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Preface

Vast changes have taken place in the Amateur Radio Service throughout the past
two decades. The amateur station has literally moved from the garage or home work-
shop into the living room, and ham gear has forsaken the black-crackle panel and the
six-foot relay rack for the streamlined, sleek, miniaturized desk-top cabinet. This
progression has been brought about by the sweeping change from amplitude modu-
lation (a-m) to single-sideband transmission, heralding a whole new field of technical
advances in the communication art. Bandswitching linear amplifiers, compact solid-
state power supplies, and highly stable variable-frequency oscillators (all of which
were practically unknown twenty years ago) are modern counterparts of the bulky
plug-in coil class-C amplifier, the cumbersome modulators, and the weighty power
supplies that identified the amateur station of the late “forties.”

The gradual eclipse of amplitude modulation has also been stimulated by the advent
of the SSB transceiver and its unique VOX-operated break-in ability to make use of
a single communications channel for local and long-distance contacts. In addition,
the elimination of the interstation heterodyne and selective a-m fading by the wide-
spread use of SSB has permitted more efficient occupancy of the high-frequency
amateur bands by double the number of stations compared to twenty years ago.

Today’s radio equipment bears little resemblance to the rough-and-ready ham gear
of the pre-TVI, pre-SSB era of the relay rack and the breadboard. Today’s radio
amateur, moreover, is a2 more proficient, sophisticated operator than his counterpart
of twenty or thirty years ago. The horizons of the Amateur Radio Service have been
greatly expanded as a result of this worthwhile revolution in communication tech-
niques and practices. It is hoped that this trend will be evident in the years to come.

The author is pleased to note that the RADIO HANDBOOK has been a force in
advancing the state of the art of these various and diversified radio amateur develop-
ments, many of which are reflected in this new edition of the handbook.

Over thirty years ago the historic first edition of the RADIO HANDBOOK was
published as a unique, independent communications manual written especially for the
advanced radio amateur and electronics engineer. Since that early time, each succeed-
ing edition of the RADIO HANDBOOK has -led the rapidly advancing field of
communications electronics. This new seventeenth edition typifies the modern trend
in amateur radio today toward more advanced and sophisticated communication
techniques and equipment.

The preparation of this edition of the RADIO HANDBOOK would have been
impossible without the help that was tended the author by fellow radio amateurs and
sympathetic electronics organizations. To those individuals and companies whose
unselfish support made the compilation and publication of this Handbook an
interesting and inspired task, I extend my thanks.

Wirriam L. Orr, W6SAL
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CHAPTER ONE

Introduction to Radio

The field of radio is a division of the
much larger field of electronics. Radio itself
is such a broad study that it is still further
broken down into a2 number of smaller fields
of which only short-wave or high-frequency
radio is covered in this book. Specifically the
field of communication on frequencies from
1.8 to 450 MHz is taken as the subject mat-
ter for this work.

The largest group of persons interested in
the subject of high-frequency communica-
tion is the more than 350,000 radio ama-
teurs located -in nearly all countries of the
world. Strictly speaking, a radio amateur is
anyone noncommercially interested in radio,
but the term is ordinarily applied only to
those hobbyists possessing transmitting
equipment and a license to operate from the
Government.

It was for the radio amateur, and particu-
larly for the serious and more advanced ama-
teur, that most of the equipment described
in this book was developed. However, in
each equipment group, simple items also are
shown for the student or beginner. The de-
sign principles behind the equipment for
high-frequency radio communication are of
course the same whether the equipment is to
be used for commercial, military, or ama-
teur purposes. The principal differences lie in
construction practices, and in the tolerances
and safety factors placed on components.

With the increasing complexity of high-
frequency communication, resulting pri-
marily from increased utilization of the

available spectrum, it becomes necessary to
delve more deeply into the basic principles
underlying radio communication, both from
the standpoint of equipment design and
operation and from the standpoint of signal
propagation. Hence, it will be found that
this edition of the RADIO HANDBOOK
has been devoted in greater proportion to
the teaching of the principles of equipment
design and signal propagation. It is in re-
sponse to requests from schools and agencies
of the Department of Defense, in addition
to persistent requests from the amateur
radio fraternity, that coverage of these
principles’ has been expanded.

1-1 Amateur Radio

Amateur radio is a fascinating hobby with
many facets. So strong is the fascination of-
fered by this hobby that many executives,
engineers, and military and commercial
operators enjoy amateur radio as an avoca-
tion, even though they are also engaged in
the radio field commercially. It captures and
holds the interest of many people in all
walks of life, and in all countries of the
world where amateur activities are permitted
by law.

Amateurs have rendered much public
service through furnishing communications
to and from the outside world in cases
where disaster has isolated an area by sever-
ing all wire communications. Amateurs have
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a proud record of heroism and service on
such occasions. Many expeditions to remote
places have been kept in touch with home
by communication with amateur stations on
the high frequencies. The amateur’s fine
record of performance with the “wireless”
equipment of World War I has been sur-
passed by his outstanding service in World
War IL

By the time peace came in the Pacific in
the summer of 1945, many thousand ama-
teur operators were serving in the Allied
Armed Forces. They had supplied the Army,
Navy, Marines, Coast Guard, Merchant Ma-
rine, Civil Service, war plants, and civilian
defense organizations with trained personnel
for radio, radar, wire, and visual communi-
cations and for teaching. Even now, at the
time of this writing, amateurs are being
called back into the expanded defense forces,
are returning to defense plants where their
skills are critically needed, and are being
organized into communication units as an
adjunct to civil-defense groups.

1-2 Station and
Operator Licenses

Every radio transmitting station in the
United States no matter how low its power
must have a license from the Federal Govern-
ment before being operated; some classes of
stations must have a permit from the gov-
ernment even before being constructed. And
every operator of a transmitting station
must have an operator’s license before oper-
ating a transmitter. There are no exceptions.
Similar laws apply in practically every major
country.

Closses of Amateur There are at present five
Operotor Licenses  classes of amateur oper-

ator licenses which have
been authorized by the Federal Communi-
cations Commission. These classes differ in
many respects, so each will be discussed
briefly,

Amateur Extra Class—This class of li-
cense is available to any U. S. citizen who
at any time has held for a period of two
years or more a valid amateur license, issued
by the FCC, excluding licenses of the Nov-
ice and Technician Classes. The examina-

tion for the license includes a code test at
20 words per minute, the usual tests cover-
ing basic amateur practice and general ama-
teur regulations, and an additional test on
advanced amateur practice. All amateur
privileges are accorded the holders of this
operator’s license.

General Class — This class of amateur
license is equivalent to the old Amateur
Class-B license, and accords to the holders
all amateur privileges except those which
may be set aside for holders of the Amateur
Extra-Class license. This class of amateur
operator’s license is available to any U. S.
citizen. The examination for the license in-
cludes a code test at 13 words per minute,
and the usual examinations covering basic
amateur practice and general amateur regu-
lations.

Conditional Class—This class of amateur
license and the privileges accorded by it are
equivalent to the General-Class license.
However, the license can be issued only to
those whose residence is more than 17§
miles airline distance from the nearest loca-
tion at which FCC examinations are held at
intervals of twice yearly, or oftener, for
the General-Class amateur operator license,
or to those who for any of several speci-
fied reasons are unable to appear for exam-
ination.

Technician Class — This class of license
is available to any citizen of the United
States. The examination is the same as that
for the General-Class license, except that
the code test is at a speed of § words per
minute. The holder of a Technician-Class
license is accorded all authorized amateur
privileges in the amateur frequency bands
above 220-MHz, in the 50-MHz band; and
in the 145- to 147-MHz portion of the
2-meter band.

Novice Class—This is a new class of li-
cense which is available to any U. S. citizen
who has not previously held an amateur li-
cense of any class issued by any agency of
the U. S. Government, military or civilian.
The examination consists of a code test at a
speed of § words per minute, plus an ex-
amination on the rules and regulations es-
sential to beginner’s operation, including
sufficient elementary radio theory for the
understanding of those rules. The Novice-
Class license affords severely restricted priv-
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ileges, is valid for a period of only one year
(as contrasted to all other classes of amateur
licenses which run for a term of five years),
and is not renewable.

All Novice- and Technician-Class ex-
aminations are given by volunteer examin-
ers, as regular examinations for these two
classes are not given in FCC offices. Ama-
teur radio clubs in the larger cities have
established examining committees to assist
would-be amateurs of the area in obtaining
their Novice and Technician licenses.

1-3  The Amateur Bands

Certain small segments of the radio-fre-
quency spectrum between 1500 kHz and
10,000 MHz are reserved for operation of
amateur radio stations. These segments are
in general agreement throughout the world,
although certain parts of different amateur
bands may be used for other purposes in
various geographic regions. In particular,
the 40-meter amateur band is used legally
(and illegally) for short-wave broadcasting
by many countries in Europe, Africa and
Asia. Parts of the 80-meter band are used
for short distance marine work in Europe,
and for broadcasting in South America. The
amateur bands available to United States
radio amateurs are:

160 Meters The 160-meter band
(1800 kHz—2000 kHz) is divided into 25-

kHz segments on a
regional basis, with day and night power
limitations, and is available for amateur use
provided no interference is caused to the
Loran (Long Range Navigation) stations
operating in this band. This band is least
affected by the 11-year solar sunspot cycle.
The maximum wusable frequency (MUF)
even during the years of decreased sunspot
activity does not usually drop below 4 MHz,
therefore this band is not subject to the
violent fluctuations found on the higher-
frequency bands. DX contacts on this band
are limited by the ionospheric absorption of
radio signals, which is quite high. During
winter nighttime hours the absorption is
often of a low enough value to permit trans-
oceanic contacts on this band. On rare oc-
casions, contacts up to 10,000 miles have

been made. As a usual rule, however, 160-
meter amateur operation is confined to
ground-wave contacts or single-skip con-
tacts of 1000 miles or less. Popular before
World War 11, the 160-meter band is now
only sparsely occupied since many areas of
the country are blanketed by the megawatt
pulses of the Loran chains.

80 Meters The 80-meter band
(3500 kHz—4000 kHz) is the most popular

amateur band in
the continental United States for local “rag
chewing” and traffic nets. During the years
of minimum sunspot activity the iono-
spheric absorption on this band may be
quite low, and long distance DX contacts
are possible during the winter night hours.
Daytime operation, in general, is limited to
contacts of 500 miles or less. During the
summer months, local static and high iono-
spheric absorption limit long distance con-
tacts on this band. As the sunspot cycle ad-
vances and the MUF rises, increased iono-
spheric absorption will tend to degrade the
long distance possibilities of this band. At
the peak of the sunspot cycle, the 80-meter
band becomes useful only for short-haul
communication.

40 Meters The 40-meter band
(7000 kHz—7300 kHz) is high enough in

frequency to be se-
verely affected by the 11-year sunspot cycle.
During years of minimum solar activity,
the MUF may drop below 7 MHz, and the
band will become very erratic, with signals
dropping completely out during the night
hours. Tonospheric absorption of signals is
not as large a problem on this band as it is
on 80 and 160 meters. As the MUF grad-
ually rises, the skip distance will increase on
40 meters, especially during the winter
months. At the peak of the solar cycle, the
daylight skip distance on 40 meters will be
quite long, and stations within a distance of
500 miles or so of each other will not be
able to hold communication. DX operation
on the 40-meter band is considerably ham-
pered by broadcasting stations, propaganda
stations, and jamming transmitters. In
Europe and Asia the band is in a chaotic
state, and amateur operation in this region
is severely hampered.
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20 meters

t the present
(14,000 kHz—14,350 kHz)

time, the 20-me-
ter band is by
far the most popular band for long-distance
contacts. High enough in frequency to be
almost obliterated at the bottom of the
solar cycle, the band nevertheless provides
good DX contacts during years of minimal
sunspot activity. At the present time, the
band is open to almost all parts of the world
at some time during the year. During the
summer months, the band is active until the
late evening hours, but during the winter
months the band is only good for a few
hours during daylight. Extreme DX contacts
are usually erratic, but the 20-meter band is
the only band available for DX operation
the year around during the bottom of the
sunspot cycle. As the sunspot count increases
and the MUF rises, the 20-meter band will
become open for longer hours during the
winter. The maximum skip distance in-
creases, and DX contacts are possible over
paths other than the Great Circle route.
Signals can be heard via the “long path,” 180
degrees opposite the Great Circle path. Dur-
ing daylight hours, absorption may become
apparent on the 20-meter band, and all
signals except very short skip may disappear.
On the other hand, the band will be open
for worldwide DX contacts all night long.
The 20-meter band is very susceptible to
“fadeouts” caused by solar disturbances, and
all except local signals may completely dis-
appear for periods of a few hours to a day
or so.

15 Meters This is a rela-
(21,000 kHz—21,450 kHz) tively new band
for radio ama-

teurs since it has only been available for
amateur operation since 1952. It has charac-
teristics similar to both the 20- and 10-
meter amateur bands. During a period of
low sunspot activity, the MUF will rarely
rise as high as 15 meters, so this band will
be “dead” for a large part of the sunspot
cycle. During the next few years, 15-meter
activity should pick up rapidly, and the
band should support extremely long DX
contacts. The band will remain open 24
hours a day in Equatorial areas of the world.
Fifteen-meter operation may be hampered
in some cases when neighbors possess older-

model TV receivers having a 21-MHz i-f
channel, which falls directly in the 15-meter
band. The interference problem may be al-
leviated by retuning the i-f system to a
frequency outside the amateur assignment.

10 Meters During the peak
(28,000 kH1—29,7°° kHz) of the sunspot

cycle, the 10-
meter band is without doubt the most pop-
ular amateur band. The combination" of
long skip and low ionospheric absorption
make reliable DX contacts with low-powered
equipment possible. The great width of the
band (1700 kHz) provides room for a
large number of amateurs. The long skip
(1500 miles or so) prevents nearby amateurs
from hearing each other, thus dropping the
interference level. During the winter
months, sporadic-E (short-skip) signals up
to 1200 miles or so will be heard. The 10-
meter band is poorest in the summer months,
even during a sunspot maximum. Extreme-
ly long daylight skip is common on this
band, and in years of high MUF the 10-
meter band will support intercontinental
DX contacts during daylight hours.

The second harmonic of stations operating
in the 10-meter band falls directly into
television channel 2, and the higher har-
monics of 10-meter transmitters fall into
the higher TV channels. This harmonic
problem seriously curtailed amateur 10-meter
operation during the late 40’s. However,
with new circuit techniques and the TVI
precautionary measures stressed in this Hand-
book, 10-meter operation should cause little
or no interference to nearby television re-
ceivers of modern design. ‘

Six Meters At the peak of the sun-
(50 MHz—54 MH1) spot cycle, the MUF

occasionally rises high
enough to permit DX contacts up to 10,000
miles or so on 6 meters. Activity on this
band during such a period is often quite high.
Interest in this band wanes during a period
of lesser solar activity, since contacts, as a
rule, are restricted to short-skip work. The
proximity of the 6-meter band to television
channel 2 often causes interference prob-
lems to amateurs located in areas where
channel 2 is active. As the sunspot cycle
increases, activity on the 6-meter band will
increase.
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The VHF Bonds The vhf bands are
{Two Meters and “Up”) the least affected by

the vagaries of the
sunspot cycle and Heaviside layer. Their
predominant use is for reliable communica-
tion over distances of 150 miles or less.
These bands are sparsely occupied in the
rural sections of the United States, but are
quite heavily congested in the urban areas
of high population.

In recent years it has been found that
vhf signals are propagated by other means
than by line-of-sight transmission. “‘Scatter
signals,” Aurora reflection, and air-mass
boundary bending are responsible for vhf
communication up to 1200 miles or so.
Weather conditions will often affect long-
distance communication on the 2-meter
band, and all the vhf bands are particularly
sensitive to this condition.

In recent years the vhf bands have been
used for experimental ‘“‘moonbounce” (earth-
moon-earth) transmissions and for repeater-
satellite experiments (Project Oscar). The
vhf bands hold great promise for serious
experimenters as radio amateurs forge into
the microwave region.

1-4 Starting Your Study

When you start to prepare yourself for
the amateur examination you will find that
the circuit diagrams, tube characteristic
curves, and formulas appear confusing and
dificult to understand. But after a few
study sessions one becomes sufficiently fa-
miliar with the notation of the diagrams
and the basic concepts of theory and opera-
tion so that the acquisition of further
knowledge becomes easier and even fascinat-
ing.

Since it takes a considerable time to be-
come proficient in sending and receiving
code, it is a good idea to intersperse techni-
cal study sessions with periods of code prac-
tice. Many short code-practice sessions ben-
fit one more than a small number of longer
sessions. Alternating between one study and
the other keeps the student from getting
“stale” since each type of study serves as a
sort of respite from the other.

When you have practiced the code long
enough you will be able to follow the gist of
the slower-sending stations. Many stations

send very slowly when working other sta-
tions at great distances. Stations repeat their
calls many times when calling other stations
before contact is established, and one need
not have achieved much code proficiency to
make out their calls and thus determine
their location.

The Code The applicant for any class of
amateur operator license must be
able to send and receive the Continental
Code (sometimes called the International
Morse Code). The speed required for the
sending and receiving test may be either §,
13, or 20 words per minute, depending on
the class of license assuming an average of
five characters to the word in each case.
The sending and receiving tests run for
five minutes, and one minute of errorless
transmission or reception must be accom-
plished within the five-minute interval.

If the code test is failed, the applicant
must wait at least one month before he
may again appear for another test. Approxi-
mately 30% of amateur applicants fail to
pass the test. It should be expected that
nervousness and excitement will, at least to
some degree, temporarily lower the appli-
cant’s code ability. The best insurance
against this is to master the code at a little
greater than the required speed under ordi-
nary conditions. Then if you slow down a
little due to nervousness during a test the
result will not prove fatal.

Memorizing There is no shortcut to code
the Code proficiency. To memorize the
alphabet entails but a few eve-
nings of diligent application, but consider-
able time is required to build up speed. The
exact time required depends on the individ-
ual’s ability and the regularity of practice.
While the speed of learning will naturally
vary greatly with different individuals, about
70 hours of practice (no practice period to
be over 30 minutes) will usually suffice to
bring a speed of about 13 w.p.m.; 16 w.p.m.
requires about 120 hours; 20 w.p.m., 175
hours.

Since code reading requires that individual
letters be recognized instantly, any memor-
izing scheme which depends on orderly se-
quence, such as learning all “dab” letters and
all *di#” letters in separate groups, is to be
discouraged. Before beginning with a code
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A oam N eame

B @amese 0O o
C ameame P oamame
D amee Q esemosan
E o R eame

F oeoame S eee

G emame T e»

H esooe U eeam

I e V eseeam

J eenewen W eamean

K e»meeam X avessam
L eames Y eveame
M eoen Z emamee
PERIOD (.) (X Xy Y¥Y J
COMMA (,) - a» e o a» a»

INTERROGATION (7)
QUOTATION MARK (*)
COLON (:)
SEMICOLON (;)
PARENTHESIS ()

QOVENOOL_EN -

* G &b o a»

¢ o@D &b a»

(XXX X J

[ XXX J

000

a»peese

aba»oes

abapaE» e e

- ab ap - ¢

- - ap .S G

@ MEANS ZERD, AND IS WRITTEN IN THIS
WAY TO DISTINGUISH IT FROM THE LETTER “O¥

IT OFTEN IS TRANSMITTED INSTEAD AS ONE
LONG DASH (EQUIVALENT TO 5 DOTS)

WAIT SIGN (AS) eameooe

DOUBLE DASH (BREAK) L YYIYY
ERROR (ERASE SIGN) [Ty YY)
FRACTION BAR (/) L J2X 1 X}
END OF MESSAGE (AR) camoeam o

END OF TRANSMISSION (SK)

INTERNAT. DISTRESS SIG. (S0S) eecoemp anamece

Figure 1

The Continental (or International Morse) Code Is used for substantially all non-aut‘math radio
communication. DO NOT memorize from the printed page; code is a langvage of SOUND, and
must not be learned visvally; learn by listening as explained in the text.

practice set it is necessary to memorize the
whole alphabet perfectly. A good plan is to
study only two or three letters a day and
to drill with those letters until they become
part of your consciousness. Mentally trans-
late each day’s letters into their sound equiv-
alent wherever they are seen, on signs, in
papers, indoors and outdoors. Tackle two
additional letters in the code chart each day,
at the same time reviewing the characters
already learned.

Avoid memorizing by routine. Be able
to sound out any letter immediately with-
out so much as hestitating to think about
the letters preceding or following the one
in question. Know C, for example, apart
from the sequence ABC. Skip about among
all the characters learned, and before very
long sufficient letters will have been acquired
to enable you to spell out simple words to
yourself in “di¢ dahs.” This is interesting
exercise, and for that reason it is good to
memorize all the vowels first and the most
€common consonants next.

Actual code practice should start only
when the entire alphabet, the numerals,

period, comma, and question mark have been
memorized so thoroughly that any one can
be sounded without the slightest hesitation.
Do not bother with other punctuation or
miscellaneous signals until later.

Sound — Each letter and figure must be
Not Sight memorized by its sound rather

than its appearance. Code is a
system of sound communication, the same
as is the spoken word. The letter A, for ex-

a2 oamo@am

derd © GO @D ¢ WD

ch «» a» a» e

¢ ooammeo

I e abe an a»

X X X

i oo a0 &
Figure 2

These code characters are used in languages
other than English. They may occasionally
be encountered so it Is well to know them.
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ample, is one short and one long sound in
combination sounding like dit dab, and it
must be remembered as such, and not as

“dot dash.”

Practice Time, patience, and regularity are

required to learn the code properly.
Do not expect to accomplish it within a few
days.

Don’t practice too long at one stretch; it
does more harm than good. Thirty minutes
at a time should be the limit.

Lack of regularity in practice is the
most common cause of lack of progress.
Irregular practice is very little better than
no practice at all. Write down what you
have heard; then forget it; do not look back.
If your mind dwells even for an instant on
a signal about which you have doubt, you
will miss the next few characters while your
attention is diverted.

While various automatic code machines,
phonograph records, etc., will give you prac-
tice, by far the best practice is to obtain a
study companion who is also interested in
learning the code. When you have both
memorized the alphabet you can start send-
ing to each other. Practice with a key and
oscillator or key and buzzer generally proves
superior to all automatic equipment. Two
such sets operated between two rooms are
fine—or between your house and his will
be just that much better. Avoid talking to
your partner while practicing. If you must
ask him a question, do it in code. It makes
more interesting practice than confining
yourself to random practice material.

When two co-learners have memorized
the code and are ready to start sending to
each other for practice, it is a good idea to
enlist the aid of an experienced operator for
the first practice session or two so that they
will get an idea of how properly formed
characters sound.

During the first practice period the speed
should be such that substantially solid copy
can be made without strain. Never mind if
this is only two or three words per minute.
In the next period the speed should be in-
creased slightly to a point where nearly all
of the characters can be caught only through
conscious effort. When the student becomes
proficient at this new speed, another slight
increase may be made, progressing in this

manner until a speed of about 16 words
per minute is attained if the object is to pass
the amateur 13-word per minute code test.
The margin of 3 w.p.m. is recommended to
overcome a possible excitement factor at
examination time. Then when you take the
test you don’t have to worry about the
“jitters” or an “off day.”

Speed should not be increased to a new
level until the student finally makes solid
copy with ease for at least a five-minute
period at the old level. How frequently in-
creases of speed can be made depends on in-
dividual ability and the amount of practice.
Each increase is apt to prove disconcerting,
but remember “you are never learning when
you are comfortable.”

A number of amateurs are sending code
practice on the air on schedule once or
twice each week; excellent practice can be
obtained after you have bought or con-
structed your receiver by taking advantage
of these sessions.

If you live in a medium-size or large city.
the chances are that there is an amateur-
radio club in your vicinity which offers
free code-practice lessons periodically.

Skill When you listen to someone speaking

you do not consciously think how his
words are spelled. This is also true when you
read. In code you must train your ears to
read code just as your eyes were trained in
school to read printed matter. With enough
practice you acquire skill, and from skill,
speed. In other words, it becomes a habit,
something which can be done without con-
scious effort. Conscious effort is fatal to
speed; we can’t think rapidly enough; a
speed of 25 words a minute, which is a com-
mon one in commercial operations, means
125 characters per minute or more than two
per second, which leaves no time for con-
scious thinking.

Perfect Formation When transmitting on the
of Characters code practice set to your
partner, concentrate on the
quality of your sending, #ot on your speed.
Your partner will appreciate it and he could
not copy you if you speeded up anyhow.
If you want to get a reputation as hav-
ing an excellent “fist” on the air, just re-
member that speed alone won’t do the
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trick. Proper execution of your letters and
spacing will make much more of an im-
pression. Fortunately, as you get so that
you can send evenly and accurately, your
sending speed will automatically increase.
Remember to try to see how evenly you can
send, and how fast you can receive. Con-
centrate on making signals properly with
your key. Perfect formation of characters
is paramount to everything else. Make every
signal right no matter if you have to prac-
tice it hundreds or thousands of times.
Never allow yourself to vary the slightest
from perfect formation once you have
learned it.

If possible, get a good operator to listen
to your sending for a short time, asking him
to criticize even the slightest imperfections.

Timing It is of the utmost importance to
maintain uniform spacing in charac-
ters and combinations of characters. Lack of
uniformity at this point probably causes be-
ginners more trouble than any other single
factor. Every dot, every dash, and every
space must be correctly timed. In other
words, accurate timing is absolutely essen-
tial to intelligibility, and timing of the
spaces between the dots and dashes is just as
important as the lengths of the dots and
dashes themselves.
The characters are timed with the dot as
a “yardstick.” A standard dash is three times
as long as a dot. The spacing between parts
of the same letter is equal to one dot, the
space between letters is equal to three dots,
and that between words equal to five dots.
The rule for spacing between letters and
words is not strictly observed when sending
slower than about 10 words per minute for
the benefit of someone learning the code
and desiring receiving practice. When send-
ing at, say, § w.p.m., the individual letters
should be made the same as if the sending
rate were about 10 w.p.m., except that the
spacing between letters and words is greatly
exaggerated. The reason for this is obvious.
The letter L, for instance, will then sound
exactly the same at 10 w.p.m. as at §
w.p.m., and when the speed is increased
above § w.p.m. the student will not have
to become familiar with what may seem
to him like a new sound, although it is in
reality only a faster combination of dots and

THE RADIO
-—eian -
B C

1
dem e eemes = b
A T ) N E
Figure 3
Diagram Illustrating relative lengths of

dashes and spaces referred to the duration
of a dot. A dash Is exactly equal In duration
to three dots; spaces between parts of a
letter equal one dot; those between letters,
three dots; space between words, five dots.
Note that a slight Increase between two parts
of a letter will make It sound llk.o two letters.

dashes. At the greater speed he will merely
have to learn the identification of the same
sound without taking as long to do so.

Be particularly careful of letters like B.
Many beginners seem to have a tendency to
leave a longer space after the dash than
that which they place between succeeding
dots, thus making it*sound like TS. Simi-
larly, make sure that you do not leave
a longer space after the first dot in the
letter C than you do between other parts
of the same letter: otherwise it will sound

like NN.

Sending vs. Once you have memorized the
Receiving  code thoroughly you should con-

centrate on increasing your re-
ceiving speed. True, if you have to practice
with another newcomer who is learning the
code with you, you will both have to do
some sending. But don’t attempt to prac-
tice sending just for the sake of increasing
your sending speed.

When transmitting on the code practice
set to your partner so that he can get re-
ceiving practice, concentrate on the quality
of your sending, not on your speed.

Because it is comparatively easy to learn
to send rapidly, especially when no particu-
lar care is given to the quality of sending,
many operators who have just received their
licenses get on the air and send mediocre (or
worse) code at 20 w.p.m. when they can
barely receive good code at 13. Most old-
timers remember their own period of initia-
tion and are only too glad to be patient and
considerate if you tell them that you are
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a newcomer. But the surest way to incur
their scorn is to try to impress them with
your “lightning speed,” and then to re-
quest them to send more slowly when they
come back at you at the same speed.
Stress your copying ability; never stress
your sending ability. It should be obvious
that if you try to send faster than you can
receive, your ear will not recognize any
mistakes which your hand may make.

Using the Key Figure 4 shows the proper po-
sition of the hand, fingers and
wrist when manipulating a telegraph or
radio key. The forearm should rest naturally
on the desk. It is preferable that the key be
placed far enough back from the edge of
the table (about 18 inches) that the elbow
can rest on the table. Otherwise, pressure of
the table edge on the arm will tend to
hinder the circulation of the blood and
weaken the ulnar nerve at a point where it
is close to the surface, which in turn will
tend to increase fatigue considerably.

The knob of the key is grasped lightly
with the thumb along the edge; the index
and third fingers rest on the top towards
the front or far edge. The hand moves with
a free up and down motion, the wrist acting
as a fulcrum. The power must come entirely
from the arm muscles. The third and index
fingers will bend slightly during the sending
but not because of deliberate effort to ma-
nipulate the finger muscles. Keep your finger
muscles just tight enough to act as a cushion
for the arm motion and let the slight move-
ment of the fingers take care of itself. The
key’s spring is adjusted to the individual
wrist and should be neither too stiff nor too
loose. Use a moderately stiff tension at first
and gradually lighten it as you become more
proficient. The separation between the con-
tacts must be the proper amount for the
desired speed, being somewhat under 1/16
inch for slow speeds and slightly closer to-
gether (about 1/32 inch) for faster speeds.
Avoid extremes in either direction.

Do not allow the muscles of arm, wrist or
fingers to become tense. Send with a full,
free arm movement. Avoid like the plague
any finger motion other than the slight
cushioning effect mentioned above.

Stick to the regular handkey for learning
code. No other key is satisfactory for this

Figure 4

PROPER POSITION OF THE FINGERS FOR
OPERATING A TELEGRAPH KEY

The fingers hold the knob and act as o cush-

ion, The hand rests lightly on the key. The

muscles of the forearm provide the power,

the wrist acting as the fulcrum. The power

should not come from the fingers, but rather
from the forearm muscles.

purpose. Not until you have thoroughly
mastered both sending and receiving at the
maximum speed in which you are interested
should you tackle any form of automatic or
semiautomatic key such as the Vibroplex
(*‘bug”) or an electronic key.

Difficulties Should you experience difficulty
in increasing your code speed
after you have once memorized the charac-
ters, there is no reason to become discour-
aged. It is more difficult for some people to
learn code than for others, but there is no
justification for the contention sometimes
made that “some people just can’t learn the
code.” It is not a matter of intelligence; so
don’t feel ashamed if you seem to experience
a lictle more than the usual difficulty in
learning code. Your reaction time may be
a little slower or your coordination not so
good. If this is the case, remember you can
still learn the code. You may never learn to
send and receive at 40 w.p.m., but you
can learn sufficient speed for all noncom-
mercial purposes (and even for most com-
mercial purposes) if you have patience, and
refuse to be discouraged by the fact that
others seem to pick it up more rapidly.
When the sending operator is sending just
a bit too fast for you (the best speed for

www americanradiohistorv com


www.americanradiohistory.com

20 Introduction to Radio

THE RADIO

BU2ZER
r

>

REY THESE PARTS RE
ONLY IF HEADP
OPERATION 1S DESIRED

INEXPENSIVE 500 ~
OHM POTENTIOMETER
VOLUME CONTROL

THE SIMPLEST CODE PRACTICE
SET CONSISTS OF A KEY AND
A BUZZER

PHONES, The buzzer is adjusted to give a
LI.‘.’.‘ steady, high-pitched whine. If de-

O sired, the phones may be omitted,
in which case the buzzer shouid be

%U'g“ mounted firmly on a sounding board.

Crystal, magnetic, or dynamic ear-

phones may be used. Additional

sets of ph hould be tod
in parallel, not in series.

practice), you will occasionally miss a sig-
nal or a small group of them. When you do,
leave a blank space; do not spend time fu-
tilely trying to recall it; dismiss it, and
center attention on the next letter; other-
wise you’ll miss more. Do not ask the sender
any questions until the transmission is fin-
ished.

To prevent guessing and get equal prac-
tice on the less common letters, depart oc-
casionally from plain language material and
use a jumble of letters in which the usually
less commonly used letters predominate.

As mentioned before, many students put
a greater space after the dash in the letter
B, than between other parts of the same
letter so it sounds like TS. C, F, Q,V, X, VY,
and Z often give similar trouble. Make a list
of words or arbitrary combinations in which
these letters predominate and practice them,
both sending and receiving until they no
longer give you trouble. Stop everything else
and stick to them. So long as these characters
give you trouble you are not ready for any-
thing else.

Follow the same procedure with letters
which you may tend to confuse such as F
and L, which are often confused by begin-
ners. Keep at it until you always get them
right without having to stop even an instant
to think about it.

If you do not instantly recognize the
sound of any character, you have not
learned it; go back and practice your alpha-
bet further. You should never have to omit
writing down every signal you hear except
when the transmission is too fast for you.

Write down what you hear, not what you
think it should be. It is surprising how often
the word which you guess will be wrong.

Copying Behind All good operators copy sev-

eral words behind, that is,
while one word is being receiyed, they are
writing down or typing, say the fourth or
fifth previous word. At first {this is very
difficult, but after sufficient prpctice it will
be found actually to be easier
close up. It also results in
copy and enables the receivin
capitalize and punctuate cop
along. It is not recommended fthat the be-
ginner attempt to do this until he can send
and receive accurately and with ease at a
speed of at least 12 words a2 minute.

It requires a considerable amount of train-
ing to disassociate the action of the subcon-
scious mind from the direction of the con-
scious mind. It may help some in obtaining

operator to
as he goes

GE-2, 2N406,
2N1098,0r 2N 2614

~.04

1.0 20000
Tw_v. PHONES

L

Figure 6

SIMPLE TRANSISTOR CDDE
PRACTICE OSCILLATOR

An inexpensive entertainment-ty PNP ger-
maonium transistor requires only 1 single 1.5-
volt flashlight battery for power. The induc-
tance of the phone windings forms part of the
oscillator circuit. The pitch of the note may be
changed by varying the value of the two ca-
pacitors across the earphones.
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this training to write down two columns of
short words. Spell the first word in the first
column out loud while writing down the
first word in the second column. At first
this will be a bit awkward, but you will
rapidly gain facility with practice. Do the
same with all the words, and then reverse
columns.

Next try speaking aloud the words in the
one column while writing those in the
other column; then reverse columns.

After the foregoing can be done easily,
try sending with your key the words in one
column while spelling those in the other.
It won’t be easy at first, but it is well worth
keeping after if you intend to develop any
real code proficiency. Do not attempt to
catch up. There is a natural tendency to
close up the gap, and you must train your-
self to overcome this.

Next have your code companion send you
a word either from a list or from straight
text; do not write it down yet. Now have
him send the next word; affer receiving this
second word, write down the first word.
After receiving the third word, write the
second word; and so on. Never mind how
slowly you must go, even if it is only two
or three words per minute. Stay bebind.

It will probably take quite a number of
practice sessions before you can do this with
any facility. After it is relatively easy, then
try staying two words behind; keep this up
until it is easy. Then try three words, four
words, and five words. The more you prac-
tice keeping received material in mind, the
easier it will be to stay behind. It will be
found easier at first to copy material with
which one is fairly familiar, then gradually
switch to less familiar material.

Automatic Code The two practice sets which
Machines are described in this chapter

are of most value when you
have someone with whom to practice. Auto-
matic code machines are not recommended
to anyone who can possibly obtain a com-
panion with whom to practice, someone who
is also interested in learning the code. If
you are unable to enlist a code partner and
have to practice by yourself, the best way
to get receiving practice is by the use of
a tape machine (automatic code-sending
machine) with several practice tapes. Or you

can use a set of phonograph code-practice
records. The records are of use only if you
have a phonograph whose turntable speed is
readily adjustable. The tape machine can
be rented by the month for a reasonable fee.

Once you can copy about 10 w.p.m. you
can also get receiving practice by listening
to slow-sending stations on your receiver.
Many amateur stations send slowly par-
ticularly when working far distant stations.
When receiving conditions are particularly
poor many commercial stations also send
slowly, sometimes repeating every word. Un-
til you can copy around 10 w.p.m. your
receiver isn’t much use, and either another
operator or a machine or records is neces-
sary for getting receiving practice after you
have once memorized the code.

Code Practice If you don’t feel too foolish
Sets doing it, you can secure a
measure of code practice with
the help of a partner by sending *“dit-dah”
messages to each other while riding to work,
eating lunch, etc. It is better, however, to
use a buzzer or code-practice oscillator in
conjunction with a regular telegraph key.

As a good key may be considered an in-
vestment it is wise to make a well-made key
your first purchase. Regardless of what type
code-practice set you use, you will need a
key, and later on you will need one to key
your transmitter. If you get a good key to
begin with, you won’t have to buy another
one later.

The key should be rugged and have
fairly heavy contacts. Not only will the
key stand up better, but such a key will
contribute to the “heavy” type of sending
so desirable for radio work. Morse (tele-
graph) operators use a “light” style of
sending and can send somewhat faster when
using this light touch. But, in radio work
static and interference are often present,
and a slightly heavier dot is desirable. If
you use a husky key, you will find yourself
automatically sending in this manner.

To generate a tone simulating a code
signal as heard on a receiver, either a me-
chanical buzzer or an audio oscillator may
be used. Figure § shows a simple code-prac-
tice set using a buzzer which may be used
directly simply by mounting the buzzer on
a sounding board, or the buzzer may be
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Figure 7

The circvit of Figure 6 is vsed iIn this
minlature transistorized code Practice oscli-
lator. Comp ts are d in a small
plastic case. The tr istor Is ottached fto a
three terminal phenolic mounting strip. Sub-
miniature jocks are vsed for the key and
phones connections. A hearing ald earphone
may also be used, os showa. The phone Is
stored in the plastic case when mot In use.

9v.
100K + -
W 1010[0—— er
GE-3, 2N2148,
OR 2N 2869
GE-10, 2N2923, -
OR 2N 3391 SPEAKER
j|
.04
Figure 8

CODE-PRACTICE OSCILLATOR SUITABLE
FOR SPEAKER OPERATION.

used to feed from one to foml pairs of con-
ventional high-impedance phones.

An example of the audio-oscillator type
of code-practice set is illustrated in figures 6
and 7. An inexpensive entertainment-type
transistor is used in place of the more ex-
pensive, power-consuming vacuum tube. A
single “penlite” 1V5-volt cell powers the
unit. The coils of the earphones form the
inductive portion of the resonant circuit.
"Phones having an impedance of 2000 ohms
or higher should be used. Surplus type R-14
earphones also work well with this circuit.

A code-practice oscillator that will drive
a loudspeaker to good room volume is shown
in figure 8. Inexpensive entertainment-type
transistors are used and any size permanent
magnet speaker may be used. Mount the
speaker on a large sounding board for best
volume.
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Direct-Current Circuits

All naturally occurring matter (exclud-
ing artifically produced radioactive sub-
stances) is made up of 92 fundamental con-
stituents called elements. These elements can
exist either in the free state such as iron,
oxygen, carbon, copper, tungsten, and alu-
minum, or in chemical unions commonly
called compounds. The smallest unit which
still retains all the original characteristics of
an element is the atom.

Combinations of atoms, or subdivisions of
compounds, result in another fundamental
unit, the molecule. The molecule is the small-
est unit of any compound. All reactive ele-
ments when in the gaseous state also exist in
the molecular form, made up of two or
more atoms. The nonreactive gaseous ele-
ments helium, neon, argon, krypton, xenon,
and radon are the only gaseous elements
that ever exist in a stable monatomic state
at ordinary temperatures.

2-1 The Atom

An atom is an extremely small unit of
matter—there are literally billions of them
making up so small a piece of material as a
speck of dust. To understand the basic
theory of electricity and hence of radio, we
must go further and divide the atom into
its main components, a positively charged
nucleus and a cloud of negatively charged
particles that surround the nucleus. These
particles, swirling around the nucleus in

elliptical orbits at an incredible rate of
speed, are called orbital electrons.

It is on the behavior of these orbital
electrons when freed from the atom, that
depends the study of electricity and radio, as
well as allied sciences. Actually it is pos-
sible to subdivide the nucleus of the atom
into a dozen or so different particles, but
this further subdivision can be left to
quantum mechanics and atomic physics. As
far as the study of electronics is concerned
it is only necessary for the reader to think
of the normal atom as being composed of a
nucleus having a net positive charge that is
exactly neutralized by the one or more
orbital electrons surrounding it.

The atoms of different elements differ in
respect to the charge on the positive nucleus
and in the number of electrons revolving
around this charge. They range all the way
from hydrogen, having a net charge of one
on the nucleus and one orbital electron, to
uranium with a net charge of 92 on the
nucleus and 92 orbital electrons. The number
of orbital electrons is called the afomic
number of the element.

Action of the
Electrons

From the foregoing it must
not be thought that the elec-
trons revolve in a haphazard
manner around the nucleus. Rather, the
electrons in an element having a large
atomic number are grouped into rings hav-
ing a definite number of electrons. The only
atoms in which these rings are completely
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filled are those of the inert gases mentioned
before; all other elements have one or more
uncompleted rings of electrons. If the un-
completed ring is nearly empty, the element
is metallic in character, being most metallic
when there is only one electron in the outer
ring. If the incomplete ring lacks only one
or two electrons, the element is usually non-
metallic. Elements with a ring about half
completed will exhibit both nonmetallic and
metallic characteristics; carbon, silicon,
germanium, and arsenic are examples. Such
elements are called semiconductors.

In metallic elements these outer ring elec-
trons are rather loosely held. Consequently,
there is a continuous helter-skelter move-
ment of these electrons and a continual
shifting from one atom to another. The
electrons which move about in a substance
are called free electrons, and it is the ability
of these electrons to drift from atom to
atom which makes possible the electric cur-
rent.

Conductors and
Insulators

If the free electrons are nu-
merous and loosely held,
the element is a good con-
ductor. On the other hand, if there are few
free electrons (as is the case when the elec-
trons in an outer ring are tightly held), the
element is a poor conductor. If there are
virtually no free electrons, the element is a
good insulator.

2-2 Fundamental Electrical
Units and Relationships

The free electrons in a
conductor move con-
stantly about and
change their position in a haphazard man-
ner. To produce a drift of electrons, or elec-
tric current, along a wire it is necessary that
there be a difference in “pressure” or poten-
tial between the two ends of the wire. This
potential difference can be produced by con-
necting a source of electrical potential to
the ends of the wire.

As will be explained later, there is an ex-
cess of electrons at the negative terminal of
a battery and a deficiency of electrons at the
positive terminal, due to chemical action.
When the battery is connected to the wire,
the deficient atoms at the positive terminal

Electromotive Force:
Potential Difference

attract free electrons from the wire in order
for the positive terminal to become neutral.
The attracting of electrons continues
through the wire, and finally the excess elec-
trons at the negative terminal of the battery
are attracted by the positively charged atoms
at the end of the wire. Other sources of
electrical potential (in addition to a bat-
tery) are: an electrical generator (dynamo),
a thermocouple, an electrostatic  generator
(static machine), a photoelectric cell, and
a crystal or piezoelectric generator.

Thus it is seen that a potential dif-
ference is the result of a difference in the
number of electrons between the two (or
more) points in question. The force or pres-
sure due to a potential difference is termed
the electromotive force, usually abbreviated
em.f. or EM.F. Tt is expressed in units
called volts.

It should be noted that for there to be a
potential difference between two bodies or
points it is not necessary that one have a
positive charge and the other a negative
charge. If two bodies each have a negative
charge, but one more negative than the
other, the one with the lesser negative
charge will act as though it were positively
charged with respect to the other body. 1t
is the algebraic potential difference that
determines the force with which electrons
are attracted or repulsed, the potential of
the earth being taken as the zero reference
point.

The Electric The flow of electrons along a
Current conductor due to the applica-

tion of an electromotive force
constitutes an electric current. This drift is
in addition to the irregular movements of
the electrons. However, it must not be
thought that each free electron travels from
one end of the circuit to the other. On the
contrary, each free electron travels only a
short distance before colliding with an atom;
this collision generally knocks off one or
more electrons from the atom, which in
turn move a short distance and collide with
other atoms, knocking off other electrons.
Thus, in the general drift of electrons along
a wire carrying an electric current, each
electron travels only a short distance and
the excess of electrons at one end and the
deficiency at the other are balanced by the
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source of the e.m.f. When this source is
removed the state of normalcy returns;
there is still the rapid interchange of free
electrons between atoms, but there is no
general trend or “net movement” in either
one direction or the other—in other words,
no current flows.

Ampere ond There are two units of meas-
Coulomb urement associated with cur-

rent, and they are often con-
fused. The rate of flow of electricity is
stated in amperes. The unit of quantity is
the coulomb. A coulomb is equal to 6.28
X 10 electrons, and when this quantity of
electrons flows by a given point in every
second, a current of one ampere is said to
be flowing. An ampere is equal to one
coulomb per second; a coulomb is, converse-
ly, equal to one ampere-second. Thus we
see that coulomb indicates amount and
ampere indicates rate of flow of electric
current.

Current ond
Electron Flow

Older textbooks speak of cur-
rent flow as being from the
positive terminal of the e.m.f.
source through the conductor to the nega-
tive terminal. Nevertheless, it has long been
an established fact that the current flow
in a metallic conductor is the electron drift
from the negative terminal of the source
of voltage through the conductor to the
positive terminal. The only exceptions to
the electronic direction of flow occur in
gaseous and electrolytic conductors where
the flow of positive jons toward the cathode
or negative electrode constitutes a positive
flow in the opposite direction to the elec-
tron flow. (An ion is an atom, molecule, or
particle which either lacks one or more
electrons, or else has an excess of one or
more electrons.)

In radio work the terms *“electron flow”
and “current” are becoming accepted as
being synonymous, but the older terminology
is still accepted in the electrical (industrial)
field. Because of the confusion this some-
times causes, it is often safer to refer to the
direction of electron flow rather than to the
direction of the “‘current.” Since electron
flow consists actually of a passage of nega-
tive charges, current flow and algebraic
electron flow do pass in the same direction.

Resistance The flow of current in a materi-

al depends on the ease with
which electrons can be detached from the
atoms of the material and on its molec-
ular structure. In other words, the easier
it is to detach electrons from the atoms the
more free electrons there will be to contrib-
ute to the flow of current, and the fewer
collisions that occur between free electrons
and atoms the greater will be the total
electron flow.

The opposition to a steady electron flow
is called the resistance of a material, and is
one of its physical properties.

The unit of resistance is the ohm. Every
substance has a specific resistance, usually
expressed as obms per mil-foot, which is de-
termined by the material’s molecular struc-
ture and temperature. A mil-foot is a piece
of material one circular mil in area and one
foot long. Another measure of resistivity
frequently used is expressed in the units
microbms per centimeter cube. The resist-
ance of a uniform length of a given sub-
stance is directly proportional to its length
and specific resistance, and inversely pro-
portional to its cross-sectional area. A wire
with a certain resistance for a given length
will have twice as much resistance if the
length of the wire is doubled. For a given
length, doubling the cross-sectional area of
the wire will halve the resistance, while
doubling the diameter will reduce the re-
sistance to ome fourth. This is true since
the cross-sectional area of a wire varies as
the square of the diameter. The relationship
between the resistance and the linear dimen-
sions of a conductor may be expressed by
the following equation:

rl

R==7

where,
R equals resistance in ohms, .
r equals resistivity in obms per mil-foot,
I equals length of conductor in feet,
A equals cross-sectional area in circular
mils.

The resistance also depends on tempera-
ture, rising with an increase in tempera-
ture for most substances (including most
metals), due to increased electron accelera-
tion and hence a greater number of impacts
between electrons and atoms. However, in
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TABLE 1. TABLE OF RESISTIVITY

Resistivity in

Ohms per Temp. Coeff. of

Clreul I per °C.
Material Mil-Foot ot 20° C.
Aluminum 7 0.0049
Brass 45 0.003 to 0.007
Cadmium 46 0.0038
Chromium 16 0.00
Copper 10.4 0.0039
Iron 5 0.006
Silver 2.8 0.004
Zine s 0.0033
Nichrome 650 0.0002
Constantan 293 0.00001
Manganin 290 0.00001
Monel 255 0.0019

the case of some substances such as carbon
and glass the temperature coefficient is nega-
tive and the resistance decreases as the tem-
perature increases. This is also true of elec-
trolytes. The temperature may be raised by
the external application of heat, or by the
flow of the current itself. In the latter case,
the temperature is raised by the heat gen-
erated when the electrons and atoms collide.

Conductors and In the molecular structure
Insulators of many materials such as
glass, porcelain, and mica all
electrons are tightly held within their orbits
and there are comparatively few free elec-
trons. This type of substance will conduct
an electric current only with great difficulty
and is known as an insulator. An insulator
is said to have a high electrical resistance.
On the other hand, materials that have a
large number of free electrons are known-as
conductors. Most metals (those elements
which have only one or two electrons in
their outer ring) are good conductors. Silver,
copper, and aluminum, in that order, are
the best of the common metals used as con-
ductors and are said to havp the greatest
conductivity, or lowest resistance to the flow
of an electric current.

Fundamental  These units are the volt, the
Electrical Units gmpere, and the obm. They

were mentioned in the pre-
ceding paragraphs, but were not completely
defined in terms of fixed, known quantities.

-

&

= &

e —

Figure 1
TYPICAL RESISTORS

Shown above are various types of resistors used In electronic circuits. The larger
units are power resistors. On the left is o variable power resistor. Three precision-

type resistors are showsn in the centor with two small

ition r s benoath

them. At the right Is a rompasition-fype potentiometer, r".‘ for audio cirewitry.
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Figure 2
SIMPLE SERIES CIRCUITS

At (A) the battery Is in series with o single

resistor. At (B) the battery is in series with

two resistors, the resistors themselves being

in sories. The arrows indicate the direction of
olectron flow.

The fundamental unit of current, or rate
of flow of electricity is the ampere. A cur-
rent of one ampere will deposit silver from
a specified solution of silver nitrate at a
rate of 1.118 milligrams per second.

The international standard for the ohm is
the resistance offered by a uniform column
of mercury at 0° C., 14.4521 grams in mass,
of constant cross-sectional area and 106.300
centimeters in length. The expression meg-
obm (1,000,000 ohms) is also sometimes
used when speaking of very large values of
resistance.

A volt is the e.m.f. that will produce a
current of one ampere through a resistance
of one obm. The standard of electromotive
force is the Weston cell which at 20° C.
has a potential of 1.0183 volts across its
terminals. This cell is used only for reference
purposes in a bridge circuit, since only an
infinitesimal amount of current may be
drawn from it without disturbing its char-
acteristics.

Ohm’s Law The relationship between the

electromotive force (voltage),
the flow of current (amperes), and the re-
sistance which impedes the flow of current
(ohms), is very clearly expressed in a simple
but highly valuable law known as Obm’s
Law. This law states that the current in am-
peres is equal to the voltage in volts divided
by the resistance in obms. Expressed as an
equation:

E
I'==%

If the voltage (E) and resistance (R)
are known, the current (I) can be readily

Figure 3
SIMPLE PARALLEL
CIRCUIT

The two resistors R, and R, are said to be in
parallel since the fow of current Is offered
two paraliel paths. An electron leaving point
A will pass either through R, or R, but not
through both. to reach the positive terminal
of the battery. If a large number of electrons
are considered, the greater number will pass
through whichever of the two resistors has
the lower resistance.

found. If the voltage and current are
known, and the resistance is unknown, the

resistance (R) is equal to -IIE— When the

voltage is the unknown quantity, it can be
found by multiplying I X R. These three
equations are all secured from the original
by simple transposition. The expressions are
here repeated for quick reference:

E E

where,

I is the current in amperes,
R is the resistance in ohms,
E is the electromotive force in volts.

