength of the diffracted wave
drops very rapidly as the shadow zone is entered.
This would make reception practically impossible
in the shadow area behind large obstacles if the
effects of reflection did not act to modify the re-
sult. Actually, some energy is reflected into the
shadow area from other obstacles in the path of
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Figure 109. Diffraction of different wavelengths.

the radiated waves, thus minimizing dead spots.
When the size of the obstacle is Jarge compared
with the wavelength of the radio waves, the
shadowing effect may make reception from certain
directions difficult or impossible.

—

e T —

Pigure 110,  Diffraction of waves around the surface of the earth.

110

¢. The main obstacle that must be considered for
radio waves in this frequency range is the earth
itself and the irregularities of its surface. The
effect of the surface curvature can be seen in figure
110. The transmitting antenna is mounted on the
tower at A, and the optical line of sight is A-W-X.
The only receiving antennas beyond point W that
can receive undiffracted radiation are those
mounted high enough to be above the line of sight,
such as the antenna at B, or in the airceraft at P.
[However, the part of the radiated wave grazing
the surface of the earth at W is diffracted down-
ward, as indicated by the dotted lines, W-Y, and
W-Z. The longer the wavelength, the greater the
diffraction; propagated
along line A-W-Z would result from a longer
racdiated wavelength than that along line A-W-Y,
other things being equal. This slight bending
around the curve of the earth or over the larger
topographical features of its surface is probably
the most important effect that diffraction has on
radio waves in this frequency range. The net ef-
fect of diffraction is to extend the actual distance
to which a signal can be propagated successfully
between antennas of given height. 3

therefore, the energy

d. Many natural obstacles on the surface of the
earth arve sufficiently large in relation to waves
from 10 meters (30 me) to .3 meter (1,000 me) in
this range to cast well defined radio shadows.
[Tills and mountains have strong shadowing
effects, as shown in figure 111.

e. In general, the sharper the peak of the o}-
struction, the more effective diflraction will be in
filling in the edge of the shadow area. In the
field, the effect of diffraction over such ridges
should be taken into account when sites for trans-

mitting and receiving equipment are chogen
el
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Figure 111.  Diffraction over mountain ridge.

However, the natural features of the earth vary
greatly in different localities, and only a few gen-
eral rules for selecting sites for radio equipment
operating in this frequency can be given. Iven
these must be used with caution, and tested by cut-
and-try experiment when the results obtained are
unsatisfactory. The following points should be
taken into account:

(1) For maximum reliable range, erect the
transmitting antenna as high, and as far
removed from nearby objects, as possible.
This is particularly important in reach-
ing the low-lying areas of the surround-
ing country, such as the floors of canyons
and valleys.

(2) If an obstruction between transmitting
and receiving points prevents line-of-

LINE OF SIGHT

Figure 112.
sight communication, it is better to place
the receiving antenna away from the ob-
stacle than close to it, as seen from the
transmitting antenna. In figure 111, the
receiving antenna at B usually will re-
ceive more signal from transmitter T
than will an identical antenna installed at
A, if both antennas are at about the same
actual altitude.

(3) When it is impossible to site the receiving
antenna at a favorable point, such as B or
C, it may be practicable to use a direc-
tional receiving antenna pointed toward
some reflecting object that receives a
strong signal. This possibility is illus-
trated in figure 112.

83. Refraction

a. General. When a radio wave crosses a
boundary between the two media having different
dielectric constants, the direction of motion of the
wave front is altered unless it strikes the boundary
at exactly a 90° angle. This change of direction is
called refraction. The angle of incidence of the
wave on the boundary surface and the difference
in dielectric constant of the two media govern the
amount of this refractive bending of the wave
path.

b. Refractive Indew. The index of refraction
of any medium is defined as the ratio of the
velocity of light in the medium, and its velocity in

a vacuum. The dielectric constant of the medium

REFLECTED
SIGNAL

TM 667-902

Receiving signal by reflection.

has a direct effect on the speed of propagation of
electromagnetic waves moving through it, and
consequently is connected directly with the phe-
nomenon of refraction.