Application of All electrical circuits fall into
Ohm’s Law one of three classes: series

circuits, parallel circuits, and
series-parallel circuifs. A series circuit is
one in which the current flows in a single
continuous path and is of the same value at
every point in the circuit (figure 2). In a
parallel circuit there are two or more cur-
rent paths between two points in the circuit,
as shown in figure 3. Here the current di-
vides at A, part going through R, and part
through R, and combines at B to return

Figure 4
SERIES-PARALLEL
CIRCUIT

In this type of cireuit the resistors are ar-
ranged In series groups, and these groups are
then placed in paroiiel.
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to the battery. Figure 4 shows a series-
parallel circuit. There are two paths between
points A and B as in the parallel circuit, and
in addition there are two resistances in series
in each branch of the parallel combination.
Two other examples of series-parallel ar-
rangements appear in figure 5. The way in
which the current splits to flow through
the parallel branches is shown by the arrows.
In every circuit, each of the parts has
some resistance: the batteries or generator,
the connecting conductors, and the appa-
ratus itself. Thus, if each part has some re-
sistance, no matter how little, and a current
is flowing through it, there will be a volt-
age drop across it. In other words, there will
be a potential difference between the two
ends of the circuit element in question. This
drop in voltage is equal to the product of
the current and the resistance hence it is
called the IR drop.
Internal  The source of voltage has an in-
Resistance fernal resistance, and when con-
nected into a circuit so that
current flows, there will be an IR drop
in the source just as in every other part
of the circuit. Thus, if the terminal voltage
of the source could be measured in 2 way
that would cause no current to flow, it
would be found to be more than the voltage
measured when a current flows by the
amount of the IR drop in the source. The
voltage measured with no current flowing
is termed the 70 load voltage; that measured
with current flowing is the load voltage.
It is apparent that a voltage source having
a low internal resistance is most desirable.

Resistances The current flowing in a series
in Series  circuit is equal to the voltage

impressed divided by the fotal
resistance across which the voltage is im-
pressed. Since the same current flows through
every part of the circuit, it is merely nec-
essary to add all the individual resistances
to obtain the total resistance. Expressed as
a formula:

R’I‘ol.l=R1+Rz+R3+...+RN

Of course, if the resistances happened to be
all the same value, the total resistance would
be the resistance of one multiplied by the
number of resistors in the circuit.

Resistances Consider two resistors, one of
in Parallel 100 ohms and one of 10 ohms,

connected in parallel as in fig-
ure 3, with a potential of 10 volts applied
across each resistor, so the current through
each can be easily calculated.

I= —

R

E = 10 volts __ 10
R, =100 ohms =~

100 I_
E = 10 volts 10
I, = ———% 1.0 ampere
R, = 100hms > 10 P

= 0.1 ampere

Total current = I, + I, = 1.1 ampere

Until it divides at A, the lentire current
of 1.1 amperes is flowing thrpugh the con-
ductor from the battery to|A, and again
from B through the conductor to the bat-
tery. Since this is more current than flows
through the smaller resistor it is evident
that the resistance of the parallel combina-
tion must be less than 10 ohms, the re-
sistance of the smaller resistor. We can find
this value by applying Ohm’s Law,

R1~=—I

=10
E volts — U 9.09 ohms

I = 1.1 amperes 1.1

The resistance of the parallel combination
is 9.09 ohms.

Mathematically, we can derive a simple
formula for finding the effective resistance
of two resistors connected in parallel.

Rlsz

Re= 77Fx.

where,
Rris the unknown resistance,
R, is the resistance of the first resistor,
R, is the resistance of the second resistor.

If the effective value required is known,
and it is desired to connect one unknown
resistor in parallel with one of known value,
the following transposition pf the above
formula will simplify the psoblem of ob-
taining the unknown value:

R; X Ry

R:= R —x,
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where,
Ry is the effective value required,
R, is the known resistor,
R, is the value of the unknown resistance

necessary to give Rt when in parallel
with R].

The resultant value of placing 2 number
of unlike resistors in parallel is equal to the
reciprocal of the sum of the reciprocals of
the various resistors. This can be expressed
as:

1
1 1 1 1

RTZ

The effective value of placing any num-
ber of unlike resistors in parallel can be
determined from the above formula. How-
ever, it is commonly used only when there
are three or more resistors under considera-
tion, since the simplified formula given
before is more convenient when only two
resistors are being used.

From the above, it also follows that when
two or more resistors of the same value are
placed in parallel, the effective resistance of
the paralleled resistors is equal to the value
of one of the resistors divided by the num-
ber of resistors in parallel.

The effective value of resistance of two
or more resistors connected in parallel is
always less than the value of the lowest re-
sistance in the combination. It is well to
bear this simple rule in mind, as it will assist
greatly in approximating the value of paral-
leled resistors.

Figure 5

OTHER COMMON SERIES-PARALLEL
CIRCUITS

Resistorsin  To find the total resistance of
Series-Parallel several resistors connected in

series-parallel, it is usually
easiest to apply either the formula for series
resistors or the parallel resistor formula first,
in order to reduce the original arrangement
to a simpler one. For instance, in figure 4
the series resistors should be added in each
branch, then there will be but two resistors
in parallel to be calculated. Similarly in
figure 6, although here there will be three
parallel resistors after adding the series re-
sistors in each branch. In figure 6B the par-
alleled resistors should be reduced to the
equivalent series value, and then the series
resistance value can be added.

Resistances in series-parallel can be solved
by combining the series and parallel formu-
las into one similar to the following (refer
to figure 6):

Rr=—7 1 1

R1+R2+R3+R.+R5+R3+R7

Voltage Dividers A voltage divider is exactly

what its name implies: a
resistor or a series of resistors connected
across a source of voltage from which
various lesser values of voltage may be ob-
tained by connection to various points along
the resistor.

A voltage divider serves a most useful
purpose in a radio receiver, transmitter or
amplifier, because it offers a simple means of
obtaining plate, screen, and bias voltages of
different values from a common power sup-
ply source. It may also be used to obtain
very low voltages of the order of .01 to .001
volt with a high degree of accuracy, even
though a means of measuring such voltages
is lacking. The procedure for making these
measurements can best be given in the fol-
lowing example.

9 2Rs I
2R ER> 1
ZRe R
SRz 2R4 2R? 1
Figure 6

ANOTHER TYPE OF
SERIES-PARALLEL CIRCUIT
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Assume that an accurately calibrated volt-
meter reading from 0 to 150 volts is avail-
able, and that the source of voltage is
exactly 100 volts. This 100 volts is then
impressed through a resistance of exactly

1000 ohms. It will then- be found that the

voltage along various points on the resistor,
with respect to the grounded end, is exactly
proportional to the resistance at that point.
From Ohm’s Law, the current would be 0.1
ampere; this current remains unchanged
since the original value of resistance (1000
ohms) and the voltage source (100 volts)
are unchanged. Thus, at a 500-ohm point
on the resistor (half its entire resistance),
the voltage will likewise be halved or re-
duced to 50 volts.

The equation (E = I X R) gives the
proof: E = 500 X 0.1 = 50. At the point
of 250 ohms on the resistor, the voltage
will be one-fourth the total value, or 25
volts (E = 250 X 0.1 = 25). Continuing
with this process, a point can be found
where the resistance measures exactly 1 ohm
and where the voltage equals 0.1 volt. It
is, therefore, obvious that if the original
source of voltage and the resistance can be
measured, it is a simple matter to predeter-
mine the voltage at any point along the
resistor, provided that the current remains
constant, and provided that no current is
taken from the tap-on point unless this
current is taken into consideration.

Voltage-Divider Proper design of a voltage
Calculations divider for any type of radio

equipment is a relatively
simple matter. The first consideration is the
amount of “bleeder current” to be drawn.

—_— A

—
EXTERNAL
LOAD
—

Figure 7

SIMPLE VOLTAGE-DIVIDER
CIRCUIT
The arrows Indicate the manner In which the

current flow divides between the voltage
divider itselt and the extermal load clreuit.

SLEEDER CURRENT
FLOWS BET!
POINTS A AND

_ —

.y

In addition, it is also necessary that the de-
sired voltage and the exact current at each
tap on the voltage divider be known.

Figure 7 illustrates the flow of current
in a simple voltage-divider and load circuit.
The light arrows indicate the flow of bleeder
current, while the heavy arrows indicate the
flow of the load current. The design of a
combined bleeder resistor and voltage divid-
er, such as is commonly used in radio equip-
ment, is illustrated in the following example:

A power supply delivers 300 volts and
is conservatively rated to supply all needed
current for the receiver and still allow a
bleeder current of 10 millianjperes. The fol-
lowing voltages are wanted:| 75 volts at 2
milliamperes for the detecfor tube, 100
volts at 5 milliamperes for [the screens of
the tubes, and 250 volts at 20 milliamperes
for the plates of the tubes] The required
voltage drop across R, is 75 volts, across
R, 25 volts, across Rs 150 volts, and across
R, it is 50 volts. These valugs are shown in
the diagram of figure 8. The Jrespective cur-
rent values are also indicated] Apply Ohm’s
Law: dl

R, = %:T = 71500 ohms
R, = f—:Tzlsz— = 1083 ohms
R; = %::)ST(; = ’823 ohms
R, = —f—:%’o—; = 13$lohms

Rryota1 = 7500 + 2083 + 8823 +
1351 = 19,757 ohms

A 20,000-ohm resistor with three sliding
taps will be the approximately correct
size, and would ordinarily be used because
of the difficulty in securing four separate
resistors of the exact odd values indicated,
and because no adjustment would be possible
to compensate for any slight error in esti-
mating the probable currents through the
various taps. W‘

When the sliders on the resistor once are
set to the proper point, as in the above ex-
ample, the voltages will remain constant at
the values shown as long as the current
remains a constant value.
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30 VOLTS DROP 3
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150 VOLTS OROP { 2R3 :
300 VOLTS 1

Wy

104 2 MA. 4
2% VOLTS DROP FR2

BLEEDER CURRENT, 10 MA.{ < 2 ’ 1
PRy <
% — - —_—
|
i

-

75 VOLTS DROP
POWER SUPPLY -+ LOAD
Figure 8

MORE COMPLEX VOLTAGE DIVIDER

The method for computing the values of the
resistors is di d in the panying text.

Disadvantages of One of the serious disad-
Voltage Dividers vantages of the voltage

divider becomes evident
when the current drawn from one of the
taps changes. It is obvious that the voltage
drops are interdependent and, in turn, the
individual drops are in proportion to the
current which flows through the respective
sections of the divider resistor. The only
remedy lies in providing a heavy steady
bleeder current in order to make the indi-
vidual currents so small a part of the total
current that any change in current will
result in only a slight change in voltage.
This can seldom be realized in practice be-
cause of the excessive values of bleeder cur-
rent which would be required.

Kirchhoff's Laws Ohm’s Law is all that is

necessary to calculate the
values in simple circuits, such as the pre-
ceding examples; but in more complex prob-
lems, involving several loops, or more than
one voltage in the same closed circuit, the
use of Kirchboff’s laws will greatly simplify
the calculations. These laws are merely rules
for applying Ohm’s Law.
Kirchhoff’s first law is concerned with net
current to a point in a circuit and states
that:

At any point in a circuit the current
flowing toward the point is equal to
the current flowing away from the
point.

=2 AMPS AW
(—-. = o P j
a o -2 AmpS -
R2 LX)
+4 AMPS. . _ . . I
lijIF
20 VOLTS
Figure 9
ILLUSTRATING KIRCHHOFF'S
FIRST LAW

The current flowing toward point “A” is equal
to the current flowing away from point “A”

Stated in another way: if currents flowing to
the point are considered positive, and those
flowing from the point are considered nega-
tive, the sum of all currents flowing toward
and away from the point — taking signs
into account — is equal to zero. Such a sum
is known as an algebraic sum; such that the
law can be stated thus: The algebraic sum
of all currents entering and leaving a point
is zero.

Figure 9 illustrates this first law. If
the effective resistance of the network of
resistors is § ohms, it can be seen that 4
amperes flow toward point A, and 2 amperes
flow away through the two S-ohm resistors
in series. The remaining 2 amperes flow
away through the 10-ohm resistor. Thus,
there are 4 amperes flowing to point A
and 4 -amperes flowing away from the
point. If Ry is the effective resistance of
the network (5 ohms), R, = 10 ohms, R,
= § ohms, Ry = § ohms, and E = 20 volts,
we can set up the following equation:

E E E

R R R +R
20 20 20 __,

b 10 s+
4—2—-2=0

Kirchhoff’s second law is concerned with
net voltage drop around a closed loop in a
circuit and states that:

In any closed path or loop in a circuit
the sum of the IR drops must equal
the sum of the applied e.m.f.’s.

The second law also may be conveniently
stated in terms of an algebraic sum as: The
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algebraic sum of all woltage drops around a
closed path or loop in a circuit is zero. The
applied e.m.f.’s (voltages) are considered
positive, while IR drops taken in the direc-
tion of current flow (including the internal
drop of the sources of voltage) are consid-
ered negative.

Figure 10 shows an example of the appli-
cation of Kirchhoff’s laws to a comparative-
ly simple circuit consisting of three resistors
and two batteries. First assume an arbitrary
direction of current flow in each closed loop
of the circuit, drawing an arrow to indicate
the assumed direction of current flow. Then
equate the sum of all IR drops plus battery
drops around each loop to zero. You will
need one equation for each unknown to be
determined. Then solve the equations for the
unknown currents in the general manner
indicated in figure 10. If the answer comes
out positive the direction of current flow
you originally assumed was correct. If the
answer comes out negative, the current flow
is in the opposite direction to the arrow

e

2onfes T2 O\

3 OHMS

S 2 OMMS
- +
== 3 VOLTS = 3VOLTS
NS T iz T-

1. SET VOLTAGE DROPS AROUND EACH LOOP EQUAL TO ZERO.
112104ms)+2 (I1=12) +32 0 (rinsT LooP)
-6+2(12~I1)+312=0 (secono Loor)

2.  SIMPLIFY

2lt+211~-212+3=0 212-21t+312-6=0

411+3 .1 512-211-6=0
2 2 2li+6 |
5 2
3. equare
4143 _ 2I1+6
2 5
4. SIMPLIFY
2011 +15= 411412
11 =2-7§ AMPERE
5. n:-sulnsnrur(
Iz=j-£i- . 2—2*- = 14 ampere
Figure 10
ILLUSTRATING KIRCHHOFF’S
SECOND LAW

The voltage drop around any closed loop in a
network is equal to xero.

which was drawn originally. This is illus-
trated in the example of figure 10, where
the direction of flow of I, is opposite to the
direction assumed in the sketch.

Power in In order to cause electrons
Resistive Circuits to flow through a conduc-

tor, constituting a current
flow, it is necessary to apply an electromotive
force (voltage) across the circuit. Less pow-
er is expended in creating a small current
flow through a given resistance than in
creating a large one; so it is necessary to
have a unit of power as a reference.

The unit of electrical power is the watf,
which is the rate of energy consumption
when an e.m.f. of 1 volt fofces a current
of 1 ampere through a circuit. The power
in a resistive circuit is equal to the product
of the voltage applied across, and the cur-
rent flowing in, a given circuit. Hence: P
(watts) = E (volts) X I (amperes).

Since it is often convenient to express
power in terms of the resistance of the cir-
cuit and the current flowing through it,
a substitution of IR for E (E = IR) in the
above formula gives: P = IR X J or P =
I’R. In terms of voltage and resistance, P
= E?/R. Here, I = E/R and when this is
substituted for I the original formula be-
comes P = E X E/R, or P = E2?/R. To
repeat these three expressions:

P = EI, P = I’R, and P,= E?/R

where,
P is the power in watts,
E is the electromotive force in volts, and
I is the current in amperes.

To apply the above equations to a typical
problem: The voltage drop agross a cathode
resistor in a power amplifief stage is 50
volts; the plate current flowirjg through the
resistor is 150 milliamperes. ‘Fhe number of
watts the resistor will be required to dissi-
pate is found from the formula: P = EI, or
50 X .150 = 7.5 watts (.J50 ampere is
equal to 150 milliamperes). Brom the fore-
going it is seen that a 7.5-waft resistor will
safely carry the required curgent, yet a 10-
or 20-watt resistor would ordjnarily be used
to provide a safety factor.

In another problem, the ¢
similar to those above, but

ditions being
ith the resist-
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Figure 11

MATCHING OF
RESISTANCES

To deliver the greatest amount of power to

the load, the load resistance R, should be

equal to the internal resistance of the
battery R,

ance (R =333 ohms), and current being
the known factors, the solution is obtained
as follows: P = I*R = .0225 X 333.33 =
7.5. If only the voltage and resistance are
known, P = E*/R = 2500/333.33 = 7.5
watts. It is seen that all three equations give
the same results; the selection of the particu-
lar equation depends only on the known
factors.

Power, Energy It is important to remember
and Work that power (expressed in

watts, horsepower, etc.), rep-
resents the rafe of energy consumption or
the rate of doing work. But when we pay

Figure 12
TYPICAL CAPACITORS

The two large units are high value filter ca-

puacitors. Shown beneoth these are various

types of by-pass capacitors for r-f and audio
application.

:C%pocitonce 33

our electric bill to!the power company we
have purchased a specific amount of energy
or work expressed in the common units of
kilowatt-bours, Thus rate of energy con-
sumption (watts or kilowatts) multiplied
by time (seconds, minutes, or hours) gives
us total energy or work. Other units of
energy are the watt-second, BTU, calorie,
erg, and joule.

Heating Effect Heat is generated when a

source of voltage causes a
current to flow through a resistor (or, for
that matter, through any conductor). As
explained earlier, this is due to the fact
that heat is given off when free electrons
collide with the atoms of the material. More
heat is generated in high-resistance materials
than in those of low resistance, since the
free electrons must strike the atoms harder
to knock off other electrons. As the heating
effect is a function of the current flowing
and the resistance of the circuit, the power
expended in heat is given by the second
formula: P = I?’R.

2-3 | Electrostatics —
Capacitors

Electrical energy can be stored in an elec-
trostatic field. A device capable of storing
energy in such a field is. called a capacitor
(in earlier usage the term condenser was
frequently used but the IEEE standards call
for the use of capacitor instead of conden-
ser) and is said to have a certain capacitance.
The energy stored in an electrostatic field
is expressed in joules (watt-seconds) and is
equal to CE?/2, where C is the capacitance
in farads (a unit of capacitance to be dis-
cussed) and E is the potential in volts, The
charge is equal to CE, the charge being ex-
pressed in coulombs.

Capacitance and Two metallic plates sep-
Capacitors arated from each other by

a thin layer of insulating
material (called a dielectric, in this case)
becomes a capacitor. When a source of d-c
potential is momentarily applied across these
plates, they may be said to become charged.
If the same two plates are then joined to-
gether momentarily by means of a switch,
the capacitor will discharge.
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When the potential 'was first applied,
electrons immediately flowed from one plate
to the other through the battery or such
source of d-c potential as was applied to
the capacitor plates. However, the circuit
from plate to plate in the capacitor was
incomplete (the two plates being separated
by an insulator) and thus the electron flow
ceased, meanwhile establishing a shortage of
electrons on one plate and a surplus of elec-
trons on the other.

Remember that when a deficiency of elec-
trons exists at one end of a conductor, there
is always a tendency for the electrons to
move about in such a2 manner as to re-estab-
lish a state of balance. In the case of the
capacitor herein discussed, the surplus quan-
tity of electrons on one of the capacitor
plates cannot move to the other plate be-
cause the circuit has been broken; that is,
the battery or d-c potential was removed.
This leaves the capacitor in a charged con-
dition; the capacitor plate with the electron
deficiency is positively charged, the other
plate being negative.

In this condition, a considerable stress
exists in the insulating material (dielectric)
which separates the two capacitor plates,
due to the mutual attraction of two unlike
potentials on the plates. This stress is known
known as electrostatic energy, as contrasted
with electromagnetic energy in the case of
an inductor. This charge can also be called
potential energy because it is capable of per-
forming work when the charge is released
through an external circuit. The charge is
proportional to the voltage but the energy
is proportional to the voltage squared, as
shown in the following analogy.

The charge represents a definite amount of
electricity, or a given number of electrons.
The potential energy possessed by these elec-
trons depends not only on their number, but
also on their potential or voltage.

Compare the electrons to water, and two
capacitors to standpipes, a 1-pufd capacitor to
a standpipe having a cross section of 1
square inch and a 2-pfd capacitor to a
standpipe having a cross section of 2 square
inches. The charge will represent a given
volume of water, as the “charge” simply
indicates a certain number of electrons. Sup-
pose the quantity of water is equal to §
gallons. .

E€LECTROSTATIC
*" FIELD

3?0."“0'4: e 350.:'1.":‘::’ RONS

ELECTR Y
s—

s \Ia

=

+

—llilt—

+ CHARGING CURRENT
Figure 13
SIMPLE CAPACITOR

llustrating the imaginary lines of force repre-

sonting the paths along which the repelling

force of the electrons would act on a free

olectron located bhetween the ® capacitor
plates. T

Now the potential energy, or capacity for
doing work, of the § gallons of water will be
twice as great when confined to the 1 sq. in.
standpipe as when confined to the 2 sq. in.
standpipe. Yet the volume of water or
*“charge” is the same in either case.

Likewise a 1-ufd capacitor charged to
1000 volts possesses twice as much potential
energy as does a 2-ufd capacitor charged to
500 volts, though the charge (expressed in
coulombs: Q = CE) is the same in either
case.

The Unit of Capac- If the external circuit of
itance: The Farad the two capacitor plates

is completed by joining
the terminals together with a piece of wire,
the electrons will rush immediately from
one plate to the other through the external
circuit and establish a state of equilibrium.
This latter phenomenon explains the dis-
charge of a capacitor. The amount of stored
energy in a charged capacitor is dependent
on the charging potential, as well as a factor
which takes into account the size of the
plates, dielectric thickness, nature of the di-
electric, and the number of plates. This
factor, which is determined by the fore-
going, is called the capacitance of a capaci-
tor and is expressed in farads.

The farad is such a large ugit of capaci-
tance that it is rarely used in gadio calcula-
tions, and the following more practical units
have, therefore, been chosen.

1 microfarad = 1/1,000,000 farad, or

.000001 farad, or 10-° farad.
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1 micromicrofarad or picofarad =
1/1,000,000 microfarad, or .000001
microfarad, or 10-° microfarad.

1 micromicrofarad or picofarad = one-
millionth of one-millionth of a farad, or
102 farad.

If the capacitance is to be expressed in
microfarads in the equation given for ener-
gy storage, the factor C would then have to
be divided by 1,000,000, thus:

C X E?

St in j P p——— e
ored energy in joules 2 X 1,000,000

This storage of energy in a capacitor is
one of its very important properties, par-
ticularly in those capacitors which are used
in power-supply filter circuits.

Dielectric Although any substance which has
Materials the characteristics of a good in-

sulator may be used as a dielectric
material, commercially manufactured ca-
pacitors make use of dielectric materials
which have been selected because their char-
acteristics are particularly suited to the job

TABLE. 2. TABLE OF DIELECTRIC MATERIALS

Dielectric | Power | Softening
Material Constant | Factor Point
10 MHz | 10 MHz |[Fahrenheit
Aniline-Formaldehyde
Resin 3.4 0.004 260"
Barium Titianate 1200 1.0 -
Castor Oil 4,87
Cellulase Acstate 7 0.04 180"
Glass, Windaw 68 Poor 2000"
Glass, Pyrax 4.5 0.02
Kel-F Fluorathene 2.5 0.6 -
Mathyl-Methacrylate-
Lucite 2.8 0.007 160"
Mica 5.4 0.0003
Mycalex Mykroy 7.0 0.002 650"
Phencl-Formaldehyde,
Law-Loss Yellaw 3.0 0.013 270°
Phenal-Formaldehyde
Black Bokelite 55 0.03 3aso*
Porcslain 7.0 0.005 | 2800*
Palyethylens FRT] 00003 220*
Palystyrens .53 00002 175°
Quartz, Fused 4.2 0.0002 | 2600°
| Rubber Hord-Ebonite 2.8 0.007 130°
Steatite 6.1 0003 | 2700
Sulfur X 0.003 236"
Tefion 2.1 0006 -
Titanium Dioxide 100-175 0.0006| 2700°
Transfarmer Oil 22 0.003
Urea-Formaldehyds a0 0.05 260"
Viryl Resing 40 002 200°
Wood, Mapls 4.4 Poor

at hand. Air is a very good dielectric ma-
terial, but an air-spaced capacitor does not
have a high capacitance since the dielectric
constant of air is only slightly greater than
one. A group of other commonly used di-
electric materials is listed in Table 2.

Certain materials, such as bakelite, lucite,
and other plastics dissipate considerable
energy when used as capacitor dielectrics.
This energy loss is expressed in terms of the
power factor of the capacitor, which repre-
sents the portion of the input volt-amperes
lost in the dielectric material. Other ma-
terials including air, polystyrene and quartz
hive a very low power factor.

The new ceramic dielectrics such as sfea-
tite (talc) and titanium dioxide products
are especially suited for high-frequency and
high-temperature operation. Ceramics based
on titanium dioxide have an unusually high
dielectric constant combined with a low
power factor. The temperature coefficient
with respect to capacitance of units made
with this material depends on the mixture
of oxides, and coefficients ranging from
zero to over —700 parts per million per
degree Centigrade may be obtained in com-
mercial production.

Mycalex is a composition of minute mica
particles and lead-borate glass, mixed and
fired at a relatively low temperature. It is
hard and brittle, but can be drilled or ma-
chined when water is used as the cutting
lubricant.

Mica dielectric capacitors have a very low
power factor and extremely high voltage
breakdown per unit of thickness. A mica
and copperfoil “sandwich” is formed under
pressure to obtain the desired capacity value.
The effect of temperature on the pressures
in the “sandwich” causes the capacitance of
the usual mica capacitor to have large, non-
cyclic variations. If the copper electrodes
are plated directly on the mica sheets, the
temperature coefficient can be stabilized at
about 20 parts per million per degree Centi-
grade. A process of this type is used in the
manufacture of “silver mica” capacitors.

Paper dielectric capacitors consist of strips
of aluminum foil insulated from each other
by a thin layer of paper, the whole assembly
being wrapped in a circular bundle. The
cost of such a capacitor is low, the capaci-
tance is high in proportion to the size and
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weight, and the power factor is good. The
life of such a capacitor is dependent on the
moisture penetration of the paper dielectric,
and on the level of the applied d-c voltage.

Air-dielectric capacitors are used in trans-
mitting and receiving circuits, principally
where a variable capacitor of high resetabil-
ity is required. The dielectric strength
high, though somewhat less at radio fre-
quencies than at 60 Hz. In addition,
corona discharge at high frequencies will
cause ionization of the air dielectric causing
an increase in power loss. Dielectric strength
may be increased by increasing the air pres-
sure, as is done in hermetically sealed radar
units. In some units, dry nitrogen gas may
be used in place of air to provide a higher
dielectric strength than that of air.

Likewise, the dielectric strength of an
“air” capacitor may be increased by placing
the unit in 2 vacuum chamber to prevent
ionization of the dielectric.

The temperature coefficient of a variable
air-dielectric capacitor varies widely and is
often noncyclic. Such things as differential
expansion of various parts of the capacitor,
changes in internal stresses, and different
temperature coefficients of various parts con-
tribute to these variances.

Dielectric The capacitance of 2 capacitor is
Constant determined by the thickness and

nature of the dielectric material
between plates. Certain materials offer a
greater capacitance than others, depending
on their physical makeup and chemical con-
stitution. This property is expressed by a
constant K, called the dielectric constant.
(K = 1 for air.)

Dielectric  If the charge becomes too great
Breokdown for 2 given thickness of a cer-

tain dielectric, the capacitor will
break down, i.e., the dielectric will puncture.
It is for this reason that capacitors are
rated in the manner of the amount of
voltage they will safely withstand as well
as the capacitance in microfarads. This rat-
ing is commonly expressed as the d-c work-
ing voltage (DCWV).

Calculation of The capacitance of two par-
Copacitance  jllel plates may be determined

with good accuracy by the
following formula:

SPACING ININCKHES

CIRCULAR PLATE CAPACITORS
CAPACITANCE FOR A GIVEN SPACING

T

(VAN

1IN

JELAN

LUNN u

2 \ \\‘ v,

1 \”0/47%"‘}4 L2018, -l —t

T T2 3 a4 s e 7 & % o v 1z 13

CAPACITANCE IN PICOFARADS
Figure 14

Through the use of this chart it ds possible to
determine the roqulrod plate diameter (with
the g tablished by peak
voltage eonﬂdora'lons} for a dreular-pla'o
neutralizing capacitor. The capacitance given
is for a dielectric of air and the spacing given
is between adjacent faces of the two plates.

C =0.2248 XK X —f—

where,

C equals capacitance in picofarads,

K equals dielectric constant of spacing
material,

A equals area of dielectric in square inches,

t equals thickness of dielectric in inches.

=Ca2 4 c

\
|
®
]

(

/=C1 ~C3 ==<Cs
c
RC2 a<Cs ::fo

¥
CAPACITORS IN SERIES-PARALLEL
Figure 15

CAPACITORS IN SERIES, PARALLEL,
AND SERIES-PARALLEL
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This formula indicates that the capaci-
tance is directly proportional to the area of
the plates and inversely proportional to the
thickness of the dielectric (spacing between
the plates). This simply means that when
the area of the plate is doubled, the spacing
between plates remaining constant, the ca-
pacitance will be doubled. Also, if the area
of the plates remains constant, and the
plate spacing is doubled the capacitance will
be reduced to half.

The above equation also shows that ca-
pacitance is directly proportional to the di-
electric constant of the spacing material.
An air-spaced capacitor that has a capaci-
tance of 100 pf in air would have a ca-
pacitance of 467 pf when immersed in castor
oil, because the dielectric constant of castor
oil is 4.67 times as great as the dielectric
constant of air.

Where the area of the plate is definitely
set, when it is desired to know the spacing
needed to secure a required capacitance,

A X 0.2248 X K
C

where all units are expressed just as in the
preceding formula. This formula is not con-
fined to capacitors having only square or
rectangular plates, but also applies when the
plates are circular in shape. The only change
will be the calculation of the ares of such
circular plates; this area can be computed
by squaring the radius of the plate, then
multiplying by 3.1416, or “'pi.” Expressed
as an equation:

A=131416 X r*

=

where,
r equals radius in inches.

The capacitance of a multiplate capacitor
can be calculated by taking the capacitance
of one section and multiplying this by the
number of dielectric spaces. In such cases,
however, the formula gives no consideration
to the effects of edge capacitance; so the
capacitance as calculated will not be en-
tirely accurate. These additional capacitances
will be but a small part of the effective total
capacitance, particularly when the plates
are reasonably large and thin, and the final
result will, therefore, be within practical
limits of accuracy.

Capacitors in  Equations for calculating ca-
Parallel and  pacitances of capacitors in par-
in Series allel connections are the same

as those for resistors in series.

CT:C1+C2+...+Cn

Capacitors in series connection are cal-
culated in the same manner as are resistors
in parallel connection.

The formulas are repeated: (1) For two
or more capacitors of numequal capacitance
in series:

1
CT—
1 1 1 ’
+—=—+
C: C. G
SV SV S S

C'r C1 C2 C3
(2) Two capacitors of unequal capacitance
in series:
C. X G,
C) + Cg

(3) Three capacitors of equal capacitance
in series:

CT:

C
CTZB—I'

where,
C, is the common capacitance.

(4) Three or more capacitors of equal ca-
pacitance in series.

Value of common capacitance

Cr= 5 :
Number of capacitors in series

(5) Six capacitors in series-parallel:

CT:Il + l1 1+11 1
1
ote o tc o te

Capacitors in A-C  When a capacitor is con-
and D-C Circuits  nected into a direct-cur-

rent circuit, it will block
the d.c., or stop the flow of current. Beyond
the initial movement of electrons during the
period when the capacitor is being charged,
there will be no flow of current because the
circuit is effectively broken by the dielectric
of the capacitor.
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Strictly speaking, a very small current
may actually flow because the dielectric of
the capacitor may not be a perfect insulator.
This minute current flow is the leakage cur-
rent previously referred to and is dependent
on the internal d-c resistance of the capaci-
tor. This leakage current is usually quite
noticeable in most types of electrolytic ca-
pacitors.

When an alternating current is applied to
a capacitor, the capacitor will charge and
discharge a certain number of times per
second in accordance with the frequency of
the alternating voltage. The electron flow
in the charge and discharge of a capacitor
when an a-c potential is applied constitutes
an alternating current, in effect. It is for
this reason that a capacitor will pass an
alternating current yet offer practically in-
finite opposition to a direct current. These
two properties are repeatedly in evidence in
a radio circuit.

Voltage Rating Any good paper-dielectric
of Capacitors  filter capacitor has such a
in Series high internal resistance (in-

dicating a good dielectric)
that the exact resistance will vary consider-
ably from capacitor to capacitor even though
they are made by the same manufacturer
and are of the same rating. Thus, when
1000 volts d. c. are connected across two 1-
pfd  500-volt capacitors in series, the
chances are that the voltage will divide un-
evenly; one capacitor will receive more than
500 volts and the other less than 500 volts.

Voltage Equalizing By connecting a half-
Resistors megohm 1-watt carbon

resistor across each ca-
pacitor, the voltage will be equalized be-
cause the resistors act as a voltage divider,
and the internal resistances of the capacitors
are so much higher (many megohms) that
they have but little effect in disturbing the
voltage divider balance.

Carbon resistors of the inexpensive type
are not particularly accurate (not being de-
signed for precision service); therefore it is
advisable to check several on an accurate
ohmmeter to find two that are as close as
possible in resistance. The exact resistance
is unimportant, just so it is the same for
the two resistors used.
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Figure 16

SHOWING THE USE OF VOLTAGE EQUAL-
IZING RESISTORS ACROSS CAPACITORS
CONNECTED IN SERIES

Capacitors in  When two capacitors are con-
Series on A.C. nected in series, alternating

voltage pays no heed to the
relatively high internal resistance of each
capacitor, but divides across the capacitors
in inverse proportion to the capacitance. Be-
cause, in addition to the d-c voltage across
a capacitor in a filter or audio amplifier cir-
cuit there is usually an a-c¢ ar a-f voltage
component, it is inadvisable to series-connect
capacitors of unequal capacitance even if
dividers are provided to keep the d-c volt-
ages within the ratings of the individual
capacitors.

For instance, if a 500-volt 1-ufd capaci-
tor is used in series with a 4-ufd $500-
volt capacitor across a 250-volt a-c supply,
the 1-ufd capacitor will have 200 a-c volts
across it and the 4-ufd capacitor only 50
volts. An equalizing divider, to do any good
in this case, would have to be of very low
resistance because of the comparatively low
impedance of the capacitors to alternating
current. Such a divider would draw ex-
cessive current and be impracticable.

The safest rule to follow is to use only
capacitors of the same capacitance and volt-
age rating and to install matched high-
resistance proportioning resistors across the
various capacitors to equalize the d-c volt-
age drop across each capacitor. This holds
regardless of how many capacitors are series-
connected.

Electrolytic Electrolytic capacitors use a very
Capacitors thin film of oxide as the dielec-

tric, and are polarized; that is,
they have a positive and a negative terminal
which must be properly connected in a cir-
cuit; otherwise, the oxide will break down
and the capacitor will overheat. The unit
then will no longer be of service. When elec-
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trolytic capacitors are connected in series,
the positive terminal is always connected
to the positive lead of the power supply;
the negative terminal of the capacitor con-
nects to the positive terminal of the next
capacitor in the series combination. The
method of connection for electrolytic ca-
pacitors in series is shown in figure 16. Elec-
trolytic capacitors have very low cost per
microfarad of capacitance, but also have a
large power factor and high leakage; both
dependent on applied voltage, temperature,
and the age of the capacitor. The modern
electrolytic capacitor uses a dry paste elec-
trolyte embedded in 2 gauze or paper dielec-
tric. Aluminum foil and the dielectric are
wrapped in a circular bundle and are
mounted in a cardboard or metal box.
Etched electrodes may be employed to in-
crease the effective anode area, and the total
capacitance of the unit.

The capacitance of an electrolytic ca-
pacitor is affected by the applied voltage,
the usage of the capacitor, the temperature
and the humidity of the environment. The
capacitance usually drops with the aging
of the unit. The leakage current and power
factor increase with age. At high frequen-
cies the power factor becomes so poor that
the electrolytic capacitor acts as a series
resistance rather than as a capacitance.

2-4 Magnetism
and Electromagnetism

The common bar or horseshoe magnet is
familiar to most people. The magnetic field
which surrounds it causes the magnet to at-
tract other magnetic materials, such as iron
nails or tacks. Exactly the same kind of
magnetic field is set up around any conduc-
tor carrying a current, but the field exists
only while the current is flowing.

Magnetic Fields Before a potential, or volt-

age, is applied to a conduc-
tor there is no external field, because there
is no general movement of the electrons in
one direction. However, the electrons do
progressively move along the conductor
when an e.m.f. is applied, the direction of
motion depending on the polarity of the
e.m.f. Since each electron has an electric
field about it, the flow of electrons causes

these fields to build up into a resultant
external field which acts in a plane at right
angles to the direction in which the cur-
rent is flowing. This field is known as the
magnetic field.

The magnetic field around a current-car-
rying conductor is illustrated in figure 17.
The direction of this magnetic field depends
entirely on the direction of electron drift or
current flow in the conductor. When the
flow is toward the observer, the field about
the conductor is clockwise; when the flow
is away from the observer, the field is
counterclockwise: This is easily remembered
if the left hand is clenched, with the thumb
outstretched and pointing in the direction
of electron flow. The fingers then indicate
the direction of the magnetic field around
the conductor.

Each electron adds its field to the total
external magnetic field, so that the greater
the number of electrons moving along the
conductor, the stronger will be the resulting
field.

One of the fundamental laws of magnet-
ism is that like poles repel one another and
unlike poles attract ome another. This is
true of current-carrying conductors as well
as of permanent magnets. Thus, if two
conductors are placed side by side and the
current in each'is flowing in the same di-
rection, the magnetic fields will also be in
the same direction and will combine to form
a larger and stronger field. If the current
flow in adjacent conductors is in opposite
directions, the magnetic fields oppose each
other and tend to cancel.

The magnetic field around 2 conductor
may be considerably increased in strength
by winding the wire into a coil. The field

T —
ELECTRON DRIFT

S-swiTcH
-— |I+ -—

M
Figure 17
LEFT-HAND RULE
Showing the direction of the gnetic lines of

force produced around a conductor carrying
an electric current.
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around each wire then combines with those
of the adjacent turns to form a total field
through the coil which is concentrated
along the axis of the coil and behaves ex-
ternally in a way similar to the field of a
bar magnet.

If the left hand is held so that the thumb
is outstretched and parallel to the axis of a
coil, with the fingers curled to indicate the
direction of electron flow around the turns
of the coil, the thumb then points in the

direction of the north pole of the magnetic
field.

The Magnetic In the magnetic circuit, the
Circuit units which correspond to
current, voltage, and resist-
ance in the electrical circuit are flux, mag-
netomotive force, and reluctance.

Flux; Flux  As a current is made up of a drift
Density  of electrons, so is a magnetic

field made up of lines of force,
and the total number of lines of force in a
given magnetic circuit is termed the flux.
The flux depends on the material, cross sec-
tion, and length of the magnetic circuit,
and it varies directly as the current flowing
in the circuit. The unit of flux is the max-
well, and the symbol is the Greek letter
¢ (phi).

Flux density is the number of lines of
force per unit area. It is expressed in gauss
if the unit of area is the square centimeter
(1 gauss = 1 line of force per square cen-
timeter), or in lines per square inch. The
symbol for flux density is B if it is expressed
in gauss, or B if expressed in lines per sq. in.

Magnetomotive The force which produces a
Force flux in a magnetic circuit

is called magnetomotive
force. Tt is abbreviated m.m.f. and is desig-
nated by the letter F. The unit of magneto-
motive force is the gilbert, which is equiva-
lent to 1.26 X NI, where N is the number
of turns and I is the current flowing in the
circuit in amperes.

The m.m.f. necessary to produce a given
flux density is stated in gilberts per centi-
meter (oersteds) (H), or in ampere-turns
per inch (H),

Reluctance Magnetic reluctance corresponds
to electrical resistance, and is

the property of a material that opposes the
creation of a magnetic flux in the material.
It is expressed in rels, and the symbol is the
letter R. A material has a reluctance of 1 rel
when an m.m.f. of 1 ampere-turn (NI) gen-
erates a flux of 1 line of force in it. Com-
binations of reluctances are treated the
same as resistances in finding the total ef-
fective reluctance. The specific reluctance of
any substance is its reluctance per unit vol-
ume.

Except for iron and its alloys, most com-
mon materials have a specific reluctance
very nearly the same as that of a vacuum,
which, for all practical purpases, may be
considered the same as the specific reluct-
ance of air.

Ohm’s Law for The relations between flux,
Magnetic Circuits magnetomotive force, and
reluctance are exactly the
same as the relations between current, volt-
age, and resistance in the electrical circuit.
These can be stated as follows:
F F

¢:? R =—

F = ¢R
P ¢

where,

¢ equals flux, F equals m.m.f.,
R equals reluctance.

Permeability Permeability expresses the ease

with which a magnetic field
may be set up in a material as compared
with the effort required in the case of air.
Iron, for example, has a permeability of
around 2000 times that of air, which means
that a given amount of magnetizing effort
produced in an iron core by a current flow-
ing through a coil of wire will produce
2000 times the flux density that the same
magnetizing effect would produce in air, It
may be expressed by the ratio B/H or B/H,
In other words,

_ B L B
=H O ETH

where p is the permeability, B is the flux
density in gausses, B is the flux density in
lines per square inch, H is the m.m.f. in
gilberts per centimeter (oersteds), and H
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is the m.m.f. in ampere-turns per inch.
These relations may also be stated as follows:

H=-lior H:B—,ande Hpor B=Hp
p p

It can be seen from the foregoing that
permeability is inversely proportional to the
specific reluctance of a material.

Saturation Permeability is similar to electric
conductivity. This is, however,
one important difference: the permeability
of magnetic materials is not independent of
the magnetic current (flux) flowing through
it, although electrical conductivity is sub-
stantially independent of the electric cur-
rent in a2 wire. When the flux density of a
magnetic conductor has been increased to
the saturation point, a further increase in
the magnetizing force will not produce a
corresponding increase in flux density.
B-H Curve To simplify magnetic circuit
calculations, a magnetization
curve may be drawn for a given unit of
material. Such a curve is termed a B-H
curve, and may be determined by experi-
ment. When the current in an iron-core
coil is first applied, the relation between the
winding current and the core flux is shown
at A-B in figure 18. If the current is then
reduced to zero, reversed, brought back
again to zero and reversed to the original
direction,, the flux passes through a typical
hysteresis loop as shown.

MAGNETIZING FORCE

7 H—r-

Figure 18

TYPICAL HYSTERESIS LOOP
(8-H CURVE = A-B)

Showing relationship between the current in

the winding of an iron-core inductor and the

core flux. A direct current flowing through the

inductance brings the magnetic state of the

core to some point on the hysteresis loop,
such as C.

Residual Magnetism; The magnetism remain-
Retentivity ing in a material after

the magnetizing force
is removed is called residual magnetism. Re-
tentivity is the property which causes a
magnetic material to have residual magne-
tism after having been magnetized.

Hysteresis; Hysteresis is the characteristic
Coercive Force of a magnetic system which

causes a loss of power due to
the fact that a negative magnetizing force
must be applied to reduce the residual mag-
netism to zero. This negative force is termed
coercive force. By ‘“‘negative” magnetizing
force is meant one which is of the opposite
polarity with respect to the original magne-
tizing force. Hysteresis loss is apparent in
transformers and chokes by the heating of
the core.

Inductance [f the switch shown in figure 17

is opened and closed, a pulsating
direct current will be produced. When it is
first closed, the current does not instanta-
neously rise to its maximum value, but
builds up to it. While it is building up, the
magnetic field is expanding around the con-
ductor. Of course, this happens in a small
fraction of a second. If the switch is then
opened, the current stops and the magnetic
field contracts quickly. This expanding and
contracting field will induce a current in
any other conductor that is part of a contin-
uous circuit which it cuts. Such a field can
be obtained in the way just mentioned by
means of a vibrator interruptor, or by ap-
plying a.c. to the circuit in place of the
battery. Varying the resistance of the circuit
will also produce the same effect. This in-
ducing of a current in a conductor due to
a varying current in another conductor not
in actual contact is called electromagnetic
induction.

Self-inductance If an alternating current

flows through a coil the
varying magnetic field around each turn
cuts itself and the adjacent turn and in-
duces a voltage in the coil of opposite po-
larity to the applied e.m.f. The amount of
induced voltage depends on the number of
turns in the coil, the current flowing in the
coil, and the number of lines of force thread-
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ing the coil. The voltage so induced is
known as a counter e.m.f. or back e.m.f.,
and the effect is termed self-induction. When
the applied voltage is building up, the
counter e.m.f. opposes the rise; when the ap-
plied voltage is decreasing, the counter
em.f. is of the same polarity and tends to
maintain the current. Thus, it can be seen
that self-inductance tends to prevent any
change in the current in the circuit.

The storage of energy in a magnetic field
is expressed in jowles and is equal to (LI?) /2.
(A joule is equal to 1 watt-second. L is de-
fined immediately following.)

The Unit of Inductance is usually denoted
Inductance: by the letter L, and is expressed
The Henry  in benrys. A coil has an in-

ductance of 1 henry when a
voltage of 1 volt is induced by a current
change of 1 ampere per second. The henry,
while commonly used in audio-frequency
circuits, is too large for reference to induct-
ance coils, such as those used in radio-fre-
quency circuits; millibenry or microbenry
is more commonly used, in the following
manner;

1 henry = 1000 millibenrys, or 10°
millibenrys.

1 millibenry = 1/1000 benry, .001
benry, or 10-2 henry.

—

microbenry = 1/1,000,000 benry,
.000001 benry, or 10-° benry.

1 microbenry = 1/1000 millibenry,
.001, or 10~ millibenry.

1000 microbenrys = 1 millibenry.

Mutual Inductance When one coil is near an-

other, a varying current
in one will produce a varying magnetic
field which cuts the turns of the other
coil, inducing a current in it. This induced
current is also varying, and will therefore
induce another current in the first coil. This
reaction between two coupled circuits is
called mutual inductance, and can be cal-
culated and expressed in henrys. The symbol
for mutual inductance is M. Two circuits
thus joined are said to be inductively cou-

pled.

N
(o7 2]

Figure 19
MUTUAL INDUCTANCE

The quantity M represents the mutuval induec.
tance between the two coils Liand L,

The magnitude of the mutual inductance
depends on the shape and size of the two
circuits, their positions and distances apart,
and the permeability of the medium. The
extent to which two inductors are coupled
is expressed by a relation known as coeffi-
cient of coupling. This is the ratio of the
mutual inductance actually present to the
maximum possible value.

The formula for mutual inductance is L
= L, + L, + 2M when the coils are poled
so that their fields add. When they are poled
so that their fields buck, then L = L, +
L, — 2M (figure 19).

Inductors in

Inductors in parallel are com-
Porallel

bined exactly as are resistors
in parallel, provided that they
are far enough apart so that the mutual
inductance is entirely negligible.

Inductors in  Inductors in series are additive,
Series just as are resistors in series,

again provided that no mutual
inductance exists. In this case, the total in-
ductance L is:

L=L1+L2+..-,etc.
Where mutual inductance does exist:
L = L1 + Lg + 2M

where,

M is the mutual inductance.

This latter expression assumes that the
coils are connected in such a way that all
flux linkages are in the same direction, i.e.,
additive. If this is not the case and the
mutual linkages subtract from the self-link-
ages, the following formula holds:

L= L1 + Lz — M
where,

M is the mutual inductance.
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INDUCTANCE OF
SINGLE -LAYER
SOLENOID COtLS

R2 N2
9R+10S

MICROHENRYS

WHERE: R » RADIUS OF COIL TO CENTER WIRE
S * LENGTH OF COIL
N * NUMBER OF TURNS

Figure 20

FORMULA FOR
CALCULATING INDUCTANCE

Through the use of the equation and the
sketch shown above the ind of singl

layer solenocld coils can be calcviated with an
accuracy of about one percent for the types
of colls normaily used in the hf and vhf range.

Core Material Ordinary magnetic cores can-

not be used for radio frequen-
cies because the eddy current and hysteresis
losses in the core material become enormous
as the frequency is increased. The principal
use for conventional magnetic cores is in the
audio-frequency range below approximately
15,000 Hertz, whereas at very low frequen-
cies (50 to 60 Hertz) their use is manda-
tory if an appreciable value of inductance
is desired.

An air-core inductor of only 1 henry in-
ductance would be quite large in size, yet
values as high as 500 henrys are commonly
available in small iron-core chokes. The in-
ductance of a coil with a magnetic core will
vary with the amount of current (both a-c
and d-c) which passes through the coil.
For this reason, iron-core chokes that are used
in power supplies have a certain inductance
rating at a predetermined value of direct
current.

The permeability of air does not change
with flux density; so the inductance of iron-
core coils often is made less dependent on
flux density by making part of the magnetic
path air, instead of utilizing a closed loop of
iron. This incorporation of an air gap is
necessary in many applications of iron-core
coils, particularly where the coil carries a
considerable d-c component. Because the
permeability of air is so much lower than
that of iron, the air gap need comprise only
a small fraction of the magnetic circuit in
order to provide a substantial proportion of
the total reluctance.

tron-Core Inductors  [ron-core inductors may
ot Radio Frequencies be used at radio fre-

quencies if the iron is
in a very finely divided form, as in the case
of the powdered-iron cores used in some
types of r-f coils and i-f transformers. These
cores are made of extremely small particles
of iron. The particles are treated with an in-
sulating material so that each particle will
be insulated from the others, and the treated
powder is molded with a binder into cores.
Eddy current losses are greatly reduced,
with the result that these special iron cores
are entirely practical in circuits which op-
erate up to 100 MHz in frequency.

2-5 RC and RL Transients

A voltage divider may be constructed as
shown in figure 21. Kirchhoff’s and Ohm’s
Laws hold for such a divider. This circuit
is known as an RC circuit.

2
Tl T
E =—/8B [B—— j— @
g 80 T
[ ]
2 o P
S < ®
£40
25‘“ 7
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time L, inTERMs oF Time Constant RC

s 3
L7

/
@)

—

] 1 2 3
TIME L, IN TEAMS OF TIME CONSTANT RC

REMAINING ON CAPACITOR AFTER

PLRCENT OF CHARGED VOLTAGE
$1$ MOVED TO POSITION 3.
1.
>

Figure 21
TIME CONSTANT OF AN RC CIRCUIT

Shown at (A) Is the circuit vpon which Is

based the curves of (B) and (C). (B) shows the

rate ot which capacitor € will charge from

the Instant at which switch $ Is placed In

position 1. (C) shows the discharge curve of

capacitor € from the Instant at which switch
S Is placed in position 3.
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TYPICAL INDUCTANCES

The large inductance Is a 1000-watt transmitting coil. To the right and left of this coil are
small r-f chokes. Several varieties of low power capability colls are shown below, along
with varlous types of r-f chokes intended for high-frequency operation.

Time Constant- When switch S in figure 21
RC and RL is placed in position 1, a
Circuits voltmeter across capacitor

C will indicate the manner
in which the capacitor will become charged
through the resistor R from battery B. If
relatively large values are used for R and C,
and if a vacuum-tube voltmeter which
draws negligible current is used to measure
the voltage (e), the rate of charge of the
capacitor may actually be plotted with the
aid of a stop watch.

Voltage Gradient It will be found that the

voltage (¢) will begin to
rise rapidly from zero the instant the switch
is closed. Then, as the capacitor begins to
charge, the rate of change of voltage across
the capacitor will be found to decrease, the
charging taking place more and more slowly
as capacitor voltage e approaches battery
voltage E. Actually, it will be found that
in any given interval a constant percentage
of the remaining difference between ¢ and E
will be delivered to the capacitor as an in-
crease in voltage. A voltage which changes
in this manner is said to increase logarithmi-
cally, or follows an exponential curve.

Time Constont A mathematical analysis of

the charging of a capacitor
in this manner would show that the relation-
ship between battery voltage E and the volt-

S R (INCLUDING DC RESISTANCE
OF INODUCTOR L)
ot
F== L
-l
wix
(=2 100
H |
= e
R //
aed2
3 W i -
5 e
e
2z /.
- 20
g
& ° [ 2 3

Time L, in TERMS OF TIME cONSTANT k

Figure 23
TIME CONSTANT OF AN 1. CIRCUIT

Note that the time constant for the increase

in current through an R L circvit is identical

to the rate of increase in voltage across the
capacitor in an R C cirevit.
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age across the capacitor () could be ex-
pressed in the following manner:

e=E (1 — ¢'/k°)

where ¢,E,R, and C have the values discussed
above, ¢ = 2.716 (the base of Naperian or
natural logarithms), and # represents the
time which has elapsed since the closing of
the switch. With # expressed in seconds, R
and C may be expressed in farads and ohms,
or R and C may be expressed in microfarads
and megohms. The product RC is called the
time constant of the circuit, and is expressed
in seconds. As an example, if R is one meg-
ohm and C is one microfarad, the time
constant RC will be equal to the product of
the two, or one second.

When the elapsed time (#) is equal to the
time constant of the RC network under
consideration, the exponent of ¢ becomes
—1. Now ¢! is equal to 1/e, or 1/2.716,
which is 0.368. The quantity (1—0.368)
then is equal to 0.632. Expressed as percent-
age, the above means that the voltage across
the capacitor will have increased to 63.2 per-
cent of the battery voltage in an interval
equal to the time constant or RC product
of the circuit. Then, during the next period
equal to the time constant of the RC com-
bination, the voltage across the capacitor
will have risen to 63.2 per cent of the re-

maining difference in voltage, or 86.5 per
cent of the applied voltage (E).

RL Circuit In the case of a series combina-

tion of a resistor and an inductor,
as shown in figure 23, the current through
the combination follows a very similar law
to that given above for the voltage appear-
ing across the capacitor in an RC series cir-
cuit. The equation for the current through
the combination is:

i= T (1—8"'/‘"‘)
where i represents the current at any instant
through the series circuit, E represents the
applied voltage, and R represents the total
resistance of the resistor and the d-c resist-
ance of the inductor in series. Thus the time
constant of the RL circuit is L/R, with R
expressed in ohms and L expressed in henrys.

Voltage Decay When the switch in figure

21 is moved to position 3
after the capacitor has been charged, the
capacitor voltage will drop in the manner
shown in figure 21-C. In this case the volt-
age across the capacitor will decrease to 36.8
percent of the initial voltage (will make
63.2 per cent of the total drop) in a period
of time equal to the time constant of the
RC circuit.

Figure 24
TYPICAL IRON-CORE INDUCTANCES

At the right is an vpright ing filter

hoke intended for use in low-powered

transmitters and audio equipment. At the center is a hermetically sealed inductance
for use under poor environmental conditions. To the left Is an Inexpensive receiving-
type choke, with a small iron-core r-f choke directly in front of it.
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CHAPTER THREE

Alternating-Current Circuits

The previous chapter has been devoted to
a discussion of circuits and circuit elements
upon which is impressed a current consisting
of a flow of electrons in one direction. This
type of unidirectional current flow is called
direct current (abbreviated d-c or d.c.).
Equally as important in radio and communi-
cations work and power practice is a type of
current whose direction of electron flow
reverses periodically. The reversal of flow
may take place at a low rate, in the case of
power systems, or it may take place millions
of times per second, in the case of communi-
cations frequencies. This type of current
flow is called alternating current (abbrevi-
ated a-c or a.c.).

3-1 Alternating Current

Frequency of an An alternating current is
Alternating Current one whose amplitude of

current flow periodically
rises from zero to a maximum in one direc-
tion, decreases to zero, changes its direction,
rises to maximum in the opposite direction,
and decreases to zero again. This complete
process, starting from zero, passing through
two maximums in opposite directions, and
returning to zero again, is called a cycle.
The number of times per second that a
current passes through the complete cycle
is called the frequency of the current. One
and one-quarter cycles of an alternating
current wave are illustrated diagrammati-
cally in figure 1.

Frequency Spectrum At present the usable

frequency range for al-
ternating electrical currents extends over
the electromagnetic spectrum from about
15 cycles per second to perhaps 30,000,-
000,000 cycles per second. It is obviously
cumbersome to use a frequency designation
in ¢.p.s. for enormously high frequencies,
so three common units which are multiples
of one cycle per second were established and
are still used by many engineers.

= nd
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vlo TIME —o
DIRECT CURRENT
1cYcLE .l
o—— 4 creLe—sy |
-
' |
-
z ! :
‘&‘ [} TIME ——o
[ 4 \-/
=1
(V]
ALTERNATING CURRENT

Figure 1

ALTERNATING CURRENT
AND DIRECT CURRENT
Graphical comparison between uaidirectional

(direct) current and alternating current as
plotted against time.
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These units have been:

(1) the kilocycle (kc), 1000 c.p.s.

(2) The megacycle (Mc), 1,000,000
c.p.s. or 1000 ke.

(3) the kilomegacycle (kMc),
1,000,000,000 c.p.s. or 1000 Mc.

Used for some time in other countries,
and recently adopted by the U. S. National
Bureau of Standards, IEEE, and many other
American organizations, the Herfz is the
new unit of frequency measurement.

One Hertz is precisely defined as one cycle
per second and is not to be confused with
any other time base. Hertz is abbreviated as
Hz (no period). The standard metric pre-
fixes for kilo, mega, giga, etc. are used with
the basic unit. Since “m” denotes “milli,”
capital'M'is used for mega, and small “k” is
kilo. Thus megacycle becomes megabertz
(MHz), kilocycle is kilobertz (kHz).

These newer units will be used through-
out this Handbook. With easily handled units
such as these we can classify the entire us-
able frequency range into frequency bands.

The frequencies falling between about 1§
and 20,000 Hertz are called audio frequen-
cies (abbreviated a.f.), since these frequen-
cies are audible to the human ear when con-
verted from electrical to acoustical signals
by a speaker or headphone. Frequencies in
the vicinity of 60 Hz also are called power
frequencies, since they are commonly used
to distribute electrical power to the con-
sumer.

The frequencies falling between 10,000
c.p.s. (10 kHz) and 30,000,000,000 c.p.s.
(30 GHz) are commonly called radio fre-
quencies (abbreviated r.f.), since they are
commonly used in radio communication and
allied arts. The radio-frequency spectrum is
often arbitrarily classified into seven fre-
quency bands, each one of which is ten times
as high in frequency as the one just below
it in the spectrum (except for the vIf band
at the bottom end of the spectrum). The
present spectrum, with classifications, is
given in the following table.

Generotion of Faraday discovered that
Alternating Current if a conductor which

forms part of a closed
circuit is moved through a magnetic field
s0 as to cut across the lines of force, a cur-

Frequency Classification  Abbrev.
10 to 30 kHz Very-low frequencies vl
30 to 300 kHz |Low frequencies |

300 to 3000 kHz | Medium trequencies mf]

3 to 30 MHz High frequencies h

30 to 300 MHz | Very-high
frequencies vhf]

300 to 3000 MHz[Ultrahigh frequencies u

3 to 30 GHz Superhigh trequencies sh
30 to 300 GHz [Extremely high
frequencies ehf]

rent will flow in the conductor. He also dis-
covered that, when a conductor in a second
closed circuit is brought near the first con-
ductor and the current in the first one is
varied, a current will flow in the second
conductor. This effect is known as induc-
tion, and the currents so generated are
induced currents. In the latter case it is the
lines of force which are moving and cutting
the second conductor, due to the varying
current strength in the first conductor.

A current is induced in a conductor if
there is a relative motion between the con-
ductor and a magnetic field, its direction of
flow depending on the direction of the rela-
tive motion between the conductor and the
field, and its strength depends on the in-
tensity of the field, the rate of cutting lines
of force, and the number of turns in the
conductor.

Alternators A machine that generates an al-

ternating current is called an
alternator or a-c generator. Such a machine
in its basic form is shown in figure 2. It
consists of two permanent magnets, the op-
posite poles of which face each other and are

MAGNET

Figure 2
THE ALTERNATOR

Semi-schematic representation of the simplest
form of the alternator.
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Figure 3
OUTPUT OF THE ALTERNATOR

Graph showing sine-wave output current of
the alternator of figure 2.

machined so that they have a common
radius. Between these two poles (north and
south) a substantially constant magnetic
field exists. If a conductor in the form of
a loop (C) is suspended so that it can be
freely rotated between the two poles, and if
the opposite ends of conductor C are brought
to collector rings, there will be a2 flow of
alternating current when conductor C is
rotated. This current, flows out through the
collector rings (R) and brushes (B) to the
external circuit (X-Y).

The field intensity between the two pole
pieces is substantially constant over the en-
tire area of the pole face. However, when
the conductor is moving parallel to the lines
of force at the top or bottom of the pole
faces, no lines are being cut. As the con-
ductor moves on across the pole face it cuts
more and more lines of force for each unit
distance of travel, until it is cutting the
maximum number of lines when opposite
the center of the pole. Therefore, zero cur-
rent is induced in the conductor at the in-
stant it is midway between the two poles,
and maximum current is induced when it is
opposite the center of the pole face. After
the conductor has rotated through 180° it
can be seen that its position with respect to
the pole pieces will be exactly opposite to
that when it started. Hence, the second
180° of rotation will produce an alternation
of current in the opposite direction to that
of the first alternation.

The current does nof increase directly as
the angle of rotation, but rather as the sine
of the angle; hence, such a current has the
mathematical form of a sine wave. Although
most electrical machinery does not produce

1CYCLE ———————
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WHERE F : FREQUENCY IN CYCLES OR HERTZ

Figure 4
THE SINE WAVE

Hlustrating one cycle of a sime wave. One
complete cycle of alternation Is broken up
into 360 degrees. Then one-half cycle is 180
degrees, one-quarter cycle Is 90 degrees, and
so on down to the smallest division of the
wave. A cosine wave has a shape identical to
a sine wave but is shifted 90 degrees in phase
— in other words the wave begins at full am-
plitude, the 90-degree point comes at zero
amplitude, the 180-degree point comes at full
amplitude in the opposite direction of current
flow, ete.

a strictly pure sine curve, the departures are
usually so slight that the assumption can be
regarded as fact for most practical purposes.
All that has been said in the foregoing para-
graphs concerning alternating current also
is applicable to alternating voltage.

The rotating arrow to the left in figure
3 represents a conductor rotating in a con-
stant magnetic field of uniform density. The
arrow also can be taken as a vector repre-
senting the strength of the magnetic field.
This means that the length of the arrow is
determined by the strength of the field
(number of lines of force), which is con-
stant. Now if the arrow is rotating at a
constant rate (that is, with constant angu-
lar velocity), then the voltage developed
across the conductor will be proportional to
the rate at which it is cutting lines of force,
which rate is proportional to the vertical
distance between the tip of the arrow and
the horizontal base line.

If EO is taken as unity,or a voltage of 1,
then the voltage (vertical distance from tip
of arrow to the horizontal base line) at point
C for instance may be determined simply by
referring to a table of sines and looking up
the sine of the angle which the arrow makes
with the horizontal.
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When the arrow has traveled from point
A to point E, it has traveled 90 degrees or
one quarter cycle. The other three quadrants
are not shown because their complementary
or mirror relationship to the first quadrant
is obvious.

It is important to note that time units are
represented by degrees or quadrants. The
fact that AB, BC, CD, and DE are equal
chords (forming equal quadrants) simply
means that the arrow (conductor or vector)
is traveling at a constant speed, because
these points on the radius represent the pas-
sage of equal units of time.

The whole picture can be represented in
another way, and its derivation from the
foregoing is shown in figure 3. The time
b1se is represented by a straight line rather
than by angular rotation. Points A, B, C,
etc., represent the same units of time as be-
fore. When the voltage corresponding to
each point is projected to the corresponding
time unit, the familiar sine curve is the re-
sult.

The frequency of the generated voltage is
proportional to the speed of rotation of the
alternator, and to the number of magnetic
poles in the field. Alternators may be built
to produce radio frequencies up to 30 kHz,
and some such machines are still used for
low-frequency communication purposes. By
means of multiple windings, three-phase
output may be obtained from large in-
dustrial alternators.

Rodian Notation From figure 1 we see that
the value of an a-c wave
varies continuously. It is often of impor-
tance to know the amplitude of the wave in
terms of the total amplitude at any instant
or at any time within the cycle. To be able
to establish the instant in question we must
be able to divide the cycle into parts. We
could divide the cycle into eighths, hun-
dredths, or any other ratio that suited our
fancy. However, it is much more convenient
mathematically to divide the cycle either
into electrical degrees (360° represent one
cycle) or into radians. A radian is an arc of
a circle equal to the radius of the circle;
hence there are 27 radians per cycle—or per
circle (since there are 7 diameters per cir-
cumference, there are 27 radii).
Both radian notation and electrical-degree
notation are used in discussions of alternat-

ing-current circuits. However, trigonometric
tables are much more readily available in
terms of degrees than radians, so the follow-
ing simple conversions are useful.

27 radians = 1 cycle = 360°

« radians = 1/2 cycle = 180°

% radians = 1/4 cycle = 90°
™ . p— o
5 radians = 1/6 cycle = 60
™ o — [+
+ radians = 1/8 cycle = 45

1
1 radian = ——cycle = 57.3°
27

When the conductor in the simple alter-
nator of figure 2 has made one complete
revolution it has generated one cycle and
has rotated through 2« radians. The expres-
sion 27f then represents the number of
radians in one cycle multiplied by the num-
ber of cycles per second (the frequency) of
the alternating voltage or current. The ex-
pression then represents the number of ra-
dians per second through which the con-
ductor has rotated. Hence 2xf represents the
angular velocity of the rotating conductor,
or of the rotating vector, which represents
any alternating current or voltage, expressed
in radians per second.

In technical literature the expression 27f
is often replaced by o, the lower-case Greek
letter omega. Velocity multiplied by time
gives the distance travelled, so 2xft (or
wt) represents the angular distance through
which the rotating conductor or the rotat-
ing vector has travelled since the reference
time £ = 0. In the case of a sine wave the
reference time ¢ = O represents the instant
when the voltage or the current, whichever
is under discussion, also is equal to zero.

Instontoneous Value The instantaneous volt-
of Yoltage or age or current is propor-
Current tional to the sine of the

angle through which the
rotating vector has travelled since reference
time £ = 0. Hence, when the peak value of
the a-¢c wave amplitude (either voltage or
current amplitude) is known, and the angle
through which the rotating vector has
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WHERE:
© (THETA) = PHASE ANGLES2TFT
a=Z raDiansS OR 90°

BT RADIANS OR 180°

c= 3 napians or 270+

D® 277 RADIANS OR 360°

1 RADIAN® 87.324 DEGREES

D

()
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Figure 5
ILLUSTRATING RADIAN NOTATION

The radian is a unit of phase angle, equal to

57.324 degrees. It is commonly used in math-

ematical relationships involving phase angles

since such relationships are simplified when
radian notation Is used.

travelled is established, the amplitude of the
wave at this instant can be determined
through use of the following expression:

€ = Epay sin 27ft

where,
e equals the instantaneous voltage,
E equals maximum crest value of voltage,
f equals frequency in Hertz,
¢ equals period of time which has elapsed
since £ = O(expressed as a fraction of
one second).

The instantaneous current can be found
from the same expression by substituting i
for ¢ and Iipax for Epgy.

It is often easier to visualize the process
of determining the instantaneous amplitude
by ignoring the frequency and considering
only one cycle of the a-c wave. In this case,
for a sine wave, the expression becomes:

¢ = Epax sin 6

where 8 represents the angle through which
the vector has rotated since time (and am-
plitude) were zero. As examples:

when 6 = 30°
sin § = 0.5

............

when 6 = 60°

sin § = 0.866
soe = 0.866 Epnay

............

when 6 = 90°
sin§ = 1.0
s0 e = Epaxr

when § = 1 radian
sin § = 0.8415
soe = 0.8415 Epax

Effective Value The instantaneous value
of an of an alternating cur-
Alternating Current rent or voltage varies

continuously throughout
the cycle, so some value of, an a-c wave
must be chosen to establish |a relationship
between the effectiveness of fan a-c and a
d-c voltage or current. Thelheating value
of an alternating current has been chosen
to establish the reference between the ef-
fective values of a.c. and d.c. Thus an
alternating current will have an effective
value of 1 ampere when it produces the
same heat in a resistor as does 1 ampere of
direct current.

The effective value is derived by taking
the instantaneous values of current over a
cycle of alternating current, squaring these
values, taking an average of the squares,
and then taking the square root of the
average. By this procedure, the effective
value becomes known as the root mean
square, or rms, value. This is cthe value that
is read on a-c voltmeters and a-c ammeters.
The rms value is 70.7 percent of the peak
or maximum instantaneous value (for sine
waves only) and is expressed as follows:

E.ygor Erny = 0.707 X Eqpyyo0r
Legror Iiny = 0.707 X Iniax

The following relations are extremely use-
ful in radio and power work:

Ecms = 0.707 X Epax, and
Emax = 1.414 X E, .

Rectified Alternating If an alternating cur-
Current or Pulsat-  rent is passed through a
ing Direct Current  rectifier, it emerges in

the form of a current
of varying amplitude which flows in one
direction only. Such a current is known as
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Figure 6
FULL-WAVE RECTIFIED
SINE WAVE

Waveform obtained ot the output of a full-
wave rectifier being fed with o sine wave
and having 100 per cent rectification M-
clency. Each pulse has the same shape as one-
half cycle of a sine wave. This type of cur-
ront is known as pulsating direct current.

rectified a.c. or pulsating d.c. A typical
wave form of a pulsating direct current as
would be obtained from the output of a
full-wave rectifier is shown in figure 6.

Measuring instruments designed for d-c
operation will not read the peak or instan-
taneous maximum value of the pulsating
d-c output from the rectifier; they will
read only the average value. This can be ex-
plained by assuming that it could be pos-
sible to cut off some of the peaks of the
waves, using the cutoff portions to fill in
the spaces that are open, thereby obtaining
an average d-c value. A milliammeter and
voltmeter connected to the adjoining circuit,
or across the output of the rectifier, will
read this average value. It is related to peak
value by the following expression:

Eavg = 0.636 X Enmax

It is thus seen that the average value is 63.6
percent of the peak value.

Relationship Between To summarize the three
Peak, RMS, or most significant values
Effective, and of an a-c sine wave: the
Average Values peak value is equal to

1.41 times the rms or
effective, and the rms value is equal to
0.707 times the peak value; the average
value of a full-wave rectified a-c wave is
0.636 times the peak value, and the average
value of a rectified wave is equal to 0.9
times the rms value.

rms = 0.707 X peak
average = 0.636 X peak

average = 0.9 X rms
rms = 1.11 X average
peak = 1.414 X rms
peak = 1.57 X average

Applying Ohm’s Law  Ohm’s Law applies
to Alternating Current equally to direct or al-

ternating current, pro-
vided the circuits under consideration are
purely resistive, that is, circuits which have
neither inductance (coils) nor capacitance
(capacitors). Problems which involve tube
filaments, dropping resistors, electric lamps,
heaters or similar resistive devices can be
solved with Ohm’s Law, regardless of wheth-
er the current is direct or alternating. When
a capacitor or coil is made a part of the
circuit, a property common to either, called
reactance, must be taken into consideration.
Ohm’s Law still applies to a-c circuits con-
taining reactance, but additional considera-
tions are involved; these will be discussed in
a later paragraph.

E
V
]
|
|

TIME —&

be-s0-
- CURRENT LAGGING VOLTAGE BY 90°

(CIRCUIT CONTAINING PURE INDUCTANCE ONLY )
Figure 7
LAGGING PHASE ANGLE
Showing the manner In which the current lags
the voltage in an a-c circuit conmtaining pure

Inductance only. The lag is equal fo ome-
quarter cycle or 90 degrees.

Inductive  As was stated in Chapter Two,
Reactance when a changing current flows

through an inductor a back- or
counterelectromotive force is developed, op-
posing any change in the initial current. This
property of an inductor causes it to offer
opposition or impedance to a change in cur-
rent. The measure of impedance offered by
an inductor to an alternating current of a
given frequency is known as its inductive
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reactance. This is expressed as X;, and is
shown in figure 7.

XL = 2‘ﬂ'fL
where,
X, equals inductive reactance expressed
in ohms,

7 equals 3.1416 (27 = 6.283),
f equals frequency in Hertz,
L equals inductance in henrys.

Inductive Reactance [t is very often neces-
at Radio Frequencies sary to compute induc-
tive reactance at radio
frequencies. The same formula may be used,
but to make it less cumbersome the induct-
ance is expressed in millibenrys and the
frequency in kilobertz, For higher frequen-
cies and smaller values of inductance, fre-
quency is expressed in megabertz and induct-
ance in microbenrys. The basic equation
need not be changed, since the multiplying
factors for inductance and frequency appear
in numerator and denominator, and hence
are cancelled out. However, it is not pos-
sible in the same equation to express L in
millihenrys and f in Hertz without con-
version factors.
3

A\

90" o

-

TIME —o~

ool

CURRENT LEADING VOLTAGE 8Y 90°
(CIRCUIT CONTAINING PURE CAPACITANCE ONLY )

Figure 8
LEADING PHASE ANGLE

Showing the manner in which the current

leads the voltage in an a-c circuit containing

pure capacitance only. The lead is equal to
one-quarter cycle or 90 degrees.

Capacitive It has been explained that induc-
Reactance tive reactance is the measure of

the ability of an inductor to of-
fer impedance to the flow of an alternating
current. Capacitors have a similar property
although in this case the opposition is to
any change in the voltage across the capaci-
tor. This property is called capacitive react-
ance and is expressed as follows:

1

Xo = 5.fC

where,
X equals capacitive reactance in ohms,
= equals 3.1416,
f equals frequency in Hertz,
C equals capacitance in farads.

Capacitive Re- Here again, as in the case
actance at of inductive reactance,
Radio Frequencies the units of capacitance

and frequency can be
converted into smaller units for practical
problems encountered in radio work. The
equation may be written:

1,000,000

Xe = —5.fC

where,

f equals frequency in megahertz,
C equals capacitance in picofarads.

In the audio range it is often convenient to
express frequency (f) in Hertz and capac-
itance (C) in microfarads, in which event
the same formula applies.

Phase When an alternating current flows

through a purely resistive circuit, it
will be found that the current will go
through maximum and minimum in perfect
step with the voltage. In this case the cur-
rent is said to be in step, or in phase with
the voltage. For this reason, Ohm’s Law will
apply equally well for a.c. or d.c. where
pure resistances are concerned, provided that
the same values of the wave (either peak or
rms) for both voltage and current are used
in the calculations.

However, in calculations involving alter-
nating currents the voltage and current are
not necessarily in phase. The current
through the circuit may lag behind the
voltage, in which case the current is said to
have lagging phase. Lagging phase is caused
by inductive reactance. If the current
reaches its maximum value ahead of the
voltage (figure 8) the current is said to
have a leading phase. A leading phase angle
is caused by capacitive reactance.

In an electrical circuit containing re-
actance only, the current will either lead or
lag the voltage by 90°. If the circuit con-
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tains inductive reactance only, the current
will lag the voltage by 90°. If only capaci-
tive reactance is in the circuit, the current
will lead the voltage by 90°.

Reactances Inductive and capacitive re-
in Combination actance have exactly op-

posite effects on the phase
relation between current and voltage in a
circuit. Hence when they are used in com-
bination their effects tend to neutralize. The
combined effect of a capacitive and an in-
ductive reactance is often called the net re-
actance of a circuit. The net reactance (X)
is found by subtracting the capacitive
reactance from the inductive reactance
(X = Xo, — Xo).

The result of such a combination of pure
reactances may be either positive, in which
case the positive reactance is greater so that
the net reactance is inductive, or it may be
negative in which case the capacitive react-
ance is greater so that the net reactance is
capacitive. The net reactance may also be
zero in which case the circuit is said to be
resonant. The condition of resonance will be
discussed in a later section. Note that in-
ductive reactance is always taken as being
positive while capacitive reactance is always
taken as being negative.

Impedance; Circuits
Containing Reactance
and Resistance

Pure reactances intro-
duce a phase angle of
90° between voltage
and current; pure re-
sistance introduces no phase shift between
voltage and current. Hence we cannot add
a reactance and a resistance directly. When
a reactance and a resistance are used in

Y-axis
I~ ~ (+A)x (-1) ROTATES
A - V‘Q/\_ (vlgrou(mzoucuuo-

VN

\
Q -JA

X-axis

Figure 9

Operation on the vector (+A) by the quantity
(—=1) causes vector fo rotate through 180
degrees.

combination the resulting phase angle of
current flow with respect to the impressed
voltage lies somewhere between plus or
minus 90° and 0° depending on the relative
magnitudes of the reactance and the resist-
ance,

The term impedance is a general term
which can be applied to any electrical entity
which impedes the flow of current. Hence
the term may be used to designate a resist-
ance, a pure reactance, or a complex com-
bination of both reactance and resistance.
The designation for impedance is Z. An im-
pedance must be defined in such a manner
that both its magnitude and its phase angle
are established. The designation may be ac-
complished in either of two ways—one of
which is convertible into the other by
simple mathematical operations.

The first method of des-
ignating an impedance is
actually to specify both the resistive and the
reactive component in the form R + jX.
In this form R represents the resistive com-
ponent in ohms and X represents the re-
active component. The j merely means that
the X component is reactive and thus can-
not be added directly to the R component.
Plus jX means that the reactance is positive
or inductive, while if minus jX were given
it would mean that the reactive component
was negative or capacitive.

In figure 9 we have a vector (+A) lying
along the positive X-axis of the usual X-Y
coordinate system. If this vector is multi-
plied by the quantity (—1), it becomes
(—A) and its position now lies along the
X-axis in the negative direction. The opera-
tor (—1) has caused the vector to rotate
through an angle of 180 degrees. Since
(—1) is equal to (V=1 X /—1), the

same result may be obtained by operating on
the vector with the operator (V —1 X
vV —1). However if the vector is operated

on but once by the operator (V/ —1), it is
caused to rotate only 90 degrees (figure 10).

Thus the operator (\/ —1) rotates a vector
by 90 degrees. For convenience, this opera-
tor is called the j operator. In like fashion,
the operator (—j) rotates the vector of
figure 9 through an angle of 270 degrees,
so that the resulting vector (—jA) falls on
the (—Y) axis of the coordinate system.

The j Operator
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Polar Notation The second method of repre-

senting an impedance is to
specify its absolute magnitude and the phase
angle of current with respect to voltage, in
the form Z Z 6. Figure 11 shows graphically
the relationship between the two common
ways of representing an impedance.

The construction of figure 11 is called an
impedance diagram. Through the use of
such a diagram we can add graphically a
resistance and a reactance to obtain a value
for the resulting impedance in the scalar
form. With zero at the origin, resistances
are plotted to the right, positive values of
reactance (inductive) in the upward direc-
tion, and negative values of reactance (ca-
pacitive) in the downward direction.

Note that the resistance and reactance are
drawn as the two sides of a right triangle,
with the hypotenuse representing the result-
ing impedance. Hence it is possible to deter-
mine mathematically the value of a result-
ant impedance through the familiar right-
triangle relationship—the square of the
hypotenuse is equal to the sum of the
squares of the other two sides:

Z:=R* + x*

2= VR F T

Note also that the angle 9 included between
R and Z can be determined from any of the
following trigonometric relationships:

or,

cos 0 =—,§|-
VA
tzn0=%

One common problem is that of determinin
the scalar magnitude of the impedance, IZﬁ
and the phase angle 8, when resistance and
reactance are known; hence, of converting
from theZ = R + jX to the |Z| £ 9 form.
In this case we use two of the expressions

just given:
IZ| = VR + X?

tanf = —, (or 8 = tan"‘% )

R

Y=-axis
-~ +A)x (V=1) norares
\"((v:c)toSm M 90°
\,

. \
+JA \

\
\m‘ o X-axis

Operation on the vector (+A) by the quantity
(1) ecavses vector to rotate through 90 degrees.

The inverse problem, that of converting
from the |Z| Z 9 to the R + jX form is
done with the following relationships, both
of which are obtainable by simple division
from the trigonometric expressions just
given for determining the angle §:

R = |Z| cos ¢

iX = |Z|jsin 6
By simple addition these two expressions
may be combined to give the relationship

between the two most common methods of
indicating an impedance:

R+ jX=|Z| (cos 8 + jsin§)

In the case of impedance, resistance, or re-
actance, the unit of measurement is the

+J3
x 4
I :
§E | Z*4+J3
73 | lVareat e
€ l 21= 5 fean~' 0.79
J‘o' f 12]= 5 /30.03°

RESISTANCE -R
F— R= 4 0nms ——Ci
Figure 11

THE IMPEDANCE TRIANGLE

Showing the grophical comstruction of a tri-

angle for obtaining the net (scolar) impedance

resuiting from the commection of a resistance

and a reactance In series. Shown aiso along-

side Is the oltermative mathematical pro-

codure for obtaining the vaolves assoclated
with the triangle.
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ohm; hence, the ohm may be thought of as
a unit of opposition to current flow, with-
out reference to the relative phase angle be-
tween the applied voltage and the current
which flows.

Further, since both capacitive and in-
ductive reactance are functions of fre-
quency, impedance will vary with fre-
quency. Figure 12 shows the manner in
which |Z| will vary with frequency in an
RL series circuit and in an RC series circuit.

Series RLC Circuits In a series circuit con-

taining R, L, and C, the
impedance is determined as discussed before
except that the reactive component in the
expressions defines the net reactance—that
is, the difference between X1, and X¢. Hence
(XL—Xc) may be substituted for X in
the equations. Thus:

Iz = VR* + (XL — X¢)?

(X1 — Xo)
R

A series RLC circuit thus may present
an impedance which is capacitively reactive
if the net reactance is capacitive, inductively
reactive if the net reactance is inductive, or
resistive if the capacitive and inductive re-
actances are equal.

Addition of The addition of complex
Complex Quantities quantities (for example,

impedances in series) is
quite simple if the quantities are in the rec-
tangular form. If they are in the polar form
they only can be added graphically, unless
they are converted to the rectangular form
by the relationships previously given. As an
example of the addition of complex quanti-
ties in the rectangular form, the equation
for the addition impedance is:

(R, + iX,) + (R: + jX;) =
(R, + R;) +i(X, + X,)

For example if we wish to add the imped-
ances (10 + j50) and (20 — j30) we ob-
tain:

(10 + js0) + (20 — j30)
= (10 + 20) + j[50 + (—30)]
= 30 + j(50 — 30)
= 30 + j20

= tan !

Multiplication and It is often necessary in
Division of solving certain types of
Complex Quontities circuits to multiply or

divide two. complex
quantities. It is a much simpler mathemati-
cal operation to multiply or divide complex
quantities if they are expressed in the polar
form. Hence if they are given in the rec-
tangular form they should be converted to
the polar form before multiplication or
division is begun. Then the multiplication is
accomplished by multiplying the |Z| terms
together and adding algebraically the £ 6
terms, as:

(1Z,] 26,) (1Z.] £6,) =
|Z,] 1Z,) (26, + 26,)

For example, suppose that the two imped-
ances [20] £43° and [32] £ —23° are to be
multiplied. Then:

(|20] 243°) (|32] £ —23°) = |20-32]
(243° + £—23°)
= 640 £20°

Division is accomplished by dividing the
denominator into the numerator, and sub-
tracting the angle of the denominator from
that of the numerator, as:

IMPEDANCE |Z|

o FREQUENCY
Figure 12
IMPEDANCE—FREQUENCY GRAPH
FOR RL AND RC CIRCUITS
The Impedance of an RC circwit approaches

infinity as the frequency approaches szero
(d.c.), while the Impedance of a serles RL ¢lr-

cuit approaches Infinity as the frequemcy ap-

proaches infinity. The Impedance of an RC cir-

cuit approaches the Impedance of the series

resistor as the frequency approaches Infinity,

while the impedance of a series RL circuit ap-

proaches the r as the freq Yy ap-
proaches zero,
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1Z,] 28, _ |Z,| _ o
IZZI 102 |22| (lol [02) 2000

For example, suppose that an impedance of 100 voLTs TITD

[s0| £67° is to be divided by an impedance -4 300

of |10] Z45°. Then: ot T

[50] £67° __|s0] o Jacor — o Figure 13

ITo] Z45° IlOI(“? £45°) = [5|(£22°)

Ohm'’s Law for The simple form of
Complex Quontities Ohm’s Law used for d-c
circuits may be stated in
a more general form for application to a-c
circuits involving either complex quantities
or simple resistive elements. The form is:

E

! z

in which, in the general case, I, E, and Z
are complex (vector) quantities. In the
simple case where the impedance is a pure
resistance with an a-c voltage applied, the
equation simplifies to the familiar I = E/R.
In any case the applied voltage may be ex-
pressed either as peak, rms, or average; the
resulting current always will be in the same
type used to define the voltage.

In the more general case vector algebra
must be used to solve the equation. And,
since either division or multiplication is in-
volved, the complex quantities should be
expressed in the polar form. As an example,
take the case of the series circuit shown in
figure 13 with 100 volts applied. The im-
pedance of the series circuit can best be ob-
tained first in the rectangular form, as:

200 + j(100 — 300) = 200 — j200

Now, to obtain the current we must con-
vert this impedance to the polar form.

|Z| =/ 2002 + (—200)?
= v/ 40,000 + 40,000

=/ 80,000

=282 Q

0
= tan~}(— 1)

X
8 = tan~'— = tan™!
an R an 200

= — 45°

Therefore, Z = 282 /—45°

SERIES RLC CIRCUIT

Note that in a series circuit the resulting
impedance takes the sign of the largest re-
actance in the series combination.

Where a slide rule is being used to make
the computations, the impedance may be
found without any addition or subtraction
operations by finding the angle 6 first, and
then using the trigonometric equation below
for obtaining the impedance. Thus:

= DI tan-1(— 1)

=t 1X"t
= tan~""——— tan
R

200

—= —45°,

R
Then, Z equals

n qua o5 0

and cos —45° = 0.707
200
= = 282
1zl =707 CiiG

Since the applied voltage will be the refer-
ence for the currents and voltages within
the circuit, we may define it as having a
zero phase angle: E = 100 £0°. Then:
100 Zo°
282 £ —45°

= 0.354 £45° amperes

1= = 0.354 £0°— (—45°)

This same current must flow through all
three elements of the circuit, since they are
in series and the current through one must
already have passed through the other two.
Hence the voltage drop across the resistor
(whose phase angle of course is 0°) is:

E=IR
E = (0.354 Z45°) (200 £0°)
= 70.8 Z45° volts

The voltage drop across the inductive re-
actance is:
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E=IX,
E = (0.354 £45°) (100 £90°)
= 35.4 £135° volts

Similarly, the voltage drop across the capac-
itive reactance is:

E = IXg¢
E = (0.354 £45°) (300 £—90°)
= 106.2 £L—45°

Note that the voltage drop across the ca-
pacitive reactance is greater than the supply
voltage. This condition often occurs in a
series RLC circuit, and is explained by the
fact that the drop across the capacitive re-
actance is cancelled to a lesser or greater
extent by the drop across the inductive re-
actance.

It is often desirable in a problem such as
the above to check the validity of the an-
swer by adding vectorially the voltage drops
across the components of the series circuit
to make sure that they add up to the supply
voltage — or to use the terminology of
Kirchhoff’s Second Law, to make sure that
the voltage drops across all elements of the
circuit, including the source taken as nega-
tive, is equal to zero.

In the general case of the addition of a
number of voltage vectors in series it is best
to resolve the voltages into their in-phase
and out-of-phase components with respect
to the supply voltage. Then these compo-
nents may be added directly. Hence:

VOLTAGE DROP ACROSS

Xi.= 35.4 /133" DROP ACROSS RESISTOR =

{ 70.8 Ja3®
'\/\LINE VOLTAGE * 100 /g
o
Ve

+180°
4
e
7 DROP ACROSS XC*106.2/-43°

NET DROP ACROSS XL + XC = 70.8/-43°
00°

Figure 14

Graphical ction of the voltage drops
associated with the series RLC circuit of
figure 13.

Er = 70.8 £45°
=70.8 (cos 45° + jsin 45°)
= 70.8 (0.707 + j0.707)

E, =35.4 £135°
= 35.4 (cos 135° + jsin 135°)
= 35.4 (—0.707 + j0.707)
= —25 + j25

Ec = 106.2 /45°
= 106.2 (cos—45° + jsin—45°)
=106.2 (0.707 —j0.707)

+ (=25 + j25) + (75—i75)

= (s0—25 +75) +
i(s0 + 25 —75)
Er + EL + Ec =100 + jo

=100 Z0°,
which is equal to the supply voltage.

Checking by It is frequently desirable
Construction on the to check computations
Complex Plane involving complex quan-

tities by constructing
vectors representing the quantities on the
complex plane. Fig. 14 shows such a con-
struction for the quantities of the problem
just completed. Note that the answer to
the problem may be checked by construct-
ing a parallelogram with the voltage drop
across the resistor as one side and the net
voltage drop across the capacitor plus the
inductor (these may be added algebraically
as they are 180° out of phase) as the ad-
jacent side. The vector sum of these two
voltages, which is represented by the diag-
onal of the parallelogram, is equal to the
supply voltage of 100 volts at zero phase
angle.

Resistance oand Re- [n a series circuit, such
actance in Parallel 35 just discussed, the cur-

rent through all the ele-
ments which go to make up the series cir-
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cuit is the same. But the voltage drops
across each of the components are, in gen-
eral, different from one another. Conversely,
in a parallel RLC or RX circuit the voltage
is, obviously, the same across each of the
elements. But the currents through each of
the elements are usually different.

There are many ways of solving a prob-
lem involving paralleled resistance and re-
actance; several of these ways will be de-
scribed. In general, it may be said that the
impedance of a number of elements in par-
allel is solved using the same relations as are
used for solving resistors in parallel, except
that complex quantities are employed. The
basic relation is:

1 1 1 1

B L )
ZTollI Zl Z2 23

or when only two impedances are involved:

2122
Z,+ Z,

As an example, using the two-impedance
relation, take the simple case, illustrated in
figure 15, of a resistance of 6 ohms in paral-
lel with a capacitive reactance of 4 ohms.
To simplify the first step in the computa-
tion it is best to put the impedances in the
polar form for the numerator, since multi-
plication is involved, and in the rectangular
form for the addition in the denominator.

(6 £0°) (4 L—90°)

ZTollI =

Z'rol-l 6 — ,.4
_ 24/—90°
6—j4
o—
1.85n
gen =< -ien
-iz2mn
[0 3—.r
PARALLEL EQUIVALENT SERIES
CIRCUIT CIRCUIT

Figure 15

THE EQUIVALENT SERIES CIRCUIT

Showing a parallel RC circuit and the equiv-
alent series RC cireuit which represents the
same net Impedance as the parailel cireuit.

Then the denominator is changed to the
polar form for the division operation:

—4
6 = tan? —6= tan~! —0.667 = —33.7°

[ = [
cos — 33.7° 0.832

6 —j4 = 7.21£L —33.7°

1Z| = = 7.21 ohms

Then:

24 £ — 90°
7.21 L —33.7°

= 3.33 (cos — 56.3° + jsin — §6.3°)
= 3.33 [0.5548 + j (—0.832)]
= 1.85 — j2.77

Zrotar = = 3.33/—56.3°

Equivalent Series Through the series of op-
Circuit erations in the previous

paragraph we have con-
verted a circuit composed of two imped-
ances in parallel into an equivalent series cir-
cuit composed of impedances in series. An
equivalent series circuit is one which, as
far as the terminals are concerned, acts iden-
tically to the original parallel circuit; the
current through the circuit and the power
dissipation of the resistive elements are the
same for a given voltage at the specified
frequency.

We can check the equivalent series
circuit of figure 15 with respect to the
original circuit by assuming that one volt
a-c (at the frequency where the capacitive
reactance in the parallel circuit is 4 ohms)
is applied to the terminals of both the series
and parallel circuits.

In the parallel circuit the current through
the resistor will be 14 ampere (0.166 amp)
while the current through the capacitor will
be j 14 ampere (+ j 0.25 amp). The total
current will be the sum of these two cur-
rents, or 0.166 + j 0.25 amp. Adding these
vectorially we obtain:

1l = Vo.166* + 0.253 = /0.09
= 0.3 amp.

The dissipation in the resistor will be 12/6
= 0.166 watts.

In the case of the equivalent series cir-
cuit the current will be:
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_E _ 1 _ -
i = Z = 0.3 amp DT_!."' °'l_=‘=c' -

And the dissipation in the resistor will be:
W =I’R = 0.3 X 1.8
=0.09 X 1.8
= 0.166 watts

So we see that the equivalent series circuit
checks exactly with the original parallel cir-
cuit.

Parallel RLC In solving a more complicated
Circuits circuit made up of more than

two impedances in parallel we
may elect to use either of two methods of
solution. These methods are called the a4d-
mittance method and the assumed-voltage
method. However, the two methods are
equivalent since both use the sum-of-recip-
rocals equation:

1 1 1 1
2 A AR

In the admittance method we use the rela-
tionY = 1/Z, where Y = G + jB; Y is
called the admittance, defined above, G is
the conductance or R/Z? and B is the sus-
ceptance or —X/Z? Then Yiota1 = 1/Ztotar
=Y, + 7Y, + Y;....In the assumed-
voltage method we multiply both sides of
the equation above by E, the assumed volt-
age, and add the currents, as:

E E E  E
=t
Z’l‘otnl Zl Z2 ZS

Then the impedance of the parallel com-
bination may be determined from the rela-
tion:

..=Ill+lzz+llg...

Zrotar = E/Iz1ota1

A-C Voltage Voltage dividers for use with
Dividers  alternating current are quite
similar to d-c voltage dividers.
However, since capacitors and inductors as
well as resistors oppose the flow of a-c cur-
rent, voltage dividers for alternating volt-
ages may take any of the configurations
shown in figure 16.
Since the impedances within each divider
are of the same type, the output voltage is

(4] “_‘l € _——TO E1
| %Rz ez l ==cC: €z Lz Ez
> is o g
=gy —B2__ . gy —kd__
E2°E' TivRz B2 € S +XCE €28 ¥
[<]
E2=E1 Ti¥Ce
® ©
Figure 16

SIMPLE A-C YOLTAGE DIVIDERS

in phase with the input voltage. By using
combinations of different types of imped-
ances, the phase angle of the output may be
shifted in relation to the input phase angle
at the same time the amplitude is reduced.
Several dividers of this type are shown in
figure 17. Note that the ratio of output
voltage is equal to the ratio of the output
impedance to the total divider impedance.
This relationship is true only if negligible
current is drawn by a load on the output
terminals.

=Xc Ez Xu E2
O O e l<>
Xc . TS
€23E) =——e— E2+E)
B VRZ+xC2 VRZ +xL2
®

o~
. £ x R
RS / o
Er 1 € = Xc E‘z
‘ i
Xu %x; Es Eo
. . Lo
Xc

VR2y (xi-xc)2

E2%E:

© ©

E3sEy —Rb
R2 +(Xu—Xc)2

XL—~XC

B Y

Figure 17
COMPLEX A-C VOLTAGE DIVIDERS
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3-2  Resonant Circuits

A series circuit such as shown in figure 18
is said to be in resomance when the applied
frequency is such that the capacitive react-
ance is exactly balanced by the inductive re-
actance. At this frequency the two react-
ances will cancel in their effects, and the
impedance of the circuit will be at a mini-
mum so that maximum current will flow. In
fact, as shown in figure 19 the net imped-
ance of a series circuit at resonance is equal
to the resistance which remains in the cir-
cuit after the reactances have been can-

celled.

Resonant Frequency Some resistance is always

present in a circuit be-
cause it is possessed in some degree by both
the inductor and the capacitor. If the fre-
quency of the alternator E is varied from
nearly zero to some high frequency, there
will be one particular frequency at which
the inductive reactance and capacitive re-
actance will be equal. This is known as the
resonant frequency, and in a series circuit
it is the frequency at which the circuit
current will be a maximum. Such series-
resonant circuits are chiefly used when it is
desirable to allow a certain frequency to pass
through the circuit (low impedance to this
frequency), while at the same time the cir-
cuit is made to offer considerable opposition
to currents of other frequencies.

© :

Figure 18
SERIES-RESONANT CIRCUIT

4

If the values of inductance and capaci-
tance both are fixed, there will be only one
resonant frequency. ‘

If both the inductance and capacitance
are made variable, the circuit may then
be changed or funmed, so that a number
of combinations of inductance and capaci-
tance can resonate at the same frequency.

This can be more easily understood when
one considers that inductive reactance and
capacitive reactance change in opposite direc-
tions as the frequency is varied. For ex-
ample, if the frequency were to remain
constant and the values of inductance and
capacitance were then changed, the follow-
ing combinations would have equal react-
ance:

Frequency is constant at 60 Hz.

L is expressed in henrys.

C is expressed in microfarads (.000001
farad.)
L XL C XC
.265% 100 ] 26.5 100
2.65 1000 | 2.6% 1000
26.5 10,000 265 10,000
265.00 100,000 .0265 100,000
2,650.00 | 1,000,000 .00265 | 1,000,000

Frequency From the forLuIn for reso-
of Resonance nance, 2nfL = 1/ 2#fC , the
resonant frequency is deter-

mined:

f 1

2= VLC
w4+
9]
z
3 RESONANCE
w
o |
2 1
] ]
o |
"]
b4
lS i/
2o FREQUENCY
w 1
G3 1
w
Xc

|
3 .
[
[
m -
4

Figure 19

IMPEDANCE OF A
SERIES-RESONANT CIRCUIT

Showing the variation in reactance of the

separate elements and in the net impedance

of a series resonant circuit (such as figure 18)

with changing frequency. The vertical line is

drawn at the point of resonance (X, ~X. = 0)
in the series circuit.
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where,
f equals frequency in Hertz,
L equals inductance in henrys,
C equals capacitance in farads.

It is more convenient to express L and
C in smaller units, especially in making
radio-frequency calculations; f can also be
expressed in MHz or kHz. A very useful
group of such formulas is:

25,330

25,330 25,330
2 = = ? =] >
f 1C or L FiC or C L

where,
L equals inductance in microhenrys,
f equals frequency in MHz,
C equals capacitance in picofarads.

Impedance of Series The impedance across
Resonant Circuits  the terminals of a series-

resonant circuit (figure
18) is:

Z=+Vr+ (X, — Xc)?

where,

Z equals impedance in ohms,

r equals resistance in ohms,

X¢ equals capacitive reactance in ohms,
X, equals inductive reactance in ohms.

From this equation, it can be seen that
the impedance is equal to the vector sum of
the circuit resistance and the difference be-
tween the two reactances. Since at the
resonant frequency X equals X¢, the dif-
ference between them (figure 19) is zero,
so that at resonance the impedance is sim-
ply equal to the resistance of the circuit;
therefore, because the resistance of most
normal radio-frequency circuits is of a very
low order, the impedance is also low.

At frequencies higher and lower than the
resonant frequency, the difference between
the reactances will be 2 definite quantity
and will add with the resistance to make the
impedance higher and higher as the circuit
is tuned off the resonant frequency.

If X¢ should be greater than X, then the
term (X — X¢) will give a negative num-
ber. However, when the difference is squared
the product is always positive. This means
that the smaller reactance is subtracted
from the larger, regardless of whether it be

capacitive or inductive, and the difference is

squared.

Current ond Voltage Formulas for calculat-

in Series-Resonant  ing currents and volt-

Circuits ages in a series-resonant
circuit are similar to

those of Ohm’s Law.

E r_
[=—yE=IZ

The complete equations are:
E

I=
'\/1‘2"" (X[,_Xc)z

E=1Vr+ (X1 — Xc)?

Inspection of the above formulas will
show the following to apply to series-reso-
nant circuits: When the impedance is low,
the current will be high; conversely, when
the impedance is high, the current will be
low.

Since it is known that the impedance will
be very low at the resonant frequency, it
follows that the current will be 2 maximum
at this point. If a graph is plotted of the

CURRENT ~ SERIEZS RESONANT CIRCUIT ——————e
IMPEDANCE — PARALLEL RESONANT CIRCUIT

RESONAM/

FREQUENCY
Figure 20

RESONANCE CURVE

Showing the increase in impedance af reson-

ance for a paroiiei-resonant circvit, and

similarly, the increase in current at resonance

for a series-resonant circuit. The sharpness of

resonance is determined by the Q of the cir-

cuit, as iliustrated by o comparison between
the three curves.
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current against the frequency either side
of resonance, the resultant curve becomes
what is known as a resomance curve. Such a
curve is shown in figure 20, the frequency
being plotted against current in the series-
resonant circuit.

Several factors will have an effect on the
shape of this resonance curve, of which re-
sistance and L-to-C ratio are the important
considerations. The lower curves in figure
20 show the effect of adding increasing val-
ues of resistance to the circuit. It will be
seen that the peaks become less and less
prominent as the resistance is increased;
thus, it can be said that the selectivity of
the circuit is thereby decreased. Selectivity
in this case can be defined as the ability of
a circuit to discriminate against frequencies
adjacent to (both above and below) the
resonant frequency.

Voltoge Across Coil Because the a-c or r-f
ond Capacitorin  voltage across a coil and
Series Circuit capacitor is proportional

to the reactance (for a
given current), the actual voltages across
the coil and across the capacitor may be
many times greater than the terminal volt-
age of the circuit. At resonance, the voltage
across the coil (or the capacitor) is Q
times the applied voltage. Since the Q (or
merit factor) of a series circuit can be in
the neighborhood of 100 or more, the volt-
age across the capacitor, for example, may
be high enough to cause flashover, even
though the applied voltage is of a value con-
siderably below that at which the capacitor
is rated.

Circuit Q — Sharp-
ness of Resonance

An extremely important
property of a capacitor
or an inductor is its fac-
tor-of -merit, more generally called its Q.
It is this factor, Q, which primarily deter-
mines the sharpness of resonance of a tuned
circuit. This factor can be expressed as the
ratio of the reactance to the resistance, as
follows:

_ 27fL
Q=3

where,

R equals total resistance.

Skin Effect The actual resistance in a wire
or an inductor can be far greater
than the d-c value when the coil is used in a
radio-frequency circuit; this is because the
current does not travel through the entire
cross section of the conductor, but has a
tendency to travel closer and closer to the
surface of the wire as the frequency is in-
creased. This is known as the skin effect.
The actual current carrying portion of the
wire is decreased as a result of the skin
effect so that the ratio of a-c to d-c resist-
ance of the wire, called the resistance ratio,
is increased. The resistance ratio of wires to
be used at frequencies below about 500 kHz
may be materially reduced through the use
of litz wire. Litz wire, of the type common-
ly used to wind the coils of 455 — kHz i-f
transformers, may consist of 3 to 10 strands
of insulated wire, about No. 40 in size, with
the individual strands connected together
only at the ends of the coils.

Variation of Q  Examination of the equation
with Frequency for determining Q might

give rise to the thought that
even though the resistance of an inductor
increases with frequency, the inductive re-
actance does likewise, so that the Q might
be a constant. Actually, however, it works
out in practice that the Q of an inductor
will reach a relatively broad maximum at
some particular frequency. Hence, coils nor-
mally are designed in such a manner that the
peak in their curve of Q versus frequency
will occur at the normal operating frequen-
cy of the coil in the circuit for which it is
designed.

The Q of a capacitor ordinarily is much
higher than that of the best coil. Therefore,
it usually is the merit of the coil that limits
the over-all Q of the circuit.

At audio frequencies the core losses in an
iron-core inductor greatly reduce the Q
from the value that would be obtained sim-
ply by dividing the reactance by the resist-
ance. Obviously the core losses also represent
circuit resistance, just as though the loss
occurred in the wire itself.

Parallel In radio circuits, parallel reso-
Resonance nance (more correctly termed

antiresonance) is more frequent-
ly encountered than series resonance; in fact,
it is the basic foundation of receiver and
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M
N4
M2

: ek
T

Figure 21
PARALLEL-RESONANT CIRCUIT

The inductance L and capacitance C comprise
the reactive elements of the parallel-resonant
(antiresonant) tank circwit, and the resistance
R Indicates the sum of the r-f resistance of the
coll and capacitor, plus the resistance cou-
pled into the circuit from the external load.
In most cases the tuning capacitor has much
] r-f resl, than the coll ond can
therefore be Ignored In comparhon wlﬂn the
coll resistance and the
The instrument M, indicates ‘the "Hno current’’
which keeps the clnuh in a state of oscilla-
tion—this current Is the some as the funda-
mental component of the plate current of a
class-C amplifier which might be teeding the
tank circvit. The Instrument M, indicates the
“sank current’’ which Is equal fo the line cwr-
rent muitiplied by the operating Q of the
tank circvit.

transmitter circuit operation. A circuit is
shown in figure 21,

The “Tank” [In this circuit, as contrasted
Circuit with a circuit for series reso-

nance, L (inductance) and C
(capacitance) are connected in parallel, yet
the combination can be considered to be in
series with the remainder of the circuit. This
combination of L and C, in conjunction
with R, the resistance which is principally
included in L, is sometimes called a fank
circuit because it effectively functions as a
storage tank when incorporated in vacuum-
tube circuits.