(1) In considering the effects of atmospheric
refraction on radio waves in the 30- to
1,000-me band, an understanding of the
conditions in the first few thousand feet
above the ground is important. Air is
compressible, and the weight of the at-
mosphere above causes the air to increase
in density as the surface is approached.
Also, air near the surface usually con-
tains more water vapor than air at higher
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altitudes, because of evaporation from
vegetation and the surfaces of bodies of
water. Both of these conditions cause
the dielectric constant to be greater near
the ground, and decrease gradually with
increasing altitude. As a result, the re-
fractive index also is greater near the
ground, and decreases with increasing al-
titude under normal conditions. The
change in refractive index is not extreme-
]y large, but it is enough to cause radio

‘aves propagated horizontally to be bent
dO\\'n\\'ard slightly.  The amount of
bending is proportional to the rate of
change of vefractive index with height,

/—i

e i
REFRACTIVE
INDEX

(2) Unfortunately, standard atmosphere con-
ditions do not occur for more than a few
hours with any great degree of regular-
ity. because the gradient of refractive in-
dex is controlled by local weather and
climatic conditions. The gradients of
temperature, pressure, and humidity in
the first few thousand feet of the atmos-
phere all affect the refractive index. Pro-
diction of these conditions and their
over-all effect on the refractive index
gradient is difficult or impossible except
in a few locations.

c. Types of Refractive Index Gradient Oonds-
tions. In the graphs of figure 114, the slope of

STANDARD ATMOSPHERE

PATH OF WAVE
T™ 667-96

Bigure 113. Normal downward bending.

which is referred to as the refractive
index gradient. This effect adds to the
downward bending because of diffraction,
and extends the expected communica-
tion range somewhat farther than the
optical horizon. The total effect when
the index of refraction diminishes
smoothly with altitude is to extend the
actual radio horizon to where the optical
horizon would be if the radius of the
earth were increased by one-third. Fig-
ure 113 illustrates the bending of the
wave path under the standard atmos-
phere condition.

the refractive index is plotted against height fop
four different atmospheric conditions. This metf.-
od of plotting shows the actual direction of index
change, which decreases gradually witl height
under normal conditions. When other methods
of plotting are used for special purposes, the graph
is called a modified index plot.

(1) In A of figure 114, the standard atmos-
phere condition is shown, with horizon-
tally propagated waves bent downward
somewhat less than the curvature of the
surface of the earth. The density of the
shading in the corresponding sketch of
the earth profile also illustrates the e gra-
dient of refractive index




(2) In B of figure 114, the refractive index
gradient is considerably steeper below
1.100 feet, which causes the condition
called a surface duct. When this con-
dition exists, radio waves of appropriate
length propagated horizontally from an
antenna located within or closely above
the affected air layer will be refracted
downward more than the normal amount,
and thus will reach points on the surface
well beyond the usual range. When this
eflect is rather strong, it is called trap-
ping, because the waves are at least par-
tially trapped in the layer of abnormal
refractive index gradient. In fact, such
a layer may be considered to act some-
what as a wave guide with a leaky sur-
face when the departure of the gradient
from the standard condition is large.
The greater the vertical thickness of the
layer or duct, the longer the wavelength
of radiation that will be trapped.

(8) C of figure 114, illustrates an elevated
duct condition, in which the slope of re-
fractive index approximates the standard
value of the surface, but increases at
about 700 feet, and returns to the stand-
ard slope at about 1.200 feet. Under such
conditions radio waves propagated hori-
zontally from antennas positioned below,
in, or close above the duct layer will be
at least partially trapped in the layer.
A receiving antenna well beyond the
normal range may pick up a relatively
strong signal, if it is at an altitude be-
tween the upper and lower limits of the
duct.  An antenna at the same location
either above or below the boundary sur-
faces of the duct will receive less energy
than the same antenna sited within the
duct.

d. Substandard Layer. An opposite condition
to that of a surface duct is shown in D of figure
114. The slope of the line indicates that the
index is substantially constant, or perhaps even
increases slightly with height. Such a layer
sometimes is called a substandard layer. Hori-
zontal propagation in a substandard layer tends
to move more nearly tangent to the curve of the
earth’s surface than under standard conditions. or
perhaps even to be refracted upward slightly.
The effect is to shorten the range of successful

propagation between antennas positioned below

the top of the layer, but there is little effect on
expected range between antennas above it.  Only
those radio waves in the 30- to 1,000-me range are
likely to be heavily trapped, except in a few locali-
ties where unusually thick duct layers occur.
Table ITT shows the approximate relationship be-
tween duct thickness and the maximum wave-
length that will be heavily t apped, when the duct
is well established.

Table [11. Duct Heights and Wavelengths

Duet height Wavelength
(T et SR S e e 0.1 meter.
120 eeterst ol sl S S0 o o e 0.3 meter.
1 meter.

Ot e e N B R S
GO0 Eat i S s e s
9000 eel n o mem oo s ome=ions

3 meters.
10 meters.

e. Trapping. Trapping extends the possible
communication range most when both transmit-
ting and receiving antennas are within the duct,
but still has some effect when either antenna or
both antennas are above, but fairly near the upper
al effect for antennas sited at
t to the duct are shown

surface. The gener
various heights in respec
in figure 115.

f. Climatic Conditions.
calities already are known to favor duct forma-
tion during portions of the year because of l(_)':ll
The Mediterranean Sea,
as

Some geographical lo-

climatic conditions.
Persian Gulf, and Northern Indian Ocean are
¢ formations during certain sea-

show strong duc
he Pacific Ocean also de-

sons, and many parts of t : :
velop duets frequently. Asa specific example of
an extreme effect, a 200-me radar at Bombay,
India, during World War 11, observed points on
the Arabian coast regularly during the period
from February to May inclusive, at ranges up to
1700 miles. In general, ducts seem to occur most
) 0 o) ! ¢
frequently in any Jocality during the hot months,
permit the atmosphere near

under conditions that
study

the surface to become stratified. Scientific
of the conditions that produce ducts has not yet
made possible accurate prediction of duct oceur-
rence or effects, excepting in a few localities.
However, measurements of the temperature, pres-
sure. and humidity gradients in the lowest two
or three thousand feet of the atmosphere at any
location make possible reasonably accurate com-
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putation of the existence, intensity, and extent of
duet formation.

84. Attenuation, Fading, and Noise

a. Radio waves in this frequency range are at-
tenuated little by the atmosphere in passing
through it between the transmitting and receiving
antennas. However, the effects of heavy vegeta-
tion can cause serious attenuation, even over rela-
tively short distances. In heavy jungle or forest,
unless one antenna or both antennas can be
mounted well above the top of the general level
of growth, the communication range is reduced
drastically. In dense, heavily foliaged, moist,
tropical rain forest, for instance, the maximum
dependable range for field equipment of moderate
power may be as little as 14 mile. This degree of
attenuation can occur even at 30 me and lower
frequencies, and becomes more serious with in-
creasing frequency.

b. Fading at distances up to slightly less than
the optical horizon is relatively unimportant for
this band of frequencies. However, at and beyond
the optical horizon, in the region where diffraction
and refraction effects are important, severe rapid
fading can occur. The effect is caused partly by
interference between components of the received
signal arriving over paths of slightly different
lengths, and small instantaneous variations in re-
fractive index which result from atmospheric tur-
bulence. The rapidity and depth of such fading
increase somewhat with frequency. The effects
can be minimized by the use of diversity reception
and similar techniques.

¢. Steady atmospheric noise is low even at the
lower limit of the fl'oquenvy band, and declines
steadily as the frequency is raised. Noise caused
by severe electrical storms near the receiving loca-
tion may reduce civeuit effectiveness at frequencies
up to 70 or 80 me, but even their effects decline
rapidly with frequency. Electrical noise gen-
erated by the sun and stars (called stellar noise)
also has some effect within this frequency range,
but its average level is such that it is masked by
the effects of atmospheric noise below 10 me.  In
the region from 30 to 300 me, this noise can be
heard in very quiet receivers as a rather weak,
smooth hiss resembling the internally generated
noise of the set. The noise in the receiver input
circuits begins to override the stellar noise in the
300-me region for even the quietest receivers, un-
less extremely high-gain antennas are used.
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Noise from electrical devices such as power tools,
razors, diathermy equipment, and vehicle ignition
systems is a much more serious limiting factor in
many localities. This is a high-amplitude im-
pulse noise, with very steep wave fronts, that
tends to shock-excite sharply tuned receiver cir-
cuits. The resulting interference to communica-
tion circuits can be severe up to 200 or 300 me, but
declines as the frequency is increased. In areas
subject to such noise, peak-clipping noise limiters
in receiving equipment have proved effective in
minimizing its actual effects on circuit communi-
cation efficiency.