Contrasted with series resonance, there
are two kinds of current which must be con-
sidered in a parallel-resonant circuit: (1)
the line current, as read on the indicating
meter M,, (2) the circulating current which
flows within the parallel LCR portion of the
circuit. See figure 21.

At the resonant frequency, the line cur-
rent (as read on the meter M;) will drop to
a very low value although the circulating
current in the LC circuit may be quite large.
It is interesting to note that the parallel-
resonant circuit acts'in a distinctly opposite
manner to that of a series-resonant circuit,

in which the current is at 2 maximum and
the impedance is minimum at resonance. It
is for this reason that in a parallel-resonant
circuit the principal consideration is one of
impedance rather than current. It is also sng-
nificant that the impedance curve for paral-
lel circuits is very nearly indentical to that
of the current curve for series resonance.
The impedance at resonance is expressed as:

(2afL)*

Z= R

where,
Z equals impedance in ohms,
L equals inductance in henrys,
f equals frequency in Hertz,
R equals resistance in ohms.

Or, impedance can be expressed as a func-
tion of Q as:

Z = 2=fLQ

showing that the impedance of a circuit is
directly proportional to its effective Q at
resonance.

The curves illustrated in figure 20 can be
applied to parallel resonance. Reference to
the curve will show that the effect of adding
resistance to the circuit will result in both a
broadening out and lowering of the peak of
the curve. Since the voltage of the circuit
is directly proportional to the impedance,
and since it is this voltage that is applied to
the grid of the vacuum tube in a detector
or amplifier circuit, the impedance curve
must have a sharp peak in order for the
circuit to be selective. If the curve is broad-
topped in shape, both the desired signal and
the interfering signals at close proximity to
resonance will give nearly equal voltages on
the grid of the tube, and the circuit will
then be nonselective ; that is, it will tune
broadly.

Effect of L/C Ratio In order that the highest
in Parallel Circuits possible voltage can be

developed across a paral-
lel-resonant circuit, the impedance of this
circuit must be very high. The impedance
will be greater with conventional coils of
limited Q when the ratio of inductance to
capacitance is great, that is, when L is large
as compared with C. When the resistance of
the circuit is very low, Xy, will equal X¢ at
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maximum impedance. There are innumer-
able ratios of L and C that will have equal
reactance, at a given resonant frequency,
exactly as in the case in a series-resonant
circuit.

In practice, where a certain value of in-
ductance is tuned by a variable capacitance
over a fairly wide range in frequency, the
L/C ratio will be small at the lowest-fre-
quency end and large at the high-frequency
end. The circuit, therefore, will have un-
equal gain and selectivity at the two ends
of the band of frequencies which is being
tuned. Increasing the Q of the circuit (low-
ering the resistance) will obviously increase
both the selectivity and gain.

Circulating Tank The Q of a circuit has
Current at Resonance 3 definite bearing on

the circulating tank
current at resonance. This tank current is
very nearly the value of the line current
multiplied by the effective circuit Q. For
example: an r-f line current of 0.050 am-
pere, with a circuit Q of 100, will give a
circulating tank current of approximately
§ amperes. From this it can be seen that
both the inductor and the connecting wires
in a circuit with a high Q must be of very
low resistance, particularly in the case of
high-power transmitters, if heat losses are
to be held to a minimum.

Because the voltage across the tank at
resonance is determined by the Q, it is pos-
sible to develop very high peak voltages
across a high-Q tank with but little line
current.

Effect of Coupling If a parallel-resonant cir-
on Impedance cuit is coupled to another
circuit, such as an anten-

na output circuit, the impedance and the
effective Q of the parallel circuit is decreased
as the coupling becomes closer. The effect
of closer (tighter) coupling is the same as
though an actual resistance were added in
series with the parallel tank circuit. The re-
sistance thus coupled into the tank circuit
can be considered as being reflected from the
output or load circuit to the driver circuit.
The behavior of coupled circuits depends
largely on the amount of coupling, as shown
in figure 22. The coupled currrent in the
secondary circuit is small, varying with fre-
quency, being maximum at the resonant
frequency of the circuit. As the coupling
is increased between the two circuits, the
secondary resonance curve becomes broader
and the resonant amplitude increases, until
the reflected resistance is equal to the pri-
mary resistance. This point is called the
critical coupling point. With greater cou-
pling, the secondary resonance curve becomes
broader and develops double resonance
humps, which become more pronounced
and farther apart in frequency as the cou-
pling between the two circuits is increased.

Tank-Circuit
Flywheel Effect

When the plate circuit of a
class-B or ¢lass-C operated
tube is connected to a par-
allel-resonant circuit tuned to the same fre-
quency as the exciting voltage for the ampli-
fier, the plate current serves to maintain this
L/C circuit in a state of oscillation.

]
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Figure 22

EFFECT OF COUPLING ON CIRCUIT IMPEDANCE AND Q
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The plate current is supplied in short
pulses which do not begin to resemble 2 sine
wave, even though the grid may be excited
by a sine-wave voltage. These spurts of
plate current are converted into a sine wave
in the plate tank circuit by virtue of the
Q or flywbeel effect of the tank.

If a tank did not have some resistance
losses, it would, when given 2 “kick” with a
single pulse, continue to oscillate indefinitely.
With a moderate amount of resistance or
“friction” in the circuit the tank will still
have inertia, and continue to oscillate with
decreasing amplitude for a time after being
given a “kick.” With such a circuit, almost
pure sine-wave voltage will be developed
across the tank circuit even though power
is supplied to the tank in short pulses or
spurts, so long as the spurts are evenly
spaced with respect to time and have a fre-
quency that is the same as the resonant fre-
quency of the tank.

Another way to visualize the action of
the tank is to recall that a resonant tank
with moderate Q will discriminate strongly
against harmonics of the resonant frequency.
The distorted plate current pulse in a class-
C amplifier contains not only the funda-
mental frequency (that of the grid excita-
tion voltage) but also higher harmonics. As
the tank offers low impedance to the har-
monics and high impedance to the funda-
mental (being resonant to the latter), only
the fundamental — 2 sine-wave voltage —
appears across the tank circuit in substantial
magnitude,

Loaded and Confusion sometimes exists as
Unloaded Q to the relationship between

the unloaded and the loaded
Q of the tank circuit in the plate of an r-f
power amplifier. In the normal case the
loaded Q of the tank circuit is determined
by such factors as the operating conditions
of the amplifier, bandwidth of the signal to
be emitted, permissible level of harmonic
radiation, and such factors. The normal
value of loaded Q for an r-f amplifier used
for communications service is from perhaps
6 to 20. The unloaded Q of the tank circuit
determines the efficiency of the output cir-
cuit and is determined by the losses in the
tank coil, its leads and plugs and jacks if
any, and by the losses in the tank capacitor

which ordinarily are very low. The unloaded
Q of a good quality large diameter tank coil
in the high-frequency range may be as high
as 500 to 800, and values greater than 300
are quite common.

Tank-Circuit Since the unloaded Q of a tank
Efficiency  circuit is determined by the
minimum losses in the tank,
while the loaded Q is determined by useful
loading of the tank circuit from the external
load in addition to the internal losses in the
tank circuit, the relationship between the
two Q values determines the operating effi-
ciency of the tank circuit. Expressed in the
form of an equation, the loaded efficiency of
a tank circuit is:
Tank efficiency = 1 — -QQ—' X 100

where,

Q. equals unloaded Q of the tank circuit,
Q: equals loaded Q of the tank circuit.

As an example, if the unloaded Q of the
tank circuit for a class-C r-f power ampli-
fier is 400, and the external load is coupled
to the tank circuit by an amount such that
the loaded Q is 20, the tank-circuit effi-
ciency will be: eff. = (1 — 20/400) X
100, or (1 — 0.05) X 100, or 95 per cent.
Hence § per cent of the power output of
the class-C amplifier will be lost as heat in
the tank circuit and the remaining 95 per
cent will be delivered to the load.

3-3 Nonsinusoidal Waves
and Transients

Pure sine waves, discussed previously, are
basic wave shapes. Waves of many different
and complex shapes are used in electronics,
particularly square waves, sawtooth waves,
and peaked waves.

Wave Composition Any periodic wave (one

that repeats itself in defi-
nite time intervals) is composed of sine
waves of different frequencies and ampli-
tudes, added together. The sine wave which
has the same frequency as the complex, peri-
odic wave is called the fundamental. The
frequencies higher than the fundamental are
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FUNDAMENTAL SINE wavE (A)
FUNDAMENTAL PLUS
3RD HARMONIC (C)
——SQUARE wavE
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-~
P N
.

PEDA

Figure 23

COMPOSITE WAVE—FUNDAMENTAL
PLUS THIRD HARMONIC

FUNDAMENTAL PLUS 3RD HARMONIC

FUNDAMENTAL PLUS 3RD AND
STH HARMONICS (E)

STH HARMONIC (D)
\ /"\\

Figure 24

THIRD-HARMONIC WAVE PLUS
FIFTH HARMONIC

FUNDAMENTAL PLUS 3RD, $TH,
AND 7TH HARMONICS {(G)

FUNDAMENTAL PLUS 3RD AND
STH HARMONICS

SQUARE wave
TTH HARMONIC (F)
S.‘\ AN AN
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Figure 25

RESULTANT WAVE, COMPOSED OF
FUNDAMENTAL, THIRD, FIFTH,
AND SEVENTH HARMONICS

called harmonics, and are always a whole
number of times higher than the funda-
mental. For example, the frequency twice as
high as the fundamental is called the second
barmonic.

The Square Wave Figure 23 compares a
square wave with a sine
wave (A) of the same frequency. If another

‘:m HARMONIC

= .

PUND. PLUS 21 aTH,
g Ky e bl

UNO. PLUS 2ND, JRD, 4TH
oo §T% mamuomEs ™

FUNGQ PLUS 2ND HARM.

Km‘nuuon )

FUND. PLUS 2NO, 3D, 4TH,
STH, 6TH, AND TTH HARMS.

ONGHREAE A

FUND. PLUS 2ND, BRI
AND 4TH NARMONI
[4

g_ﬂ

SAWTOOTH wAVE
FUND. PLUS 2N0, JRO, 4TH, 5TH, 8TH,
AND TTH HARMGNICS

Figure 26
COMPOSITION OF A SAWTOOTH WAVE

FUNDAMENTAL PLUS
3RO HARMONIC

FUNDAMENTAL PLUS 3RD
AND 5TH HARMONICS

FUNDAMENTAL PLUS 3RD HARM.
STH HARMONIC

ANA

FUNDAMENTAL PLUS 3RD, STH,
AND 7TH HARMONICS

FUNDAMENTAL PLUS 3RD
AND STH HARMONIC

7TH HARMONIC

Figure 27
COMPOSITION OF A PEAKED WAVE
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sine wave (B) of smaller amplitude, but
three times the frequency of A, called the
third harmonic, is added to A, the resultant
wave (C) more nearly approaches the de-
sired square wave.

This resultant curve (figure 24) is added
to a fifth-harmonic curve (D), and the sides
of the resulting curve (E) are steeper than
before. This new curve is shown in figure
25 after a 7th-harmonic component has been
added to it, making the sides of the com-
posite wave even steeper. Addition of more
higher odd harmonics will bring the result-
ant wave nearer and nearer to the desired
square-wave shape. The square wave will be
achieved if an infinite number of odd har-
monics are added to the original sine wave.

The Sawtooth Wave In the same fashion, a

sawtooth wave is made
up of different sine waves (figure 26). The
addition of all harmonics, odd and even,
produces the sawtooth waveform.

The Peaked Wave Figure 27 shows the com-

position of a peaked wave.
Note how the addition of each successive
harmonic makes the peak of the resultant
higher, and the sides steeper.

Other Waveforms The three preceding ex-
amples show how a com-
plex periodic wave is composed of a funda-
mental wave and different harmonics. The
shape of the resultant wave depends on the
harmonics that are added, their relative am-
plitudes, and relative phase relationships. In
general, the steeper the sides of the wave-
form, the more harmonics it contains.

A-C Transient Circuits If an a-c voltage is

substituted for the d-c
input voltage in the RC transient circuits
discussed in Chapter 2, the same principles
may be applied in the analysis of the tran-
sient behavior. An RC coupling circuit is
designed to have a long time constant with
respect to the lowest frequency it must pass.
Such a circuit is shown in figure 28. If a
nonsinusoidal voltage is to be passed un-
changed through the coupling circuit, the
time constant must be long with respect
to the period of the lowest frequency con-
tained in the voltage wave.

RC Differentiotor An RC voltage divider
and Integrator  that is designed to distort

the input waveform is
known as a differentiator or integrator, de-
pending on the locations of the output taps.
The output from a differentiator is taken
across the resistance, while the output from
an integrator is taken across the capacitor.
Such circuits will change the shape of any
complex a-c waveform that is impressed on
them. This distortion is a function of the
value of the time constant of the circuit as
compared to the period of the waveform.
Neither a differentiator nor an integrator
can change the shape of a pure sine wave,
they will merely shift the phase of the wave
(figure 29). The differentiator output is a
sine wave leading the input wave, and the
integrator output is a sine wave which lags
the input wave. The sum of the two out-
puts at any instant equals the instantaneous
input voltage.
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RC COUPLING CIRCUIT WITH
LONG TIME CONSTANT
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RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SINE WAVE
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RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SQUARE WAVE
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Figure 31

RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SAWTOOTH WAVE

Square-Wave Input If a square-wave voltage

is impressed on the cir-
cuit of figure 30, a square-wave voltage
output may be obtained across the integrat-
ing capacitor if the time constant of the
circuit allows the capacitor to become fully
charged. In this particular case, the capacitor
never fully charges, and as a result the out-
put of the integrator has a smaller ampli-
tude than the input. The differentiator out-
put has a maximum value greater than the
input amplitude, since the voltage left on
the capacitor from the previous half wave
will add to the input voltage. Such a
circuit, when used as a differentiator, is often
called a peaker. Peaks of twice the input
amplitude may be produced.

Sawtooth-Wave Input If 2 back-to-back saw-

tooth voltage is applied
to an RC circuit having a time constant
one-sixth the period of the input voltage,
the result is shown in figure 31. The capaci-
tor voltage will closely follow the input
voltage, if the time constant is short, and
the integrator output closely resembles the
input. The amplitude is slightly reduced
and there is a slight phase lag. Since the
voltage across the capacitor is increasing at
a constant rate, the charging and discharg-
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Figure 32

Differentiator outputs of shori-time-constant

RC circvits for various input voltage wave-

shopes. The output voltage is proportional to
the rate of change of the input voltage.
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Figure 33

Amplifier deficient in low-frequency response will distort square wave applied to the input
circuit, as shown. A 60-Hz square wave may be used.
: Drop in gain at low frequencies
: Leading phase shift at Jow frequencies
:  Logging phase shift at low frequencies
:  Accentuated low-frequency gain

» &

Figure 34

Output waveshape of amplifier having defi-
ciency in high-trequency response. Tested
with 10-kHz square wave.

Figure 35

Output waveshape of amplifier having limited
low-frequency and high-frequency response.
Tested with 1 kHx square wave.

ing current is constant. The output voltage
of the differentiator, therefore, is constant
during each half of the sawtooth input.

Miscellaneous Various voltage waveforms
Inputs other than those represented

here may be applied to short-
time-constant RC circuits for the purpose of
producing across the resistor an output volt-
age with an amplitude proportional to the
rate of change of the input signal. The
shorter the RC time constant is made with
respect to the period of the input wave, the
more nearly the voltage across the capacitor
conforms to the input voltage. Thus, the
differentiator output becomes of particular
importance in very short-time-constant RC
circuits. Differentiator outputs for various
types of input waves are shown in figure 32.

Square-Wave Test  The application of a
for Audio Equipment square-wave input sig-

nal to audio equipment,
and the observation of the reproduced out-
put signal on an oscilloscope will provide
a quick and accurate check of the over-all
operation of audio equipment.

Low-frequency and high-frequency re-
sponse, as well as transient response can be
examined easily.

If the amplifier is deficient in low-fre-
quency response, the flat top of the square
wave will be canted, as in figure 33. If the
high-frequency response is inferior, the rise
time of the output wave will be retarded
(figure 34).

An amplifier with a limited high- and
low-frequency response will turn the square
wave into the approximation of a sawtooth
wave (figure 35).

3.4

When two coils are placed in such induc-
tive relation to each other that the lines of
force from one cut across the turns of the
other inducing a current, the combination
can be called a transformer. The name is
derived from the fact that energy is trans-
formed from one winding to another. The
inductance in which the original flux is
produced is called the primary; the induct-
ance which receives the induced current is

Transformers
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called the secomdary. In a radio-receiver
power transformer, for example, the coil
through which the 120-volt a.c. passes is
the primary, and the coil from which a
higher or lower voltage than the a-c line
potential is obtained is the secondary.

Transformers can have either air or mag-
netic cores, depending on the frequencies at
which they are to be operated. The reader
should thoroughly impress on his mind the
fact that current can be transferred from
one circuit to another only if the primary
current is changing or alternating. From
this it can be seen that a power transformer
cannot possibly function as such when the
primary is supplied with nonpulsating d-c.

A power transformer usually has a mag-
netic core which consists of laminations of
iron, built up into a square or rectangular
form, with a2 center opening or window.
The secondary windings may be several in
number, each perhaps delivering a different
voltage. The secondary voltages will be
proportional to the turns ratio and the
primary voltage.

Transformers are used in al-
ternating-current circuits to
transfer power at one voltage
and impedance to another circuit at another
voltage and impedance. There are three main
classifications of transformers: those made
for use in power-frequency circuits, those
made for audio-frequency applications, and
those made for radio frequencies.

Types of
Transformers

The Transtormation [n a perfect transformer
Ratio all the magnetic flux
lines produced by the
primary winding link every turn of the
secondary winding. For such a transformer,
the ratio of the primary and secondary volt-
ages is exactly the same as the ratio of the
number of turns in the two windings:

Ny _ Ep

Ng Eg

where,

Np equals number of turns in the primary,

Ng equals number of turns in the sec-
ondary,

Ep equals voltage across the primary,

Es equals voltage across the secondary.

In practice, the transformation ratio of a
transformer is somewhat less than the turns
ratio, since unity coupling does not exist
between the primary and secondary wind-
ings.

The current that flows in
the secondary winding as
a result of the induced voltage must pro-
duce 2 flux which exactly equals the primary
flux. The magnetizing force of a coil is ex-
pressed as the product of the number of
turns in the coil times the current flowing
1n1t:

Ampere Turns (NI)

N 1
NpXIp=NsXIs,orT:=I—:

where,
It equals primary current,
Is equals secondary current.

It can be seen from this expression that
when the voltage is stepped up, the current
is stepped down, and vice versa.

Leakage Reactance Since unity coupling does

not exist in a practical
transformer, part of the flux passing from
the primary circuit to the secondary circuit
follows a magnetic circuit acted on by the
primary only. The same is true of the sec-
ondary flux. These leakage fluxes cause leak-
age reactance in the transformer, and tend
to cause the transformer to have poor volt-
age regulation. To reduce such leakage re-
actance, the primary and secondary windings
should be in close proximity to each other.
The more expensive transformers have inter-
leaved windings to reduce inherent leakage
reactance.

Impedance In the ideal transformer, the
Transformation impedance of the secondary

load is reflected back into
the primary winding in the following rela-
tionship:

Zp = NZZs, or N = \/ Zp/Zs

where,
Zp equals reflected primary impedance,
N equals turns ratio of transformer,
Zs equals impedance of secondary load.
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Zp

+8

Figure 36
IMPEDANCE-MATCHING TRANSFORMER

The reflected Impedance XZ_ varles directly iIn

proportion to the socond::ry load Z, and

directly in proportion to the square of the
primary-to-secondary turns ratio.

Thus any specific load connected to the
secondary terminals of the transformer will
be transformed to a different specific value
appearing across the primary terminals of
the transformer. By the proper choice of
turns ratio, any reasonable value of second-
ary load impedance may be *‘reflected” into
the primary winding of the transformer to
produce the desired transformer primary im-
pedance. The phase angle of the primary
“reflected” impedance will be the same as
the phase angle of the load impedance. A
capacitive secondary load will be presented
to the transformer source as a capacitance,
a resistive load will present a resistive *‘re-
flection” to the primary source. Thus the
primary source “sees” a transformer load
entirely dependent on the secondary load
impedance and the turns ratio of the trans-
former (figure 36).

The Auto-  The type of transformer in fig-
transformer ure 37, when wound with heavy

wire over an iron core, is a com-
mon device in primary power circuits for

STEP-UP

STEP-DOWN
INPYT

ouTeyuT
VOLTAGE VOLTAGE

L

Figure 37
THE AUTOTRANSFORMER

Schematic diagram of an autotransformer
showing the method of connecting it to the
line and to the Joad. When only a small
amount of step up or step down is required,
the avtotransformer may be much smaller
physically than would be a transformer with
a separate secondary winding. Continvously
varlable avtotransformers (Varlac and Power-
stat) are widely used commercially.

the purpose of increasing or decreasing the
line voltage. In effect, it is merely a con-
tinuous winding with taps taken at various
points along the winding, the input voltage
being applied to the bottom and also to
one tap on the winding. If the output is
taken from this same tap, the voltage ratio
will be 1 to 1; i.e., the input voltage will be
the same as the output voltage. On the other
hand, if the output tap is moved down to-
ward the common terminal, there will be
a stepdown in the turns ratio with a conse-
quent stepdown in voltage. The initial set-
ting of the middle input tap is chosen so
that the number of turns will have sufficient
reactance to keep the no-load primary cur-
rent at a reasonable low value.

3-5 Electric Filters

There are many applications where it is
desirable to pass a d-c component without
passing a superimposed a-c component, or
to pass all frequencies above or below a
certain frequency while rejecting or attenu-
ating all others, or to pass only a certain
band or bands of frequencies while attenu-
ating all others.

All of these things can be done by suit-
able combinations of inductance, capaci-
tance, and resistance. However, as whole
books have been devoted to nothing but
electric filters, it can be appreciated that it
is possible only to touch on them superficial-
ly in a general-coverage book.

Filter Operation A filter acts by virtue of its

property of offering very
high impedance to the undesired frequencies,
while offering but little impedance to the
desired frequencies. This will also apply to
d. c. with a superimposed a-c component, as
d. c. can be considered as an alternating cur-
rent of zero frequency so far as filter dis-
cussion goes.

Basic Filters Filters are divided into four

classes, descriptive of the fre-
quency bands which they are designed to
transmit: high-pass, low-pass, bandpass, and
band-elimination. Each of these classes of fil-
ters is made up of elementary filter sections
called L sections which consist of a series
element (Z,) and a parallel element (Zp) as
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ELEMENTARY FILTER SECTIONS

J-NETWORK

Figure 38

Complex filters may be made up from these
basic filter sections.

illustrated in figure 38. A definite number of
L sections may be combined into basic filter
sections, called T networks or = networks,
also shown in figure 38. Both the T and =
networks may be divided in two to form
balf-sections.

Filter Sections The most common filter sec-
tion is one in which the two
impedances Z, and Zp are so related that
their arithmetical product is a constant: Z,
X Zp = k2 at all frequencies. This type of
filter section is called a constant-k section.
A section having a sharper cutoff fre-
quency than a constant-% section, but less
attenuation at frequencies far removed from
cutoff is the m-derived section, so called
because the shunt or series element is reso-
nated with a reactance of the opposite sign.
If the complementary reactance is added
to the series arm, the section is said to be
shunt derived; if added to the shunt arm,
series derived. Each impedance of the m-
derived section is related to a corresponding
impedance in the constant-£ section by some
factor which is a function of the constant
m. In turn, m is a function of the ratio
between the cutoff frequency and the fre-
quency of infinite attenuation, and will
have some value between zero and one. As
the value of m approaches zero, the sharp-
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TYPICAL LOW-PASS AND HIGH-PASS FILTERS, ILLUSTRATING SHUNT AND SERIES
DERIVATIONS
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) JT-SECTION FILTER DESIGN
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Figure 40

Through the use of the curves and equations which accompany the diagrams In the iHllustra-
tion above it is possible to determine the correct values of inductance and capacitance for
the vsual types of pi-section filters.

ness of cutoff increases, but the less will be
the attenuation at several times cutoff fre-
quency. A value of 0.6 may be used for m
in most applications. The “notch” frequency
is determined by the resonant frequency of
the tuned filter element. The amount of
attenuation obtained at the “notch” when
a derived section is used is determined by
the effective Q of the resonant arm (fig-
ure 39).

Filter Assembly Constant-£ sections and m-

derived sections may be cas-
caded to obtain the combined characteristics
of sharp cutoff and good remote frequency
attenuation. Such a filter is known as a
composite filter. The amount of attenuation
will depend on the number of filter sec-
tions used, and the shape of the transmission
curve depends on the type of filter sec-
tions used. All filters have some insertion

loss. This attenuation is usually uniform to
all frequencies within the passband. The
insertion loss varies with the type of filter,
the Q of the components, and the type of
termination employed.

Electric Filter Electric wave filters have long
Design been used in some amateur sta-

tions in the audio channel to
reduce the transmission of unwanted high
frequencies and hence to reduce the band-
width occupied by a radiophone signal. The
effectiveness of a properly designed and
properly used filter circuit in reducing QRM
and sideband splatter should not be under-
estimated.

In recent years, high-frequency filters
have become commonplace in TVI reduction.
High-pass type filters are placed before the
input stage of television receivers to reject
the fundamental signal of low-frequency
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transmicters. Low-pass filters are used in the
output circuits of low-frequency transmit-
ters to prevent harmonics of the transmitter
from being radiated in the television chan-
nels.

The chart of figure 40 gives design data
and procedure on the = section type of
filter. The m-derived sections with an m of
0.6 will be found to be most satisfactory as
the input section (or half-section) of the
usual filter since the input impedance of such
a section is most constant over the passband
of the filter section.

Simple filters may use either L, T, or =
sections. Since the = section is the more

commonly used type, figure 40 gives design
data and characteristics for this type of
filter.

The image-parameter technique of filter
design outlined in this section is being super-
ceded by modern network synthesis, which
takes advantage of the digital computer as a
tool for multisection filter design. Filters
designed by this new technique provide su-
perior performance with less ‘components
than equivalent filters designed by the image-
parameter scheme. Design tables for synthesis
systems may be found in Simplified Modern
Filter Design by Geffe, published by John F.
Rider Publisher, Inc., New York.

www americanradiohistorv com


www.americanradiohistory.com

CHAPTER FOUR

Vacuum-Tube Principles

In the previous chapters we have seen the
manner in which an electric current flows
through a metallic conductor as a result of
an electron drift. This drift, which takes
place when there is a difference in potential
between the ends of the metallic conductor,
is in addition to the normal random electron
motion between the molecules of the con-
ductor.

The electron may be considered as a min-
ute negatively charged particle, having a
mass of 9 X 10-2® gram, and a charge of
1.59 X 10-'® coulomb. Electrons are always
identical, regardless of the source from
which they are obtained.

An electric current can be caused to
flow through other media than a metallic
conductor. One such medium is an ionized
solution, such as the sulfuric acid electrolyte
in a storage battery. This type of current
flow is called clectrolytic conduction. Fur-
ther, it was shown at about the turn of the
century that an electric current can be
carried by a stream of free electrons in an
evacuated chamber. The flow of a current
in such a manner is said to take place by
electronic conduction. The study of elec-
tron tubes (also called vacuum tubes, or
valves) is actually the study of the control
and use of electronic currents within an
evacuated or partially evacuated chamber.

Since the current flow in an electron tube
takes place in an evacuated chamber, there
must be located within the enclosure both
a source of electrons and a collector for the

electrons which have been emitted. The
electron source is called the catbode, and the
electron collector is usually called the anode.
Some external source of energy must be ap-
plied to the cathode in order to impart suffi-
cient velocity to the electrons within the
cathode material to enable them to overcome
the surface forces and thus escape into the
surrounding medium. In the usual types of
electron tubes the cathode energy is applied
in the form of heat; electron emission from
a heated cathode is called thermionic emis-
sion. In another common type of electron
tube, the photoelectric cell, energy in the
form of light is applied to the cathode to
cause photoelectric emission.

4-1 Thermionic Emission

Electron
Emission

Emission of electrons from the
cathode of a thermionic electron
tube takes place when the cath-
ode of the tube is heated to a tempera-
ture sufficiently high that the free elec-
trons in the emitter have sufficient velocity
to overcome the restraining forces at the
surface of the material. These surface forces
vary greatly with different materials. Hence
different types of cathodes must be raised
to different temperatures to obtain adequate
quantities of electron emission. The several
types of emitters found in common types of
transmitting and receiving tubes will be
described in the following paragraphs.
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Figure 1
ELECTRON-TUBE TYPES

The General Electric ceramic triode (6BY4) is shown alongside a conventional miniature
tube (6265) and an octal-based receiving tube (2516). The ceramic tube is designed for
rugged service and features extremely low lead inductance.

Cathode Types The emitters or cathodes as

used in present-day thermi-
onic electron tubes may be classified into
two groups; the directly heated or fila-
ment type and the indirectly heated or
heater-cathode type. Directly heated emit-
ters may be further subdivided into three
important groups, all of which are common-
ly used in modern vacuum tubes. These
classifications are: the pure-tungsten fila-
ment, the thoriated-tungsten filament, and
the oxide-coated filament.

The Pure-Tung- Pure-tungsten wire was used
sten Filament a5 the filament in nearly all

the earlier transmitting and
receiving tubes. However, the thermionic
efficiency of tungsten wire as an emitter
(the number of milliamperes emission per
watt of filament-heating power) is quite
low; the filaments become fragile after use;
their life is rather short, and they are sus-
ceptible to burnout at any time. Pure-tung-
sten filaments must be run at bright white
heat (about 2500° Kelvin). For these rea-
sons, tungsten filaments have been replaced
in all applications where another type of
filament could be used. They are, however,
still often employed in large water-cooled
tubes and in certain large, high-power
air-cooled triodes where another filament
type would be unsuitable. Tungsten fila-
ments are the most satisfactory for high-
power, high-voltage tubes where the emitter
is subjected to positive ion bombardment
caused by the residual gas content of the

tubes. Tungsten is not adversely affected by
such bombardment.

The Thoriated- In the course of experi-
Tungsten Filament ments made upon tung-

sten emitters, it was found
that filaments made from tungsten having a
small amount of thoria (thorium oxide) as
an impurity had much greater emission than
those made from the pure metal. Subsequent
development has resulted in the highly efh-
cient carburized thoriated-tungsten filament
as used in many medium-power trans-
mitting tubes today.

Thoriated-tungsten emitters consist of a
tungsten wire containing from 1% to 2%
thoria. The activation process varies between
different manufacturers of vacuum tubes,
but it is essentially as follows: (1) the tube
is evacuated; (2) the filament is burned for
a short period at about 28G0° Kelvin to
clean the surface and reduce some of the
thoria within the filament to metallic thor-
ium; (3) the filament is burned for a longer
period at about 2100° Kelvin to form a
layer of thorium on the surface of the
tungsten; (4) the temperature is reduced
to about 1600° Kelvin and some pure hy-
drocarbon gas is admitted to form a layer
of tungsten carbide on the surface of the
tungsten. This layer of tungsten carbide re-
duces the rate of thorium evaporation from
the surface at the normal operating temper-
ature of the filament and thus increases the
operating life of the vacuum tube. Tho-
rium evaporation from the surface is a natu-
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Figure 2
VHF ond UHF TUBE TYPES

At the left is an 8058 nuvistor tetrode, rep-
resentative of the family of small vhf types
useful in receivers and low power transmitters.
The second type is an 6816 planar tetrode
rated at 180 watts input to 1215 MMz. The
third tube from the left is a 3CX100AS planar
triode, an improved and ruggedized version
of the 2C39A, and rated at 100 watts input to
2900 MHz. The fourth tube from the left is the

X-843 (Eimac) planar triode designed to de-
liver over 100 watts at 2100 MHz, The tube is
used in a grounded-grid cavity configuration.
The tube to the right is a 7213 planar tetrode,
rated at 2500 watts input to 1215 MMz. All of
these vhf/uhf negative-grid tubes make use
of ceramic insulation for lowest envelope joss
at the higher frequencies and the larger ones
have coaxial bases for use in resonant cavities.

ral consequence of the operation of the
thoriated-tungsten filament. The carburized
layer on the tungsten wire plays another
role in acting as a reducing agent to produce
new thorium from the thoria to replace that
lost by evaporation. This new thorium con-
tinually diffuses to the surface during the
normal operation of the filament.

The last process, (5), in the activation of
a thoriated tungsten filament consists of re-
evacuating the envelope and then burning or
aging the new filament for a considerable
period of time at the normal operating
temperature of approximately 1900° K.

One thing to remember about any type of
filament, particularly the thoriated type, is
that the emitter deteriorates practically as
fast when “standing by” (no plate cur-
rent) as it does with any normal amount of
emission load. Also, a thoriated filament may
be either temporarily or permanently dam-
aged by a heavy overload which may strip
the surface layer of thorium from the fila-
ment.

Reactivating Thoriated-tungsten fila-
Thoriated-Tungsten ments (and only thori-
Filaments

ated-tungsten filaments)
which have lost emission

as a result of insufficient filament voltage, 2
severe temporary overload, a less severe ex-
tended overload, or even normal operation
may quite frequently be reactivated to their
original characteristics by a process similar
to that of the original activation. However,
only filaments which have not approached
too close to the end of their useful life may
be successfully reactivated.

The actual process of reactivation is rel-
atively simple. The tube which has gone
“flat” is placed in a socket to which only
the two filament wires have been connected.
The filament is then “flashed”” for about 20
to 40 seconds at about 1'% times normal
rated voltage. The filament will become ex-
tremely bright during this time and, if
there is still some thoria left in the tungsten
and if the tube did not originally fail as a
result of an air leak, some of this thoria
will be reduced to metallic thorium. The
filament is then burned at 15 to 25 percent
overvoltage for from 30 minutes to 3 to 4
hours to bring this new thorium to the
surface.

The tube should then be tested to see if
it shows signs of renewed life. If it does, but
is still weak, the burning process should be
continued at about 10 to 15 percent over-
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voltage for a few more hours. This should
bring it back almost to normal. If the tube
checks still very low after the first attempt
at reactivation, the complete process can
be repeated as a last effort.

The Oxide- The most efficient of all
Coated Filament modern filaments is the

oxide-coated type which
consists of a mixture of barium and stron-
tium oxides coated on a nickel alloy wire or
strip. This type of filament operates at a
dull-red to orange-red temperature (1050°
to 1170° K) at which temperature it will
emit large quantities of electrons. The oxide-
coated filament is somewhat more efficient
than the thoriated-tungsten type in small
sizes and it is considerably less expensive to
manufacture. For this reason all receiving
tubes and quite 2 number of the low-pow-
ered transmitting tubes use the oxide-coated
filament. Another advantage of the oxide-
coated emitter is its extremely long life —
the average tube can be expected to run
from 3000 to 5000 hours, and when loaded
very lightly, tubes of this type have been
known to give 50,000 hours of life before
their characteristics changed to any great
extent.

Oxide filaments are unsatisfactory for use
at very high plate voltage because: (1)
their activity is seriously impaired by the
high temperature necessary to de-gas the
high-voltage tubes and, (2) the positive ion
bombardment which takes place even in the
best evacuated high-voltage tube causes de-
struction of the oxide layer on the surface of
the filament.

Oxide-coated emitters have been found
capable of emitting an enormously large
current pulse with a high applied voltage
for a very short period of time without
damage. This characteristic has proved to
be of great value in radar work. For example,
the relatively small cathode in a microwave
magnetron may be called on to deliver 2§ to
50 amperes at an applied voltage of perhaps
25,000 volts for a period in the order of one
microsecond. After this large current pulse
has been passed, plate voltage normally will
be removed for 1000 microseconds or more
so that the cathode surface may recover
in time for the next pulse of current. If the
cathode were to be subjected to a contin-
uous current drain of this magnitude, it
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Figure 3
CUTAWAY DRAWING OF A §C4 TRIODE

would be destroyed in an exceedingly short
period of time.

The activation of oxide-coated filaments
also varies with tube manufacturers but
consists essentially in heating the wire which
has been coated with a mixture of barium
and strontium carbonates to a temperature
of about 1500° Kelvin for a time and then
applying a potential of 100 to 200 volts
through a protective resistor align limit the
emission current. This process thermally
reduces the carbonates to oxides, cleans the
filament surface of foreign materials, and
activates the cathode surface.

Reactivation of oxide-coated filaments is
not possible since there is always more than
sufficient reduction of the oxides and diffu-
sion of the metals to the surface of the
fllament to meet the emissionVl needs of the

cathode. |

The Heoter The heater-type cathode was de-
Cathode  veloped as a result of the re-

quirement for a type of emitter
which could be operated from alternating
current and yet would not introduce a-c
ripple modulation even when used in low-
level stages. It consists essentially of a small
nickel-alloy cylinder with a coating of
strontium and barium oxides on its surface
similar to the coating used on the oxide-
coated filament. Inside the cylinder is an
insulated heater element consisting usually
of a double spiral of tungsten wire. The
heater may operate on any voltage from 2
to 117 volts, although 6.3 is the most com-
mon value. The heater is operated at quite
1 high temperature so that the cathode itself
usually may be brought to operating tem-
perature in a2 matter of 15 to 30 seconds.
Heat-coupling between the heater and the
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cathode is mainly by radiation, although
there is some thermal conduction through
the insulating coating on the heater wire,
since this coating is also in contact with the
cathode thimble,

Indirectly heated cathodes are employed
in all a-c operated tubes which are designed
to operate at a low level either for r-f or
a-f use. However, some receiver power tubes
use heater cathodes (6L6, 6Vé6, 6F6, and
6K6-GT) as do some of the low-power
transmitter tubes (802, 807, 815, 3E29,
2E26, 5763, 6146, etc.). Heater cathodes
are employed almost exclusively when a
number of tubes are to be operated in series
as in an a-c/d-c receiver. A heater cathode
is often called a unipotential cathode be-
cause there is no voltage drop along its
length as there is in the directly heated or
filament cathode.

The Bombardment A special bombardment
Cathode cathode is employed in
many of the high-powered
television transmitting klystrons (Eimac 3K
20,000 LA). The cathode takes the form of
a tantalum diode, heated to operating tem-
perature by the bombardment of electrons
from a directly heated filament. The cathode
operates at a positive potential of 2000 volts
with respect to the filament, and a d-c
bombardment current of 0.66 ampere flows
between filament and cathode. The filament
is designed to operate under space-charge
limited conditions. Cathode temperature is
varied by changing the bombardment poten-
tial between the filament and the cathode.

The Emission The emission of electrons from
Equation a heated cathode is quite sim-

ilar to the evaporation of mole-
cules from the surface of a liquid. The mole-
cules which leave the surface are those
having sufficient kinetic (heat) energy to
overcome the forces at the surface of the
liquid. As the temperature of the liquid is
raised, the average velocity of the molecules
is increased, and a greater number of mole-
cules will acquire sufficient energy to be
evaporated. The evaporation of electrons
from the surface of a2 thermionic emitter is
similarly a function of average electron ve-
locity, and hence is a function of the tem-
perature of the emitter.

; P 6CB6

T CATHODE

| HEATEN
-"i REATER

CUTAWAY DRAWING OF A 6CB6 PENTODE

Electron emission per unit area of emitting
surface is a function of the temperature (T')
in degrees Kelvin, the work function of
emitting surface & (which is a2 measure of
the surface forces of the material and hence
of the energy required of the electron be-
fore it may escape), and of the constant
(A) which also varies with the emitting
surface. The relationship between emission
current in amperes per square centimeter
(I) and the above quantities can be ex-
pressed as:

[ = AT? YT

Secondary The bombarding of most metals
Emission and a few insulators by electrons

will result in the emission of other
electrons by a process called secondary emis-
sion. The secondary electrons are literally
knocked from the surface layers of the bom-
barded material by the primary electrons
which strike the material. The number of
secondary electrons emitted per primary
electron varies from a very small percent-
age to as high as 5§ to 10 secondary electrons
per primary.

The phenomena of secondary emission is
undesirable for most thermionic electron
tubes. However, the process is used to ad-
vantage in certain types of electron tubes
such as the image orthicon (TV camera
tube) and the electron-multiplier type of
photoelectric cell. In types of electron tubes
which make use of secondary emission, such
as the type 931 photocell, the secondary-
electron emitting surfaces are specially
treated to provide a high ratio of secondary
to primary electrons. Thus a high degree of
current amplification in the electron-multi-
plier section of the tube is obtained.
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AVERAGE PLATE CHARACTERISTICS
OF A POWER DIODE

The Space-  As a cathode is heated so that
Charge Effect it begins to emit, those elec-

trons which have been dis-
charged into the surrounding space form a
negatively charged cloud in the immediate
vicinity of the cathode. This cloud of elec-
trons around the cathode is called the space
charge. The electrons comprising the charge
are continuously changing, since those elec-
trons making up the original charge fall
back into the cathode and are replaced by
others emitted by it.

4.2 The Diode

If a cathode capable of being heated either
indirectly or directly is placed in an evacu-
ated envelope along with a plate, such a
two-element vacuum tube is called a diode.
The diode is the simplest of all vacuum tubes
and is the fundamental type from which all
the others are derived.

Characteristics When the cathode within a
of the Diode  diode is heated, it will be

found that a few of the elec-
trons leaving the cathode will leave with
sufficient velocity to reach the plate. If the
plate is electrically connected back to the
cathode, the electrons which have had suf-
ficient velocity to arrive at the plate will
flow back to the cathode through the ex-
ternal circuit. This small amount of initial
plate current is an effect found in all two-
element vacuum tubes.

OXxI1DE COATED
QI ATED TUNGSTON

TUNGSTEN FILAMENT

POINT OF MAXIMUM SPACE -
CHARGE -LIMITED EMISSION

PLATE CURRENT

PLATE VOLTAGE —=
Figure 6

MAXIMUM SPACE-CHARGE-LIMITED
EMISSION FOR DIFFERENT
TYPES OF EMITT‘RS

If a battery or other sourcelof d-c voltage
is placed in the external circuit between the
plate and cathode so that it places a posi-
tive potential on the plate, the flow of cur-
rent from the cathode to plate will be in-
creased. This is due to the strong attraction
offered by the positively charged plate for
any negatively charged particles (figure §).

The Three-Halves
Power Law

At moderate values of
plate voltage the cur-
rent flow from cath-
ode to anode is limited by the space charge
of electrons around the cathode. Increased
values of plate voltage will tend to neutral-
ize a greater portion of the cathode space
charge and hence will cause a greater cur-
rent to flow.

Under these conditions, with plate cur-
rent limited by the cathode space charge, the
plate current is not linear with plate voltage.
In fact it may be stated in general that the
plate-current flow in electron tubes does not
obey Ohm’s Law. Rather, plate current in-
creases as the three-halves power of the
plate voltage. The relationship between plate
voltage, (E) and plate current, (I) can
be expressed as:

I=KE

where,
K is a constant determined by the geome-
try of the element structure within the
electron tube.
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Plate-Current
Saturation

As plate voltage is raised to
the potential where the
cathode space charge is neu-
tralized, all the electrons that the cathode is
capable of emitting are being attracted to
the plate. The electron tube is said then to
have reached saturation plate current.
Further increase in plate voltage will cause
only a relatively small increase in plate cur-
rent. The initial point of plate-current sat-
uration is sometimes called the point of
Maximum Space-Charge-Limited Emission
(MSCLE).

Figure 7
ACTION OF THE GRID IN A TRIODE

(A) shows the triode tube with cutoff bias on
the grid. Note that ail the electrons emitted
by the cathode remain inside the grid mesh.
(B) shows the same tube with an intermediate
vaive of bias on the grid. Note the medivm
valve of piate current and the fact that there
is a reserve of electrons remaining within the
grid mesh. (C) shows the operation with o
reiatively smail amount of bias which with
certain tube types wiii aliow substantially aii
the eiectrons emitted by the cathode to reach
the plate. Emission is said to be saturated in
this case. in a majority of tube types a high
vaive of positive grid voltage is required be-
fore piate-current saturation takes piace.

The degree of flattening in the plate-volt-
age plate-current curve after the MSCLE
point will vary with different types of cath-
odes. This effect is shown in figure 6. The
flattening is quite sharp with a pure tung-
sten emitter. With thoriated tungsten the
flattening is smoothed somewhat, while with
an oxide-coated cathode the flattening is
quite gradual. The gradual saturation in
emission with an oxide-coated emitter is
generally considered to result from a lower-
ing of the surface work function by the
field at the cathode resulting from the plate
potential.

Electron Energy The current flowing in the
Dissipation plate-cathode space of a con-

ducting electron tube repre-
sents the energy required to accelerate elec-
trons from the zero potential of the cathode
space charge to the potential of the anode.
Then, when these accelerated electrons strike
the anode, the energy associated with their
velocity is immediately released to the anode
structure. In normal electron tubes this
energy release appears as heating of the plate
or anode structure.

4.3 The Triode

If an element consisting of a mesh or
spiral of wire is inserted concentric with the
plate and between the plate and the cathode,
such an element will be able to control by
electrostatic action the cathode-to-plate cur-
rent of the tube. The new element is called
a grid, and a vacuum tube containing a cath-
ode, grid, and plate is commonly called a
triode.

Action of If this new element through which
the Grid the electrons must pass in their

course from cathode to plate is
made negative with respect to the cathode,
the negative charge on this grid will effec-
tively repel the negatively charged electrons
(like charges repel; unlike charges attract)
back into the space charge surrounding the
cathode. Hence, the number of electrons
which are able to pass through the grid
mesh and reach the plate will be reduced,
and the plate current will be reduced ac-
cordingly. If the charge on the grid is made
sufficiently negative, all the electrons leav-
ing the cathode will be repelled back to it
and the plate current will be reduced to
zero. Any d-c¢ voltage placed on a grid is
called a bias (especially so when speaking
of a control grid). The smallest negative
voltage which will cause cutoff of plate cur-
rent at a particular plate voltage is called
the value of cutoff bias (figure 7).

Amplification The amount of plate current
Factor in a triode is a result of the

net field at the cathode from
interaction between the field caused by the
grid bias and that caused by the plate volt-
age. Hence, both grid bias and plate voltage
affect the plate current. In all normal tubes
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class-A operating characteristics of a triode
amplifier stage.

a small change in grid bias has a consider-
ably greater effect than a similar change in
plate voltage. The ratio between the change
in grid bias and the change in plate current
which will cause the same small change in
plate current is called the amplification fac-
tor or u of the electron tube. Expressed as
an equation:

_ _ AE,
a AE,

with i, constant (A represents a small incre-
ment).

The p can be determined experimentally
by making a small change in grid bias, thus
slightly changing the plate current. The
plate current is then returned to the original
value by making a change in the plate volt-
age. The ratio of the change in plate voltage
to the change in grid voltage is the u of the
tube under the operating conditions chosen
for the test.

Current Flow In a diode it was shown that
ino Triode  the electrostatic field at the

cathode was proportional to
the plate potential (E;) and that the total
cathode current was proportional to the
three-halves power of the plate voltage.
Similiarly, in 2 triode it can be shown that
the field at the cathode space charge is pro-

portional to the equivalent voltage (E; +
E,/p), where the amplification factor, g,
actually represents the relative effectiveness
of grid potential and plate potential in pro-
ducing a field at the cathode.

It would then be expected that the cath-
ode current in a triode would be proportion-
al to the three-halves power of (E, +
Ey/p). The cathode current of a triode can
be represented with fair accuracy by the
expression:

E 3/2
cathode current = K (Eg + z )

"

where,

K is a constant determined by element
geometry within the triode.

Plote Resistance The plate resistance of a

vacuum tube is the ratio of
a change in plate voltage to the change in
plate current which the change in plate
voltage produces. To be accurate, the
changes should be very small with respect
to the operating values. Expressed as an
equation:

AE,

R, = Al

where,

E, is held constant,
A equals small increment.

The plate resistance can also be determined
by the experiment mentioned above. By
noting the change in plate current as it oc-
curs when the plate voltage is changed (grid
voltage held constant), and by dividing the
latter by the former, the plate resistance
can be determined. Plate resistance is ex-
pressed in ohms.

Transconductance The mutual conductance,

also referred to as trans-
conductance, is the ratio of a change in the
plate current to the change in grid voltage
which brought about the plate-current
change, the plate voltage being held con-
stant. Expressed as an equation:

al,
AE,

&m =
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Figure 9

POSITIVE-GRID CHARACTERISTICS
(1, vs. E;) OF A TYPICAL TRIODE

Piate characteristics of this type are most
commonly used iIn determining the puise-
signal operating characteristics of a triode
amplifier stage. Note the large emission cap-
ability of the oxide-coated heater cathode in
tubes of the general type of the 6J5.

where,

E, is held constant,
A equals small increment.

The transconductance is also numerically
equal to the amplification factor divided by
the plate resistance. §m = u/R,.

Transconductance is most commonly ex-
pressed in microreciprocal-ohms or micro-
mbos. However, since transconductance ex-
presses change in plate current as a function
of a change in grid voltage, a tube is often
said to have a transconductance of so many
milliamperes per volt. If the transconduct-
ance in milliamperes per volt is multiplied
by 1000 it will then be expressed in mi-
cromhos. Thus the transconductance of a
6A3 could be called either 5.25 ma/volt or
5250 micromhos.

Characteristic Curves

The operating charac-
of a Triode Tube

teristics of a triode
tube may be summa-
rized in three sets of curves: The I, vs. E;
curve (figure 8), the I, vs. E; curve (figure
9) and the E, vs. E; curve (figure 10).
The plate resistance (Rp) of the tube may
be observed from the I, vs. E, curve, the
transconductance ( §m) may be observed

TYPICAL TRIODE TUBE

This type of graphical representation is used

for ciass-C amplifier calcuiations since the

operating characteristic of a class-C amplifier

Is a straight line when drawn on a constant
current graph.

from the I, vs. E; curve, and the amplifica-
tion factor (p) may be determined from the
Ejg vs. Eg curve.

The Load Line A Joad line is a graphical
representation of the voltage
on the plate of a vacuum tube and the cur-
rent passing through the plate circuit of the
tube for various values of plate load resist-
ance and plate supply voltage. Figure 11
illustrates a triode tube with a resistive plate
load, and a supply voltage of 300 volts. The
voltage at the plate of the tube (¢;) may be
expressed as:

€p=Ep-' (ipxRL)

where,

E, is the plate supply voltage,

#, is the plate current,

Ry is the load resistance in ohms.

Assuming various values of i, flowing in
the circuit, controlled by the internal resist-
ance of the tube, (a function of the grid
bias) values of plate voltage may be plotted
as shown for each value of plate current
(ip). The line connecting these points is
called the load line for the particular value
of plate load resistance used. The slope of
the load line is equal to the ratio of the
lengths of the vertical and horizontal pro-
jections of any segment of the load line.
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The static load line for a typical triode tube
with a plate load resistance of 10,000 ohms.

For this example it is:

dope — —f 01 = .02
P¢= "\ Too — 200
= —.0001 = ——-—10’000
The slope of the load line is equal to
—1/Ry. At point A on the load line, the
voltage across the tube is zero. This would
be true for a perfect tube with zero inter-
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Figure 12

TRIODE TUBE CONNECTED FOR DETER-
MINATION OF PLATE-CIRCUIT LOAD
LINE AND OPERATING PARAMETERS

OF THE CIRCUIT

nal voltage drop, or if the tube is short-cir-
cuited from cathode to plate. Point B on the
load line corresponds to the cutoff point of
the tube, where no plate current is flowing.
The operating range of the tube lies between
these two extremes. For additional informa-
tion regarding dynamic load lines, the reader
is referred to the Radiotrom Designer's
Handbook distributed by Radio Corporation
of America.

Application of Tube As an example of the
Choracteristics application of tube char-

acteristics, the constants
of the triode amplifier circuit shown in fig-
ure 12 may be considered. The plate supply
is 300 volts, and the plate load is 8000 ohms.
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POLARITY REVERSAL BETWEEN GRID
AND PLATE VOLTAGES

If the tube is considered to be an open cir-
cuit no plate current will flow, and there is
no voltage drop across the plate load re-
sistor (RL). The plate voltage on the tube
is therefore 300 volts. If, on the other hand,
the tube is considered to be a short circuit,
maximum possible plate current flows and
the full 300 volt drop appears across Ry.
The plate voltage is zero, and the plate cur-
rent is 300/1000, or 37.5 milliamperes.
These two extreme conditions define the
ends of the load line on the I, vs. E, char-
acteristic curve, figure 13.