85. Antennas

a. Practical antennas used in the 30- to 1,000-me
range have the identical electrical principles of
antennas at lower frequencies. The effective
power gain in the desived direction usually is ob-
tained by one or more parasitic, or suitably i)hz\%d,
driven elements. The principal differences be-
tween antennas for this range and those used at
lower frequencies is caused by the shorter wave-
lengths. Since there is a direct relationship be-
tween wavelength and the physical length and
spacing of antenna elements, multielement anten-
nas of large, effective, signal-gathering area and
high directivity are physically practicable in this
part of the frequency spectrum.

Above approximately 100 me, corner refloc-
tors can be used, and at about 400 me the wave-
length is such that even a parabolic reflector ex-
cited by a dipole at the focal ])()int becomes prac:
ticable. In the remaining region, up to 1,000 ne,
the use of the parabolic reflector for permanent,
point-to-point installations and arrays of stacked
rhombic or Yagi antennas become effective,
Figure 116 shows typical antennas for use in the
30- to 1,000-me frequency band.

. The reciprocity principle, which shows that
(Iw gain and directivity of an antenna are the
same when either transmitting or receiving, ap-
plies to this and all other parts of the frequency
spectrum. The net result of the shortness of wave-
Jlengths in the 30- to 1000-me band is to make phy-
sically practicable antennas of such high direc-
tivity and power gain that equipment of low to
moderate power can provide reliable communica-
tion or other service at ranges of from 100 to 300
miles, depending on atmospheric conditions, lo-
cation, coverage pattern, and similar factors. The
high directivity possible also aids in obtaining
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reasonable secrecy and security, makes rather ac-
curate direction-finding possible, and aids in
overcoming the effects of noise, interference, and
fading.

86. Summary

a. The effects of the atmosphere and the surface
of the earth on the propagation of frequencies
'flbm'c 30 me vary with climate, terrain, geograph-
ical location, frequency, and other conditions.

b. In any radio wave, the electric and magnetic
fields are at exactly a 90° angle to each othel;, and
both are also at a 90° angle to the direction of
motion.

c. A vertically polarized antenna radiates equal-
ly well in all horizontal directions.
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4. The direct wave is defined as that part of the
radiated energy that travels dirvectly from the
{ransmitting antenna to the receiving antenna,
without being returned from the ionosphere above,
or reflected from the surface of the earth, or ob-
jects above it or on it.

¢. At the higher frequencies, the attenuation of
the ground wave is great, and the true ground or
surface wave decreases in strength so rapidly be-
yond the horizon that it is useless for practical
purposes.

7. It the earth is considered to have a radius
of 1.33 times its actual radius, a straight line
drawn from the transmitting antenna to the visi-
ble horizon of this larger earth will indicate the
true radio line-of-sight distance.
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9. When electromagnetic waves of any fre-
quency encounter an object of different condue-
tivity and/or dielectric constant from that of the
medium in which they are moving, some of the
energy will be reflected.

h. The better the conductivity of the reflecting
object, or the greater the dielectric constant, the
more effectively it will reflect radiation of a given
wavelength,

i. When objects are small in proportion to the
wavelength of the radiation, the effect is to scatter
the reflected energy with nonuniform distribution
over a wide angle approaching 360°.

j- Reflection of radio waves from relatively
sharp discontinuities in the dielectric constant of
the atmosphere can take place at boundaries be-
tween air masses of different characteristics, or
from strongly ionized parts of the aurora borealis,
or of the F layer of the ionosphere.

k. Diffraction is the phenomenon by means of
which waves are bent around obstacles in the path
of their motion.

[. When a radio wave crosses a boundary be-
tween two media having different dielectric con-
stants, the direction of motion of the wave front
is altered unless it strikes the boundary at exactly
a 90¢ angle. This change of direction is called
refraction.

m. The index of refraction of any medium is
defined as the ratio of the velocity of light in the
medium, and its velocity in a vacuum.

n. At and beyond the optical horizon, severe
rapid fading caused by interference between com-
ponents of the received signal arriving over paths
of slightly different length can occur, as well as
small instantaneous variations in refractive index
which result, from atmospheric turbulence.

0. Steady atmospheric noise is low even at the
lower limit of the frequency band, and declines
steadily as the frequency increases.

118

p. Because there is a direct relationship between
wavelength and the physical length and spacing
of anitenna elements, multielement antennas of
large, effective, signal-gathering area and high
directivity are physically practicable at the higher
frequencies.

¢. The reciprocity principle, which shows that
the gain and directivity of an antenna are the same
when either transmitting or receiving, applies to
all parts of the frequency spectrum.

87. Review Questions

a. Why may the plane of polarization of the
received radio wave at any given point differ
somewhat from the polarization at the transmit-
ting antenna?

b. What is meant by space wave? By surface
wave ?

¢. What does the degree of reflection of high-
frequency radio waves depend on ?

d. What is the effect of ground reflection ?

¢. How does the directional antenna make use
of the reflection phenomenon ?

/. What is diffraction?

g. What are the effects of diffraction on the
propagated wave?

h. What is refraction?

7. What governs the amount of refractive bend-
ing of the wave path?

4. Define the index of refraction of any medium.

. What are some of the factors affecting the
refractive index?

7. What is meant by duct transmission ?

m. What is a substandard layer?

n. At what time of the year do duct formations
generally occur?

0. What are the advantages of a highly diree-
tional antenna?

p. Why are parabolic reflectors used in the
higher frequency ranges?



CHAPTER 10
HIGH-FREQUENCY RADIO-COMMUNICATIONS SET

88. System Requirements

a. General. Progress in the field of radio com-
munications has reached a point where the equip-
ment is designed with a specific group of per-
formance characteristics in mind. This is partic-
u]:}‘r]y true in military equipment, where many re-
guirements are severe. This tendency toward
specialization leads to some confusion in consider-
ing the many sizes and types of equipment classed
as radio sets. Kach radio set, or group of pieces
classed as such, has as its main function the com-
munication of information from one place to an-
other by means of radio waves. The information
to be transmitted may be human speech, meter
readings, the presence or absence of an object (as
in radar), or any kind of information that can
be converted into equivalent electrical impulses.
Practically any data can be converted directly or
indirectly into electrical impulses. These im-
pulses can be transmitted from place to place by
means of radio waves, and reconverted into a
nearly perfect replica of the original data. The
Find of information to be transmitted affects the
design of the radio-frequency equipment in the
system very little, but the quantity of informa-
tion to be transmitted in a given unit of time is an
important factor. The amount of information or
data to be transmitted through the system in a
given time unit—say 1 second—is limited directly
by the bandwidth of the whole system and the
amplitude range it can handle. The amplitude
range is limited by the maximum power capabil-
ity of the equipment and the unavoidable noise
level. The quantity of information to be carried
during a given time unit is one of the fundamental
considerations that affect all the practical prob-
lems of radio-equipment design. For example, a
bandwidth of 6 me is required to transmit a suffi-
cient quantity of information per unit of time for
a reasonably good television picture. On the
other hand, a bandwidth of 3 ke is suflicient to per-

mit effective speech transmission, and a band-
width of only a few hundred cycles is enough for
high-speed radio telegraphy.

b. Practical Factors. The required bandwidth
affects equipment design, no matter how compo-
nents are improved, or what the propagation con-
ditions may be. The limitations and the large
number of practical performance factors needed
in the many different uses of radio tend to over-
shadow the importance of bandwidth. Some ?f
the more important practi .l considerations In
military applications of radio are as follows:

(1) Maximum range over which reliable
communication must be maintained.

(2) Radiation pattern desired : directional or
nondirectional.

(8) Permissible size, weight, and power drain
of equipment.

(4) Service conditions, such as fixed or mobile
station, and climatic conditions expected.

(5) Operational life expectancy required.

(6) Reliability.