For this application the grid of the tube
is returned to a steady biasing voltage of —4
volts. The steady or quiescent operation of
the tube is determined by the intersection of
the load line with the —4-volt curve at
point Q. By projection from point Q
through the plate-current axis it is found
that the value of plate current with no sig-
nal applied to the grid is 12.75 milliamperes.
By projection from point Q through the
plate-voltage axis it is found that the quies-
cent plate voltage is 198 volts. This leaves

Figure 15
SCHEMATIC REPRESENTATION

OF INTERELECTRODE
CAPACITANCE

a drop of 102 volts across Ry which is
borne out by the relation 0.01275 X 8000
= 102 volts.

An alternating voltage of 4 volts maxi-
mum swing about the normal bias value of
—4 volts is applied now to the grid of the
triode amplifier. This signal swings the grid
in a positive direction to 0 volts, and in a
negative direction to —8 volts, and estab-
lishes the operating region of the tube along
the load line between points A and B. Thus
the maxima and minima of the plate voltage
and plate current are established. By projec-
tion from points A and B through the plate-
current axis the maximum instantaneous
plate current is found to be 18.25 milliam-
peres and the minimum is 7.5 milliamperes.
By projections from points A and B through
the plate-voltage axis the minimum instan-
taneous plate-voltage swing is found to be
154 volts and the maximum is 240 volts.

By this graphical application of the I vs.
E, characteristic of the 6SN7 triode the
operation of the circuit illustrated in figure
12 becomes apparent. A voltage variation of
8 volts (peak to peak) on the grid produces
a variation of 84 volts at the plate.

Polority Inversion When the signal voltage

applied to the grid has its
maximum positive instantaneous value the
plate current is also maximum. Reference to
figure 12 shows that this maximum plate
current flows through plate-load resistor
R., producing a maximum voltage drop
across it. The lower end of Ry, is connected
to the plate supply, and is therefore held at
a constant potential of 300 volts. With max-
imum voltage drop across the load resistor,
the upper end of Ry is at a minimum in-
stantaneous voltage. The plate of the tube
is connected to this end of Ry and is there-
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potential. Screen-Grid Tubes

This polarity reversal between instantane-
ous grid and plate voltages is further clari-
fied by a consideration of Kirchhoff’s law as
it applies to series resistance. The sum of the
IR drops around the plate circuit must at all
times equal the supply voltage of 300 volts.
Thus when the instantaneous voltage drop
across Ry is maximum, the voltage drop
across the tube is minimum, and their sum
must equal 300 volts. The variations of grid
voltage, plate current and plate voltage
about their steady-state values is illustrated
in figure 14.

Interelectrode Capacitance always exists be-
Capacitance  tween any two pieces of metal

separated by a dielectric. The
exact amount of capacitance depends on the
size of the metal pieces, the dielectric be-
tween them, and the type of dielectric. The
electrodes of a vacuum tube have a similar
characteristic known as interelectrode capac-
itance, illustrated in figure 15. These direct
capacitances in a triode are: grid-to-cathode
capacitance, grid-to-plate capacitance, and
plate-to-cathode capacitance. The interelec-
trode capacitance, though very small, has a
coupling effect, and often can cause un-
balance in a particular circuit. At very-high
frequencies (vhf), interelectrode capaci-
tances become very objectionable and pre-
vent the use of conventional tubes at these
frequencies. Special vhf tubes must be used
which are characterized by very small elec-
trodes and close internal spacing of the ele-
ments of the tube.

Many desirable characteristics can be ob-
tained in a vacuum tube by the use of more
than one grid. The most common multiele-
ment tube is the tetrode (four electrodes).
Other tubes containing as many as eight
electrodes are available for special applica-
tions.

The Tetrode The quest for a simple and

easily usable method of elimi-
nating the effects of the grid-to-plate
capacitance of the triode led to the develop-
ment of the screen-grid tube, or tetrode.
When another grid is added between the
grid and plate of a vacuum tube the tube is
called a tetrode, and because the new grid
is called a screen, as a result of its screening
or shielding action, the tube is often called a
screen-grid tube. The interposed screen grid
acts as an electrostatic shield between the
grid and plate, with the consequence that
the grid-to-plate capacitance is reduced.
Although the screen grid is maintained at a
positive voltage with respect to the cathode
of the tube, it is maintained at ground po-
tential with respect to r.f. by means of a
bypass capacitor of very low reactance at
the frequency of operation.

In addition to the shielding effect, the
screen grid serves another very useful pur-
pose. Since the screen is maintained at a
positive potential, it serves to increase or
accelerate the flow of electrans to the plate.
There being large openings in the screen
mesh, most of the electrons pass through it

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Tetrodes and Pentodes 87

and on to the plate. Due also to the screen,
the plate current is largely independent of
plate voltage, thus making for high ampli-
fication. When the screen voltage is held at
a constant value, it is possible to make large
changes in plate voltage without appreciably
affecting the plate current, (figure 16).

When the electrons from the cathode ap-
proach the plate with sufficient velocity,
they dislodge electrons on striking the plate.
This effect of bombarding the plate with
high-velocity electrons, with the consequent
dislodgement of other electrons from the
plate, gives rise to the condition of second-
ary emission which has been -discussed in a
previous paragraph. This effect can cause no
particular difficulty in a triode because the
secondary electrons so emitted are eventually
attracted back to the plate. In the screen-
grid tube, however, the screen is close to the
plate and is maintained at a positive poten-
tial. Thus, the screen will attract these elec-
trons which have been knocked from the
plate, particularly when the plate voltage
falls to a lower value than the screen volt-
age, with the result that the plate current is
lowered and the amplification is decreased.

In the application of tetrodes, it is neces-
sary to operate the plate at a high voltage in
relation to the screen in order to overcome
these effects of secondary emission.

The Pentode  The undesirable effects of sec-
ondary emission from the plate
can be greatly reduced if yet another ele-
ment is added between the screen and plate.
This additional element is called a suppres-
sor, and tubes in which it is used are called
pentodes. The suppressor grid is sometimes
connected to the cathode within the tube;
sometimes it is brought out to a connecting
pin on the tube base, but in any case it is
established negative with respect to the
minimum plate voltage. The secondary elec-
trons that would travel to the screen if
there were no suppressor are diverted back
to the plate. The plate current is, therefore,
not reduced and the amplification possibili-
ties are increased (figure 17).

Pentodes for audio applications are de-
signed so that the suppressor increases the
limits to which the plate voltage may swing;
therefore the consequent power output and
gain can be very great. Pentodes for radio-
frequency service function in such a man-

ner that the suppressor allows high voltage
gain, at the same time permitting fairly
high gain at low plate voltage. This holds
true even if the plate voltage is the same or
slightly lower than the screen voltage.

Remote-Cutoff Remote-cutoff tubes (vari-
Tubes able- # ) are screen grid
tubes in which the control
grid structure has been physically modified
so as to cause the plate current of the tube
to drop off gradually, rather than to have a
well-defined cutoff point (figure 18). A non-
uniform control-grid structure is used, so
that the amplification factor is different for
different parts of the control grid.
Remote-cutoff tubes are used in circuits
where it is desired to control the amplifica-
tion by varying the control-grid bias. The
characteristic curve of an ordinary screen-
grid tube has considerable curvature near
the plate-current cutoff point, while the
curve of a remote-cutoff tube is much more
linear (figure 19). The remote-cutoff tube
minimizes cross-talk interference that would
otherwise be produced. Examples of remote
cutoff tubes are: 6BDé, 6BA6, 65G7 and
6SK7.

Beam-Power A beam-power tube makes use
Tubes of another method of suppres-

sing secondary emission. In this
tube there are four electrodes: a cathode, a
grid, a screen, and a plate, so spaced and
placed that secondary emission from the
plate is suppressed without actual power loss.
Because of the manner in which the elec-
trodes are spaced, the electrons which travel
to the plate are slowed down when the plate
voltage is low, almost to zero velocity in a
certain region between screen and plate. For
this reason the electrons form a stationary
cloud, or space charge. The effect of this
space charge is to repel secondary electrons
emitted from the plate and thus cause them
to return to the plate. In this way, secondary
emission is suppressed.

Another feature of the beam-power tube
is the low current drawn by the screen. The
screen and the grid are spiral wires wound
so that each turn in the screen is shaded
from the cathode by a grid turn. This align-
ment of the screen and the grid causes the
electrons to travel in sheets between the
turns of the screen so that very few of them
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ACTION OF A REMOTE-CUTOFF
GRID STRUCTURE

strike the screen itself. This formation of
the electron stream into sheets or beams in-
creases the charge density in the screen-plate
region and assists in the creation of the space
charge in this region.

Because of the effective suppressor action
provided by the space charge, and because of
the low current drawn by the screen, the
beam-power tube has the advantages of high
power output, high power sensitivity, and
high efficiency. The 6AQS is such a beam-
power tube, designed for use in the power-
amplifier stages of receivers and speech am-
plifiers or modulators. Larger tubes employ-
ing the beam-power principle are being made
by various manufacturers for use in the
radio-frequency stages of transmitters. These
tubes feature extremely high power sensitiv-
ity (a very small amount of driving power
is required for a large output), good plate
efficiency, and low grid-to-plate capacitance.
Examples of these tubes are 813, 4-250A,
4CX250B, etc.

Grid-Screen The grid-screen p factor (u.g)
Mu Factor s analogous to the amplification

factor in a triode, except that
the screen of a pentode or tetrode is sub-
stituted for the plate of a triode. p.e denotes
the ratio of a change in grid voltage toa
change in screen voltage, each of which will
produce the same change in screen current.
Expressed as an equation:

_ AE,
Hug AEg

where,
Iz is held constant,
A equals small increment.

The grid-screen p factor is important in
determining the operating bias of a tetrode

or pentode tube. The relationship between
control-grid potential and screen potential
determines the plate current of the tube as
well as the screen current since the plate
current is essentially independent of the
plate voltage in tubes of this type. In other
words, when the tube is operated at cutoff
bias as determined by the screen voltage and
the grid-screen p factor (determined in
the same way as with a triode, by dividing
the operating voltage by the u factor) the
plate current will be substantially at cutoff,
as will be the screen current. The grid-screen
p factor is numerically equal to the am-
plification factor of the same tetrode or
pentode tube when it is triode connected.

Current Flow The following equation is the
in Tetrodes  expression for total cathode
and Pentodes current in a triode tube. The

expression for the total cathode
current of a tetrode and a pentode tube is
the same, except that the screen-grid voltage
and the grid-screen p factor are used in
place of the plate voltage and p of the

triode.
Esz ) 3/2
Hsg

Cathode current, of course, is the sum of
the screen and plate currents plus control-
grid current in the event that the control
grid is positive with respect to the cathode.
It will be noted that total cethode current
is independent of plate voltage in a tetrode
or pentode. Also, in the usual tetrode or
pentode the plate current is substantially
independent of plate voltage over the usual
operating range—which means simply that
the effective plate resistance of such tubes

cathode current = K ( E., +
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is relatively high. However, when the plate
voltage falls below the normal operating
range, the plate current falls sharply, while
the screen current rises to such a value that
the total cathode current remains substan-
tially constant. Hence, the screen grid in a
tetrode or pentode will almost invariably
be damaged by excessive dissipation if the
plate voltage is removed while the screen
voltage is still being applied from a low-
impedance source.

The Effect of The current equations show
Grid Current how the total cathode current
in triodes, tetrodes, and pen-
todes is a function of the potentials applied
to the various electrodes. If only one elec-
trode is positive with respect to the cathode
(such as would be the case in a triode acting
as a class-A amplifier) all the cathode cur-
rent goes to the plate. But when both screen
and plate are positive in a tetrode or pentode,
the cathode current divides between the two
elements. Hence the screen current is taken
from the total cathode current, while the
balance goes to the plate. Further, if the
control grid in a tetrode or pentode is
operated at a positive potential the total
cathode current is divided between all three
elements which have a positive potential. In
a tube which is receiving a large excitation
voltage, it may be said that the control grid
robs electrons from the output electrode
during the period that the gnd is positive,
making it always necessary to limit the peak-
positive excursion of the control grid.

Coefficients of In general it may be stated
Tetrodes and  that the amplification factor
Pentodes of tetrode and pentode tubes

is a coefficient which is not
of much use to the designer. In fact the
amplification factor is seldom given on the
design-data sheets of such tubes. Its value
is usually very high, due to the relatively
high plate resistance of such tubes, but
bears little relationship to the stage gain
which actually will be obtained with such
tubes.

On the other hand, the grid-plate trans-
conductance is the most important coeffi-
cient of pentode and tetrode tubes. Gain per
stage can be computed directly when the
gn is known. The grid-plate transconduct-
ance of a tetrode or pentode tube can be
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GRID STRUCTURE OF 65A7
CONVERTER TUBE

calculated through use of the expression:

J— AIP
g AE,

with E. and E, constant.

The plate resistance of such tubes is of
less importance than in the case of triodes,
though it is often of value in determining
the amount of damping a tube will exert on
the impedance in its plate circuit. Plate re-
sistance is calculated from:

AE,
Al

R, =

with E; and E,; constant.

4.5 Mixer and
Converter Tubes

The superheterodyne receiver always in-
cludes at least one stage for changing the
frequency of the incoming signal to the
fixed frequency of the main intermediate-
frequency amplifier in the receiver. This fre-
quency-changing process is accomplished by
selecting the beat-note difference frequency
between a locally generated oscillation and
the incoming signal frequency. If the oscil-
lator signal is supplied by a separate tube,
the frequency changing tube is called a
mixer. Alternatively, the oscillation may be
generated by additional elements within the
frequency-changer tube. In this case the
frequency changer is commonly called a
converter tube.
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Conversion The conversion conductance
Conductance (g.) is a coefficient of interest
in the case of mixer or con-
verter tubes, or of conventional triodes,
tetrodes, or pentodes operating as frequency
changers. The conversion conductance is
the ratio of a change in the signal-grid volt-
age at the input frequency to a change in
the output current at the converted fre-
quency. Hence §c in a mixer is essentially
the same as transconductance in an ampli-
fier, with the exception that the input signal
and the output current are on different fre-
quencies. The value of & in conventional
mixer tubes is from 300 to 3000 micromhos.
The value of & in an amplifier tube oper-
ated as a mixer is approximately 0.3 the &m
of the tube operated as an amplifier. The
voltage gain of a mixer stage is equal to
8cZy, where Zy, is the impedance of the plate
load into which the mixer tube operates.

The Diode Mixer  The simplest mixer tube is

the diode. The noise figure,
or figure of merit, for a mixer of this type
is not as good as that obtained with other
more complex mixers; however, the diode
is useful as a mixer in uhf and vhf equip-
ment where low interelectrode capacities are
vital to circuit operation. Since the diode
impedance is low, the local oscillator must
furnish considerable power to the diode
mixer. A good diode mixer has an over-all
gain of about 0.5.

The Triode Mixer A triode mixer has better

gain and a better noise fig-
ure than the diode mixer. At low frequencies,
the gain and noise figure of a triode mixer
closely approaches those figures obtained
when the tube is used as an amplifier. In the
uhf and vhf range, the efficiency of the
triode mixer deteriorates rapidly. The opti-
mum local-oscillator voltage for a triode
mixer is about 0.7 as large as the cutoff
bias of the triode. Very little local-oscillator
power is required by a triode mixer.

Pentode Mixers and A common multigrid
Converter Tubes converter tube for

broadcast or shortwave
use is the pentagrid converter, typified by
the 6BE6, 6BA7, and 6SA7 tubes (fig-
ure 20). Operation of these converter tubes

and pentode mixers will be covered in the
Receiver Fundamentals Chapter.

4-6 Electron Tubes at Very-
High Frequencies

As the frequency of operation of the usual
type of electron tube is increased above
about 20 MHz, certain assumptions which
are valid for operation at lower frequencies
must be re-examined. First, we find that lead
inductances from the socket connections to
the actual elements within the envelope no
longer are negligible. Second, we find that
electron transit time no longer may be ig-
nored; an appreciable fraction of a cycle of
input signal may be required for an elec-
tron to leave the cathode space charge, pass
through the grid wires, and travel through
the space between grid and plate.

The effect of lead induct-
ance is twofold. First, as
shown in figure 21, the
combination of grid-lead inductance, grid-
cathode capacitance, and cathode-lead in-
ductance tends to reduce the effective grid-
cathode signal voltage for a constant voltage
at the tube terminals as the frequency is in-
creased. Second, cathode-lead inductance
tends to introduce undesired coupling be-
tween the various elements within the tube.

Effects of
Lead Inductance

T Eg|
'S

Es

~L

Figure 21

SHOWING THE EFFECT OF CATHODE
LEAD INDUCTANCE

The degenerative action of cathode-lead in-

duct ds to red the effective grid-to-

cathode voltage with respect to the voltage

available across the input tuned circvit. Cath-

ode-lead inductance also infroduces .uvndesir-

able coupling between the input and the out-
put circuits.
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Tubes especially designed for vhf and
uhf use have had their lead inductances
minimized. The usual procedures for reduc-
ing lead inductance are: (1) using heavy
lead conductors or several leads in parallel
(examples are the 6J4 and 6AKS), (2)
scaling down the tube in all dimensions to
reduce both lead inductances and interelec-
trode capacitances (examples are the 6CW4,
6F4, and other nuvistor and miniature
tubes), and (3) the use of very low-in-
ductance extensions of the elements them-
selves as external connections (examples are
lighthouse tubes such as the 2C40, planar
tubes such as the 2C29, and many types of
vhf transmitting tubes).

Effect of When an electron tube is op-
Tronsit Time erated at a frequency high

enough that electron transit
time between cathode and plate is an ap-
preciable fraction of a cycle at the input
frequency, several undesirable effects take
place. First, the grid takes power from the
input signal even though the grid is negative
at all times. This comes about since the grid
will have changed its potential during the
time required for an electron to pass from
cathode to plate. Due to interaction, and a
resulting phase difference between the field
associated with the grid and that associated
with a moving electron, the grid presents a
resistance to an input signal in addition to
its normal “cold” capacitance. Further, as
a result of this action, plate current no
longer is in phase with grid voltage.

An amplifier stage operating at a fre-
quency high enough that framsit time is
appreciable:

(a) Is difficult to excite as a result of
grid loss from the equivalent input grid re-
sistance,

(b) Is capable of less output since trans-
conductance is reduced and plate current is
not in phase with grid voltage.

The effects of transit time increase with
the square of the operating frequency, and
they increase rapidly as frequency is in-
creased above the value where they become
just appreciable. These effects may be re-
duced by scaling down tube dimensions; a
procedure which also reduces lead induct-
ance. Further, transit-time effects may be
reduced by the obvious procedure of in-
creasing electrode potentials so that electron

velocity will be increased. However, due to
the law of electron motion in an electric
field, transit time is increased only as the
square root of the ratio of operating poten-
tial increase; therefore this expedient is of
limited value due to other limitations on
operating voltages of small electron tubes.

4.7  Special Microwave
Electron Tubes

Due primarily to the limitation imposed
by transit time, conventional negative-grid
electron tubes are capable of affording
worthwhile amplification and power output
only up to a definite upper frequency. This
upper frequency limit varies from perhaps
100 MHz for conventional tube types to
about 4000 MHz for specialized types such
as the lighthouse tube. Above the limiting
frequency, the conventional negative-grid
tube no longer is practicable and recourse
must be taken to totally different types of
electron tubes in which electron transit
time is not a limitation to operation. Three
of the most important of such microwave
tube types are the klystron, the magnetron,
and the traveling-wave tube.

The Power Klystron The klystron is a type

of electron tube in which
electron transit time is used to advantage.
Such tubes comprise, as shown in figure 22,
a cathode, a focusing electrode, a resonator
connected to a pair of grids which afford
velocity modulation of the electron beam
(called the “‘buncher”), a drift space, and
another resonator connected to a pair of
grids (called the “‘catcher”). A collector
for the expended electrons may be included
at the end of the tube, or the catcher may
also perform the function of electron col-
lection.

The tube operates in the following man-
ner: The cathode emits a stream of electrons
which is focused into a beam by the focus-
ing electrode. The stream passes through the
buncher where it is acted upon by any field
existing between the two grids of the
buncher cavity. When the potential between
the two grids is zero, the stream passes
through without change in velocity. But
when the potential between the two grids of
the buncher is increasingly positive in the
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Figure 22
TWO-CAVITY KLYSTRON OSCILLATOR

A conventional two-cavity klystron is shown

with a feedback loop connected between the

two cavities so that the tube may be used as
an oscillator.

direction of electron motion, the velocity of
the electrons in the beam is increased. Con-
versely, when the field becomes increasingly
negative in the direction of the beam (cor-
responding to the other half-cycle of the
exciting voltage from that which produced
electron acceleration) the velocity of the
electrons in the beam is decreased.

When the velocity-modulated electron
beam reaches the drift space where there is
no field, those electrons which have been
sped up on one half-cycle overtake those
immediately ahead which were slowed down
on the other half-cycle. In this way, the
beam electrons become bunched together.
As the bunched groups pass through the two
grids of the catcher cavity, they impart
pulses of energy to these grids. The catcher-
grid space is charged to different voltage
levels by the passing electron bunches, and
a corresponding oscillating field is set up in
the catcher cavity. The catcher is designed
to resonate at the frequency of the velocity-
modulated beam, or at a harmonic of this
frequency.

In the klystron amplifier, energy delivered
by the buncher to the catcher grids is greater
than that applied to the buncher cavity by
the input signal. In the klystron oscillator a
feedback loop connects the two cavities.
Coupling to either buncher or catcher is
provided by small loops which enter the
cavities by way of concentric lines.

The klystron is an electron-coupled de-
vice. When used as an oscillator, its output
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Figure 23
REFLEX KLYSTRON OSCILLATOR

A conventional reflex klystron oscillator of
the type commonly vsed as a local oscillator
in superheterodyne receivers operating above
about 2000 MHz is shown above. Frequency
modulation of the output frequency of the
oscillator, or afc operation in a receiver, may
be obtainred by varying the megative voltage
on the repeller electrode.

voltage is rich in harmonics Klystron oscil-
lators of various types afford power outputs
ranging from less than 1 watt to many
thousand watts. Operating efficiency varies
between § and 50 percent. Frequency may
be shifted to some extent by varying the
beam voltage. Tuning is carried on mechan-
ically in some klystrons bty altering (by
means of knob settings) the shape of the
resonant cavity.

The Reflex Klystron The multicavity kly-

stron as described in the
preceding paragraphs is primarily used as a
transmitting device since quite reasonable
amounts of power are made available in its
output circuit. However, for applications
where a2 much smaller amount of power is
required — power levels in the milliwatt
range — for low-power transmitters, re-
ceiver local oscillators, etc.,Janother type of
klystron having only a single cavity is
more frequently used.

The theory of operation of the single-
cavity klystron is essential the same as the
multicavity type with the exception that the
velocity-modulated electron beam, after hav-
ing left the buncher cavity is reflected
back into the area of the buncher again by
a repeller electrode as illustrated in figure
23. The potentials on the various electrodes
are adjusted to a value siich that proper
bunching of the electron beam will take
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Figure 24

CUTAWAY VIEW OF
WESTERN ELECTRIC 416-8/6280
VHF PLANAR TRIODE TUBE

The 416-B, designed by the Bell Telephone
Laboratories is intended for amplifier or fre-
quency multiplier service in the 4000 MHz
region. Employing grid wires having a diameter
equal to fifteen wavelengths of light, the 416-8
has a ftransconductance of 50,000. Spacing
between grid and cathode is .0005”, to re-
duce transit-time effects. Entire tube is gold
plated.

place just as a particular portion of the
velocity-modulated beam re-enters the area
of the resonant cavity. Since this type of
klystron has only one circuit it can be used
only as an oscillator and not as an amplifier.
Effective modulation of the frequency of a
single-cavity klystron for f-m work can be
obtained by modulating the repeller elec-
trode voltage.

The Magnetron The magnetron is an uhf

oscillator tube normally em-
ployed where very-high values of peak power
or moderate amounts of average power are
required in the range from perhaps 700
MHz to 30,000 MHz. Special magnetrons
were developed for wartime use in radar
equipment which had peak power capabili-
ties of several million watts (megawatts)
output at frequencies in the vicinity of
3000 MHz. The normal duty cycle of oper-
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Figure 25

SIMPLE MAGNETRON OSCILLATOR

An external tank circuit is used with this type
of magnetron oscillator for operation in the
lower uhf range.

ation of these radar units was approximately
1/10 of one percent (the tube operated
about 1/1000 of the time and rested for
the balance of the operating period) so that
the average power output of these magne-
trons was in the vicinity of 1000 watts.
In its simplest form the magnetron tube is
a filament-type diode with two half-cylin-
drical plates or anodes situated coaxially
with respect to the filament. The construc-
tion is illustrated in figure 25 A. The anodes
of the magnetron are connected to a reso-
nant circuit as illustrated in figure 25B.
The tube is surrounded by an electromagnet
coil which, in turn, is connected to a low-
voltage d-c energizing source through a
rheostat (R) for controlling the strength of
the magnetic field. The field coil is oriented
so that the lines of magnetic force it sets up
are parallel to the axis of the electrodes.
Under the influence of the strong mag-
netic field, electrons leaving the filament
are deflected from their normal paths and
move in circular orbits within the anode
cylinder. This effect results in a negative
resistance which sustains oscillations. The
oscillation frequency is very nearly the value
determined by L and C. In other magnetron
circuits, the frequency may be governed by
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Figure 26
MODERN MULTICAVITY MAGNETRON

Hliustrated is an external-anode strapped

magnetron of the type commonly used in

radar equipment for the 10-¢m. range. An

integral permanent magnet is shown in the

righthand portion of the drawing, with the

magnetron in place between the pole pieces of
the magnet.

the electron rotation, no external tuned cir-
cuits being employed. Wavelengths of less
than 1 centimeter have been produced with
such circuits.

More complex magnetron tubes employ no
external tuned circuit, but utilize instead
one or more resonant cavities which are in-
tegral with the anode structure. Figure 26
shows a magnetron of this type having a
multicellular anode of eight cavities. It will
be noted, also, that alternate cavities (which
would operate at the same polarity when the
tube is oscillating) are strapped together.
Strapping was found to improve the effi-
ciency and stability of high-power radar
magnetrons. In most radar applications of
magnetron oscillators, a powerful permanent
magnet of controlled characteristics is em-
ployed to supply the magnetic field, rather
than the use of an electromagnet.

The Traveling-
Wave Tube

The Traveling-Wave Tube
(figure 27) consists of a
helix located within an evac-
uated envelope. Input and output termina-
tions are affixed to each end of the helix. An
electron beam passes through the helix and
interacts with a wave traveling along the
helix to produce broadband amplification at
microwave frequencies.

When the input signal is applied to the
gun end of the helix, it travels along the
helix wire at approximately the speed of
light. However, the signal velocity measured
along the axis of the helix is considerably
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Figure 27
THE TRAVELING-WAVE TUBE

Operation of this tube is the result of inter-
action between the electron beam and wave
traveling along the helix.

lower. The electrons emitted by the cathode
gun pass axially through the helix to the
collector, located at the output end of the
helix. The average velocity of the electrons
depends on the potential of the collector
with respect to the cathode. When the
average velocity of the electrons is greater
than the velocity of the helix wave, the ele-
trons become crowded together in the var-
ious regions of retarded field, where they im-
part energy to the helix wave. A power gain
of 100 or more may be produced by this
tube.

4-8 The Cathode-Ray Tube

The Cathode-Ray Tube The cathode-ray tube

is a special type of
electron tube which permits the visual obser-
vation of electrical signals. It may be in-
corporated into an oscilloscope for use as a
test instrument or it may be the display de-
vice for radar equipment or television.

Operation of A cathode-ray tube always in-
the CRT cludes an electron gun for pro-

ducing a stream of electrons, a
grid for controlling the intensity of the elec-
tron beam, and a luminescent screen for con-
verting the impinging electron beam into
visible light. Such a tube always operates in
conjunction with either a built-in or an ex-
ternal means for focusing the electron stream
into a narrow beam, and a means for deflect-
ing the electron beam in accordance with an
electrical signal.

The main electrical difference between
types of cathode-ray tubes lies in the means
employed for focusing and deflecting the
electron beam. The beam may be focused
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Figure 28

TYPICAL ELECTROSTATIC
CATHODE-RAY TUBE

and/or deflected either electrostatically or
magnetically, since a stream of electrons can
be acted on either by an electrostatic or a
magnetic field. In an electrostatic field the
electron beam tends to be deflected toward
the positive termination of the field (figure
28). In a magnetic field the stream tends to
be deflected at right angles to the field. Fur-
ther, an electron beam tends to be deflected
so that it is normal (perpendicular) to the
equipotential lines of an electrostatic field—
and it tends to be deflected so that it is par-
allel to the lines of force in a magnetic field.

Large cathode-ray tubes used as kinescopes
in television receivers usually are both
focused and deflected magnetically. On the
other hand, the medium-size CR tubes used
in oscilloscopes and small television receivers
usually are both focused and deflected elec-
trostatically. Cathode-ray tubes for special
applications may be focused magnetically
and deflected electrostatically or vice versa.

There are advantages and disadvantages to
both types of focusing and deflection. How-
ever, it may be stated that electrostatic
deflection is much better than magnetic de-
flection when high-frequency waves are to
be displayed on the screen; hence the al-
most universal use of this type of deflec-
tion for oscillographic work. When a tube
is operated at a high value of accelerating
potential so as to obtain a bright dis-
play on the face of the tube as for television
or radar work, the use of magnetic deflec-
tion becomes desirable since it is relatively
easier to deflect a high-velocity electron
beam magnetically than electrostatically.
An ion trap is required with magnetic de-
flection since the heavy negative ions emitted
by the cathode are not materially deflected
by the magnetic field and would burn an ion

spot in the center of the luminescent screen.
With electrostatic deflection the heavy ions
are deflected equally as well as the electrons
in the beam so that an ion spot is not
formed.

Construction of  The construction of a typ-
Electrostatic CRT jcal electrostatic-focus,
electrostatic - deflection
cathode-ray tube is illustrated in the pic-
torial diagram of figure 28. The indirectly
beated cathode (K) releases free electrons
when heated by the enclosed filament. The
cathode is surrounded by a cylinder (G)
which has a small hole in its front for the
passage of the electron steam. Although this
element is not a wire mesh as is the usual
grid, it is known by the same name because
its action is similar: it controls the electron
stream when its negative potential is varied.
Next in order, is found the first acceler-
ating anode (H) which resembles another
disk or cylinder with a small hole in its
center. This electrode is run at a high or
moderately high positive voltage, to accel-
erate the electrons toward the far end of
the tube.

The focusing electrode (F) is a sleeve
which usually contains two small disks, each
with a small hole.

Afrer leaving the focusing electrode, the
electrons pass through another accelerating
anode (A) which is operated at a high pos-
itive potential. In some tubes this electrode
is operated at a higher potential than the
first accelerating electrode (H) while in
other tubes both accelerating electrodes are
operated at the same potential.

The electrodes which have been described
up to this point constitute the electron gun,
which produces the free electrons and fo-
cuses them into a slender, concentrated,
rapidly traveling stream for projecting onto
the viewing screen.

Electrostatic
Deflection

To make the tube useful, means
must be provided for deflecting
the electron beam along two
axes at right angles to each other. The more
common tubes employ electrostatic deflec-
tion plates, one pair to exert a force on the
beam in the vertical plane and one pair to
exert a force in the horizontal plane. These
plates are designated as B and C in figure 28.
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Figure 29

TYPICAL ELECTROMAGNETIC
CATHODE-RAY TUBE

Standard oscilloscope practice with small
cathode-ray tubes calls for connecting one
of the B plates and one of the C plates to-
gether and to the high-voltage accelerating
anode. With the newer three-inch tubes and
with five-inch tubes and larger, all four
deflection plates are commonly used for
deflection. The positive high voltage is
grounded, instead of the negative as is com-
mon practice in amplifiers, etc., in order to
permit operation of the deflecting plates at
a d-c potential at or near ground.

An Aquadag coating is applied to the in-
side of the envelope to attract any secondary
electrons emitted by the fluorescent screen.

In the average electrostatic-deflection CR
tube the spot will be fairly well centered if
all four deflection plates are returned to the
potential of the second anode (ground).
However, for accurate centering and to
permit moving the entire trace either hori-
zontally or vertically to permit display of a
particular waveform, horizontal- and verti-
cal-centering controls usually are provided
on the front of the oscilloscope.

After the spot is once centered, it is nec-
essary only to apply a positive or negative
voltage (with respect to ground) to one of
the ungrounded or “free” deflector plates
in order to move the spot. If the voltage is
positive with respect to ground, the beam
will be attracted toward that deflector plate,
If it is negative, the beam and spot will
be repulsed. The amount of deflection is
directly proportional to the voltage (with
respect to ground) that is applied to the
free electrode.

With the larger-screen higher-voltage tubes
it becomes necessary to place deflecting volt-
age on both horizontal and both vertical

plates. This is done for two reasons: First,
the amount of deflection voltage required
by the high-voltage tubes is so great that
a transmitting tube operating from a
high-voltage supply would be required to
attain this voltage without distortion. By
using push-pull deflection with two tubes
feeding the deflection plates, the necessary
plate-supply voltage for the deflection am-
plifier is halved. Second, a certain amount of
defocusing of the electron stream is always
present on the extreme excursions in deflec-
tion voltage when this voltage is applied
only to one deflecting plate. When the de-
flecting voltage is fed in push-pull to both
deflecting plates in each plane, there is no
defocusing because the average voltage act-
ing on the electron stream is zero, even
though the met voltage (which causes the
deflection) acting on the stream is twice
that on either plate.

The fact that the beam is deflected by a
magnetic field is important even in an oscil-
loscope which employs a tube using electro-
static deflection, because it means that pre-
cautions must be taken to protect the tube
from the transformer fields and sometimes
even the earth’s magnetic field. This nor-
mally is done by incorporating a magnetic
shield around the tube and by placing any
transformers as far from the tube as pos-
sible, oriented to the position which pro-
duces minimum effect on the electron stream.

Construction of Electro- The electromagnetic
magnetic CRT cathode-ray tube al-

lows greater defini-
tion than does the electrostatic tube. Also,
electromagnetic definition has a number of
advantages when a rotating radial sweep is
required to give polar indications.

The production of the electron beam in
an electromagnetic tube is essentially the
same as in the electrostatic tube. The grid
structure is similar, and controls the electron
beam in an identical manner. The elements
of a typical electromagnetic tube are shown
in figure 29. The focus coil is wound on an
iron core which may be moved along the
neck of the tube to focus the electron beam.
For final adjustment, the current flowing in
the coil may be varied. A second pair of
coils, the deflection coils, are mounted at
right angles to each other around the neck
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of the tube. In some cases, these coils can
rotate around the axis of the tube.

Two anodes are used for accelerating the
electrons from the cathode to the screen.
The second anode is a graphite coating
(Aquadag) on the inside of the glass enve-
lope. The function of this coating is to
attract any secondary electrons emitted by
the fluorescent screen, and also to shield
the electron beam.

In some types of electromagnetic tubes, a
first, or accelerating anode is also used in
addition to the Aquadag.

Electromagnetic A magnetic field will deflect
Deflection an electron beam in a direc-

tion which is at right angles
to both the direction of the field and the
direction of motion of the beam.

In the general case, two pairs of deflection
coils are used (figure 30). One pair is for
horizontal deflection, and the other pair is
for vertical deflection. The two coils in a
pair are connected in series and are wound
in such directions that the magnetic field
flows from one coil, through the electron
beam to the other coil. The force exerted
on the beam by the field moves it to any
point on the screen by application of the
proper currents to these coils.

The Trace The human eye retains an image
for about one-sixteenth second
after viewing. In a CRT, the spot can be
moved so quickly that a series of adjacent
spots can be made to appear as a line, if the
beam is swept over the path fast enough. As
long as the electron beam strikes in a given
place at least sixteen times a second, the
spot will appear to the human eye as a
source of continuous light with very little
flicker.

Screen Materials— At least five types of
”Phosphors” luminescent screen mate-

rials are commonly avail-
able on the various types of CR tubes com-
mercially available. These screen materials
are called phosphors; each of the five phos-
phors is best suited to a particular type of
application. The P-1 phosphor, which has a
green fluorescence with medium persistence,
is almost invariably used for oscilloscope
tubes for visual observation. The P-4 phos-
phor, with white fluorescence and medium
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Figure 30

Two pairs of coils arranged for electromag-
netic deflection in two directions.

persistence, is used on television viewing
tubes (Kinescopes). The P-5 and P-11 phos-
phors, with blue fluorescence znd very short
persistence, are used primarily in oscilloscopes
where photographic recording of the trace
is to be obtained. The P-7 phosphor, which
has a blue flash and a long-persistence green-
ish-yellow persistence, is used primarily for
radar displays where retention of the image
for several seconds after the initial signal
display is required.

4.9 Gas Tubes

The space charge of electrons in the vi-
cinity of the cathode in a diode causes the
plate-to-cathode voltage drop to be a func-
tion of the current being carried between
the cathode and the plate. This voltage drop
can be rather high when large currents are
being passed, causing a considerable amount
of energy loss which shows up as plate dissi-
pation.

Action of The negative space charge can
Positive fons be neutralized by the presence

of the proper density of posi-
tive ions in the space between the cathode
and anode. The positive ions may be ob-
tained by the introduction of the proper
amount of gas or a small amount of mercury
into the envelope of the tube. When the
voltage drop across the tube reaches the ion-
ization potential of the gas or mercury
vapor, the gas molecules will become ionized
to form positive ions. The positive ions then
tend to neutralize the space charge in the
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vicinity of the cathode. The voltage drop
across the tube then remains constant at
the ionization potential of the gas, up to a
current drain equal to the maximum emis-
sion capability of the cathode. The voltage
drop varies between 10 and 20 volts, depend-
ing on the particular gas employed, up to
the maximum current rating of the tube.

Mercury-vapor tubes, al-
though very widely used,
have the disadvantage that
they must be operated within a specific
temperature range (25° to 70° C) in order
that the mercury-vapor pressure within the
tube shall be within the proper range. If
the temperature is too low, the drop across
the tube becomes too high causing immediate
overheating and possible damage to the ele-
ments. If the temperature is too high, the
vapor pressure is too high, and the voltage
at which the tube will “flash back” is low-
ered to the point where destruction of the
tube may take place. Since the ambient tem-
perature range specified above is within the
normal room temperature range, no trouble
will be encountered under normal operatine
conditions, However, by the substitution of
xenon gas for mercury it is possible to pro-
duce a rectifier with character'stics compar-
able to those of the mercury-vapor tube ex-
cept that the tube is capable of operating
over the range from approximately —70°
to +90° C. The 3B2S§ rectifier is an ex-
ample of this type of tube.

Mercury-Vapor
Tubes

Thyratron
Tubes

If a grid is inserted between the
cathode and plate of a mercury-
vapor gaseous-conduction recti-
fier, a negative potential placed on the added
element will increase the plate-to-cathode
voltage drop required before the tube will
ionize or “fire.” The potential on the control
grid will have no effect on the plate-to-
cathode drop after the tube has ionized.
However, the grid voltage may be adjusted
to such a value that conduction will take
place only over the desired portion of the
cycle of the a-c voltage being impressed on
the plate of the rectifier.

Voltage-Regulator
Tubes

In a glow-discharge gas
tube the voltage drop
across the electrodes re-
mains constant over a wide range of current

passing through the tube. This property
exists because the degree of ionization of
the gas in the tube varies with the amount
of current passing through the tube. When
a large current is passed, the gas is highly
ionized and the internal impedance of the
tube is low. When a small current is passed,
the gas is lightly ionized and the internal
impedance of the tube is high. Over the
operating range of the tube, the product
(IR) of the current through the tube and
the internal impedance of the tube is very
nearly constant. Examples of this type of
tube are the OB2, OC2, and VR-150.

Vacuum-Tube Vacuum tubes are grouped
Classification into three major classifica-

tions: commercial, rugged-
ized, and premium (or reliable). Any one
of these three groups may also be further
classified for military duty (MIL spec. or
JAN classification). To qualify for MIL
classification, sample lots of the particular
tube must have passed special qualification
tests at the factory. It should not be con-
strued that a MIL-type tube is better than
a commercial tube, since some commercial
tests and specifications are more rigid than
the corresponding MIL specifications. The
MIL stamped tube has merely been accepted
under a certain set of conditions for mili-
tary service.

Ruggedized or  Radio tubes are being used
Premium Tubes in increasing numbers for

industrial applications, such
as computing and control machinery, and
in aviation and marine equipment. When
a tube fails in a home radio receiver, it is
merely inconvenient, but a tube failure in
industrial applications may bring about stop-
page of some vital process, resulting in fi-
nancial loss, or even danger to life.

To meet the demands of these industrial
applications, a series of tubes was evolved
incorporating many special features designed
to ensure a long and predetermined operat-
ing life, and uniform characteristics among
similar tubes. Such tubes are known as rug-
gedized or premium tubes. Early attempts to
select reliable specimens of tubes from ordi-
nary stock tubes proved that in the long run
the selected tubes were no better than tubes
picked at random. Long life and ruggedness
had to be built into the tubes by means of
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SCHEMATIC REPRESENTATION
OF "MAGIC EYE’’ TUBE

proper choice and 100% inspection of all
materials used in the tube, by critical proc-
essing inspection and assembling, and by
conservative ratings of the tube.

Pure tungsten wire is used for heaters in
preference to alloys of lower tensile strength.
Nickel tubing is employed around the heater
wires at the junction to the stem wires to
reduce breakage at this point. Element struc-
tures are given extra supports and bracing.
Finally, all tubes are given a 50-hour test
run under full operating conditions to elimi-
nate early failures. When operated within
their ratings, ruggedized or premium tubes
should provide a life well in excess of 10,000
hours.

Ruggedized tubes will withstand severe
impact shocks for short periods, and wil!
operate under conditions of vibration for
many hours. The tubes may be identified in
many cases by the fact that their nomen-
clature includes a “W” in the type number,
as in 807W, SU4W, etc. Some ruggedized
tubes are included in the *5000” series
nomenclature. The 5654 is a ruggedized
version of the 6AKS, the 5692 is a rugged-
ized version of the 6SN7, etc.

4-10 Miscellaneous
Tube Types
Electron-  The electron-ray tube or magic

Ray Tubes ¢ye contains two sets of ele-

ments, one of which is a triode
amplifier and the other a cathode-ray indi-
cator. The plate of the triode section is
internally connected to the ray-control elec-
trode (figure 31), so that as the plate volt-
age varies in accordance with the applied
signal the voltage on the ray-control elec-
trode also varies. The ray-control electrode
is a metal cylinder so placed relative to the
cathode that it deflects some of the electrons
emitted from the cathode. The electrons
which strike the anode cause it to fluoresce,

100
Ip=2.9MaA.
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Figure 32

AMPLIFICATION FACTOR OF TYPICAL
STANDARD TUBE DROPS RAPIDLY AS
PLATE VOLTAGE IS DECREASED
BELOW 20 VOLTS

or give off light, so that the deflection caused
by the ray-control electrode, which prevents
electrons from striking part of the anode,
produces a wedge-shaped electrical shadow
on the fluorescent anode. The size of this
shadow is determined by the voltage on
the ray electrode. When this electrode is at
the same potential as the fluorescent anode,
the shadow disappears; if the ray electrode
is less positive than the anode, a shadow ap-
pears the width of which is proportional to
the voltage on the ray electrode.

Controlled Series heater strings are employed
Warmup  in a-c/d-c radio receivers and
Tubes television sets to reduce the cost,

size, and weight of the equip-
ment. Voltage surges of great magnitude
occur in series-operated filaments because
of variations in the rate of warm-up of the
various tubes. As the tubes warm up, the
heater resistance changes. This change is not
the same between tubes of various types, or
even between tubes of the same type made
by different manufacturers. Some 6-volt
tubes show an initial surge as high as 9 volts
during warm-up, while slow-heating tubes
such as the 25BQ6 are underheated during
the voltage surge on the 6-volt tubes.
Standardization of heater characteristics
in a new group of tubes designed for series
heater strings has eliminated this trouble.
The new tubes have either 600 ma or 400
ma heaters, with a controlled warm-up time
of approximately 11 seconds. The sUS,
6CG7, and 12BH7-A are examples.
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CHAPTER FIVE

Semiconductor Devices

One of the earliest detection devices used
in radio was the galena crystal, a crude ex-
ample of a semiconductor. More modern ex-
amples of semiconductors are the copper-
oxide rectifier, the selenium and silicon recti-
fiers, and the germanium diode. All of these
devices offer the interesting property of
greater resistance to the flow of electrical
current in one direction than in the opposite
direction. Typical conduction curves for
these semiconductors are shown in figure 1.
The copper-oxide rectifier action results from
the function of a thin film of cuprous oxide

IN34
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TYPICAL STATIC CHARACTERISTICS
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Figure 1

TYPICAL CHARACTERISTIC CURVE
OF A SEMICONDUCTOR DIODE

formed on a pure copper disk. This film offers
low resistance for positive voltages, and high
resistance for negative voltages. The same
action is observed in selenium rectifiers,
where a film of selenium is deposited on an
iron surface.

5-1 Atomic Structure of
Germanium and Silicon

It has been previously stated that the
electrons in an element having a large atom-
ic number are grouped into rings, each ring
having a definite number of electrons. Atoms
in which these rings are completely filled
are called inert gases, of which helium and
argon are examples. All other elements have
one or more incomplete rings of electrons.
If the incomplete ring is loosely bound, the
electrons may be easily removed, the element
is called metallic, and is a conductor of
electric current. If the incomplete ring is
tightly bound, with only a few missing elec-
trons, the element is called nonmetallic and
is an insulator to electric current. Ger-
manium and silicon fall between these two
sharply defined groups, and exhibit both
metallic and nonmetallic characteristics.
Pure germanium or silicon may be consid-
ered to be a good insulator. The addition of
certain impurities in carefully controlled
amounts to the pure germanium will alter
the conductivity of the material. In addi-
tion, the choice of the impurity can change
the direction of conductivity through the
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crystal, some impurities increasing conduc-
tivity to positive voltages, and others in-
creasing conductivity to negative voltages.

5-2 Mechanism of

Conduction

As indicated by their name, semiconduc-
tors are substances which have a conduc-
tivity intermediate between the high values
observed for metals and the low values ob-
served for insulating materials. The mech-
anism of conduction in semiconductors is
different from that observed in metallic
conductors. There exist in semiconductors
both negatively charged electrons and posi-
tively charged particles, called boles, which
behave as though they had a positive electri-
cal charge equal in magnitude to the nega-
tive electrical charge on the electron. These
holes and electrons drift in an electrical

field with a velocity which is proportional
to the field itself:

Van = IJrhE
where,
Van equals drift velocity of hole,
E  equals magnitude of electric field,
Mn equals mobility of hole

In an electric field the holes will drift in a
direction opposite to that of the electron
and with about one-half the velocity, since
the hole mobility is about one-half the elec-
tron mobility. A sample of a semiconductor,
such as germanium or silicon, which is both
chemically pure and mechanically perfect
will contain in it approximately equal num-
bers of holes and electrons and is called an
intrinsic semiconductor. The intrinsic resis-
tivity of the semiconductor depends strongly
on the temperature, being about 50 ohm/cm
for germanium at room temperature. The
intrinsic resistivity of silicon is about 65,000
ohm/cm at the same temperature.

If, in the growing of the semiconductor
crystal, a small amount of an impurity, such
as phosphorous, arsenic, or antimony is in-
cluded in the crystal, each atom of the im-
purity contributes one free electron. This
electron is available for conduction. The
crystal is said to be doped and has become
electron-conducting in nature and is called
N (negative)-type germanium. The impuri-
ties which contribute electrons are called
donors. N-type germanium has better con-
ductivity than pure germanium in one di-
rection, and a continuous stream of electrons
will flow through the crystal in this direc-
tion as long as an external potential of the
correct polarity is applied across the crystal.

Other impurities, such as aluminum, gal-
lium,or indium add one hole to the semi-
conducting crystal by accepting one electron
for each atom of impurity, thus creating ad-
ditional holes in the semiconducting crystal.
The material is now said to be hole-conduct-
ing, or P (positive)-type germanium. The
impurities which create holes are called ac-
ceptors. P-type germanium has better con-
ductivity than pure germanium in one di-
rection. This direction is opposite to that of
the N-type material. Either the N-type or
the P-type germanium is called extrinsic
conducting type. The doped materials have
lower resistivities than the pure materials,
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and doped semiconductors in the resistivity
range of .01 to 10 ohm/cm are normally
used in the production of transistors.

5-3 The PN Junction Diode

The semiconductor diode is a PN junc-
tion, or junction diode having the general
electrical characteristics of figure 1 and the
physical configuration illustrated in figure 2.
The anode of the junction diode is always
positive-type (P) material while the cathode
is always negative-type (N) material. Cur-
rent conduction occurs when the P-anode is
positive with respect to the N-cathode. This
state is termed forward bias. Blocking occurs
when the P-anode is negative with respect
to the N-cathode. This is termed reverse
bias.

Junction diodes are rated in terms of
average and peak-inverse voltage in 2 given
environment, much in the same manner as
thermionic rectifiers. Unlike the latter, how-
ever, a small leakage current will flow in
the reverse-biased junction diode because of
a few hole-electron pairs thermally gener-
ated in the junction. As the applied inverse
voltage is increased, a potential will be
reached at which the leakage current rises
abruptly at an gvalanche voltage point. An
increase in inverse voltage above this value
can result in the flow of a large reverse cur-
rent and the possible destruction of the
diode.

Maximum permissible forward current in
the junction diode is limited by the voltage
drop across the diode and the heat-dissipa-
tion capability of the diode structure. Power
diodes are often attached to the chassis of
the equipment by means of a heat-sink to
remove excess heat from the small junction.

Junction Capacity The junction possesses ca-
pacitance as a result of the
opposite charges existing on the sides of
the junction barrier. Junction capacitance
changes with applied voltage. Figure 3 shows
the typical change in junction capacitance
with reverse voltage. Reverse-biased diodes
(varicaps) may be used as d-c voltage-con-
trolled variable capacitors for frequency
control of remote resonant circuits. A typi-
cal frequency-control circuit employing a
varicap junction is shown in figure 4.
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JUNCTION CAPACITANCE VARIATION
WITH RESPECT TO REVERSE VOLTAGE

The Tunnel Diode The tunnel diode is a two-

terminal junction that ex-
hibits pronounced negative-resistance char-
acteristics over a portion of the operating
range. The proper combination of impuri-
ties in the semiconductor material in this
device allows the diode to rest in a reverse-
breakdown condition at a slight forward-bias
point. Thus, over a small voltage range, the
tunnel diode conducts heavily as the voltage
becomes more negative. The negative con-
ductance generates energy, and this action is

.
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Figure 4
VOLTAGE VARIABLE JUNCTION DIODE

MAY BE USED FOR REMOTE FREQUENCY
CONTROL OF YARIABLE OSCILLATOR
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TUNNEL DIODE OSCILLATOR FOR 50-MHz,
MODULATION MAY BE APPLIED AT “M"

the basis of the resistance amplifier (or oscil-
lator) circuit making use of the tunnel
diode (figure §).

The Varacter The nonlinear characteristic
of a junction diode makes it

well suited for harmonic generation. Special
diodes called varactors may be used as r-f
multiplication devices. Frequency multipli-
cation in the vhf and uhf regions makes use
of varactors because high conversion effi-
ciency and relatively large power-handling
capability may be achieved at moderate cost
with minimum complexity.

Basic varactor circuits which can be used
for doubling, tripling, and quadrupling are
shown in figure 6. The doubler consists of
a varactor coupled to two high-Q, series-
tuned circuits. The input circuit is resonant
at the fundamental (driving) frequency
and the other is resonant at the harmenic
(output) frequency.

The tripler and quadrupler circuits are
similar to the doubler configuration with
the exception that an additional idler loop,
resonant with the varactor capacitance at

72 MHz 72MHz. TRAP

144 MHz

12T. 4 22,3/87D. A A

0.75 UH.

\ 4 AY

144Mz TRAP

4T.#22,1/4°D.

12 77.418,3/8%D.

o b1
Io W. _L

-4060A

432 MHz 432 MHz

2T7.820,1/4*

3T. #20, 1747 D.
s S a3zmHz, 8W.