¢. Effects of Practical Factors.
these widely varying requirements make neces-
Consider, for

The effects of

sary a wide variety of radio sets.
example, two widely different applications of
radio quipment, such as a proximity fuse and a
radio-telegraph transmitter for long-distance,
point-to-point communication. The size, weight,
and power drain of a proximity fuse are obviously
limited, and the service life need be only seconds,
whereas the large transmitter will be expected to
function for many years with normal maintenance.

89. Basic Units and Functions

. Transmitter-Equipment Functions. The in.
formation to be transmitted through the system
shown in figure 117 is applied first to the trans-
ducer unit, which translates the information into
an electrical impulse that is proportional in some
way to the data. Ina radio-telephone transmitter,
for example, the transducer is a microphone which
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converts the sound waves produced by the voice
of the operator into an electrical signal. 1In a
radio set used for telemetering, the transducer
might be a temperature or strain gage mounted in
a guided missile which converts a temperature
change or mechanical strain into an electrical sig-
nal. Whatever the transducing device used, its
electrical output is applied to another part of the
transmitter where it is caused to vary the radio-
frequency output with the variations of the data.
This process actually takes place in one of the
radio-frequency amplifying stages of the trans-
mitter. IHowever, the actual power produced by
the transducer is seldom great enough fully to
modulate the radio-frequency output of the trans-
mitter. For this reason, the transducer output is
amplified first to the required power level, and
the output is applied to an r-f amplifier stage,
where the modulation process takes place. The
power amplifier that actually supplies the ampli-
fied signal from the transducer to the r-f ampli-
fier is called the modulator. The modulation
method may vary the amplitude or frequency of
the r-f output power of the transmitter with the
variations of the data applied to the transducer,
or it may be a form of pulse modulation, in which
the spacing or amplitude of a series of pulses is
saused to vary with the applied data. The essen-
tial part of the process is the variation of the r-f
output in accordance with the data to be trans-
mitted. The source of the radio frequency (the
oscillator) may be modulated dirvectly. However,
the oscillator frequency usually is amplified fur-
ther and/or multiplied several times, and then
applied to a power amplifier. The modulating
signal actually may be with the carrier in any
r-f stage, depending on the system of modulation
chosen. The function of the transmitting anten-
na is to radiate the modulated r-f power to the de-
sived receiving points.

b. Receiver-Kquipment Functions. In the re-
ceiver, the opposite process takes place. The an-
tenna collects some of the energy radiated from
the distant transmitting antenna, and produces
a radio-frequency current in the antenna that ex-
actly resembles the vastly stronger current flowing
i the transmitting antenna. The relatively fee-
ble r-f current from the receiving antenna is
amplified in suitable amplifying stages that are
also selective. It then is demodulated in a stage
that reverses the process of the transmitter, and
vields an electrical signal similar to the output
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igure 117. Block diagram of « basic transmitter
and receiver.

of the transducer at the transmitter. This data-
bearing signal then is applied to a suitable trans-
ducer, either directly or after further amplifica-
tion, and the original data are reproduced in some
desired form. In a radio-telephone circuit, the
transducer at the receiver may be a loudspeaker
or headphones, which recreate the sounds entering
the microphone at the transmitting end. The
data-bearing signal can just as easily operate some
other sort of transducer, such as a recording-
machine cutting head. This great flexibility is
one of the many reasons that radio communication
is such a powerful aid to military operations.

90. Typical Radio Set

A transmitter and receiver housed in separate
weatherproof cabinets, together with their power
supplies and spares, are shown in figure 118, The
basic function of this equipment is to transmit
and receive voice and tone-modulated signals
across stretches of terrain where the st ringing of
wire telephone lines is not feasible. In such serv-
ice, the equipment is required to be in continuous
operation for long periods with relatively little
attention. Because of this, the transmitter and
receiver are of rugged design, both electrically
and mechanically, to insure stability and depend-
ability. The weatherproof cabinets provide good
mechanical protection, and a heating unit is in-



cluded in each, to keep the interiors warm and dry.
In the type of service for which this equipment
is designed, the signal coming in through the re-
ceiver is amplified, demodulated, and applied to
the transmitter as a modulating signal. The
power output of the transmitter is radiated from
the transmitting antenna toward the next relay
point, where a similar set rvepeats the process.
Thus the whole set functions essentially like a
repeater amplifier in a telephone line, to reamplify
and pass on whatever information is supplied to
it in the received signal. Unlike an actual re-
peater, however, it can handle a signal in only one
direction. To permit operation in both direc-
tions, a second unit is needed at each relay point.
This principle is illustrated in figure 119, which
is a block diagram of a two-way system with two
relay stations operating between terminals sepa-
rated by approximately 200 miles. The actual
distance spanned in a given relay depends on the
tery:lin. noise, interference, propagation charac-
teristics, and similar factors that must be deter-
mined by trial and ervor in the field. In general,
satisfactory operation over a distance between
relay points of line-of-sight distance plus about
].() percent can be expected under average condi-
t1ons. '

91. Transmitter Characteristics

a. Electrical Features. The transmitter, A of
figure 118, is an amplitude-modulated unit capable
of 25 watts of r-f power output on any one of sev-
eral frequencies between 132 and l:’).(i me. It s
C{')'s(‘:l]-(-()lll rolled by an oscillator operating at one-
eighteenth of the output frequency. The third
harmonic output of the oscillator stage is amplified
and multiplied in frequency by a tripler stage, and
applied to a push-push doubler stage, the output
of which drives the final amplifier. The oscillator
and following multiplier stages use 5763 miniature
pentodes, and the final amplifier is an 829B, as
shown in the block diagram of figure 120. The
fm(lio amplifier and modulator, as a result of us-
ing inverse feedback, are capable of fully modu-
lating the transmitter output with very low dis-
tortion. This is necessary in this equipment, be-
cause a band of audio frequencies from 250 to 12,-
000 eycles per second must be handled. This audio
bandwidth is required because, at maximum ca-
pacity, four actual speech channels are carried by
the system. The components forming the tuned
circuits in all stages of the transmitter are of the

lumped-property type: their efliciency at the high-
?S[ frequency involved is adequate, and stnbi]?ty
is assured by the use of crystal control and the
temperature and humidity control provided by the
closed cabinet and heating unit.

b. Mechanical Features. The various chassis of
the transmitter (A of fig. 118) are mounted ver-
tically on a supporting rack, which can be rotated
about a vertical axis on supporting bearings to
give access to power and control connectors in the
rear. The vertical position of the rack reduces
the floor space needed for the unit in indoor -
stallations, and supports the parts in a position
that makes maintenance and repair relatively easy.
It also permits good circulation of air within the
cabinet. This minimizes the danger of developing
local hot spots in the equipment during long
periods of continuous operation.  Cables for
power-supply voltages and input and output sig-
nals arve cut to lengths that permit turning the
rack for inspection and adjustment without shut-
ting down the equipment. The power output is
fed to the antenna through a coaxial-cable trans-
line, which passes through a weather-

mission
tieht packing gland in the top of the cabinet.

The transmitting antenna is mechanically rugged,
and can withstand wind pressures up to at least
100 miles an hour, and ice loading up to at least
14-inch thickness. The mechanical arrangement
of the antenna mounting brackets permits orient-
ing the unit for either horizontally or vertically
polarized radiation. The choice of the polariza-
tion plane usually is influenced by terrain and
propagation conditions, and the kind and amount
of noise and interference experienced.

92. Receiver Characteristics

a. Flectrical Features. The receiver is a single-
rheterodyne, similar in design to

conversion supe
frequencies below

communications receivers for
30 me. Its principal features can be seen in the
block diagram of figure 121. The signals inter-

cepted by the receiving antenna enter the cabinet

through ¢
coupled inductive
the r-f amplifier stage.
and other stages of the receiver are o f the lumped-
component, coil-and-capacitor type common at
30 me and below. At the highest operating fre-
quency of this radio set, such circuits are suffi-
ciently stable and efficient to justify their use.
The amplified signal from the r-f stage is mixed

. coaxial transmission line, and are
ly to the tuned-grid circuit of
The tuned circuits of this
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in the following stage with the local oscillator
signal, and converted to the intermediate fre-
quency, which is 6.8 me. The excellent frequency
stability of the receiver is due in large part to the
use of a relatively low-frequency ecrystal-con-
trolled oscillator, followed by ll'.ll)](“l' and doubler
stages. The i-f amplifier stages that follow the