288 Mz
IDLER LOOP

Figure 6
BASIC VARACTOR DOUBLING AND TRIPLING CIRCUITS

A Is a doubler for 144 MHx. B is used as a tripler to 432 MHz.
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Figure 7
THE SILICON CONTROLLED RECTIFIER
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will ] until de current is reduced
below a critical valve.

the second-harmonic frequency, is added in
shunt with the varactor. The idler loop
boosts conversion efficiency by producing
additional harmonic output from the beat-
ing action between the fundamental and
second harmonics. Doubling or tripling effi-
ciency of a typical vhf varactor multiplier
may run from 50 to 70 percent.

SCR Devices  The silicon controlled recti-
fier (SCR) is a three-terminal,
three-junction semiconductor, which could
be thought of as a solid-state thyratron. It
will conduct high current in the forward
direction with low forward voltage drop,
presenting a high impedance in the reverse
direction. The three terminals (figure 7)
of a SCR device are anode, cathode, and
gate. Without gate current the SCR is an
open switch in either direction. Sufficient
gate current will close the switch in the
forward direction only. Forward conduction
will continue even with gate current re-
moved until anode current is reduced below
a critical value. At this point the SCR
again blocks open. The SCR is therefore a
high-speed unidirectional switch capable of
being latched on in the forward direction.

BETWEEN ““ZENER KNEE’* AND POINT OF
MAXIMUM ZENER CURRENT, THE ZENER
VOLTAGE IS ESSENTIALLY CONSTANT
AT 30 YOLTS

The Zener Diode The zener diode is 2 semi-

conductor device that can
be used as a constant voltage reference, or as
a control element. Zener diodes are available
in ratings to 50 watts, with zener voltages
of approximately 4 volts to 200 volts.

The zener diode has electrical character-
istics that are derived from a rectifying
junction which operates at a reverse-bias
condition not normally used. The zener knee
(hgure 8) and constant-voltage plateau are
obtained when this rectifying junction is
back-biased above the junction breakdown
voltage. The break from nonconductance to
conductance is very sharp. At applied volt-
ages greater than the breakdown point, the
voltage drop across the diode junction be-
comes essentially constant for a relatively
wide range of currents. This is the zener
control region,

Thermal dissipation is obtained by mount-
ing the zener diode to a heat sink composed
of a large area of metal having free access
to ambient air.

Zener Diode The zener diode may be em-
Applications ployed as a shunt regulator

(figure 9A) in the manner of
a typical “VR-tube.” Two zener diodes may
be employed in the circuit of figure 9B to
supply very low values of regulated voltage.
Two opposed zener diodes can be used to
provide a-c clipping of both halves of the
cycle (figure 9C). Zener diodes may also be
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Figure 9

ZENER DIODES USED AS
VOLTAGE REGULATORS
AND CLIPPERS

used to protect meter movements since they
provide a very-low-resistance shunt across
the movement when the applied voltage ex-
ceeds a certain critical level.

5.4

In the past few years an entire new tech-
nology has been developed for the applica-
tion of certain semiconducting materials in
production of devices having gain properties.
These gain properties were previously found
only in vacuum tubes. The elements ger-
manium and silicon are the principal ma-
terials which exhibit the proper semicon-
ducting properties permitting their applica-
tion in the new amplifying devices called
transistors. However, other semiconducting

The Transistor

materials, including the compounds indium,
antimony, and lead sulfide have been used
experimentally in the production of transis-
tors.

Types of Transistors There are two basic

types of transistors, the

point-contact type and the jumction type
(figure 10). Typical construction detail of a
point-contact transistor is shown in figure
11, and the electrical symbol is shown in fig-
ure 12, The emitter and collector electrodes
make contact with a small block of germani-
um, called the base. The base may be either
N-type or P-type germanium, and is ap-
proximately .05” long and .03” thick. The
emitter and collector electrodes are fine
wires, and are spaced about .005" apart on
the germanium base. The complete assembly
is usually encapsulated in a small, plastic
case to provide ruggedness and to avoid
contaminating effects of the atmosphere.
The polarity of emitter and collector volt-
ages depends on the type of germanium em-
ployed in the base, as illustrated in figure 12.
The junction transistor consists of a piece
of either N-type or P-type germanium be-
tween two wafers of germanium of the op-
posite type. Either NPN or PNP transistors
may be made. In one construction called the
grown-crystal process, the original crystal,
grown from molten germanium or silicon,
is created in such a way as to have the two
closely spaced junctions imbedded in it. In
the other construction called the fusion
process, the crystals are grown so as to make
them a single-conductivity type. The junc-
tions are then produced by fusing small
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Figure 11

CONSTRUCTION DETAIL OF A
POINT-CONTACT TRANSISTOR

pellets of special metal alloys into minute
plates cut from the original crystal. Typical
construction detail of a junction transistor
is shown in figure 10A.

The electrical schematic for the PNP
junction transistor is the same as for the
point-contact type, as is shown in figute 12.

Transistor Action  Presently available types of

transistors have three es-
sential actions which collectively are called
transistor action. These are: minority carrier
injection, transport, and collection. Figure
10B shows a simplified drawing of a PNP
junction-type transistor, which can illustrate
this collective action. The PNP transistor
consists of a piece of N-type germanium on
opposite sides of which a layer of P-type
material has been grown by the fusion proc-
ess. Terminals are connected to the two P-
sections and to the N-type base. The tran-
sistor may be considered as two PN junction
rectifiers placed in close juxtaposition with a
semiconduction crystal coupling the two
rectifiers together. The left-hand terminal
is biased in the forward (or conducting)
direction and is called the emitter. The
right-hand terminal is biased in the back (or
reverse) direction and is called the collector.
The operating potentials are chosen with
respect to the base terminal, which may or
may not be grounded. If an NPN transistor
is used in place of the PNP, the operating
potentials are reversed.

The P.—Nj, junction on the left is biased
in the forward direction and holes from the
P region are injected into the N, region, pro-
ducing therein a concentration of holes sub-
stantially greater than normally present in
the material. These holes travel across the

base region towards the collector, attracting
neighboring electrons, finally increasing the
available supply of conducting electrons in
the collector loop. As a result, the collector
loop possesses lower resistance whenever the
emitter circuit is in operation. In junction
transistors this charge tramsport is by means
of diffusion wherein the charges move from
a region of high concentration to a region
of lower concentration at the collector. The
collector, biased in the opposite direction,
acts as a sink for these holes, and is said to
collect them.

It is known that any rectifier biased in the
forward direction has a very low internal
impedance, whereas one biased in the back
direction has a very high internal impedance.
Thus, current flows into the transistor in a
low-impedance circuit, and appears at the
output as current flowing in a high-im-
pedance circuit. The ratio of a change in
collector current to a change in emitter cur-

rent is called the current amplification, or
alpha:

i
a — —/—
te

where,
a equals current amplification,
i equals change in collector current,
i, equals change in emitter current.

Values of alpha up to 3 or so may be ob-
tained in commercially available point-con-
tact transistors, and values of alpha up to
about 0.95 are obtainable in junction tran-
sistors.

The ratio of change in collector current
to a change in base current is a2 measure of
amplification, or beta:
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Values of beta run to 100 or so in inex-
pensive junction transistors. The static d-c
forward current gain of a transistor in the
common-emitter mode is termed the d-¢
beta and may be designated Bg or bpg.

Cutoff Frequencies The alpha cutoff frequen-

¢y (faw) of a transistor
is that frequency at which the grounded-
base current gain has decreased to 0.7 of the
gain obtainable at 1kHz. For audio transis-
tors the alpha cutoff frequency is about 1
MHz. For r-f and switching transistors the
alpha cutoff frequency may be 50 MHz or
higher. The upper frequency limit of opera-
tion of the transistor is determined by the
small but finite time it takes the majority
carriers to move from one electrode to the
other.

The beta cutoff frequency (fnce) is that
frequency at which the grounded-emitter
current gain has decreased to 0.7 of the
gain obtainable at 1 kHz. Transconductance
cutoff frequency (fem) is that frequency at
which the transconductance falls to 0.7 of
that value obtainable at 1 kHz. The maxi-
mum frequency of oscillation (fmax) is that
frequency at which the maximum power
gain of the transistor drops to unity.

Various internal time constants and tran-
sit times limit the high-frequency response
of the transistor and these limitations are
summarized in the gain-bandwidth product

The Tronsition Region A useful rule common

to both PNP and NPN
transistors is: moving the base potential to-
wards the collector voltage point turns the
transistor om, while moving the base poten-
tial away from the collector voltage point
turns the transistor off. When fully on, the
transistor is said to be saturated. When fully
off, the transistor is said to be cutoff. The
region between these two extremes is termed
the transition regiom. A transistor may be
used as a switch by simply biasing the base-
emitter circuit on and off. Adjusting the
base-emitter bias to some point in the tran-
sition region will permit the transistor to
act as a signal amplifier. For such operation,
base-emitter d-c bias will be about 0.3 volt
for many common germanium transistors,
and about 0.6 volt for many common sili-
con transistors.

Transistor Transistors are usually classi-
Classifications fied according to the manu-

facturing techniques used to
construct the two junctions. Figure 14
lists some of the many classifications of
junction transistors. Manufacturing tech-
niques, transistor end-use and patent restric-
tions result in a multitude of transistor
types, most of which fall in these general
classifications. Transistors, moreover, may
be grouped in families where each member

(f), which is identified by the frequency at COMMERCIAL
hich th . . PROCESS TYEES TYPICAL
which the beta current gain drops to unity. DESIGNATION TRANSISTOR
These various cutoff frequencies and the Ol il
gain-bandwidth products are shown in fig- RATE GROWN| NPN — an1e? =
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of the family is a unique type, but subtle
differences exist between members in the
matter of end-use, gain, capacitance, mount-
ing, case, leads, breakdown voltage charac-
teristics, etc. The differences are important
enough to warrant individual type identifi-
cation of each member. In addition, the
state of the art permits transistor parameters
to be economically designed to fit the var-
ious equipments, rather than designing th:
equipment around available transistor types.
This situation results in 2 great many tran-
sistor types having nearly identical general
characteristics. Finally, improved manufac-
turing techniques may “obsolete” a whole
family of transistors with a newer, less-ex-
pensive family. It is recommended, therefore,
that the reader refer to one of the various
transistor substitution manuals for up-to-
date guidance in transistor classification and
substitution.

5-5 Transistor
Characteristics

The transistor produces results that may
be comparable to a vacuum tube, but there
is 2 basic difference between the two devices.
The vacuum tube is a voltage-controlled
device whereas the transistor is a current-
controlled device. A vacuum tube normally
operates with its grid biased in the negative,
or high-resistance, direction, and its plate
biased in the positive, or low-resistance, di-
rection. The tube conducts only by means
of electrons, and has its conducting counter-
part in the form of the NPN transistor,
whose majority carriers are also electrons.
There is no vacuum-tube equivalent of the
PNP transistor, whose majority carriers are
holes.

The biasing conditions stated above pro-
vide the high input impedance and low out-
put impedance of the vacuum tube. The
transistor is biased in the positive, or low-
resistance, direction in the emitter circuit,
and in the negative, or high-resistance, di-
rection in the collector circuit resulting in a
low input impedance and a high output
impedance, opposite from the vacuum tube.
A comparison of point-contact transistor
characteristics and vacuum-tube character-
istics is made in figure 15.

The resistance gain of a transistor is ex-
pressed as the ratio of output resistance to

input resistance. The input resistance of a
typical transistor is low, in the neighbor-
hood of 300 ohms, while the output resist-
ance is relatively high, usually over 20,000
ohms. For a point-contact transistor, the
resistance gain is usually over 60.
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COMPARISON OF POINT-CONTACT
TRANSISTOR AND YACUUM-TUBE
CHARACTERISTICS

The wvoltage gain of a transistor is the
product of alpha times the resistance gain,
and for a point-contact transistor is of the
order of 3 X 60 — 180. A junction tran-
sistor which has a value of alpha less than
unity nevertheless has a resistance gain of
the order of 2000 because of its extremely
high output resistance, and the resulting
voltage gain is about 1800 or so. For both
types of transistors the power gain is the
product of alpba squared times the resistance
gain and is of the order of 400 to 500.

The output characteristics of the junction
transistor are of great interest. A typical
example is shown in figure 16. It is seen
that the junction transistor has the charac-
teristics of an ideal pentode vacuum tube.

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Transistor Characteristics 109

+8 il

7 | | 1 g
« |
;ﬂ = T F = EMITTER MILLIARPS |
§ ™ | JSimiB |
3t g =t = I
g l_ 4 w‘“!l—

——— T |
’9’ . -H‘H-Hi'""--.___
g | | | =t
v |" ] | ] | 1. ol

[}
-1.0 -0.5 ©0 + +10 +15 +20 +23
COLLECTOR VOLTS

Figure 16

OUTPUT CHARACTERISTICS OF
TYPICAL JUNCTION TRANSISTOR

The collector current is practically inde-
pendent of the collector voltage. The range
of linear operation extends from a minimum
voltage of about 0.2 volts up to the maxi-
mum rated collector voltage. A typical load
line is shown, which illustrates the very high
load impedance that would be required for
maximum power transfer. A grounded-emit-
ter circuit is usually used, since the output
impedance is not as high as when a grounded-
base circuit is used.

The output characteristics of a typical
point-contact transistor are shown in figure
15. The pentode characteristics are less evi-
dent, and the output impedance is much
lower, with the range of linear operation
extending down to a collector voltage of
2 or 3. Of greater practical interest, how-
ever, is the input characteristic curve with
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Figure 17

EMITTER CHARACTERISTIC CURVE
FOR TYPICAL POINT-CONTACT
TRANSISTOR

short-circuited, or nearly short-circuited in-
put, as shown in figure 17. It is this point-
contact transistor characteristic of having 2
region of negative impedance that lends
the unit to use in switching circuits. The
transistor circuit may be made to have two,
one,or zero stable operating points, depend-
ing on the bias voltages and the load im-
pedance used.

As is known from net-
work theory, the small
signal performance of
any device in any network can be represented
by means of an equivalent circuit. The most
convenient equivalent circuit for the low-
frequency small-signal performance of both
point-contact and junction transistors is
shown in figure 18. 7o, 7y, and 7. are dy-
namic resistances which can be associated
with the emitter, base, and collector regions
of the transistor, The current generator
al,, represents the transport of charge from
emitter to collector. Typical values of the
equivalent circuit are shown in figure 18.

Equivalent Circuit
of o Tronsistor

Transistor There are three basic transis-
Configurations tor configurations: grounded-

base connection, grounded-
emitter connection, and grounded-collector
connection. These correspond roughly to
grounded-grid, grounded-cathode, and

o le
—
re rc
EMI TTER O——WA—1 L WA é -O COLLECTOR
ie — -—lc
(43
BASE
VA IVALENT CIRCUIT
]’ | POINT- CONTACT JUNCT 10N
PARAMETER TRANSISTOR TRANSISTOR
| [ies1ma, Vestsv) | (levima, Vezav) |
LS won »a
nr |'..‘|1- 3!! - 3000 so0n
[T
Iri 1 20000 A 1 MEGOHM
o - CURRENT 2.0 0.97
| Pl |FICATI 0N -
Figure 18

LOW-FREQUENCY EQUIVALENT
(Common Base) CIRCUIT FOR POINT-
CONTACT AND JUNCTION
TRANSISTOR
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COMPARISON OF BASIC VACUUM-TUBE AND TRANSISTOR CONFIGURATIONS

grounded-plate circuits in vacuum-tube ter-
minology (figure 19).

The grounded-base circuit has a low input
impedance and high output impedance, and
no phase reversal of signal occurs from input
to output circuit. The grounded-emitter cir-
cuit has a higher input impedance and a
lower output impedance than the grounded-
base circuit, and a reversal of phase be-
tween the input and output signal occurs.
This usually provides maximum voltage gain
from a transistor. The grounded-collector
circuit has relatively high input impedance,

low output impedance, and no phase reversal
of signal from input to output circuit.
Power and voltage gain are both low.
Figure 20 illustrates some practical vac-
uum-tube circuits, as applied to transistors.

5-6  Transistor Circuitry

To establish the correct operating para-
meters of the transistor, a bias voltage must
be established between the emitter and the
base. Since transistors are temperature-sensi-
tive devices, and since some variation in

3
——
o
L

TRy
au;, !

—l

ONE-STAGE RECEIVER

-I * Lj’

CRYSTAL OSCILLATOR

AUOIO AMPLIFIER

OIRECT-COUPLEO AMPLIFIER

17T

Figure 20
TYPICAL TRANSISTOR CIRCUITS
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Figure 21
BIAS CONFIGURATIONS FOR TRANSISTORS
The voltage divider system of C is recommended for general transistor vse. Ratlo of R /R,

establishes base bias, and emitter blas is provided by voltage drop
across R,. Battery polarity Is reversed for NPN transistors.

characteristics usually exists between tran-
sistors of a given type, attention must be
given to the bias system to overcome these
difficulties. The simple self-bias system is
shown in figure 21A. The base is simply
connected to the power supply through a
large resistance which supplies a fixed value
of base current to the transistor. This bias
system is extremely sensitive to the current-
transfer ratio of the transistor, and must be
adjusted for optimum results with each
transistor.

When the supply voltage is fairly high
and wide variations in ambient temperature
do not occur, the bias system of figure 21B
may be used, with the bias resistor connected
from base to collector. When the collector
voltage is high, the base current is increased,
moving the operating point of the transistor
down the load line. If the collector voltage

is low, the operating point moves upward
along the load line, thus providing auto-
matic control of the base bias voltage. This
circuit is sensitive to changes in ambient
temperature, and may permit transistor fail-
ure when the transistor is operated near
maximum dissipation ratings.

A better bias system is shown in figure
21C, where the base bias is obtained from a
voltage divider, (R, R;), and the emitter
is forward—biased. To prevent signal degen-
eration, the emitter bias resistor is bypassed
with a large capacitance. A high degree of
circuit stability is provided by this form of
bias, providing the emitter capacitance is of
the order of 50 ufd for audio-frequency
applications.

Audio Circuitry A simple voltage amplifier
is shown in figure 22. Di-

-9 V. +12 V.
2N466 T2k oamE 2':‘“ 2ark
s ST
L o.M Eo? 2L e
25

-12v.
d
o.m3 2N405 E-mn
3 3
Ly JoLr
-
XTAL
MIC
arn suF
% |
= = S00K:I1OK

VOLTAGE GAIN = 80
INPUT IMPEDANCE v 1200 N2

®

VOLTAGE GAIN = 097

INPUT IMPEDANCE N\, 300K A

©

Figure 22
PNP TRANSISTOR VOLTAGE AMPLIFIERS

A resistance-coupled amplifier employing an inexpensive transistor Is shown in A,
For use with a high-impedance crystal microphone, a stepdown transformer

matches the Jow input imped

of the tr Istor, as shown In B.

The grounded collector configuration of C provides an Input
impedance of about 300,000 ohms.
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Figure 23
TWO-STAGE TRANSISTOR AUDIO AMPLIFIER

The feedback loop of B may be added to the RC amplifier to reduce distortion, or to control

lad

the audio resp A direct.

amplifier is shown in C.

rect-current stabilization is employed in the
emitter circuit. Operating parameters for
the amplifier are given in the drawing.
In this case, the input impedance of the
amplifier is quite low. When used with a
high-impedance driving source such as a
crystal microphone a step-down input trans-
former should be employed as shown in
figure 22B. The grounded-collector circuit
of figure 22C provides a high input im-
pedance and a low output impedance, much
as in the manner of a vacuum-tube cathode
follower.

The circuit of a two-stage resistance-
coupled amplifier is shown in figure 23A.
The input impedance is approximately 1100
ohms. Feedback may be placed around this
amplifier from the emitter of the second
stage to the base of the first stage, as shown

in figure 23B. A direct-coupled version of
the resistance-coupled amplifier is shown in
figure 23C. The input impedance is of the
order of 15,000 ohms, and an over-all voltage
gain of 80 may be obtained with a supply
potential of 12 volts.

It is possible to employ NPN and PNP
transistors in complementary-symmetry cir-
cuits which have no equivalent in vacuum-
tube design. Figure 24A illustrates such a
circuit. A symmetrical push-pull circuit is
shown in figure 24B. This circuit may be
used to directly drive a high-impedance
speaker, eliminating the output transformer.
A direct-coupled three-stage amplifier hav-
ing a gain figure of 80 db is shown in figure
24C.

The transistor may also be used as a class-
A power amplifier, as shown in figure 25A.

PNP

E

soen
SPEAKER

Figure 24
COMPLEMENTARY-SYMMETRY AMPLIFIERS

NPN and PNP transistors may be combined in circuits which have no equivalent in
vacvum-tube design. Direct coupling between cascaded stages vsing a single
power-supply source may be employed, as in C. Impedance of power
supply should be extremely low.
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Figure 25

TYPICAL CLASS-A
AUDIO POWER

TRANSISTOR CIRCUIT u-o‘n_}

The correct operating point
is chosen so that output

COLLECTOR CURRENT

signal can swing equally in

a positive or negative di-

rection, without exceeding

maximum collector dissipa-
tion.

Ec 2Ec
COLLECTOR VOLTAGE

Commercial transistors are available that
will provide five or six watts of audio power
when operating from a 12-volt supply. The
smaller units provide power levels of a few
milliwatts. The correct operating point is
chosen so that the output signal can swing
equally in the positive and negative direc-
tions, as shown in the collector curves of
figure 25B.

The proper primary impedance of the out-
put transformer depends on the amount of
power to be delivered to the load:

E.2
Ry = 2P,
The collector current bias is:
2P,
I. = —
¢ Ec

In a class-A output stage, the maximum
a-c power output obtainable is limited to
0.5 the allowable dissipation of the transistor.
The product I.E. determines the maximum
collector dissipation, and a plot of these
values is shown in figure 25B. The load line
should always lie under the dissipation curve,
and should encompass the maximum possible
area between the axes of the graph for max-
imum output condition. In general, the load
line is tangent to the dissipation curve and
passes through the supply voltage point at
zero collector current. The d-c operating

point is thus approximately one-half the
supply voltage.

The circuit of a typical push-pull class-B
transistor amplifier is shown in figure 26A.
Push-pull operation is desirable for transistor
operation, since the even-order harmonics
are largely eliminated. This permits transis-
tors to be driven into high collector current
regions without distortion normally caused
by nonlinearity of the collector. Crossover
distortion is reduced to a minimum by pro-
viding a slight forward base bias in addition
to the normal emitter bias. The base bias
is usually less than 0.5 volt in most cases.
Excessive base bias will boost the quiescent
collector current and thereby lower the
over-all efficiency of the stage.

The operating point of the class-B ampli-
fier is set on the I,—O axis at the point
where the collector voltage equals the sup-
ply voltage. The collector-to-collector im-
pedance of the output transformer is:

2E.?
P,

In the class-B circuit, the maximum a-c
power input is approximately equal to three
times the allowable collector dissipation of
each transistor. Power transistors, such as the
2N$14 have collector dissipation ratings of
80 watts and operate with class-B efficiency
of about 67%. To achieve this level of

Rie =

..'.Z = -12v. :“.J b

09 v

Z323000 C.T. ZP®s00nC.T. u

Figure 26 H

200mw g
CLASS-B AUDIO AMPLIFIER g wo STenaL
CIRCUITRY 4 OPERATING

(-]

i

COLLECTOR VOLTAGE EC

®
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Figure 27

35-WATT MODULATOR

¥,—48-ohm CT to 3/8/16 sec. vuse 3-ohm tap

as CT (Thordarson TR-61). ¥ —6-ohm CT to 6k

(Yriad TY-66A), Transistors mounted on heat
sink with mica washers.

1=

operation the heavy-duty transistor relies on
efficient heat transfer from the transistor
case to the chassis, using the large thermal
capacity of the chassis as a beaf sink. An in-
finite heat sink may be approximated by
mounting the transistor in the center of a
6” X 6" copper or aluminum sheet. This
area may be part of a larger chassis.

The collector of most power transistors is
electrically connected to the case. For appli-
cations where the collector is not grounded
a thin sheet of mica may be used between
the case of the transistor and the chassis.

Large, inexpensive power transistors such
as the 2N441 may be used as modulators
for medium power a-m mobile equipment.
Such a modulator is shown in figure 27. It
is capable of a power output of about 3§
watts and is capable of plate modulating a
70-watt transmitter.

R-F Circuitry Transistors may be used for
radio-frequency work provided

the alpha cutoff frequency of the units is
sufficiently higher than the operating fre-
quency. Shown in figure 28A is a typical i-f
amplifier employing an NPN transistor. The
collector current is determined by a voltage
divider on the base circuit and by a bias re-
sistor in the emitter leg. Input and output
are coupled by means of tuned i-f trans-
formers. Bypass capacitors are placed across
the bias resistors to prevent signal-frequency
degeneration. The base is connected to a
low-impedance untuned winding of the in-
put transformer, and the collector is con-
nected to a tap on the output transformer
to provide proper matching, and also to
make the performance of the stage relative-
ly independent of variations between tran-
sistors of the same type. With a rate-grown
NPN transistor such as the G.E. 2N293, it
is unnecessary to use neutralization to obtain
circuit stability. When PNP 7lloy tran-
sistors are used, it is necessary to neutralize
the circuit to obtain stability (figure 28B).

The gain of a transistor i-f amplifier will
decrease as the emitter current is decreased.
This transistor property can be used to
control the gain of an i-f amplifier so that
weak and strong signals will produce the
same audio output. A special i-f strip incor-
porating this automatic volume control ac-
tion is shown in figure 29.

R-f transistors may be used as mixers or
autodyne converters much in the same man-
ner as vacuum tubes. The autodyne circuit
is shown in figure 30. Transformer T, feeds
back a signal from the collector to the
emitter causing oscillation. Capacitor C,
tunes the oscillator circuit to a frequency
455 kHz higher than that of the incoming

1A}
2N293 | 2N135 s |
NPN T NP =
1F, L IF.
TO OuT. To T ourT.
MIXER MIXER o
OR OR 0 01
CONVERTER 4t CONVERTER
=1
= 4703 Tos arK 330 S4TK
10 KS 82K -+ = =4 =0
$ +ov.
E
® Figure 28

TRANSISTOR |-F AMPLIFIERS

Typical PNP transistor must be nevtralized because of high collector capacitance.
Rate-grown NPN transistor does not vsvally require external neutralizing
circulr.
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Figure 29

AUTOMATIC-VOLUME-CONTROL CIRCUIT

An auxiliary diode AVC circult is used to shunt o portion of the signal to ground ot high
signal levels. Diode is back-biased by resistors R, and R,.

signal. The local-oscillator signal is induc-
tively coupled into the emitter circuit of
the transistor. The incoming signal is reso-
nated in T; and coupled via a low-imped-
ance winding to the base circuit. Notice that
the base is biased by a voltage-divider cir-
cuit much the same as is used in audio-fre-
quency operation. The two signals are mixed
in this stage and the desired beat frequency
of 455 kHz is selected by i-f transformer
Ty and passed to the next stage. Collector

2N168A

(2]

—— - — = = =
1 Nl

g TO i+F
I AMPLIFIER
3

T

i

or
—|
W FA0)
53| Ly
ro

Figure 30

THE AUTODYNE CONVERTER CIRCUIT
USING A 2N168A AS A MIXER

currents of 0.6 ma to 0.8 ma are common,
and the local-oscillator injection voltage at
the emitter is in the range of 0.15 to 0.2
volt, rms.

A receiver “front end” capable of opera-
tion through the 10-meter band is shown
in figure 31. The inexpensive RCA type
2N1177 or 2N1180 transistors are used. If
proper shielding is employed between the
tuned circuits of the r-f stage and the
mixer, no neutralization of the r-f stage is
required. The complete assembly obtains
power from a 3-volt battery. The base of
the r-f transistor is link-coupled to the r-f
coil to achieve proper impedance match.
The oscillator operates on its third harmonic
to produce an intermediate frequency of 1.6
MHz.

The epitaxial planar transistors of the
silicon  NPN family have characteristics
which make them useful as general-purpose
r-f amplifiers at frequencies up to 450 MHz
or so0. These characteristics include low noise
figure, low leakage current and a high gain-
bandwidth product. Shown in figure 32 is
a 220- or 432-MHz r-f amplifier using the
2N3478. The amplifier requires no neutral-
ization and has a stage gain of over 15 db
with 2 noise figure (NF) of 4.5 db at 220
MHz and § db at 432 MHz.
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Figure 31
RECEIVER “FRONT END’’ FOR USE UP TO 30 MHz

Transistor  Sufficient coupling of the proper
Oscillators  phase between input and output

circuits of the transistor will per-
mit oscillation up to and slightly above the
alpha cutoff frequency. Various forms of

2N3478

ANT.

___Li‘é'; ]7: .001 ]
Figure 32

VHF LOW-NOISE TRANSISTOR PREAMPLIFIER

Collector voltage and base bias are adjusted for
best noise figure.

transistor oscillators are shown in figure 33.
A simple grounded-emitter Hartley oscil-
lator having positive feedback between the
base and the collector (33A) is compared
to a grounded-base Hartley oscillator (33B).
In each case the resonant tank circuit is
common to the input and output circuits of
the transistor. Self-bias of the transistor is
employed in both these circuits.

A typical transistor crystal oscillator and
frequency-multiplier circuit are shown in
figure 34, The 2N707 NPN transistor op-
erates at 25 MHz, driving a 2N2218 doubler
to 50 MHz and a 2N2786 amplifier. Crystal
CR; is for bias stabilization,

The point-contact transistor exhibits neg-
ative input and output resistances over part
of its operating range, due to its uniaue
ability to multiply the input current. Th's
characteristic affords the use of oscillator
circuitry having no external feedback paths
(figure 35). A high-impedance resonant
circuit in the base lead produces circuit in-
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Figure 33
TYPICAL TRANSISTOR OSCILLATOR CIRCUITS

A-Grounded-emitter Hartley. B-Grounded-base Hartley. C-2N247 oscillator suitable for
50-MHz operation.

2N707 25 Mz 2N2218 50 MHz 2N2786

50 W
s0
i 1/2 WATT
13_°. QP C R-F OUTPUT
L

25MHz 0014

]
»iCRY
Lt ]

IN903 = .00t

123 EZH

”2v.
Figure 34
50-MHz TRANSISTORIZED EXCITER

2N33 R
POINT-CONTACT TRANSISTOR e e EE EC' c’.»sc::a:;uc
RFC —t—=]¢
R2 2 | 4
C R1 2R» :
[ -E !
|

) Figure 36

RELAXATION OSCILLATOR USING
POINT-CONTACT OR SURFACE-
BARRIER TRANSISTOR

Figure 35

NEGATIVE RESISTANCE OF
POINT-CONTACT TRANSISTOR
PERMITS HIGH-FREQUENCY
OSCILLATION (50 MHZ) WITHOUT
NECESSITY OF EXTERNAL FEEDBACK Relaxation Transistors have almost unlim-
PATH Oscillators  ited use in relaxation and RC
oscillator service. The negative-
resistance characteristic of the point-contact
transistor makes it well suited to such ap-
plication. Surface-barrier transistors are also
widely used in this service, as they have the

stability and oscillation at the resonant fre-
quency of the LC circuit. Positive emitter
bias is used to ensure thermal circuit stabil-

ity.
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TRANSISTOR BLOCKING OSCILLATOR (A)
AND ECCLES-JORDAN BISTABLE MULTIVIBRATOR (B)

High-aipha transistors must be employed in counting circuits to reduce effects of storage
time cavsed by transit lag in transistor base. t

highest alpha cutoff frequency among the
group of “alpha-less-than-unity” transistors.
Relaxation oscillators used for high-speed
counting require transistors capable of op-
eration at repetition rates of § to 10 MHz.

A simple emitter-controlled relaxation os-
cillator is shown in figure 36, together with
its operating characteristic. The emitter of
the transistor is biased to cutoff at the start
of the cycle (point 1). The charge on the
emitter capacitor slowly leaks to ground
through emitter resistor R,. Discharge time
is determined by the time constant of R,C,.
When the emitter voltage drops sufficiently
low to permit the transistor to reach the
negative-resistance region (point’ 2) the
emitter and collector resistances drop to a
low value, and the collector current is lim-
ited only by collector resistor R,. The col-
lector current is abruptly reduced by the
charging action of emitter capacitor C,
(point 3), bringing the circuit back to the
original operating point. The “spike” of
collector current is produced during the
charging period of C,. The duration of the
pulse and the pulse-repetition frequency
(p.r.f.) are controlled by the values of C,,
R], Rz, and Rs.

Transistors may also be used as blocking
oscillators (figure 37A). The oscillator may
be synchronized by coupling the locking
signal to the base circuit of the transistor.
An oscillator of this type may be used to
drive a flip-flop circuit as a counter. An
Eccles-Jordan bistable flip-flop circuit em-

ploying surface-barrier transistors may be
driven between “off” and *“on” positions by
an exciting pulse as shown in figure 37B.
The first pulse drives the “on’ transistor into
saturation. This transistor remains in a
highly conductive state until the second
exciting pulse arrives. The transistor does
not immediately return to the cutoff state,
since a time lapse occurs before the output
waveform starts to decrease, This sforage
time is caused by the transit lag of the
minority carriers in the base of the transis-
tor. Proper circuit design and the use of
high-alpha transistors can reduce the effects
of storage time to a minimum. Driving
pulses may be coupled to the multivibrator
through stcering diodes as shown in the
illustration.

5-7 The Field

Effect Transistor

The Field Effect Transistor (FET), or
unipolar transistor, is an N- or P-channel
amplifying device that modulates the flow
of current in a semiconductor channel by
establishing regions of depletion (lack of
current carriers: holes or electrons) between
the electron source and the drain. Depletion
control is exercised by a gate consisting of
a junction of opposite intrinsic material sand-
wiching part of the conducting path (fig-
ure 38).
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Depletion control is exercised by a “gate” of
opposite intrinsic material across the
conducting path.

When external reverse bias is applied, the
region of depletion extends into the con-
ducting path, thus restricting the carrier
flow through the channel. At maximum gate

bias, the depletion region is nearly com-
plete and the channel is pinched-off, or re-
duced. In effect, the conductive cross-section
of the channel is controlled by the bias sig-
nal. This action is analogous to that of the
vacuum tube, where a potential on the grid
affects the plate current, but the charge
carrying the signal does not flow in the
region between cathode and plate to any
significant extent.

The input resistance of the FET is ex-
tremely high—of the order of several meg-
ohms. The output impedance is somewhat
lower and is proportional to the ratio of
change in drain voltage to change in drain
currents at a fixed value of gate-bias voltage.
This change may be compared to transcon-
ductance in the vacuum-tube sense. Electri-
cally, the FET is comparable to a pentode
tube having high input and output imped-
ances. The Field Effect Transistor exhibits
good immunity to cross-modulation and is
well suited for use as an hf or vhf r-f
amplifier in receivers. Typical FET r-f am-
plifier circuits are shown in figure 39.

2N3823

ANT.

2N3823
ill S O
ARONKE
S e N A

Figure 39
TYPICAL FET R-F AMPLIFIER CIRCUITS
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CHAPTER SIX

Vacuum-Tube Amplifiers

6-1 Vacuum-Tube
Parameters

The ability of the control grid of a vacu-
um tube to control large amounts of plate
power with a small amount of grid energy
allows the vacuum tube to be used as an
amplifier. It is this ability of vacuum tubes
to amplify an extremely small amount of
energy up to almost any level, without
change in anything except amplitude, which
makes the vacuum tube such an extremely
valuable adjunct to modern electronics and
communication.

Symbols for  As an assistance in simplify-
Vacuum-Tube ing and shortening expressions
Parameters  involving vacuum-tube pa-

rameters, the following sym-
bols will be used throughout this book:

Tube Constants

u — amplification factor

R, — plate resistance

gm — transconductance

teg — grid-screen mu factor

g — conversion transconductance (mixer
tube)

Interelectrode Capacitances

C,x — grid-cathode capacitance

C,, — grid-plate capacitance

C,x — plate-cathode capacitance

C\n — input capacitance (tetrode or pen-
tode)

Cout — oOutput capacitance (tetrode or pen-
tode)

Electrode Potentials

Eup — d-c plate-supply voltage (a positive
quantity)

E¢c — d-c grid-supply voltage (a negative
quantity)

E¢m — peak grid excitation voltage (%2 total
peak-to-peak grid swing)

Eom — peak plate voltage (Y2 total peak-to-
peak plate swing)

e, — instantaneous plate potential

eg — instantaneous grid potential

€pmin — Minimum instantaneous plate volt-
age

€gmp — Maximum positive instantaneous grid
voltage

E, — static plate voltage

E, — static grid voltage

E., — cutoff bais

Electrode Currents
I, — average plate current
I. — average grid current
I,m — peak fundamental plate current
fymax — Maximum instantaneous plate cur-
rent
femax — Maximum instantaneous grid current
I, — static plate current
I, — static grid current

Otbher Symbols
P, — plate power input
P, — plate power output
P, — plate dissipation
Py — grid-driving power (grid plus bias
losses)
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STATIC INTERELECTRODE CAPACITANCES

WITHIN A TRIODE, PENTODE, OR
TETRODE

P, — grid dissipation

N, —plate efficiency (expressed as a deci-
mal)

0, — one-half angle of plate-current flow

0 — one-half angle of grid-current flow

Ry — load resistance

Z;, — load impedance

Vacuum-Tube The relationships between cer-
Constants tain of the electrode potentials

and currents within 2 vacuum
tube are reasonably constant under specified
conditions of operation. These relationships
are called vacuum-tube constants and are
listed in the data published by the manufac-
turers of vacuum tubes. The defining equa-
tions for the basic vacuum-tube constants
are given in Chapter Four.

Interelectrode The values of interelectrode
Capacitonces and capacitance published in
Miller Effect vacuum-tube tables are the

static values measured, in
the case of triodes for example, as shown in
figure 1. The static capacitances are simply
as shown in the drawing, but when a tube
is operating as amplifier there is another con-
sideration known as Miller Effect which
causes the dynamic input capacitance to be
different from the static value. The output
capacitance of an amplifier is essentially the
same as the static value given in the pub-
lished tube tables. The grid-to-plate capaci-
tance is also the same as the published static
value, but since Cg acts as a small ca-
pacitance coupling energy back from the
plate circuit to the grid circuit, the dynamic
input capacitance is equal to the static value
plus an amount (frequently much greater in
the case of a triode) determined by the gain
of the stage, the plate load impedance, and

the C,, feedback capacitance. The total
value for an audio-amplifier stage can be
expressed in the following equation:

Cgk(dynnmic) = Csk(snuc) + (A + l) CSD
where,

Cex is the grid-to-cathode capacitance,
Cgp is the grid-to-plate capacitance,
A is the stage gain.

This, expression assumes that the vacuum
tube is operating into a resistive load such
as would be the case with an audio stage
working into a resistance plate load in the
middle audio range.

The more complete expression for the in-
put admittance (vector sum of capacitance
and resistance) of an amplifier operating into
any type of plate load is as follows:

input capacitance = Cg+ (1 + A cos 8) Cq,

- l)
e Cgp

Asin 8

input resistance =

where,
Cx equals grid-to-cathode capacitance,
Cgp equals grid-to-plate capacitance,
A equals voltage amplification of the tube

alone,

6 equals angle of the plate-load impedance,
positive for inductive loads, negative for
capacitive.

It can be seen from the above that if the
plate-load impedance of the stage is capaci-
tive or inductive, there will be a resistive
component in the input admittance of the
stage. The resistive component of the input
admittance will be positive (tending to load
the circuit feeding the grid) if the load
impedance of the plate is capacitive, or it
will be negative (tending to make the stage
oscillate) if the load impedance of the plate
is inductive,

Neutralization  Neutralization of the effects
of Interelectrode of interelectrode capacitance
Capacitance is employed most frequently

in the case of radio-fre-
quency power amplifiers. Before the intro-
duction of the tetrode and pentode tube,
triodes were employed as neutralized class-A
amplifiers in receivers. Except for vhf opera-
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tion of low-noise triodes, this practice has
been largely superseded through the use of
tetrode and pentode tubes in which the Cg,
or feedback capacitance has been reduced to
such a low value that neutralization of its
effects is not necessary to prevent oscillation
and instability.

6-2 Classes and Types of
Vacuum-Tube Amplifiers

Vacuum-tube amplifiers are grouped into
various classes and subclasses according to
the type of work they are intended to per-
form. The difference between the various
classes is determined primarily by the angle
of plate-current flow, of average grid bias
employed, and the maximum value of the
exciting signal to be impressed on the grid.

Class-A A class-A amplifier is an amplifier
Amplifier biased and supplied with excitation

of such amplitude that plate cur-
rent flows continuously (360° of the excit-
ing voltage waveshape) and grid current
does not flow at any time. Such an amplifier
is normally operated in the center of the
grid-voltage plate-current transfer charac-
teristic and gives an output waveshape which
is a substantial replica of the input wave-
shape.

Class-A operation is employed in most
small-signal applications such as in receivers
and exciters. This mode of operation is char-
acterized by high gain, low distortion, and
low efficiency. Class-A mode may be further
subdivided into A, and A; operation signify-
ing the degree of grid drive on the stage,
with the A, mode signifying grid drive ap-
proaching the class-AB, mode.

Class-AB,
Amplifier

This is an amplifier operated
under such conditions of grid
bias and exciting voltage that
plate current flows for more than one-half
the input voltage cycle but for less than
the complete cycle. In other words the
operating angle of plate current flow is ap-
preciably greater than 180° but less than
360°. The suffix , indicates that grid current
does not flow over any portion of the input
cycle.

Class-AB, operation isutilized in most high
quality, medium-power audio amplifiers and

linear r-f amplifiers. Gain is lower and dis-
tortion higher than for class-A amplifiers.

Class-AB, A class-AB; amplifier is operated
Amplifier under essentially the same condi-

tions of grid bias as the class-AB,
amplifier mentioned above, but the exciting
voltage is of such amplitude that grid cur-
rent flows over an appreciable portion of
the input wave cycle.

Class-B A class-B amplifier is biased sub-
Amplifier stantially to cutoff of plate cur-

rent (without exciting voltage) so
that plate current flows essentially over one-
half the input voltage cycle. The operating
angle of plate-current flow is 180°. The
class-B amplifier is usually excited to the
extent that grid current flows.

Closs-C A class-C amplifier is biased to a
Amplifier value greater than the value re-

quired for plate-current cutoff
and is excited with a signal of such ampli-
tude that grid current flows over an appreci-
able period of the input-voltage waveshape.
The angle of plate-current flow in a class-C
amplifier is appreciably less than 180°, or
in other words, plate current flows appreci-
ably less than one-half the time. Class-C
amplifiers are not capable of linear amplifica-
tion as their output waveform is not a rep-
lica of the input voltage for all signal ampli-
tudes.

Types of
Amplifiers

There are three general types of
amplifier circuits in use. These
types are classified on the basis
of the refurn for the input and output cir-
cuits. Conventional amplifiers are called
grid-driven amplifiers, with the cathode ac-
ting as the common return for both the in-
put and output circuits. The second type is
known as a plate-return amplifier or cathode

— 1

RL Co

+

}ln %_ £

@

Figure 2
TYPES OF BIAS SYSTEMS

A - Orid blas
8 - Cathode Bilas
C - Grid-leak blas
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follower since the plate circuit is effectively
at ground for the input and output signai
voltages and the output voltage or power is
taken between cathode and plate. The third
type is called a cathode-driven or grounded-
grid amplifier since the grid is effectively at
ground potential for input and output sig-
nals and output is taken between grid and
plate.

6-3 Biasing Methods

The difference in potential between grid
and cathode is called the grid bias of a vacu-
um tube. There are three general methods
of providing this bias voltage. In each of
these methods the purpose is to establish the
grid at a potential with respect to the cath-
ode which will place the tube in the desired
operating condition as determined by its
characteristics.

Grid bias may be obtained from a source
of voltage specially provided for this pur-
pose, such as a battery or other d-c power
supply. This method is illustrated in figure
2A, and is known as fixed bias.

A second biasing method is illustrated in
figure 2B which utilizes a cathode resistor
across which an IR drop is developed as a
result of plate current flowing through it.
The cathode of the tube is held at a positive
potential with respect to ground by the
amount of the IR drop because the grid is
at ground potential. Since the biasing volt-
age depends on the flow of plate current the
tube cannot be held in a cutoff condition
by means of the cathode bias voltage devel-
oped across the cathode resistor. The value
of this resistor is determined by the bias
required and the plate current which flows
at -this value of bias, as found from the
tube characteristic curves. A capacitor is
shunted across the bias resistor to provide a
low-impedance path to ground for the a-c
component of the plate current which re-
sults from an a-c input signal on the grid.

The third method of providing a biasing
voltage is shown in figure 2C, and is called
grid-leak bias. During the portion of the
input cycle which causes the grid to be posi-
tive with respect to the cathode, grid cur-
rent flows from cathode to grid, charging
capacitor C;. When the grid draws current,
the grid-to-cathode resistance of the tube

drops from an infinite value to a very low
value (on the order of 1000 ohms or so)
making the charging time constant of the
capacitor very short. This enables C; to
charge up to essentially the full value of the
positive input voltage and results in the grid
(which is connected to the low-potential
plate of the capacitor) being held essentially
at ground potential. During the negative
swing of the input signal no grid current
flows and the discharge path of C, is through
the grid resistance which has a value of
500,000 ohms or so. The discharge time con-
stant for Cg is, therefore, very long in com-
parison to the period of the input signal and
only a small part of the charge on C; is lost.
Thus, the bias voltage developed by the dis-
charge of C; is substantially constant and
the grid is not permitted to follow the posi-
tive portions of the input signal.

6-4 Distortion in Amplifiers

There are three main types of distortion
that may occur in amplifiers: frequency dis-
tortion, phase distortion and amplitude dis-
tortion.

Frequency
Distortion

Frequency distortion may occur
when some frequency compo- -
nents of a signal are amplified
more than others. Frequency distortion oc-
curs at-low frequencies if coupling capaci-
tors between stages are too small, or it may
occur at high frequencies as a result of the
shunting effects of the distributed capacities
in the circuit.

Phase In figure 3 an input signal con-
Distortion sisting of a fundamental and a

third harmonic is passed through
a two-stage amplifier. Although the ampli-
tudes of both components are amplified by
identical ratios, the output waveshape is
considerably different from the input signal
because the phase of the third-harmonic
signal has been shifted with respect to the
fundamental signal. This phase shift is
known as phase distortion, and is caused
principally by the coupling circuits between
the stages of the amplifier. Most coupling
circuits shift the phase of a sine wave, but
this has no effect on the shape of the out-
put wave. However, when a complex wave
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Figure 3

Hiustration of the effect of phase distortion on
input wave containing a third-harmonic signal

is passed through the same coupling circuit
each component frequency of the wave
shape may be shifted in phase by a differen*
amount so that the output wave is not a
faithful reproduction of the input wave-
shape.
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Figure 4

STANDARD CIRCUIT FOR RESISTANCE-
CAPACITANCE COUPLED TRIODE
AMPLIFIER STAGE

Amplitude If a signal is passed through a
Distortion  vacuum tube that is operating

on any nonlinear part of its
characteristic, amplitude distortion will oc-
cur. In such a region, a change in grid
voltage does not result in a change in plate
current which is directly proportional to the
change in grid voltage. For example, if an
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Figure 5

Equivalent circuits and gain equations for a triode RC-coupled amplifier stage. In using these

equations, be sure the valves of u and lparo proper for the static current and voltages with

which the tube will operate. These values may be obtained from curves published in the RCA
Receiving Tube Manual (series RC).
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amplifier is excited with a signal that over-
drives the tubes, the resultant signal is dis-
torted in amplitude, since the tubes are then
operating over a nonlinear portion of their
characteristic.

6-5 Resistance-
Capacitance Coupled
Audio-Frequency Amplifiers

Present practice in the design of audio-
frequency voltage amplifiers is almost ex-
clusively to use resistance-capacitance
coupling between the low-level stages. Both
triodes and pentodes are used; triode ampli-
fier stages will be discussed first.

RC-Coupled
Triode Stages

Figure 4 illustrates the stand-
ard circuit for a resistance-
capacitance coupled amplifier
stage utilizing a triode tube with cathode
bias. In conventional audio-frequency ampli-
fier design such stages are used at medium
voltage levels (from 0.01 to § volts peak on
the grid of the tube) and use medium-p
triodes such as the 6C4 or high-p triodes
such as the 6AB4 or 12AT7. Normal volt-
age gain for a single stage of this type is
from 10 to 70, depending on the tube chosen
and its operating conditions. Triode tubes
are normally used in the last voltage-ampli-
fier stage of an RC amplifier since their
harmonic distortion with large output volt-
age (25 to 75 volts) is less than with a
pentode tube.

Voltage Gain The voltage gain per stage of
per Stage a resistance-capacitance cou-

pled triode amplifier can be
calculated with the aid of the equivalent
circuits and expressions for the mid-fre-
quency, high-frequency, and low-frequency
ranges given in figure §.

A triode RC-coupled amplifier stage is
normally operated with values of cathode re-
sistor and plate-load resistor such that the
actual voltage on the tube is approximately
one-half the d-c plate-supply voltage. To
assist the designer of such stages, data on
operating conditions for commonly used
tubes is published in the RCA Receiving
Tube Manual. Tt is assumed, in the case of
the gain equations of figure §, that the cath-
ode bypass capacitor (Cy) has a reactance

that is low with respect to the cathode re-
sistor at the lowest frequency to be passed

by the amplifier stage.
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Figure 6

STANDARD CIRCUIT FOR RESISTANCE-
CAPACITANCE COUPLED PENTODE
AMPLIFIER STAGE

RC-Coupled Figure 6 illustrates the stand-
Pentode Stages ard circuit for a resistance-

capacitance coupled pentode
amplifier stage. Cathode bias is used and the
screen voltage is supplied through a drop-
ping resistor from the plate-voltage supply.
In conventional audio-frequency amplifier
design such stages are normally used at low
voltage levels (from 0.00001 to 0.1 volts
peak on the grid of the tube) and use mode-
rate-g,, pentodes such as the 6AU6. Normal
voltage gain for a stage of this type is from
€0 to 250, depending on the tube chosen and
its operating conditions. Pentode tubes are
ordinarily used in the first stage of an RC
amplifier, where the high gain which they
afford is of greatest advantage, and where
only a small voltage output is required from
the stage.

The voltage gain per stage of a resistance-
capacitance coupled pentode amplifier can be
calculated with the aid of the equivalent cir-
cuits and expressions for the mid-frequency,
high-frequency, and low-frequency ranges
given in figure 7.

To assist the designer of such stages, data
on operating conditions for commonly used
types of tubes is published in the RCA Re-
ceiving Tube Manual, RC-series. It is as-
sumed, in the case of the gain equations of
figure 7, that cathode bypass capacitor Cy
has a reactance that is low with respect to
the cathode resistor at the lowest freauency
to be passed by the stage. It is additionally
assumed that the reactance of screen bypass
capacitor Cy is low with respect to screen
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dropping resistor Ry at the lowest frequency
to be passed by the amplifier stage.

Cascaded Voltage-When voltage-amplifier
Amplifier Stages stages are operated in such

a manner that the output
voltage of the first is fed to the grid of the
second, and so forth, such stages are said to
be cascaded. The total voltage gain of cas-
caded amplifier stages is obtained by taking
the product of the voltage gains of each of
the successive stages.

Sometimes the voltage gain of an amplifier
stage is rated in decibels. Voltage gain is con-
verted into decibel gain through the use of
the following expression: db = 20 logi, A,
where A is the voltage gain of the stage. Th-
total gain of cascaded voltage-amplifier
stages can be obtained by adding the number
of db gain in each of the cascaded stages.

RC Amplifier A typical frequency-response
Response curve for an RC-coupled audio

amplifier is shown in figure 8.
It is seen that the amplification is poor for
the extreme high and low frequencies. The
reduced gain at the low frequencies is caused
by the loss of voltage across the coupling
capacitor. In some cases, a low-value cou-
pling capacitor is deliberately chosen to re-
duce the response of the stage to hum, or to

1, RL= 300000 OHMS
2.RL*® 100000 OHMS
3.RL= 30000 OHMS
4, RL® 20000 ONMS

‘;m 10000
FREQUENCY (Hz)

100000 1000000

The variation of stage gain with frequency In
an RC-coupled pentode amplifier for various
valves of plate load resistance.

attenuate the lower voice frequencies for
communication purposes. For high-fidelity
work the product of the grid resistor in
ohms times the coupling capacitor in micro-
farads should equal 25,000 (i.e.: 500,000
ohms X 0.05 ufd = 25,000).