TM 667-1004

Block diagram of radio relay systen.

mixer are similar to those found in any communi-
cations receiver. Remote cut-off pentode ampli-
fier tubes are used so that ave (automatic velume
control) can be applied effectively to all stages.
In equipment designed for long periods of opera-
tion with a minimum of attenuation, good ave ac-
tion is particularly important because of the large
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changes in level of the incoming signal produced
by changing propagation conditions and other
auses.  The only unusual feature of the ave cir-
cuit is the use of one triode unit of a 12A X7 tube
as a vacuum-tube voltmeter to indicate the
strength of the incoming signal.  Since the output
of the receiver is applied to modulate the trans-
mitter, it is necessary that the level of the modu-
lating signal be controlled carefully so that the
transmitter power will be fully modulated, but
not overmodulated. The detector and
amplifier stages of the receiver are similar to those
used in conventional receivers, except that some
extra steps have been taken to minimize distortion
by the use of negative feedback.

b. Mechamical Features. The receiver chassis
and power supply are mounted on a vertical rack
inside the cabinet. B of figure 118, shows the
location of the various units. This mounting
offers the same general advantages for mainte-
hance and adjustment as that of the transmitter.
The antenna and t -ansmission line arve also of the
same type used for the transmitter, and the same
mechanical considerations apply.

audio-

93. Over-all Design and Operating Con-
siderations

At the operating frequencies of the equipment,
maximum range is limited more by line-of-sight
propagation than by atmospheric noise and similar
factors. Since the sets are for point-to-point relay
operation rather than general coverage, corner-
reflector antennas, which are highly directional,
arve used. These provide adequate signals to the
receiving point, and eliminate the noise and in-
terference from other directions. The size, weight,
and power drain permissible are much greater
than for airborne equipment capable of the same
power. Because of this, the mechanical and elec-
trical design is rugged, and all units are operated
well below their maximum ratings. This is desir-
able, because service conditions may vary widely,
and the operational life should be reasonably long.
Since the equipment is required to operate for
relatively long periods with a minimum of atten-
tion, reliability based on stability and conserva-
tive operating voltages and currents has been
given careful attention.
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94. Summary

a. The main function of any radio set 1s the
transmission or reception of information by radio
waves. ‘

b. Since any information capable of being con-
verted into equival i i .

] uivalent electrical impulses can be
gransmitted and received, radio communication is
extremely flexible and versatile

I)l(xJ;_rn of practical radio equipment is gov-
e?ned by bandwidth, maximun range, permissible
70 v It ¢ - 3 1
size, \\.olghl, and power drain, service conditions,
l'd('ll;ll.l(.)ll pattern, operational life expectancy, and
reliability.

The basic units of a typical transmitter are:

(1) .A transducer unit, which converts the

Jn‘l(n'nml ion to be transmitted to an elec-
trical impulse which is in some way pro-
portional to the information itself.

(2) An amplifi

An amplifier-modulator s i i
nr stage vhie
the radio-frequenc r() o i “bf(h
] ' [uency energy is amplified
d]ll( varied by the output of the trans-
0 e LI P o0
ucer I a way that corresponds closely
to the variations of the data
3 Veril i o 4
(3) An oscillator, the source of the r-f power.

radiates the mod-

(4) An antenna, which
to the

ulated and amplified r-f energy
receiving point or points.

e. A typical receiver consists of

perform the same processes, but in reverse. The

basic units are—

(1) Selecting and amplifying circuits, which
amplify the r-f current received by t‘he
antenna and reject signals of frequencies
other than the desired one.

(2) A demodulator, which produces a
like that of the output of the tran
at the transmitting station.

3) A transducer, which reproduces the
transmitted information in the desired

stages which

s gnal
gducer

form.

95. Review Questions
. What is the main function of a radio set.?
b. What are some of the more important prac-

tical considerations in military applications of

radio?

¢. What is me

d. Explain the operatic
from antenna to transducer.

e. Explain the operation of
from transducer to antenna.

ant by the term transducer?
o of a vhi radio receiver

a vhf transmitter
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