The amplification of high frequencies falls
off because of the Miller effect of the sub-
sequent stage, and the shunting effect of
residual circuit capacities. Both of these ef-
fects may be minimized by the use of a low-
value plate-load resistor.
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Grid-Leak Bias The correct operating
for High-Mu Triodes bias for a high-mu tri-

ode such as the 12AT7,
is fairly critical, and will be found to be
highly variable from tube to tube because
of minute variations in contact potential
within the tube itself. A satisfactory bias
method is to use grid-leak bias, with a grid
resistor of one to ten megohms connected
directly between grid and cathode of the
tube with the cathode grounded. Grid cur-
rent flows at all times, and the effective in-
put resistance is about one-half the resis-
tance value of the grid leak. This circuit is
particularly well suited as 2 high-gain amp-
lifier following low-output devices, such as
crystal, or dynamic microphones.

RC Amoplifier A resistance - capaci-
General Characteristics tance coupled ampli-

fier can be designed
to provide a good frequency response for
almost any desired range. For instance, such
an amplifier can be built to provide a fairly

e
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SIMPLE COMPENSATED VIDEO
AMPLIFIER CIRCUIT

Resi: R, in ] ion with coil L, serves

to flatten the high-frequency response of the

stage, while C, and R, serve to equalize the

low-frequency response of this simple video
amplifier stage.

uniform amplification for frequencies in the
audio range of about 100 to 20,000 Hz.
Changes in the values of coupling capacitors
and load resistors can extend this frequency
range to cover the very wide range required
for video service. However, extension of the
range can only be obtained at the cost of
reduced over-all amplification. Thus RC cou-
pling allows good frequency response with
minimum distortion, but low amplification.
Phase distortion is less with RC coupling
than with other types, except direct coup-
ling. The RC amplifier may exhibit tenden-
cies to motorboat or oscillate if it is used
with a high-impedance plate supply.

6-6 Video-Frequency

Amplifiers

A video-frequency amplifier is one which
has been designed to pass frequencies from
the lower audio range (lower limit perhaps
50 Hz) to the middle r-f range (upper
limit perhaps 4 to 6 MHz). Such amplifiers,
in addition to passing such an extremely
wide frequency range, must be capable of
amplifying this range with a minimum of
amplitude, phase, and frequency distortion.
Video amplifiers are commonly used in tele-
vision, pulse communication, and radar
work.

Tubes used in video amplifiers must have
a high ratio of g, to capacitance if a usable
gain per stage is to be obtained. Commonly
available tubes which have been designed
for or are suitable for use in video amplifiers
are: 6AU6, 6AGS, 6AKS, 6CBé6, 6BCS,
6DEé6, and 6AHS. Since, at the upper fre-
quency limits of a video amplifier the input
and output shunting capacitances of the
amplifier tubes have rather low values of re-
actance, low values of coupling resistance,
along with peaking coils or other special in-
terstage coupling impedances, are usually
used to flatten out the gain/frequency and
hence the phase/frequency characteristic of
the amplifier. Recommended operating con-
ditions along with expressions for calcula-
tion of gain and circuit values are given in
figure 9. Only a simple two-terminal inter-
stage coupling network is shown in this
figure.

The performance and gain per stage of a
video amplifier can be improved by the use
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of increasingly complex two-terminal inter-
stage coupling networks or through the use
of four-terminal coupling networks or filters
between successive stages. The reader is re-
ferred to Terman’s “Radio Engineer’s Hand-
book” for design data on such interstage
coupling networks.

6-7 Other Interstage
Coupling Methods

Figure 10 illustrates, in addition to resist-
ance-capacitance interstage coupling, seven
additional methods in which coupling be-
tween two successive stages of an audio-
frequency amplifier may be accomplished.
Although RC coupling is most commonly
used, there are certain circuit conditions
wherein coupling methods other than RC
are more effective.

Transformer Transformer coupling, as illus-
Coupling trated in figure 10B, is seldom
used at the present time be-
tween two successive single-ended stages of
an audio amplifier. There are several reasons
why resistance coupling is favored over
transformer coupling between two successive
single-ended stages. These are: (1) a trans-
former having frequency characteristics
comparable with a properly designed RC
stage is very expensive; (2) transformers,
unless they are very well shielded, will pick
up inductive hum from nearby power and
filament transformers; (3) the phase charac-
teristics of step-up interstage transformers
are poor, making very difficult the inclusion
of a transformer of this type within a feed-
back loop; and (4) transformers are heavy.
However, there is one circuit application
where a step-up interstage transformer is of
considerable assistance to the designer; this
is the case where it is desired to obtain a
large amount of voltage to excite the grid of
a cathode follower or of a high-power class-
A amplifier from a tube operating at a
moderate plate voltage. Under these condi-
tions it is possible to obtain a peak voltage
on the secondary of the transformer of a
value somewhat greater than the d-c plate-
supply voltage of the tube supplying the
primary of the transformer.

Push-Pull Transformer Push-pull transformer
Interstage Coupling  coupling between two

stages is illustrated in
figure 10C. This interstage coupling arrange-
ment is fairly commonly used. The system
is particularly effective when it is desired, as
in the system just described, to obtain a
rather high voltage to excite the grids of a
high-power audio stage. The arrangement is
also very good when it is desired to apply
feedback to the grids of the push-pull stage
by applying the feedback voltage to the low-
potential sides of the two push-pull second-
aries.

Impedance [mpedance coupling between two
Coupling  stages is shown in figure 10D.

This circuit arrangement is sel-
dom used, but it offers one strong advantage
over RC interstage coupling. This advantage
is the fact that the operating voltage on the
tube with the impedance in the plate circuit
is equal to the plate-supply voltage, and it is
possible to obtain approximately twice the
peak voltage output that is possible to ob-
tain with RC coupling. This is because, as
has been mentioned before, the d-c plate
voltage on an RC stage is approximately one-
half the plate supply voltage.

Impedonce-Transformer These two circuit ar-
and Resistance-Trons- rangements, illus-
former Coupling trated in figures 10E

and 10F, are em-
ployed when it is desired to use transformer
coupling for the reasons cited above, but
where it is desired that the d-c plate current
of the amplifier stage be isolated from the
primary of the coupling transformer. With
most types of high-permeability wide re-
sponse transformers it is necessary that there
be no d-c flow through the windings of the
transformer. The impedance-transformer ar-
rangement of figure 10E will give a higher
voltage output from the stage but is not
often used since the plate coupling imped-
ance (choke) must have very high induc-
tance and very low distributed capacitance
in order not to restrict the range of the
transformer which it and its associated tube
feed. The resistance-transformer _arrange-
ment of figure 10F is ordinarily satis-
factory where it is desired to feed a trans-
former from a voltage-amplifier stage with
no direct current in the transformer primary.

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Interstage Coupling Methods

129

AL

/1

+8 =

(A) RESISTANCE-CAPACITANCE COUPLING

= +8

(© PUSH-PULL TRANSFORMER COUPLING

+8 "

(® IMPEDANCE-TRANSFORMER COUPLING

il
[

4 +8 =

© CATHODE COUPLING

— +8

TRANSFORMER COUPLING

=L +8

(© IMPEDANCE COUPLING

_I

, L T
__l_

+8

@ RESISTANCE - TRANSFORMER COUPLING

W

B 1Al
< é

+8

- 4

(® DIRECT COUPLING

Figure 10
INTERSTAGE COUPLING METHODS FOR AUDIO-FREQUENCY VOLTAGE AMPLIFIERS

Cathode The cathode-coupling arrangement
Coupling of figure 10G has been widely used
only comparatively recently. One
outstanding characteristic of such a circuit
is that there is no phase reversal between the
grid and the plate circuit. All other common
types of interstage coupling are accompanied
by a 180° phase reversal between the grid
circuit and the plate circuit of the tube.
Figure 11 gives the expressions for deter-
mining the appropriate factors for an equiv-

alent triode obtained through the use of a
pair of similar triodes connected in the cath-
ode-coupled circuit shown. With these equiv-
alent triode factors it is possible to use the
expressions shown in figure § to determine
the gain of the stage at different frequencies.
The input capacitance of such a stage is less
than that of one of the triodes, the effective
grid-to-plate capacitance is very much less
(it is so much less that such a stage may be
used as an r-f amplifier without neutraliza-
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frequency voltage ampliifier.

tion), and the output capacitance is approxi-
mately equal to the grid-to-plate capacitance
of one of the triode sections. This circuit is
particularly effective with tubes such as the
6J6, 12AU7, and 12AT7, which have two
similar triodes in one envelope. An appropri-
ate value of cathode resistor to use for such
a stage is the value which would be used for
the cathode resistor of a conventional ampli-
fier using one of the same type tubes with
the values of plate voltage and load resist-
ance to be used for the cathode-coupled
stage.

Inspection of the equations in figure 11
shows that as the cathode resistor is made
smaller to approach zero, the gm approaches
zero, the plate resistance approaches the R,
of one tube, and the y approaches zero.
Since the cathode resistor is made very large
the gm approaches one-half that of a single
tube of the same type, the plate resistance
approaches twice that of one tube, and the
i approaches the same value as one tube.
But since the gn of each tube decreases as
the cathode resistor is made larger (the plate
current will decrease on each tube) the
optimum value of cathode resistor will be
found to be in the vicinity of the value
mentioned in the previous paragraph.

Direct Coupling Direct coupling between suc-

cessive amplifier stages (plate
of first stage connected directly to the grid
of the succeeding stage) is complicated by

the fact that the grid of an amplifier stage
must be operated at an average negative po-
tential with respect to the cathode of that
stage. However, if the cathode of the sec-
ond amplifier stage can be operated at a po-
tential more positive than the plate of the
preceding stage by the amount of the grid
bias on the second amplifier stage, this direct
connection between the plate of one stage
and the grid of the succeeding stage can be
used. Figure 10H illustrates an application
of this principle in the coupling of a pen-
tode amplifier stage to the grid of a bot-
cathode phase inverter. In this arrangement
the values of cathode, screen, and plate re-
sistors in the pentode stage are chosen so
that the plate of the pentode is at approxi-
mately one-third of the plate supply poten-
tial. The succeeding phase-inverter stage then
operates with conventional values of cathode
and plate resistor (same value of resistance)
in its normal manner. This type of phase in-
verter is described in more detail in the sec-
tion to follow.

6-8 Phase Inverters

In order to excite the grids of a push-pull
stage it is necessary that voltages equal in
amplitude and opposite in polarity be applied
to the two grids. These voltages may be ob-
tained through the use of a push-pull input
transformer such as is shown in figure 10C.
It is possible also, without the attendant
bulk and expense of a push-pull input trans-
former, to obtain voltages of the proper po-
larity and phase through the use of a so-
called phase-inverter stage. There are a large
number of phase-inversion circuits which
have been developed and applied but the
three shown in figure 12 have been found
over a period of time to be the most satis-
factory from the point of view of the num-
ber of components required and from the
standpoint of the accuracy with which the
two out-of-phase voltages are held to the
same amplitude with variations in supply
voltage and changes in tubes.

All of these vacuum-tube phase inverters
are based on the fact that a 180° phase
shift occurs within a vacuum tube between
the grid input voltage and the plate output
voltage. In certain circuits, the fact that the
grid input voltage and the voltage appearing
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across the cathode bias resistor are in phase,
is used for phase-inversion purposes.

’Hot-Cathode” Figure 12A illustrates the
Phase Inverter  bot-cathode type of phase

inverter. This phase inverter
is the simplest of the three types since it
requires only one tube and a minimum of
circuit components. It is particularly sim-
ple when directly coupled from the plate
of a pentode amplifier stage as shown in
figure 10H. The circuit does, however, pos-
sess the following two disadvantages: (1)
the cathode of the tube must run at a po-
tential of approximately one-third the plate
supply voltage above the heater when a
grounded common heater winding is used
for this tube as well as the other heater-
cathode tubes in a receiver or amplifier; (2)
the circuit actually has a loss in voltage
from its input to either of the output grids
—about 0.9 times the input voltage will be
applied to each of these grids. This does
represent a voltage gain of about 1.8 in fotal
voltage output with respect to input (grid-
to-grid output voltage) but it is still small
with respect to the other two phase-inverter
circuits shown.

Recommended component values for use
with a2 6C4 tube in this circuit are shown in
figure 12A. If it is desired to use another
tube in this circuit, appropriate values for
the operation of that tube as a conventional
amplifier can be obtained from manufactur-
er’s tube data. The designated value of Ry
should be divided by two, and this new
value of resistance placed in the circuit as
R.. The value of Ry from tube-manual
tables should then be used as Ry, in this cir-
cuit, and the total of Ry, and Ry, should be
equal to R..

“Floating Paraphase” An alternate type of
Phase Inverter phase inverter some-

times called the float-
ing paraphase is illustrated in figure 12B.
This circuit is quite often used with a
12AU7 tube, and appropriate values for this
tube in a typical inverter circuit are shown.
Using the component values given will pro-
vide a voltage gain of approximately 12
from the input grid to each of the grids of
the succeeding stage. It is capable of approx-
imately 70 volts peak output to each grid.

N
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_)}_ shRe cc.oa 4 ?‘-ﬁ;ck,
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10100 —
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. 0O
= SUFO. e300,

© CATHODE -COUPLED PHASE INVERTER

Figure 12

THREE TYPICAL PHASE-INVERTER CIR-
CUITS WITH RECOMMENDED VALUES
FOR CIRCUIT COMPONENTS

The circuit inherently has a small unbal-
ance in output voltage. This unbalance can
be eliminated, if it is required for some
special application, by making the resistor
R;i a few percent lower in resistance value

than Rgs.

Cathode-Coupled The circuit shown in fig-
Phase Inverter ure 12C gives approxi-

mately one half the voltage
gain from the input grid to either of the
grids of the succeeding stage that would be
obtained from a single tube of the same type
operating as a conventional RC amplifier
stage. Thus, with a 12AU7 tube as shown
(two 6C4’s in one envelope) the voltage
gain from the input grid to either of the
output grids will be approximately 7—the
gain is, of course, 14 from the input to both
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VOLTAGE-DIVIDER PHASE

INVERTER

output grids. The phase characteristics are
such that the circuit is commonly used in
deriving push-pull deflection voltage for a
cathode-ray tube from a single-ended input
signal.

The first section of the 12AU7 is used as
an amplifier to increase the amplitude of the
applied signal to the desired level. The sec-
ond section of the 12AU7 is used as an in-
verter and amplifier to produce a signal of
the same amplitude but of opposite polarity.
Since the common cathode resistor (R) is
not bypassed the voltage across it is the alge-
braic sum of the two plate currents and has
the same shape and polarity as the voltage ap-
plied to the input grid of the first half of
the 12AU7. When a signal (¢) is applied to
the input circuit, the effective grid-cathode
voltage of the first section is Ae/2, when A
is the gain of the first section. Since the grid
of the second section of the 12AU7 is
grounded, the effect of the signal voltage
across Ry (equal to ¢/2 if Ry is the proper
value) is the same as though a signal of the
same amplitude but of opposite polarity were
applied to the grid. The output of the sec-
ond section is equal to — Ae/2 if the plate
load resistors are the same for both tube
sections.

Voltage-Divider A commonly used phase in-
Phase Inverter  verter is shown in figure 13.

The input section (V,) is
connected as a conventional amplifier. The
output voltage from V, is impressed on the
voltage divider Rs-Rq. The values of R, and
Rg are in such a ratio that the voltage im-
pressed on the grid of V, is 1/A times the
output voltage of V,, where A is the ampli-
fication factor of V,. The output of V, is

Ec
—ll—F= 2Re2
SRP1

= J
E)
o-c 2 +
INeUT 2 e,
& 'Tmllq ol

Figure 14
DIRECT-COUPLED D-C AMPLIFIER

then of the same amplitude as the output of
V., but of opposite phase.

6-9 D-C Amplifiers

Direct-current amplifiers are special types
used where amplification of very slow varia-
tions in voltage, or of d-c voltages is desired.
A simple d-c amplifier consists of a single
tube with a grid resistor across the input
terminals, and the load in the plate circuit.

Basic D-C A simple d-c amplifier cir-
Amplifier Circuit cuit is shown in figure 14,

wherein the grid of one
tube is connected directly to the plate of the
preceding tube in such a manner that volt-
age changes on the grid of the first tube will
be amplified by the system. The voltage drop
across the plate coupling resistor is impressed
directly on the grid of the second tube,
which is provided with enough negative grid
bias to balance out the excessive voltage drop
across the coupling resistor. The grid of the
second tube is thus maintained in 2 slightly
negative position.

The d-c amplifier will provide good low-
frequency response, with negligible phase
distortion. High-frequency response is lim-
ited by the shunting effect of the tube ca-
pacitances, as in the normal resistance-
coupled amplifier.

A common fault with d-c amplifiers of all
types is static instability. Small changes in
the filament, plate, or grid voltages cannot
be distinguished from the exciting voltage.
Regulated power supplies and special balanc-
ing circuits have been devised to reduce the
effects of supply variations on these ampli-
fiers. A successful system is to apply the
plate potential in phase to two tubes, and to
apply the exciting signal to a push-pull grid-
circuit configuration. If the two tubes are
identical, any change in electrode voltage is
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Figure 15
LOFTIN-WHITE D-C AMPLIFIER

balanced out. The use of negative feedback
can also greatly reduce drift problems.

The “Loftin-White” Two d-c amplifier stages
Circuit may be arranged, so that

their plate supplies are
effectively in series, as illustrated in figure
15. This is known as a Loftin-White ampli-
fier. All plate and grid voltages may be ob-
tained from one master power supply instead
of separate grid and plate supplies. A push-
pull version of this amplifier (figure 16) can
be used to balance out the effects of slow
variations in the supply voltage.

6-10 Single-Ended Triode
Amplifiers

Figure 17 illustrates five circuits for the
operation of class-A triode amplifier stages.
Since the cathode current of a triode class-
A (no grid current) amplifier stage is con-
stant with and without excitation, it is com-
mon practice to operate the tube with cath-
ode bias. Recommended operating conditions
in regard to plate voltage, grid bias, and load
impedance for conventional triode amplifier
stages are given in the RCA Receiving Tube
Manuals.

Extended Class-A Tt is possible, under certain
Operation conditions, to operate sin-

gle-ended triode amplifier
stages (and pentode and tetrode stages as
well) with grid excitation of sufficient
amplitude that grid current is taken by the
tube on peaks. This type of operation is
called class-A; and is characterized by in-
creased plate-circuit efficiency over straight
class-A amplification without grid current.
The normal class-A amplifier power stage
will operate with a plate-circuit efficiency of
from 20 percent to perhaps 35 percent.

Figure 16

PUSH-PULL D-C AMPLIFIER
WITH EITHER SINGLE-ENDED
OR PUSH-PULL INPUT

Through the use of class-A; operation it is
possible to increase this plate-circuit effi-
ciency to approximately 38 to 45 percent.
However, such operation requires careful
choice of the value of plate load impedance,
a grid-bias supply with good regulation
(since the tube draws grid current on peaks
although the plate current does not change
with signal), and a driver tube with moder-
ate power capability to excite the grid of the
class A, tube,

Figures 17D and 17E illustrate two meth-
ods of connection for such stages. Tubes
such as the 845, 450TL, and 304TL are
suitable for these circuits. In each case the
grid bias is approximately the same as would
be used for a class-A amplifier using the
same tube, and as mentioned before, fixed
bias must be used along with an audio driver
of good regulation—preferably a triode stage
with a 1:1 or step-down driver transformer.
In each case it will be found that the cor-
rect value of plate load impedance will be
increased about 40 percent over the value
recommended by the tube manufacturer for
class-A operation of the tube.

Operation Character-
istics of a Triode
Power Amplifier

A class-A power am-
plifier operates in such
2 way as to amplify as
faithfully as possible
the waveform applied to the grid of the
tube. Large power output is of more im-
portance than high voltage amplification,
consequently gain characteristics may be sac-
rificed in power-tube design to obtain more
important power-handling capabilities. Class-
A power tubes, such as the 12BY4A, 2A3,
and 6AS7G, are characterized by a low
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Output coupling arrang ts for singl ded
class-A triode avdio-frequency power
amplifiers.

amplification factor, high plate dissipation,
and relatively high filament emission.

The operating characteristics of a class-A
triode amplifier employing an output-trans-
former coupled load may be calculated from
the plate family of curves for the particular
tube in question by employing the following
steps:

1. The load resistance should be approxi-
mately twice the plate resistance of
the tube for maximum undistorted

10.

power output. Remember this fact for
a quick check on calculations.
Calculate the zero-signal bias voltage

(Eg)-

—) . h ¢
E, = (0.68 X E)
»

where,

Eyy is the actual plate voltage of the
class-A stage,

W 'is- the amplification factor of the

tube.
Locate the E, bias point on the I,
versus E, graph where the Eg bias line
crosses the plate-voltage line, as shown
in figure 18. Call this point P.
Locate on the plate family of curves
the value of zero-signal plate current,
(Ip) corresponding to operating point

Locate 2 X I, (twice the value of I})
on the plate-current axis (Y axis).
This point corresponds to the value of
maximum-signal plate current (imax).
Locate point x on the d-c bias curve
at zero volts (Eg = 0), corresponding
to the value of ipay.

Draw a straight line (x — y) through
points x and P. This line is the load-
resistance line. Its slope corresponds to
the value of the load resistance.

Load resistance, (in ohms) equals:

€max — fmin
RL = ¥
Imax — ’min
where,

e is in volts,

i is in amperes,

Ry, is in ohms.

Check: Multiply the zero-signal plate
current (I;) by the operating plate
voltage, (E,). If the plate dissipation
rating of the tube is exceeded, it is
necessary to increase the bias (E;) on
the tube so that the plate dissipation
falls within the maximum rating of
the tube. If this step is taken, opera-
tions 2 through 8 must be repeated
with the new value of Eg.

For maximum power output, the peak
a-c grid voltage on the tube should
swing to 2E; on the negative cycle,
and to zero-bias on the positive cycle.
At the peak of the negative swing,
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3

e
EmN.  pLATE VOLTS  Emax
AVERAGE PLATE CHARACTERISTICS- ZA3

u=a.2 Rp = 800 OHMS
PLATE DISSIPATION = 15 WATTS
LOAD RESISTANCE

E —€

Ry =
b Toeax — L,

OHMS

POWER OUTPUT

Po = (Taax. = Inan) (Emax=Emnn) WATTS

SECOND-HARMONIC DISTORTION
(Tman+ Do) —Ip
D2 = z v X 100 PERCENT

Formulas for determining the operating con-

ditions of a class-A triode single-ended avdio-

frequency power output stage. A typical load

line has been drawn on the average plate

characteristics of a type 2A3 tube to iliustrate
the procedure.

the plate voltage reaches enax and the
plate current drops to imia. On the
positive swing of the grid signal, the
plate voltage drops to emin and the
plate current reaches imax. The power
output of the tube in watts is:

P — (imnx - im|n) X (emnx - em|n)
o 8

where,
i is in amperes,
e is in volts.
11. The second-harmonic distortion gen-
erated in a single-ended class-A triode

amplifier, expressed as a percentage of
the fundamental output signal is:
% 2nd harmonic =

(imu - imln) _ Ip
2

‘max ~ ‘min

X 100

Figure 18 illustrates the above steps as ap-
plied to a single class-A 2A3 amplifier stage.

6-11 Single-Ended Pentode
Amplifiers

Figure 19 illustrates the conventional cir-
cuit for a single-ended tetrode or pentode
amplifier stage. Tubes of this type have
largely replaced triodes in the output stage
of receivers and amplifiers due to the higher
plate efficiency (30%—40%) at which
they operate. Tetrode and pentode tubes do,
however, introduce a considerably greater
amount of harmonic distortion in their out-
put circuit, particularly odd harmonics.
In addition, their plate-circuit impedance
(which acts in an amplifier to damp speaker
overshoot and ringing, and acts in a driver
stage to provide good regulation) is many
times higher than that of an equivalent tri-
ode. The application of negative feedback
acts both to reduce distortion and to reduce
the effective plate-circuit impedance of these
tubes.

Operating Character- The operating charac-
istics of a Pentode teristics of pentode pow-
Power Amplifier er amplifiers may be

obtained from the plate
family of curves, much as in the manner
applied to triode tubes. A typical family of
pentode plate curves is shown in figure 20.

- +93.6. +8

Figure 19

Conventional single-ended pentode or beam
tetrode audio-frequency power-output stage.
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GRAPHIC DETERMINATION OF OPERAT-
ING CHARACTERISTICS OF A PENTODE
POWER AMPLIFIER

“V* Is the negative control grid voltage at the
operating point P.

The plate current of the pentode tube is
relatively independent of the applied plate
voltage, but is sensitive to screen voltage. In

general, the correct pentode load resistance is
about

0.9 E,
IP

and the power output is somewhat less than

E, X 1,
2

These formulas may be used for a quick
check on more precise calculations. To ob-
tain the operating parameters for class-A

pentode amplifiers, the following steps are
taken:

1. The inax point is chosen so as to fall
on the zero-bias curve, just above the
“knee” of the curve (point A, figure
20).

2. A preliminary operating point (P) is
determined by the intersection of the
plate-voltage line (E,) and the line
of imax/2. The grid-voltage curve that
this point falls on should be one that is
about 12 the value of E; required to
cut the plate current to a very low
value (point B). Point B represents
fmin on the plate-current axis (y axis).
The line #yas/2 should be located half-
way between fnay and imin.

3. A trial load line is constructed about
point P and point A in such a way
that the lengths AP and PB are ap-
proximately equal.

4. When the most satisfactory load line
has been determined, the load resist-
ance may be calculated:

R, = e.mlx_fmln
'max ~ Imin
5. The operating bias (Eg) is the bias at
point P.
6. The power output is:

(Fmax — #min) + 1.41(I,—1,)2 X R,,
32

where,

I is the plate current at the point on
the load line where the grid volt-
age (eg) is equal to: E;— 0.7 Eq,

I, is the plate current at the point

Li+® PLATE

PUSH-PULL TRIODE AND TETRODE

Figure 21
CONVENTIONAL PUSH-PULL CIRCUITS
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Figure 22

DETERMINATION OF OPERATING PARAMETERS FOR PUSH-PULL CLASS-A
TRIODE TUBES

where, ¢, is equal to: E; + 0.7 E,.
7. The percentage harmonic distortion is:
% 2nd harmonic distortion =

imax —dmin — 2 Ip
imax —fmin + 1.41 (I, —1,)
where,
I, is the static plate current of the

tube.
% 3rd harmonic distortion =

X 100

e —imia — 141 (I —1,)
X
Tmax —imin T 141 (I, —1,) 100

6-12  Push-Pull Audio

Amplifiers

A number of advantages are obtained
through the use of the push-pull connection
of two or four tubes in an audio-frequency
power amplifier. Two conventional circuits
for the use of triode and tetrode tubes in the
push-pull connection are shown in figure 21.
The two main advantages of the push-pull
circuit arrangement are: (1) the magnetiz-
ing effect of the plate currents of the output
tubes is cancelled in the windings of the

output transformer; (2) even harmonics of
the input signal (second and fourth harmon-
ics primarily) generated in the push-pull
stage are cancelled when the tubes are bal-
anced.

The cancellation of even harmonics gener-
ated in the stage allows the tubes to be oper-
ated class AB—in other words the tubes may
be operated with bias and input signals of
such amplitude that the plate current of
alternate tubes may be cut off during a por-
tion of the input voltage cycle. If a tube
were operated in such a manner in a single-
ended amplifier the second-harmonic ampli-
tude generated would be prohibitively high.

Push-pull class-AB operation allows a
plate circuit efficiency of from 45 to 60
percent to be obtained in an amplifier stage
depending on whether or not the exciting
voltage is of such amplitude that grid cur-
rent is drawn by the tubes. If grid current
is taken on input voltage peaks the amplifier
is said to be operating class-AB, and the
plate-circuit efficiency can be as high as the
upper value just mentioned. If grid current
is not taken by the stage it is said to be
operating class-AB; and the plate-circuit
efficiency will be toward the lower end of
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the range just quoted. In all class-AB ampli-
fiers the plate current will increase from 40
to 150 percent over the no-signal value
when full excitation voltage is applied.

Operating Characteristics The operating char-
of Push-Pull Closs-A acteristics of push-
Triode Power Amplifier  pull class-A ampli-

fiers may also be
determined from the plate family of curves
for a particular triode tube by the following

steps:

1. Erect a vertical line from the plate-
voltage axis (x-axis) at 0.6 E, (figure
22), which intersects the E, = 0
curve. This point of intersection (P),
interpolated to the plate current axis
(y-axis), may be taken as imq,. It is as-
sumed for simplification that 7, oc-
curs at the point of the zero-bias
curve corresponding to 0.6 E,.

2. The power output obtainable from the
two tubes is:

fmax X
power output (P,) = ’—"‘“s—E"

where,

P, is expressed in watts,
fmax IN amperes,
E, is the applied plate voltage.

3. Draw a preliminary load line through
point P to the E, point located on the
x-axis (the zero plate-current line).
This load line represents 1, of the
actual plate-to-plate load of the class-
A tubes. Therefore:

Ry (plate-to-plate) — 4 >(E"——’.o'Gﬁ
1.6 E,
- im“
where,
Ry, is expressed in ohms,

E, is expressed in volts,
fmax is expressed in amperes.

Figure 22 illustrates the above steps ap-
plied to a push-pull class-A amplifier using
two 2A3 tubes.

4. The average plate current is 0.636 imax,
and multiplied by plate voltage E,,
will give the average watts input to
the plates of the two tubes. The power

output should be subtracted from this
value to obtain the total operating
plate dissipation of the two tubes. If
the plate dissipation is excessive, a
slightly higher value of Ry, should be
chosen to limit the plate dissipation.

5. The correct value of operating bias,
and the static plate current for the
push-pull tubes may be determined
from the E; versus I, curves, which
are a derivation of the E, versus I,
curves for various values of E,.

6. The E; versus I, curve may be con-
structed in this manner: Values of
grid bias are read from the intersection
of each grid-bias curve with the load
line. These points are transferred to
the E; versus I, graph to produce a
curved line, A-B. If the grid bias
curves of the E, versus I, graph were
straight lines, the lines of the E, versus
I, graph would also be straight. This
is usually not the case. A tangent to
this curve is therefore drawn, starting
at point A’, and intersecting the grid-
voltage abscissa (x-axis). This inter-
section (C) is the operating-bias point
for fixed-bias operation.

7. This operating-bias point may now be
plotted on the original E; versus I,
family of curves (C’), and the zero-
signal current produced by this bias is
determined. This operating bias point
(C’), does not fall on the operating
load line, as in the case of a single-
ended amplifier.

8. Under conditions of maximum power
output, the exciting signal voltage
swings from zero-bias voltage to zero-
bias voltage for each of the tubes on
each half of the signal cycle. Second-
harmonic distortion is largely cancelled
out.

Class-B Audio-
Frequency Power
Amplifiers

6-13

The class-B audio-frequency power am pli-
fier (figure 23) operates at a higher plate-
circuit efficiency than any of the previously
described types of audio power amplifiers.
Full-signal plate-circuit efficiencies of 60 to
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B8+ DRIVER

OPERATING
CONDITION)

Figure 23

CLASS-B AUDIO-FREQUENCY
POWER-AMPLIFIER

70 percent are readily obtainable with the
tube types presently available for this mode
of operation. Since the plate-circuit efficiency
is higher, smaller tubes of lower plate dissipa-
tion may be used in a class-B power ampli-
fier of a given power output than can be
used in any other conventional type of audio
amplifier. An additional factor in favor of
the class-B audio amplifier is the fact that
the power input to the stage is relatively
low under no-signal conditions. It is for
these reasons that this type of amplifier has
largely superseded other types for the genera-
tion of audio-frequency levels from perhaps
100 watts on up to levels of approximately
150,000 watts as required for large short-
wave broadcast stations.

Disadvantages af There are attendant dis-
Class-B Amplifier advantageous features to
Operation the operation of a power

amplifier of this type; but
all these disadvantages can be overcome by
proper design of the circuits associated with
the power-amplifier stage. These disadvan-
tages are: (1) The class-B audio amplifier
requires driving power in its grid circuit;
this requirement can be overcome by the
use of an oversize power stage preceding the
class-B stage with a step-down transformer
between the driver stage and the class-B
grids. Degenerative feedback is sometimes
employed to reduce the plate impedance of
the driver stage and thus to improve the
voltage regulation under the varying load
presented by the class-B grids. (2) The
elass-B stage requires a constant value of
average grid bias to be supplied in spite of

the fact that the grid current of the stage
is zero over most of the cycle but rises to
value as high as one-third of the peak plate
current at the peak of the exciting voltage
cycle. Special regulated bias supplies have
been used for this application, or B batteries
can be used. However, a number of tubes
especially designed for class-B audio ampli-
fiers have been developed which require zero
average grid bias for their operation. The
811A, 805, 3-400Z, and 3-1000Z are ex-
amples of this type of tube. All these so-
called zero-bias tubes have rated operating
conditions up to moderate plate voltages
wherein they can be operated without grid
bias. As the plate voltage is increased to
the maximum ratings, however, a small
amount of grid bias, such as could be ob-
tained from a regulated bias supply, is re-
quired. (3), A class-B audio-frequency pow-
er amplifier or modulator requires a source of
plate-supply voltage having reasonably good
regulation. This requirement led to the de-
velopment of the swinging choke. The
swinging choke is essentially a conventional
filter choke in which the core air gap has
been reduced. This reduction in the air gap
allows the choke to have 2 much greater
value of inductance with low-current values
such as are encountered with no signal or
small signal being applied to the class-B
stage.

With a higher value of current such
as would be taken by a class-B stage with
full signal applied, the inductance of the
choke drops to a much lower value. With
a swinging choke of this type, having ade-
quate current rating, as the input inductor
in the filter system for a rectifier power sup-
ply, the regulation will be improved to a
point which is normally adequate for a pow-
er supply for a class-B amplifier or modu-
lator stage.

Colculation of Operoting The following pro-
Conditions of Class-B cedure can be used
Power Amplitiers for the calculation

of the operating
conditions of class-B power amplifiers when
they are to operate into a resistive load such
as presented by a class-C power amplifier.
This procedure will be found quite satisfac-
tory for the application of vacuum tubes as
class-B modulators when it is desired to
operate the tubes under conditions which are
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not specified in the tube operating charac-
teristics published by the tube manufacturer.
The same procedure can be used with equal
effectiveness for the calculation of the oper-
ating conditions of beam tetrodes as class-
AB, amplifiers or modulators when the rest-
ing plate current of the tubes (no-signal con-
dition) is less than 25 or 30 percent of the
maximum-signal plate current.

1. With the average plate characteristics
of the tube as published by the manu-
facturer before you, select a point on
the E, = E; (diode bend) line at
about twice the plate current you ex-
pect the tubes to draw under modu-
lation peaks. If beam tetrode tubes are
concerned, select a point at about the
same amount of plate current men-
tioned above, just to the right of the
region where the I, line takes a sharp
curve downward. This will be the first
trial point, and the plate voltage at
the point chosen should be not more
than about 20 percent of the d-c volt-
age applied to the tubes if good plate-
circuit efficiency is desired.

2. Note down the value of 7, mu and
€, min at this point.

3. Subtract the value of e, y,iq from the
d-c plate voltage on the tubes.

4. Substitute the values obtained in the
following equations:

ip max(Ehb—ep min)
2

P, (2 tubes) =

RL (2 tubes) =4 (Ehb._epmln)

Ip max

Full signal efficiency (N,) =

(ép min) )
78.5 11—
( Ep

Etfects of Speech Al] the above equations are
Clipping true for sine-wave operating

condition of the tubes con-
cerned. However, if a speech clipper is being
used in the speech amplifier, or if it is de-
sired to calculate the operating conditions
on the basis of the fact that the ratio of
peak power to average power in a speech
wave is approximately 4 to 1 as contrasted
to the ratio of 2 to 1 in a sine wave — in

other words, when nonsinusoidal waves such
as plain speech or speech that has passed
through a clipper are concerned, we are no
longer concerned with average power output
of the modulator as far as its capability of
modulating a class-C amplifier is concerned;
we are concerned with its pesk power out-
put capability.

Under these conditions we call on other,
more general relationships. The first of these
is: it requires a peak power output equal to
the class-C stage input to modulate that in-
put fully.

The second relationship is: the average
power output required of the modulator is
equal to the shape factor of the modulating
wave multiplied by the input to the class-C
stage. The shape factor of unclipped speech
is approximately 0.25. The shape factor of
a sine wave is 0.5. The shape factor of a
speech wave that has been passed through a
clipper-filter arrangement is somewhere be-
tween 0.25 and 0.9 depending on the amount
of clipping that has taken place. With 15 or
20 db of clipping the shape factor may be as
high as the figure of 0.9 mentioned above.
This means that the audio power output of
the modulator will be 90% of the input to
the class-C stage. Thus with a kilowatt input
we would be putting 900 watts of audio
into the class-C stage for 100 percent modu-
lation as contrasted to perhaps 250 watts for
unclipped speech modulation of 100 percent.

Sample Colculotion Figure 24 shows a set of
for 811A Tubes  plate characteristics for a

type 811A tube with a
load line for class-B operation. Figure 25§
lists a sample calculation for determining the
proper operating conditions for obtaining
approximately 185 watts output from a pair
of the tubes with 1000 volts d-c plate po-
tential. Also shown in figure 2§ is the meth-
od of determining the proper ratio for the
modulation transformer to couple between
the 811’ or 811A’s and the anticipated final
amplifier which is to operate at 2000 plate
volts and 175 ma plate current.

method illus-
trated in figure 25
can be used in general
for the determination of the proper trans-
former ratio to couple between the modula-

Modulation Transformer The
Calculation
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tor tube and the amplifier to be modulated.
The procedure can be stated as follows: (1)
Determine the proper plate-to-plate load im-
pedance for the modulator tubes either by
the use of the type of calculation shown in
figure 25, or by reference to the published
characteristics on the tubes to be used. (2)
Determine the load impedance which will be
presented by the class-C amplifier stage to
be modulated by dividing the operating
plate voltage on that stage by the operating
value of plate current in amperes. (3) Di-
vide the class-C load impedance determined
in (2) above by the plate-to-plate load im-
pedance for the modulator tubes determined
in (1) above. The ratio determined in this
way is the secondary-to-primary impedance
ratio. (4) Take the square root of this ratio
to determine the secondary-to-primary turns
ratio. If the turns ratio is greater than unity,
the use of a step-up transformer is required.
If the turns ratio as determined in this way
is less than unity, a step-down transformer is
called for.

If the procedure shown in figure 25 has
been used to calculate the operating condi-
tions for the modulator tubes, the trans-
former ratio calculation can be checked in
the following manner: Divide the plate volt-
age on the modulated amplifier by the total
voltage swing on the modulator tubes (2 X
[Ebb —€min]). This ratio should be quite
close numerically to the transformer turns
ratio as previously determined. The reason

for this condition is that the ratio between
the total primary voltage and the d-c plate-
supply voltage on the modulated stage is
equal to the turns ratio of the transformer,
since a peak secondary voltage equal to the
plate voltage on the modulated stage is re-
quired to modulate this stage 100 percent.

SAMPLE CALCULATION

CONDITION: 2 TYpe 811 TUBES, Ebb, = 1000
INPUT TO FINAL STAGE, 330 W.
PEAK POWER OUTPUT NEEOED= 330 + 8% = 370 W.
FINAL AMPLIFIER Ebb = 2000 V.
FINAL AMPLIFIER Lb = .178 A,
FINAL AMPLIFIER ZL = .Z?%L = 11400 00

.

EXAMPLE: CHOSE POINT ON 811 CHARACTERISTICS JUST
TO RIGHT OF Ebb=ECC . (POINT X, FIG.24)

IPMAX. =.410 A. EP MIN. = +100
16 mAX. =.100 A. EG MAX. = + 80
PEAK PO = .410 X (cooo-«oo) = .410 X 900 = 360 W.

RL= ax 23 = 8800 N

Ne =788 (1- 782 )= 7e3(0)=70.5%

WO (AVERAGE WITH SINE WAVE) = gﬂgﬂﬁ)ﬂu.w
win = 1822 = 260w

Lo (MAXIMUM WITH SINE WAVE) = 200 MA
WG PEAK = .100 X 80 = 8W.

DRIVING POWER = - Taw
TRANSFORMER:
i‘-' = -‘-‘-’99-“00 =1.29

TURNS RATIO * Lél. = fi.as =r4asTERUP
P

Figure 25

Typical calcvlation of operating conditlons for

a class-B a-f power amplifier using a pair of

type 811 or 811A tubes. Plate characteristics
and load line are shown In figure 24,
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Use of Clipper Speech
Amplifier with Tetrode
Modulator Tubes

When a clipper speech
amplifier is used in
conjunction with a
class-B modulator
stage, the plate current on that stage will
rise to a higher value with modulation (due
to the greater average power output and
input) but the plate dissipation on the tubes
will ordinarily be less than with sine-wave
modulation. However, when tetrode tubes
are used as modulators, the screen dissipation
will be much greater than with sine-wave
modulation. Care must be taken to ensure
that the screen dissipation rating on the
modulator tubes is not exceeded under full
modulation conditions with a clipper speech
amplifier. The screen dissipation is equal to
screen voltage times screen current.

Practical Aspects of
Class-B Modulators

As stated previously, a
class-B audio amplifier
requires the driving
stage to supply well-regulated audio power
to the grid circuit of the class-B stage. Since
the performance of a class-B modulator may
easily be impaired by an improperly designed
driver stage, it is well to study the problems
incurred in the design of the driver stage.

The . grid circuit of a class-B modulator
may be compared to a variable resistance
which decreases in value as the exciting grid
voltage is increased. This variable resistance
appears across the secondary terminals of the
driver transformer so that the driver stage is
called on to deliver power to a varying load.
For best operation of the class-B stage, the
grid excitation voltage should not drop as
the power taken by the grid circuit increases.
These opposing conditions call for a high
order of voltage regulation in the driver-
stage plate circuit. In order to enhance the
voltage regulation of this circuit, the driver
tubes must have low plate resistance, the
driver transformer must have as large a
step-down ratio as possible, and the d-c re-
sistance of both primary and secondary
windings of the driver transformer should
be low.

The driver transformer should reflect into
the plate circuit of the driver tubes a load
of such value that the required driving
power is just developed with full excitation
applied to the driver grid circuit. If this is
done, the driver transformer will have as
high a step-down ratio as is consistent with

the maximum drive requirements of the
class-B stage. If the step-down ratio of the
driver transformer is too large, the driver
plate load will be so high that the power re-
quired to drive the class-B stage to full out-
put cannot be developed. If the step-down
ratio is too small the regulation of the driver
stage will be impaired.

Driver-Stage The parameters for the driver
Calculations stage may be calculated from
the plate characteristic curve,
a sample of which is shown in figure 24.
The required positive grid voltage (eg max)
for the 811A tubes used in the sample cal-
culation is found at point X, the intersection
of the load line and the peak plate current
as found on the y-axis. This is + 80 volts.
If a vertical line is dropped from point X
to intersect the dotted grid-current curves,
it will be found that the grid current for a
single 811A at this value of grid voltage is
100 milliamperes (point Y). The peak grid-
driving power is therefore 80 X 0.100 = 8
watts. The approximate average driving
power is 4 watts. This is an approximate
figure because the grid impedance is not
constant over the entire audio cycle.

A pair of 2A3 tubes will be used as
drivers, operating class-A, with the maxi-
mum excitation to the drivers occurring just
below the point of grid-current flow in the
2A3 tubes. The driver plate voltage is 300
volts, and the grid bias is — 62 volts. The
peak power (P,) developed in the primary
winding of the driver transformer is:

(Py) = 2R, (Tv%)

where,

u is the amplification factor of the driver
tubes (4.2 for 2A3),

Eg is the peak grid swing of the driver
stage (62 volts),

R, is the plate resistance of one driver
tube (800 ohms),

Ry is Y. the plate-to-plate load of the
driver stage,

P, (peak power in watts) is 8 watts.

Solving the above equation for Ry, we
obtain a value of 14,500 ohms load, plate to
plate for the 2A3 driver tubes.

The peak primary voltage (epry) is then
found from the formula:
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rEg
R, + R,

and the turns ratio of the driver trans-
former (primary to Y4 secondary) is:

o 493 _ 54
€g (max) 80

€pri — 2Ry X = 493 volts

Plate Circuit One of the most common causes
Impedance  of distortion in a class-B mod-
Matching  ulator is incorrect load imped-

ance in the plate circuit. The
purpose of the class-B modulation trans-
former is to take the power developed by the
modulator (which has a certain operating
impedance) and transform it to the oper-
ating impedance imposed by the modulated
amplifier stage.

If the transformer in question has the
same number of turns on the primary wind-
ing as it has on the secondary winding, the
turns ratio is 1:1, and the impedance ratio
is also 1:1. If a 10,000-ohm resistor is placed
across the secondary terminals of the trans-
former, a reflected load of 10,000 ohms
would appear across the primary terminals.
If the resistor is changed to one of 2376
ohms, the reflected primary impedance would
also be 2376 ohms.

If the transformer has twice as many
turns on the secondary as on the primary,
the turns ratio is 2:1. The impedance ratio
is the square of the turns ratio, or 4:1. If a
10,000-ohm resistor is now placed across the
secondary winding, a reflected load of 2500
ohms will appear across the primary wind-

ing.

Effects of Plote It can be seen from the
Circuit Mismatch above paragraphs that the

class-B  modulator plate
load is entirely dependent on the load placed
on the secondary terminals of the class-B
modulation transformer. If the secondary
load is incorrect, certain changes will take
place in the operation of the class-B modu-
lator stage.

When the modulator load impedance is too
low, the efficiency of the class-B stage is
reduced and the plate dissipation of the
tubes is increased. Peak plate current of the
modulator stage is increased, and saturation
of the modulation transformer core may re-
sult. “Talk-back” of the modulation trans-

former may result if the plate load imped-
ance of the modulator stage is too low.

When the modulator load impedance is
too high, the maximum power capability of
the stage is reduced. An attempt to increase
the output by increasing grid excitation to
the stage will result in peak clipping of the
audio wave. In addition, high peak voltages
may be built up in the plate circuit that
may damage the modulation transformer.

6-14 Cathode-Follower
Power Amplifiers

The cathode follower is essentially a power
output stage in which the exciting signal is
applied between grid and ground. The plate
is maintained at ground potential with re-
spect to input and output signals, and the
output signal is taken between cathode and
ground.

Types of Cathode-
Follower Amplifiers

Figure 26 illustrates
four types of cathode-
follower power ampli-
fiers in common usage and figure 27 shows
the output impedance (R,), and stage gain
(A) of both triode and pentode (or tetrode)
cathode-follower stages. It will be seen by
inspection of the equations that the stage
voltage gain is always less than unity, and
that the output impedance of the stage is
much less than the same stage operated as a
conventional cathode-return amplifier. The
output impedance for conventional tubes
will be somewhere between 100 and 1000
ohms, depending primarily on the transcon-
ductance of the tube.

This reduction in gain and output imped-
ance for the cathode follower comes about
since the stage operates as though it has 100
percent degenerative feedback applied be-
tween its output and input circuit. Even
though the voltage gain of the stage is
reduced to a value less than unity by the ac-
tion of the degenerative feedback, the power
gain of the stage (if it is operating class-A)
is not reduced. Although more voltage is
required to excite a cathode-follower ampli-
fier than appears across the load circuit
(since the cathode “follows” along with the
grid) the relative grid-to-cathode voltage is
essentially the same as in a conventional am-
plifier.
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CATHODE-FOLLOWER OUTPUT
CIRCUITS FOR AUDIO OR
VIDEO AMPLIFIERS

Use of Cathode-  Although the cathode fol-
Follower Amplifiers lower gives no voltage

gain, it is an effective
power amplifier where it is desired to feed a
low-impedance load, or where it is desired to
feed a load of varying impedance with a
signal having good regulation. This latter
capability makes the cathode follower par-
ticularly effective as a driver for the grids
of a class-B modulator stage.

Equivalent factors for pentode (or tetrode)
cathode-follower power amplifiers

The circuit of figure 26A is the type of
amplifier, either single-ended or push-pull,
which may be used as a driver for a class-B
modulator or which may be used for other
applications such as feeding a speaker where
unusually good damping of the speaker is
desired. If the d-c resistance of the primary
of the transformer (T,) is approximately the
correct value for the cathode bias resistor
for the amplifier tube, the components Ry
and Cy need not be used. Figure 26B shows
an arrangement which may be used to feed
directly a value of load impedance which is
equal to or higher than the cathode imped-
ance of the amplifier tube. The value of C,
must be quite high, somewhat higher than
would be used in a conventional circuit, if
the frequency response of the circuit when
operating into a low-impedance load is to be
preserved.

Figures 26C and 26D show cathode-
follower circuits for use with tetrode or
pentode tubes. Figure 26C is a circuit sim-
ilar to that shown in 26A and essentially
the same comments apply in regard to com-
ponents Ry and Cy and the primary resist-
ance of transformer T',. Notice also that the
screen of the tube is maintained at the same
signal potential as the cathode by means of
coupling capacitor C,y. This capacitance
should be large enough so that at the lowest
frequency it is desired to pass through the
stage, its reactance will be low with respect
to the dynamic screen-to-cathode resistance
in parallel with Rqy. T; in this stage as well
as in the circuit of figure 26A should have
the proper turns (or impedance) ratio to
give the desired step-down or step-up from
the cathode circuit to the load. Figure 26D
is an arrangement frequently used in video
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systems for feeding 2 coaxial cable of rela-
tively low impedance from a vacuum-tube
amplifier. A pentode or tetrode tube with a
cathode impedance as a cathode follower
(1/gm) of approximately the same impe-
dance as the cable should be chosen. The
12BY7A and 6CL6 have cathode impedances
of the same order as the surge impedances of
certain types of low-capacitance coaxial
cable. An arrangement such as 26D is also
usable for feeding coaxial cable with audio or
r-f energy where it is desired to transmit the
output signal over moderate distances. The
resistor Ry is added to the circuit as shown
if the cathode impedance of the tube used is
lower than the characteristic impedance of
the cable. If the output impedance of the
stage is higher than the cable impedance, a
resistance of appropriate value is sometimes
placed in parallel with the input end of the
cable. The values of C4 and R4 should be
chosen with the same considerations in mind
as mentioned in the discussion of the circuit
of figure 26C.

The Cathode Follower The cathode follower
in R-F Stages may conveniently be
used as a method of
coupling r-f or i-f energy between two
units separated a considerable distance. In
such an application a coaxial cable should be
used to carry the r-f or i-f energy. One such
application would be for carrying the out-
put of a vfo to a transmitter located a con-
siderable distance from the operating posi-
tion. Another application would be where it
is desired to feed a single-sideband demodu-
lator, an f-m adaptor, or another accessory
with an intermediate-frequency signal from
a communications receiver. A tube such as a
6CBé connected in a manner such as is
shown in figure 26D would be adequate for
the i-f amplifier coupler, while 2 6AQS or a
6CL6 could be used in the output stage of a
vfo as a cathode follower to feed the coaxial
line which carries the vfo signal from the
control unit to the transmitter proper.

6-15 Feedback Amplifiers

It is possible to modify the characteristics
of an amplifier by feeding back a portion of
the output to the input. All components,
circuits, and tubes included between the

point where the feedback is taken off and
the point where the feedback energy is in-
serted are said to be included within the
feedback loop. An amplifier containing a
feedback loop is said to be a feedback ampli-
fier. One stage or any number of stages may
be included within the feedback loop. How-
ever, the dificulty of obtaining proper oper-
ation of a feedback amplifier increases with
the bandwidth of the amplifier, and with the
number of stages and circuit elements in-

cluded within the feedback loop.

Gain and Phase Shift  The gain and phase
in Feedback Amplifiers shift of any amplifier

are functions of fre-
quency. For any amplifier containing a feed-
back loop to be completely stable, the gain of
such an amplifier, as measured from the in-
put back to the point where the feedback
circuit connects to the input, must be less
than unity at the frequency where the feed-
back voltage is in phase with the input volt-
age of the amplifier. If the gain is equal to
or more than unity at the frequency where
the feedback voltage is in phase with the in-
put, the amplifier will oscillate. This fact im-
poses a limitation on the amount of feedback
which may be employed in an amplifier
which is to remain stable. If the reader is

AMPLIFIER outeut Eg

INPUT BIGNAL Eg
GAINZ A

| FEEOBACK O 8 PATH

VOLTAGE AMPLIFICATION WITH FEEDBACK S

A
1-A8
A3 GAIN IN ABSENCE OF FEEDBACK

8 ® FRACTION OF OUTPUT VOLTAGE FED BACK

8 (S NEGATIVE FOR NEGATIVE FEEDBACK
FEEDBACK IN DECIBELS » 20 LOG (1-A8)

Wil - FREQ. GAIN WITHOLT FLEDBACH
= 2IL0C L0 FREQ. GAIN WITH FELDBALR

DISTORTION WITHOUT FEEDBACK
1-A8

R
Ro= 1-A8 (1-0-FL )

Ro =2 OUTPUT IMPEDANCE OF AMPLIFIER WITH FEEDBACK

DISTOATION WITH FEENBACK =

Ry = OUTPUT IMPEDANCE OF AMPLIFIER WITHOUT FEEDBACK
Ry » LOAD IMPEDANCE INTO WHICH AMPLIFIER OPERATES

Figure 28
FEEDBACK AMPLIFIER RELATIONSHIPS
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Figure 29

SHUNT FEEDBACK CIRCUIT
FOR PENTODES OR TETRODES

This circuit requires only the addition of one

resistor (R,) to the normal circuit for such an

application. The plate impedance and distor-

tion imtroduced by the output stage are
materially reduced.

desirous of designing amplifiers in which a
large amount of feedback is to be employed
he is referred to a book on the subject by H.
W. Bode.*

Types of Feedback may be either negative
Feedback or positive, and the feedback volt-

age may be proportional either to
output voltage or output current. The most
commonly used type of feedback with a-f or
video amplifiers is negative feedback propor-

H. W, Bode, Network Analysis and Feedback Amplifier
Design. D, Yan Nostrand Company, Inc. Pri , New
Jorsey.

tional to output voltage. Figure 28 gives the
general operating conditions for feedback
amplifiers. Note that the reduction in distor-
tion is proportional to the reduction in gain
of the amplifier, and also that the reduction
in the output impedance of the amplifier is
somewhat greater than the reduction in the
gain by an amount which is a function of
the ratio of the output impedance of the
amplifier without feedback to the load im-
pedance. The reduction in noise and hum in
those stages included within the feedback
loop is proportional to the reduction in gain.
However, due to the reduction in gain of
the output section of the amplifier some-
what increased gain is required of the stages
preceding the stages included within the
feedback loop. Therefore the noise and hum
output of the entire amplifier may or may
not be reduced dependent on the relative
contributions of the first part and the latter
part of the amplifier to hum and noise. If
most of the noise and hum is coming from
the stages included within the feedback loop
the undesired signals will be reduced in the
output from the complete amplifier. It is
most frequently true in conventional ampli-
fiers that the hum and distortion come from
the latter stages, hence these will be reduced
by feedback, but thermal agitation and mic-
rophonic noise come from the first stage and
will not be reduced but may be increased by
feedback unless the feedback loop includes
the first stage of the amplifier.

Figure 29 illustrates a very simple and ef-
fective application of negative-voltage feed-
back to an output pentode or tetrode ampli-
fier stage. The reduction in hum and distor-
tion may amount to 15 to 20 db. The re-
duction in the effective plate impedance of
the stage will be by a factor of 20 to 100
depending on the operating conditions. The
circuit is commonly used in commercial
equipment with tubes such as the 6AUs¢
for V, and the 6AQS for V,.
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CHAPTER SEVEN

Radio-Frequency
Vacuum-Tube Amplifiers

TUNED R-F VACUUM-TUBE AMPLIFIERS

Tuned r-f voltage amplifiers are used in
receivers for the amplification of the incom-
ing r-f signal and for the amplification of
intermediate-frequency signals after the in-
coming frequency has been converted to the
intermediate frequency by the mixer stage.
Signal-frequency stages are normally called
tuned r-f amplifiers and intermediate-fre-
quency stages are called i-f amplifiers. Both
tuned r-f and i-f amplifiers are operated
class A and normally operate at signal levels
from a fraction of a microvolt to amplitudes
as high as 10 to 50 volts at the plate of the
last i-f stage in a receiver.

7-1 Grid Circuit
Considerations

Since the full amplification of a receiver
follows the first tuned circuit, the operating
conditions existing in that circuit and in its
coupling to the antenna on one side and to
the grid of the first amplifier stage on the
other are of greater importance in determin-
ing the signal-to-noise ratio of the receiver
on weak signals.

First Tuned It is obvious that the highest
Circuit ratio of signal to noise be im-
pressed on the grid of the first
r-f amplifier tube. Attaining the optimum
ratio is a complex problem since noise will
be generated in the antenna due to its equiv-
alent radiation resistance (this noise is in
addition to any noise of atmospheric origin)
and in the first tuned circuit due to its
equivalent coupled resistance at resonance.
The noise voltage generated due to antenna
radiation resistance and to equivalent tuned
circuit resistance is similar to that generated
in a resistor due to thermal agitation and is
expressed by the following equation:

E,? = 4kTRAf

where,

E. = rms value of noise voltage over the
interval Af,

k = Boltzman’s constant (1.380 X 102
joule per °K),

T = Absolute temperature °K,

R = Resistive component of impedance
across which thermal noise is devel-
oped,

Af = Frequency band across which volt-
age is measured.
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In the above equation Af is essentially the
frequency band passed by the intermediate-
frequency amplifier of the receiver under
consideration. This equation can be greatly
simplified for the conditions normally en-
countered in communications work. If we
assume the following conditions: T = 300°
K or 27° C or 80.5° F, room temperature;
Af = 8000 Hertz (the average passband of
a communications receiver or speech ampli-
fier), the equation reduces to: E, =

0.0115 /R microvolts. Accordingly, the
thermal-agitation voltage appearing in the
center of a half-wave antenna (assuming
effective temperature to be 300° K) having
a radiation resistance of 73 ohms is approxi-
mately 0.096 microvolts. Also, the thermal-
agitation voltage appearing across a 500,-
000-ohm grid resistor in the first stage of a
speech amplifier is approximately 8 micro-
volts under the conditions cited above.
Further, the voltage due to thermal agitation
being impressed on the grid of the first
r-f stage in a receiver by a first tuned circuit
whose resonant resistance is 50,000 ohms is
approximately 2.5 microvolts. Suffice to say,
however, that the value of thermal-agita-
tion voltage appearing across the first tuned
circuit when the antenna is properly coupled
to this circuit will be very much less than
this value.

It is common practice to match the im-
pedance of the antenna transmission line to
the input impedance of the grid of the first
r-f amplifier stage in a receiver. This is the
condition of antenna coupling which gives
maximum gain in the receiver. However,
when vhf tubes such as nuvistors and minia-
tures are used at frequencies somewhat less
than their maximum capabilities, a signifi-
cant improvement in signal-fo-noise ratio
can be attained by increasing the coupling
between the antenna and first tuned circuit
to a value greater than that which gives
greatest signal amplitude out of the receiver.
In other words, in the 10-, 6-, and 2-meter
bands it is possible to attain somewhat im-
proved signal-to-noise ratio by increasing
antenna coupling to the point where the
gain of the receiver is slightly reduced.

It is always possible, in addition, to obtain
improved signal-to-noise ratio in a vhf re-
ceiver through the use of tubes which have
improved input impedance characteristics at

the frequency in question over conventional
types.
Noise Factor The limiting condition for sen-
sitivity in any receiver is the
thermal noise generated in the antenna and
in the first tuned circuit. However, with
proper coupling between the antenna and
the grid of the tube, through the first tuned
circuit, the noise contribution of the first
tuned circuit can be made quite small. Un-
fortunately, though, the major noise contri-
bution in a properly designed receiver is that
of the first tube. The noise contribution due
to electron flow and due to losses in the tube
can be lumped into an equivalent value of
resistance which, if placed in the grid circuit
of a perfect tube having the same gain but
no noise would give the same noise voltage
output in the plate load. The equivalent
noise resistance of tubes such as the 6BAS6,
6DCé, etc., runs from 500 to 1000 ohms.
Very high g,, tubes such as the 6BZ6é and
6EH7 have equivalent noise resistances as
low as 300 to 700 ohms. The lower the
value of equivalent noise resistance, the
lower will be the noise output under a fixed
set of conditions.

The equivalent noise resistance of a tube
must not be confused with the actual input
loading resistance of a tube. For highest sig-
nal-to-noise ratio in an amplifier the input
loading resistance should be as high as pos-
sible so that the amount of voltage that can
be developed from grid to ground by the
antenna energy will be as high as possible.
The equivalent noise resistance should be as
low as possible so that the noise generated
by this resistance will be lower than that
attributable to the antenna and first tuned
circuit, and the losses in the first tuned cir-
cuit should be as low as possible.

The absolute sensitivity of receivers has
been designated in recent years in government
and commercial work by an arbitrary dimen-
sionless number known as “noise factor” or
N. The noise factor is the ratio of noise
output of a “perfect” receiver having a
given amount of gain with 2 dummy anten-
na matched to its input, to the noise output
of the receiver having the same amount of
gain with an injected signal, and the dummy
antenna matched to-its input. Although a
perfect receiver is not a physically realizable
thing, the noise factor of a receiver under
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measurement can be determined by calcula-
tion from the amount of additional noise
(from a temperature-limited diode or other
calibrated noise generator) required to in-
crease the noise-power output of a receiver
by a predetermined amount.

Tube Input As has been mentioned in a pre-
Loading  vious paragraph, greatest gain

in a receiver is obtained when
the antenna is matched, through the r-f
coupling transformer, to the input resistance
of the r-f tube. However, the higher the
ratio of tube input resistance to equivalent
noise resistance of the tube the higher will
be the signal-to-noise ratio of the stage—
and of course, the better will be the noise
factor of the over-all receiver. The input re-
sistance of a tube is very high at frequencies
in the broadcast band and gradually decreases
as the frequency increases. Tube input re-
sistance of conventional tube types begins to
become an important factor at frequencies of
about 25 MHz and above. At frequencies
above about 100 MHz the use of conven-
tional tube types becomes impractical
since the input resistance of the tube has
become so much lower than the equivalent
noise resistance that it is impossible to attain
reasonable signal-to-noise ratio on any but
very strong signals. Hence, special vhf tube
types such as the 6BCs, 6CW4, and 6EH7
must be used.

The lowering of the effective input re-
sistance of a vacuum tube at higher fre-
quencies is brought about by a number of
factors. The first, and most obvious, is the
fact that the dielectric loss in the internal
insulators, and in the base and press of the
tube increases with frequency. The second
factor is due to the fact that a finite time is
required for an electron to move from the
space charge in the vicinity of the cathode,
pass between the grid wires, and travel on
to the plate. The fact that the electrostatic
effect of the grid on the moving electron
acts over an appreciable portion of a dycle
at these high frequencies causes a current
flow in the grid circuit which appears to the
input circuit feeding the grid as a resistance.
The decrease in input resistance of a tube
due to electron transit time varies as the
square of the frequency. The undesirable
effect of transit time can be reduced in
certain cases by the use of higher plate volt-

ages. Transit time varies inversely as the
square root of the applied plate voltage.

Cathode lead inductance is an additional
cause of reduced input resistance at high
frequencies. This effect has been reduced in
certain tubes such as the 6EAS and the
6BCs by providing two cathode leads on
the tube base. One cathode lead should be
connected to the input circuit of the tube
and the other lead should be connected to
the bypass capacitor for the plate return of
the tube.

The reader is referred to the Radiation
Laboratory Series, Volume 23: Microwave
Receivers (McGraw-Hill, publishers) for ad-
ditional information on noise factor and in-
put loading of vacuum tubes.

7-2 Plate-Circuit
Considerations

Noise is generated in a vacuum tube by
the fact that the current flow within the
tube is not a smooth flow but rather is made
up of the continuous arrival of particles
(electrons) at a very high rate. This shot
effect is a source of noise in the tube, but
its effect is referred back to the grid circuit
of the tube since it is included in the equiv-
alent noise resistance discussed in the preced-
ing paragraphs.

Plate-Circuit For the purpose of this section,
Coupling it will be considered that the

function of the plate load cir-
cuit of a tuned vacuum-tube amplifier is to
deliver energy to the next stage with the
greatest efficiency over the required band of
frequencies. Figure 1 shows three methods
of interstage coupling for tuned r-f voltage
amplifiers. In figure 1A omega () is 2w
times the resonant frequency of the circuit
in the plate of the amplifier tube, and L and
Q are the inductance and Q of the inductor
L. In figure 1B the notation is the same and
M is the mutual inductance between the
primary coil and the secondary coil. In fig-
ure 1C the notation is again the same and &
is the coefficient of coupling between the
two tuned circuits. As the coefficient of
coupling between the circuits is increased
the bandwidth becomes greater but the re-
sponse over the band becomes progressively
more double-humped. The response over the
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band is the flattest when the Q’s of pri-
mary and secondary are approximately the
same and the value of each Q is equal to

1.75 /k.

Varioble-x Tubes
in R-F Stages

It is common practice
to control the gain of a
succession of r-f or i-f
amplifier stages by varying the average bias
on their control grids. However, as the bias
is raised above the operating value on a
conventional sharp-cutoff tube the tube be-
comes increasingly nonlinear in operation as
cutoff of plate current is approached. The
effect of such nonlinearity is to cause cross-
modulation between strong signals which
appear on the grid of the tube. When a tube
operating in such a manner is in one of the
first stages of a receiver a number of signals
are appearing on its grid simultaneously and
cross-modulation between them will take
place. The result of this effect is to produce

a large number of spurious signals in the
output of the receiver—in most cases these
signals will carry the modulation of both the
carriers which have been cross-modulated to
produce the spurious signal.

The undesirable effect of cross-modulation
can be eliminated in most cases and greatly
reduced in the balance through the use
of a variable-p. tube in all stages which
have avc voltage or other large negative
bias applied to their grids. The variable-u
tube has a characteristic which causes the
cutoff of plate current to be gradual with
an increase in grid bias, and the reduction in
plate current is accompanied by a decrease
in the effective amplification factor of the
tube. Variable-pt tubes ordinarily have some-
what reduced &m as compared to a sharp-
cutoff tube of the same group. Hence the
sharp-cutoff tube will perform best in stages
to which avc voltage is not applied.

RADIO-FREQUENCY POWER AMPLIFIERS

All modern transmitters in the medium-
frequency range and an increasing percent-
age of those in the vhf and uhf ranges con-
sist of a comparatively low-level source of
radio-frequency energy which is multiplied
in frequency and successively amplified to
the desired power level. Microwave trans-
mitters may be of the self-excited oscil-
lator type, but when it is possible to use
r-f amplifiers in uhf transmitters the flex-
ibility of their application is increased.
The following portion of this chapter will
be devoted, however, to the method of
operation and calculation of operating char-
acteristics of r-f power amplifiers for op-
eration in the range of approximately 3.5 to
500 MHz.

7-3 Class-C R-F

Power Amplifiers

The majority of r-f power amplifiers fall
inthe class-Band-C modes since such stages
can be made to give the best plate-circuit
efficiency of any present type of vacuum-
tube amplifier. Hence, the cost of tubes for
such a stage and the cost of the power to
supply that stage is least for any given

power output. Nevertheless, the class-C am-
plifier gives less power gain than either a
class-A or class-B amplifier under similar
conditions since the grid of a class-C stage
must be driven highly positive over the por-
tion of the cycle of the exciting wave when
the plate voltage on the amplifier is low, and
must be at a large negative potential over a
large portion of the cycle so that no plate
current will flow except when plate voltage
is very low. This, in fact, is the fundamental
reason why the plate-circuit efficiency of a
class-C amplifier stage can be made high—
plate current is cut off at all times except
when the plate-to-cathode voltage drop
across the tube is at its lowest value. Class-
C amplifiers almost invariably operate into
a tuned tank circuit as a load, and as a result
are used as amplifiers of a single frequency
or of a comparatively narrow band of fre-
quencies.

Relationships in  Figure 2 shows the relation-
Class-C Stage  ships between the various

voltages and currents over
one cycle of the exciting grid voltage for a
class-C amplifier stage. The notation given
in figure 2 and in the discussion to follow
is the same as given at the first of Chapter

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Class-C R-F Amplifiers 151

.3:,.

T3 1

O+s

@ AMPLIFICATION AT RESONANCE (APPROX) sGuwLQ

M

Le

/
T
5
a1
a/fa

Jdan—
7] i

L.
n

M

n g

+8

(® AMPLIFICATION AT RESONANCE (APPROX. EGMOMQ

M
F=) e 1IN
\[-j 7ce 7cs
s 4 )= M Le Ls
1T
i L
— +8 -

Wiz
e

WHERE: 1. PRI. AND SEC. RESONANT AT SAME FREQUENCY
2. K 1S COEPFICIENT OF COUPLING

1F PRI AND SEC. Q ARE APPROXIMATELY THE SAME :

TE 1"! !uNEIID’TH
CEnTER FREGUEREY @ 2 R

MAXIMUM AMPLITUDE OCCURS AT CRITICAL COUPLING -
WHEN K = i —
vVQe Qs

Galn equations for pentode r-f amplifier
stages operating into & tuned load

© AMPLIFICATION AT RESONANCE(APPROT-GMK

Six under “Symbols for Vacuum-Tube Pa-
rameters.”

The various manufacturers of vacuum
tubes publish booklets listing in adequate
detail alternative class-C operating condi-
tions for the tubes which they manufacture.
In addition, operating-condition sheets for
any particular type of vacuum tube are
available for the asking from the different
vacuum-tube manufacturers. It is, neverthe-
less, often desirable to determine optimum
operating conditions for a tube under a par-
ticular set of circumstances. To assist in
such calculations the following paragraphs

|
| FUNDAMENTAL COMPONENT
OF PLATE CURRENT

Figure 2

Instantanecus electrode and tank-circuit volt-
ages and currents for a class-C r-f power
amplifier

are devoted to a method of calculating class-
C operating conditions which is moderately
simple and yet sufficiently accurate for all

practical purposes.
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lolcﬂomhlp between the peak valve of the

n? of the tube plate cur-

rom, and worcgo plate current; as compared

to the ratio of the instantaneocus peak valve

of tube plate current, and average plate cur-
rent valve.

A Tube Performance Calculator for class-
AB,, class-B, and class-C service may be
obtained at no cost by writing: Application
Engineering Dept.; Eimac, a Division of
Varian; San Carlos, California.

Calculation of Class- Although class-C op-
C Amplifier Operating erating conditions can

Characterisics be determined with
the aid of the more
conventional  grid - voltage/plate - current

operating curves, the calculation is consider-
ably simplified if the alternative comstant-
current curve of the tube in question is
used. This is true since the operating line of
a class-C amplifier is a straight line on a set
of constant-current curves. A set of con-
stant-current curves for the 250-TH tube
with a sample load line drawn thereon is
shown in figure §.

In calculating and predicting the opera-
tion of a vacuum tube as a class-C radio-
frequency amplifier, the considerations which
determine the operating conditions are plate
efficiency, power output required, maximum
allowable plate and grid dissipation, maxi-
mum allowable plate voltage,and maximum
allowable plate current. The values chosen

for these factors will depend on the demands
of a particular application of the tube.

The plate and grid currents of a class-C
amplifier tube are periodic pulses, the dura-
tions of which are always less than 180 de-
grees. For this reason the average grid cur-
rent, average plate current, power output,
driving power, etc., cannot be directly cal-
culated but must be determined by a Fourier
analysis from points selected at proper in-
tervals along the line of operation as plotted
on the constant-current characteristics. This
may be done either analytically or graphical-
ly. While the Fourier analysis has the ad-
vantage of accuracy, it also has the dis-
advantage of being tedious and involved.

The approximate analysis which follows
has proved to be sufficiently accurate for
most applications. This type of analysis also
has the advantage of giving the desired in-
formation at the first trial. The system is
direct in giving the desired information since
the important factors, power output, plate
efficiency, and plate voltage are arbitrarily
selected at the beginning.

Method of The first step in the method to
Calculation be described is to determine the
power which must be delivered
by the class-C amplifier. In making this de-
termination it is well to remember that
ordinarily from § to 10 percent of the power
delivered by the amplifier tube or tubes will
be lost in well-designed tank and coupling
circuits at frequencies below 20 MHz.
Above 20 MHz the tank and circuit losses
are ordinarily somewhat above 10 percent.

The plate power input necessary to pro-
duce the desired output is determined by the
plate efficiency: Py, = Poy¢/Np.

For most applications it is desirable to op-
erate at the highest practicable efficiency.
High-efficiency operation usually requires
less-expensive tubes and power supplies, and
the amount of external cooling required is
frequently less than for low-efficiéncy opera-
tion. On the other hand, high-efficiency op-
eration usually requires more driving power
and involves the use of higher plate voltages
and higher peak tube voltages. The better
types of triodes will ordinanly operate at a
plate efficiency of 75 to 85 percent at the
highest rated plate voltage, and at a plate
efficiency of 65 to 75 percent at intermediate
values of plate voltage.
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The first determining factor in selecting
a tube or tubes for a particular application
\ is the amount of plate dissipation which will
- be required of the stage. The total plate dis-
sipation rating for the tube or tubes to be
j_ \ used in the stage must be equal to or greater
4
&

\ than that calculated from: P, = Py — Pout.
o \ After selecting a tube or tubes to meet
\ the power output and plate dissipation re-
N quirements it becomes necessary to determine
N from the tube characteristics whether the
N N tube selected is capable of the desired opera-
~N tion and, if so, to determine the driving
N power, grid bias, and grid dissipation.

™ The complete procedure necessary to de-
- [~ termine a set of class-C amplifier operating

~to -1.8 -20 -2.8 -30 I . . . . .
nario £ conditions is given in the following steps:

Figure 4 1. Select the plate voltage, power output,

Relationship between the ratio of the peak and eﬂicwncy.

valve of the fundamental component of the 2. Determine plate input from: P, =
grid excitation voltage, and the average grid Pout /Np.
:,'::’;.::,::"'::;;‘ ":,'"::,:::" .:;"':::n:'; 3. Determine plate dissipation from:
grid current Pp = Pm b Pout- Pp must not exceed
FIRST TRIAL POINT FINAL POINT
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Figure 5

CONSTANT CURRENT CURVES FOR 250-TH
Active portion of the operating load line for an Eimac 250TH class-C r-f power amplifier, showing
tirst trial point and the final operating point
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10.

11.

12.

13.

maximum rated plate dissipation for

tube or tubes selected.

Determine average plate current from:
Ib — Pln/Ebb-

Determine approximate #, may from:

bymax = 4.9 I for N, = 0.85
by max = 4.5 I, for N, — 0.80
i max = 4.0 I;, for N, = 0.75

f max = 3.5 I for N, = 0.70
Locate the point on constant-current
characteristics where the constant
plate-current line corresponding to the
appropriate #, max determined in step §
crosses the line of equal plate and grid
voltages (diode line). Read e; min at
this point. In a few cases the lines of
constant plate current will inflect
sharply upward before reaching the
diode line. In these cases €p min should
not be read at the diode line but at
the point where the plate current line
intersects a line drawn from the ori-
gin through these points of inflection.
Calculate E,, from:
Epm = Ewp — €p min
Calculate the ratio I, /I, from:

Lm _ 2N, Ey
Ib - Epm

From the ratio of I,,,/Iy calculated in
step 8 determine the ratio i, nax/Is
from figure 3.

Calculate a new value for #, max from
the ratio found in step 9.

#, max = (ratio from step 9) I,

Read egmp and #g max from the constant-
current characteristics for the values
of €, min and #, pax determined in steps
6 and 10.

Calculate the cosine of one-half the
angle of plate-current flow from:

cos 8, = 2.32 (le— - 157 )
b

Calculate the grid bias voltage from:

1
Eee = 1 — cosb,
E E
[ (B o) = 2]
for triodes.

Ece = 1
1 — cos 6,

| ]
— egmpcos § —
a2

for tetrodes, where p,, is the grid-
screen amplification factor, and E.; is
the d-c screen voltage.

14, Calculate the peak fundamental grid
excitation voltage from:

Egm = €gmp — E,.

15. Calculate the ratio Egn/E.. for the
values of E.. and Egy found in steps
13 and 14.

16. Read i max/Ic from figure 4 for the
ratio Egn/E.. found in step 15.

17. Calculate the average grid current
from the ratio found in step 16, and
the value of ig sy found in step 11:

I — ’g max
¢ Ratio from step 16

18. Calculate approximate grid driving
power from:

Py = 0.9 Egl,

19. Calculate grid dissipation from:
P, = Py + Eel,
Pg must not exceed the maximum
rated grid dissipation for the tube se-
lected.

Sample A typical example of class-C
Calculation amplifier calculation is shown in
the example below. Reference is
made to figures 3, 4 and § in the calcula-
tion.
1. Desired power output—3800 watts.
2. Desired plate voltage—3500 volts.
Desired plate efficiency—80 percent
(N, = 0.80)
Py, — 800/0.80 = 1000 watts
3. P, = 1000 — 800 — 200 watts
Use 250TH; max P, = 250w; p — 37.
4. I, = 1000/3500 — 0.285 ampere
(285 ma) Max. I, for 250TH is 350

ma.
§. Approximate f, pa, = 0.285 X 4.5
= 1.28 ampere
6. €y min = 260 volts (see figure § first
trial point)

Eym = 3500 — 260 = 3240 volts
Im/Iy = 2 X 0.80 X 3500/3240 =
5600/3240 = 1.73

@ N

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Class-C Operating Characteristics

155

9. ip max/Iv = 4.1 (from figure 3)
10. i, max = 0.285 X 4.1 = 1.17
11. egmp = 240 volts

ig max — 0.430 amperes
(Both above from final point on

figure §)
12. cos 8, = 2.32 (1.73 — 1.57) = 0.37
(6, = 68.3°)
13. E - ! X
T 1 =037
3240 3500
037 | = — - =
[057 (2% -0 ) - 2]
= —240 volts
14. Egm = 240 — (—240) — 480 volts
grid swing
15. Egn/Ece = 480/ — 240 = —2

16. ig max/Ic = 5.75 (from figure 4)

17. I, = 0.430/5.75 = 0.075 amp (75
ma) grid current

18. Po = 0.9 X 480 X 0.075 = 32.5
watts driving power

19. P, = 32.5 —(—240 X 0.75)
14.5 watts grid dissipation
Max P, for 250TH is 40 watts

The power output of any type of r-f am-
plifier is equal to:

LimEpm/2 = P,

Ipm can be determined, of course, from
the ratio determined in step 8 above (in this
type of calculation) by multiplying this
ratio times Iy.

It is frequently of importance to know
the value of load impedance into which a
class-C amplifier operating under a certain
set of conditions should operate. This is
simply Ry, = Epm/Iym- In the case of the
operating conditions just determined for a
250TH amplifier stage the value of load
impedance is:

Ipm
I = 2% X1,
_ Epm _ 3240
R.= T = 495 = 6600 ohms

Q of Amplifier In order to obtain proper plate
Tank Circuit  tank-circuit tuning and low

radiation of harmonics from
an amplifier it is necessary that the plate
tank circuit have the correct Q. Charts giv-

ing compromise values of Q for class-C am-
plifiers are given in the chapter, Generation
of R-F Energy. However, the amount of in-
ductance required for a special tank-circuit
Q under specified operating conditions can
be calculated from the following expression:

Ry

wL=Q

where,

o equals 2 = X operating frequency,

L equals tank inductance,

Ry, equals required tube load impedance,

Q equals effective tank circuit Q.

A tank circuit Q of 12 to 20 is recom-
mended for all normal conditions. However,
if a balanced push-pull amplifier is employed
the tank receives two impulses per cycle and
the circuit Q may be lowered somewhat
from the above values.

Quick Method of
Calculating Amplifier
Plate Efficiency

The plate-circuit effi-
ciency of a class-B or
class-C r-f amplifier
can be determined
from the following facts. The plate-circuit
efficiency of such an amplifier is equal to
the product of two factors: F,, which is
equal to the ratio of Eyn to Ew (F, =

° -
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angle of plate-curreat flow In an amplifier

with sine-wave Imput and output voltage,

operating at a grid-blas voltage greater than
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Epm/Ewv), and Fp, which is proportional to
the one-half angle of plate current flow 6,.
A graph of F, against both 6, and cos 8, is
given in figure 6. Either 6, or cos 6, may
be used to determine F,. Cos 6, may be deter-
mined either from the procedure previously
given for making class-C amplifier computa-
tions or it may be determined from the fol-
lowing expression:

—_ PvEcc + Ebh
cos by #Egm — Epm
Example of [t is desired to know the one-
Method half angle of plate-current flow
and the plate-circuit efficiency
for an 812 tube operating under the follow-
ing conditions which have been assumed
from inspection of the data and curves
given in the RCA Transmitting Tube Hand-
book:

1. Ehh = 1100 volts
E.c. = —40 volts
m = 29
Egm = 120 volts
Epn = 1000 volts
2. F1 = Epm/Ehh = 091
3. cosf. — —29 X 40 + 1100 _
’ 29 X 120 — 1000
60 = 0.025
2480 ~
4, F, = 0.79 (by reference to
hgure 6)
5. N, = F, X F, = 0.91 X 0.79 =

0.72 (72 percent efficiency)

F, could be called the plate-voltage-swing
efficiency factor, and F, can be called the
operating-angle efficiency factor or the maxi-
mum possible efficiency of any stage running
with that value of half-angle of plate cur-
rent flow.

Ny is, of course, only the ratio between
power output and power input. If it is de-
sired to determine the power input, exciting
power, and grid current of the stage, these
can be obtained through the use of steps 7,
8, 9, and 10 of the previously given method
for determining power input and output; and
knowing that e max is 0.095 ampere, the
grid-circuit conditions can be determined
through the use of steps 15, 16,17, 18,and 19.

7-4 Class-B Radio-
Frequency Power Amplifiers

Radio-frequency power amplifiers operat-
ing under class-B conditions of grid bias
and excitation voltage are used in various
types of applications in transmitters, The
first general application is as a buffer-ampli-
fier stage where it is desired to obtain a high
value of power amplification in a particular
stage. A particular tube type operated with
a given plate voltage will be capable of
somewhat greater output for a certain
amount of excitation power when operated
as a class-B amplifier than when operated as
a class-C amplifier.

Calculation of
Operating
Characteristics

Calculation of the operating
conditions for this type of
class-B r-f amplifier can be
carried out in a manner simi-
lar to that described in the previous para-
graphs, except that the grid-bias voltage is
set on the tube before calculation at the
value: E.c = — Eu/p. Since the grid bias
is set at cutoff the one-half angle of plate-
current flow is 90°; hence cos 6, is fixed at
0.00. The plate-circuit efficiency for a class-
B r-f amplifier operated in this manner can
be determined in the following manner:

Epm

N,=78.s Eu

The “’Class-B  The second type of class-B r-f
Linear” amplifier is the so-called class-

B linear amplifier which is of-
ten used in transmitters for the amplifica-
tion of a single-sideband signal or a conven-
tional amplitude-modulated wave. Calcula-
tion of operating conditions may be carried
out in a manner similar to that previously
described with the following exceptions: The
first trial operating point is chosen on the
basis of the 100 percent positive modulation
peak (or PEP condition) of the exciting
wave. The plate-circuit and grid-peak volt-
ages and currents can then be determined
and the power input and output calculated.
Then, with the exciting voltage reduced to
one-half for the no-modulation condition of
the exciting wave, and with the same value
of load resistance reflected on the tube, the
a-m plate input

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Class-B R-F Amplifiers

157

PLATE VOLTS

Figure 7
AVERAGE PLATE CHARACTERISTICS OF 813 TUBE
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and plate efficiency will drop to approxi-
mately one-half the values at the 100 per-
cent positive modulation peak and the power
output of the stage will drop to one-fourth
the peak-modulation value. On the negative
modulation peak the input, efficiency, and
output all drop to zero.

In general, the proper plate voltage, bias
voltage, load resistance, and power output
listed in the tube tables for class-B audio
work will also apply to class-B linear r-f ap-
plication.

Calculation of Oper-
ating Parameters for a
Closs-B Linear Amplifier

Figure 7 illustrates
the characteristic
curves for an 813
tube. Assume the
plate supply to be 2000 volts, and the screen
supply to be 400 volts. To determine the
operating parameters of this tube as a class-
B linear SSB r-f amplifier, the following
steps should be taken:

1. The grid bias is chosen so that the
resting plate current will produce ap-
proximately 1/3 of the maximum
plate dissipation of the tube. The max-
imum dissipation of the 813 is 125
watts, so the bias is set to allow one-
third of this value, or 42 watts of
resting dissipation. At a plate poten-
tial of 2000 volts, a plate current of

21 milliamperes will produce this fig-
ure. Referring to figure 7, a grid bias
of —45 volts is approximately cor-
rect.

A practical class-B linear r-f amplifier
runs at an efficiency of about 66% at
full ouput, the carrier efficiency drop-
ping to about 339% with a modulated
exciting signal. In the case of single-
sideband suppressed-carrier excitation,
the linear amplifier runs at the resting
or quiescent input of 42 watts with
no exciting signal. The peak allow-
able power input to the 813 is:

Input peak power (W) =
plate dissipation X 100

(100 — 9 plate efficiency)

—]3% X 100 = 379 watts

The maximum d-c signal plate current
is:
379

2000
= 0.189 ampere

_ Y

ID max — Ep

. The plate current flow of the linear

amplifier is 180°, and the plate cur-
rent pulses have a peak of 3.14 times
the maximum signal current:
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a 10. For an operating frequency of 4.0
MHz, the effective resonant capacity
. is:
EC2%+4a00 V.
2e0 \ Ecazov, _ 108 _
| \\ Eci= 100w €= x40 X 445 20 pf
Jool—\perrat - 11. The inductance required to resonate at
: A\ Ec,,;\l 4.0 MHz with this value of capacity
“‘“ leci= &% is:
\ P—
Eci=+200— L= W
% L 200 500 7 6.28 X 4.0
PLATE VOLTS Ee
= 17.8 microhenries
LLJTOU Grid-Circuit 1. The maximum positive
E.. VERSUS E, CHARACTERISTICS OF 813 Considerations grid potential is 60
TUBE volts, and the peak r-f
grid voltage is 105 volts. Required
ip max =3.14 X 0.189 — 0.595 ampere driv.ing pOW?l‘ is 0.525 watt. The
5. Referring to figure 7, a current of Fqulvalent grid resistance of this stage
about 0.595 ampere (Point A) will 185
flow at a positive grid potential of 60 (eg)* 1052
volts and a2 minimum plate potential Re= 53 = 7Xo0s525 —
of 420 volts. The grid is biased at s )
—45 volts, so a peak r-f grid voltage 10,000 ohms
of 60 + 45 volts, or 105 volts, swing

2. As in the case of the class-B audio am-
plifier the grid resistance of the linear
amplifier varies from infinity to a low
value when maximum grid current is
drawn. To decrease the effect of this
resistance excursion, a swamping resis-
tor should be placed across the grid-

i$ required.

6. The grid driving power required for
the class-B linear stage may be found
by the aid of figure 8. It is one-third
the product of the peak grid current
times the peak grid swing.

0.015 X 105 k circuit. Th 1 £ the resi
P. — — 0.525 watt tank circuit. The value o resistor
y 3 v should be dropped until a shortage of
7. The single-tone power output of the driving power begins to be noticed.
813 stage is: For this example, a resistor of 3000
P, =785 (Ey —€pmin) X I ohms is used. The grid circuit load for
P, = 78.5 (2000 —420) X .189 = no grid current is now 3000 ohms in-
235 watts stead of infinity, and drops to 2300
8. The plate load resistance is: ohms when maximum grid current is
E, — € min 1580 drawn. .
Ry = XT =S e oy 3. A circuit Q of 15 is chosen for the
ot 53 2'0 ohr;ns grid tank. The capacitive reactance
. uired is:
9. If a loaded plate tank circuit Q of 12 a
is desired, t_he reactance of the plate Xo = 2300 — 154 ohms
tank capacitor at the resonant fre-
quency should be: R 4. At 4.0 MHz the effective capacitance
reactance (ohms) = ?L is:
10
5320 C = = 259 pf
=7 6.28 X 4.0 X 154 g
= 445 ohms 5. The inductive reactance required to
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resonate the grid circuit at 4.0 MHz
is:
154

= ——————— = 6. i i

L 228 X 4.0 1 microhenries

6. By substituting the loaded-grid resist-
ance figure in the formula in the first
paragraph, the grid driving power is
now found to be approximately 2.4
watts.

Screen-Circuit
Consideraotions

By reference to the plate
characteristic curve of the
813 tube, it can be seen that
at 2 minimum plate potential of 420 volts,
and 2 maximum plate current of 0.6 ampere,
the screen current will be approximately 30
milliamperes, dropping to one or two milli-
amperes in the quiescent state. It is necessary
to use'a well-regulated screen supply to hold
the screen voltage at the correct potential
over this range of current excursion. The use
of an electronically regulated screen supply
is recommended.

7-5 Special R-F Power
Amplifier Circuits

The r-f power amplifier discussions of
Sections 7-3 and 7-4 have been based on the
assumption that a conventional grounded-
cathode or cathode-return type of amplifier
was in question. It is possible, however, as in
the case of a-f and low-level r-f amplifiers
to use circuits in which electrodes other than
the cathode are returned to ground insofar
as the signal potential is concerned. Both the
plate-return or cathode-follower amplifier
and the grid-return or grounded-grid am-
plifier are effective in certain circuit applica-
tions as tuned r-f power amplifiers.

Disadvantages of  An undesirable aspect of
Grounded-Cothode the operation of cathode-
Amplifiers return r-f power ampli-

fiers using triode tubes is
that such amplifiers must be neutralized.
Principles and methods of neutralizing r-f
power amplifiers are discussed in the chapter
Generation of R-F Energy. As the frequency
of operation of an amplifier is increased the
stage becomes more and more difficult to
neutralize due to inductance in the grid and

cathode leads of the tube and in the leads to
the neutralizing capacitor. In other words
the bandwidth of neutralization decreases as
the presence of the neutralizing capacitor
adds additional undesirable capacitive load-
ing to the grid and plate tank circuits of
the tube or tubes. To look at the problem in
another way, an amplifier that may be per-
fectly neutralized at a frequency of 30 MHz
may be completely out of neutralization at a
frequency of 120 MHz. Therefore, if there
are circuits in both the grid and plate cir-
cuits which offer appreciable impedance at
this high frequency it is quite possible that
the stage may develop a parasitic oscilla-
tion in the vicinity of 120 MHz.

Grounded-Grid This condition of restricted-
R-F Amplifiers range neutralization of r-f

power amplifiers can be great-
ly alleviated through the use of a cathode-
driven or grounded-grid r-f stage. The
grounded-grid amplifier has the following
advantages:

1. The output capacitance of a stage is
reduced to approximately one-half the
value which would be obtained if the
same tube or tubes were operated as a
conventional neutralized amplifier.

2. The tendency toward parasitic oscilla-
tions in such a stage is greatly reduced
since the shielding effect of the control
grid between the filament and the
plate is effective over a broad range of
frequencies.

3. The feedback capacitance within the
stage is the plate-to-cathode capaci-
tance which is ordinarily very much
less than the grid-to-plate capacitance.
Hence neutralization is ordinarily not
required. If neutralization is required
the neutralizing capacitors are very
small in value and are cross-connected
between plates and cathodes in a push-
pull stage, or between the opposite end
of a split plate tank and the cathode
in a single-ended stage.

The disadvantages of a grounded-grid am-
plifier are:

1. A large amount of excitation energy
is required. However, only the normal
amount of energy is lost in the grid
circuit of the amplifier tube; all addi-
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tional energy over this amount is de-
livered to the load circuit as useful
output.

2. The cathode of a grounded-grid am-
plifier stage is above r-f ground. This
means that the cathode must be fed
through a suitable impedance from the
filament supply, or the filament trans-
former must be of the low capacitance
type and adequately insulated for the
t-f voltage which will be present.

3. A grounded-grid r-f amplifier cannot
be plate modulated 100 percent unless
the output of the exciting stage is
modulated also. Approximately 70 per-
cent modulation of the exciter stage,
while the final stage is modulated
100 percent, is recommended. How-
ever the grounded-grid r-f amplifier
is quite satisfactory as a class-B linear
t-f amplifier for single-sideband or
conventional amplitude-modulated
waves or as an amplifier for a straight
c-w or f-m signal.

Figure 9 shows a simplified representation
of a grounded-grid triode r-f power ampli-
fier stage. The relationships between input
and output power and the peak fundamental
components of electrode voltages and cur-
rents are given below the drawing. The cal-
culation of the complete operating condi-
tions for a grounded-grid amplifier stage is
somewhat more complex than that for a
conventional amplifier because the input cir-
cuit of the tube is in series with the output
circuit as far as the load is concerned. The
primary result of this effect is, as stated be-
fore, that considerably more power is re-
quired from the driver stage. The normal
power gain for a g-g stage is from 3 to 15
depending on the grid-circuit conditions
chosen for the output stage. The higher the
grid bias and grid swing required on the
output stage, the higher will be the require-
ment from the driver.

Calculation of Operating
Conditions of Grounded-
Grid R-F Amplifiers

It is most conven-
ient to determine
the operating con-
ditions for a class-
B or class-C grounded-grid r-f power am-
plifier in a two-step process. The first step
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Figure 9

GROUNDED-GRID CLASS-B OR CLASS-C
AMPLIFIER

The equaotions in the above figure give the

relationships between the fundamental com-

ponents of grid and plote potential and cur-

rent, and the power input and power output

of the stage, An expression for the approxi-
maote cothode impedance Is given.

is to determine the plate-circuit and grid-
circuit operating conditions of the tube as
though it were to operate as a conventional
cathode-return amplifier stage. The second
step is then to add in the additional condi-
tions imposed on the operating conditions by
the fact that the stage is to operate as a
grounded-grid amplifier.

For the first step in the calculation the
procedure given in Section 7-3 is quite satis-
factory and will be used in the example to
follow. Suppose we take for our example the
case of a type 304TL tube operating at 2700
plate volts at a kilowatt input in class-C
service. Following through the procedure
previously given:

1. desired power output—850 watts
desired plate voltage—2700 volts
desired plate efficiency—8$5 percent
(N, = 0.85).

2. P, = 850/0.85 = 1000 watts.

3. P, = 1000 — 850 = 150 watts.
Type 304TL chosen; max. P, = 300
watts; p = 12.
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4. I, = 1000/2700 = 0.370 ampere
(370 ma).

§. Approximate # max — 4.9 X 0.370 =
1.81 ampere.

6. €pmin = 140 volts (from 304TL con-
stant current curves).

7. Epm = 2700 — 140 = 2560 volts.

Im/Iy = 2 X 0.85 X 2700/2560 =

1.79.

9. ip max/Ip = 4.65 (from figure 3)

10. #, max = 4.65 X 0.370 = 1.72 amperes

11. egmp = 140 volts
#g max = 0.480 amperes

12. Cos 8, = 2.32 (1.79—1.57) = 0.51

6, = 59°
1
. Egp = ——™—
13 Eee 1—0.51
2560 2700
[ 0.51 ( 12 140 ) 12 ]
— — 385 volts
14. E;p, = 140— (—385) = 52§ volts
15. Egm/Eee = —1.36

16. ig max/lc = approx. 8.25 (extrapolated
from figure 4)

17. I, = 0.480/8.25 = 0.058 (58 ma d-c
grid current)

18. Po = 0.9 X 525 X 0.058 = 27.5
watts

19. P, = 27.5 — (—385 X 0.058) = 5.2
watts
Max. Pg for 304TL is 50 watts

We can check the operating plate efficien-
cy of the stage by the method described in
Section 7-4 as follows:

Fy = Epn/Eny = 2560/2700 = 0.95

F, for 0, of 59° (from figure 6) = 0.90

N, =F, X F, = 0.95 X 0.90 = Approx.
0.85 (85 percent plate efficiency)

Now, to determine the operating condi-
tions as a grounded-grid amplifier we must
also know the peak value of the fundamental
components of plate current. This is simply
equal to (Ipm/Iv) Ib, or:

Ipm = 1.79 X 0.370 = 0.660 amperes
(from 4 and 8 above)

The total average power required of the
driver (from figure 9) is equal to Egnlom/2
(since the grid is grounded and the grid
swing appears also as cathode swing) plus

P4 which is 27.5 watts from 18 above. The
total is:

525 X 0.660

total drive =
a rve 2

= 172.5 watts + 27.5 watts or
200 watts

Therefore the total power output of the
stage is equal to 850 watts (contributed by
the 304TL) plus 172.5 watts (contributed
by the driver) or 1022.5 watts. The cathode
driving impedance of the 304TL (again re-

ferring to figure 7) is approximately:

Z, = 525/(0.660 + 0.116) =
approximately 675 ohms

Plate-Return or
Cathode-Follower R-F
Power Amplifier

Circuit diagram, elec-
trode potentials and
currents, and operat-
ing conditions for a
cathode-follower r-f power amplifier are
given in figure 10. This circuit can be used,
in addition to the grounded-grid circuit just

A Ecus
Wg L
o K Epm 7~

1 se

—_—

— lpm

Ipm+ 1
POWER OUTPUT TO LOAD @ _Em_(:u—cu)_

POWER DELIVERED BY OUTPUT TUBE = —Eﬂ‘z—!m

POWER FROM DRIVER TO LOAD = EL:Q"—

TOTAL POWER FROM DRIVER = -—E-‘%ii— + !-Emezi:'—l‘-"—

= APPROX. LELH"_eiI;"LLLL
ASSUMING !qu? 1.8 l¢

POWER ABSORBED BY OUTPUT TUBE GRID AND BIAS SUPPLY:
=2 apPROx. 0.9 (Ecc + €omp) lc

F P —Eam _ , appaox. (Epu+ Ogup)
Iom

1.8 I¢c

Figure 10

CATHODE-FOLLOWER R-F POWER
AMPLIFIER

Showing the relationships between the tube

potentials and currents and the input and out-

put power of the stage. The approximate grid
impedance olso Is given.
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discussed, as an r-f amplifier with a triode
tube and no additional neutralization cir-
cuit. However, the circuit will oscillate if
the impedance from cathode to ground is
allowed to become capacitive rather than
inductive or resistive with respect to the
operating frequency. The circuit is not rec-
ommended except for vhf or uhf work with
coaxial lines as tuned circuits since the peak
grid swing required on the r-f amplifier
stage is approximately equal to the plate
voltage on the amplifier tube if high-effi-
ciency operation is desired. This means, of
course, that the grid tank must be able to
withstand slightly more peak voltage than
the plate tank. Such a stage may not be
plate modulated unless the driver stage is
modulated the same percentage as the final
amplifier. However, such a stage may be
used as an amplifier of modulated waves
(class-B linear) or as a c-w or f-m amplifier.

The design of such an amplifier stage is
essentially the same as the design of a
grounded-grid amplifier stage as far as the
first step is concerned. Then, for the second
step the operating conditions given in figure
10 are applied to the data obtained in the first
step. As an example, take the 304TL stage
previously described. The total power re-
quired of the driver will be (from figure 10)
approximately (2700 X 0.058 X 1.8)/2 or
141 watts. Of this 141 watts 27.5 watts (as
before) will be lost as grid dissipation and
bias loss and the balance of 113.5 watts will
appear as output. The total output of the
stage will then be approximately 963 watts.

Cathode Tonk of The cathode tank circuit
G-G or C-F for either a grounded-grid
Power Amplifier or cathode-follower r-f

power amplifier may be a
conventional tank circuit if the filament
transformer for the stage is of the low-
capacitance high-voltage type. Conventional
filament transformers, however, will not op-
erate with the high values of r-f voltage
present in such a circuit. If a2 conventional
filament transformer is to be used, the cath-
ode tank coil may consist of two parallel
heavy conductors (to carry the high fila-
ment current) bypassed at both the ground
end and at the tube socket. The tuning ca-
pacitor is then placed between filament and
ground. It is possible in certain cases to use

4-250A,4-400A ,ETC

DRIVE

' —t—t—i—

Tl

Figure 11

TAPPED INPUT CIRCUIT REDUCES
EXCESSIVE GRID DISSIPATION
IN G-G CRCUIT
€ = 20 pt per meter wavelength
RFC = Dual-winding on Vi-inch diameter,

3Va-inch long ferrite rod. (Laftayette
Radio, N.Y.C. $£MS5-333).

two r-f chokes of special design to feed the
filament current to the tubes, with 2 con-
ventional tank circuit between filament and
ground. Coaxial lines also may be used to
serve both as cathode tank and filament feed
to the tubes for vhf and uhf work.

Control-Grid Dissipation Tetrode tubes may be
in Grounded-Grid Stages operated as grounded-

grid (cathode-driven)
amplifiers by tying the grid and screen
together and operating the tube as high-u
triode (figure 11). Combined grid and
screen current, however, is a function of
tube geometry and may reach destructive
values under conditions of full excitation.
Proper division of excitation between grid
and screen should be as the ratio of the
screen-to-grid amplification, which is ap-
proximately § for tubes such as the 4-250A,
4-4004, etc. The proper ratio of grid/screen
excitation may be achieved by tapping the
grid at some point on the input circuit, as
shown. Grid dissipation is reduced, but the
overall level of excitation is increased about
30% over the value required for simple
grounded-grid operation.
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7-6  Class-AB: Radio-
Frequency Power Amplifiers

Class-AB, r-f amplifiers operate under
such conditions of bias and excitation that
grid current does not flow over any portion
of the input cycle. This is desirable, since
distortion caused by grid-current loading is
absent, and also because the stage is capable
of high power gain. Stage efficiency is about
58 percent when a plate current operating
angle of 210° is chosen, as compared to 62
percent for class-B operation.

The level of static (quiescent) plate cur-
rent for lowest distortion is quite critical for
class-AB; tetrode operation. This value is
determined by the tube characteristics, and
is not greatly affected by the circuit para-
meters or operating voltages. The maximum
d-c plate potential is therefore limited by the
static dissipation of the tube, since the rest-
ing plate current figure is fixed. The static
plate current of a tetrode tube varies as the
3/2 power of the screen voltage. For ex-
ample, raising the screen voltage from 300
to 500 volts will double the plate current.
The optimum static plate current for mini-
mum distortion is also doubled, since the
shape of the Eg-I, curve does not change.

In actual practice, somewhat lower static
plate current than optimum may be em-
ployed without raising the distortion appre-
ciably, and values of static plate current of
0.6 to 0.8 of optimum may be safely used,
depending on the amount of nonlinearity
that can be tolerated.

As with the class-B linear stage, the mini-
mum plate voltage swing of the class-AB,
amplifier must be kept above the d-c screen
potential to prevent operation in the non-
linear portion of the characteristic curve.
A low value of screen voltage allows greater
r-f plate voltage swing, resulting in im-
provement in plate efficiency of the tube. A
balance between plate dissipation, plate effi-
ciency, and plate-voltage swing must be
achieved for best linearity of the amplifier.

The S-Cur" The perfect linear amplifier de-

livers a signal that is a replica
of the input signal. Inspection of the plate-
characteristic curve of a typical tube will
disclose the tube linearity under class- AB,
operating conditions (figure 12). The curve
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E,-l, CURVE

Amplitier operation is confined to the most
linear portion of the characteristic curve.

is usually of exponential shape, and the sig-
nal distortion is held to a small value by
operating the tube well below its maximum
output, and centering operation over the
most linear portion of the characteristic
curve.

The relationship between exciting voltage
in a class-AB, amplifier and the r-f plate
circuit voltage is shown in figure 13. With a
small value of static plate current the lower
portion of the line is curved. Maximum un-
distorted output is limited by the point on
the line (A) where the instantaneous plate
voltage drops down to the screen voltage.
This “hook” in the line is caused by current
diverted from the plate to the grid and screen
elements of the tube. The characteristic plot
of the usual linear amplifier takes the shape
of an S-curve. The lower portion of the
curve is straightened out by using the proper
value of static plate current, and the upper
portion of the curve is avoided by limiting
minimum plate voltage swing to a point
substantially above the value of the screen
voltage.

Operating Parameters The approximate oper-
for the Class-AB, ating parameters may
Linear Amplifier be obtained from the

constant - current
curves (Eg-E,) or the E;-I, curves of the
tube in question. An operating load line is
first approximated. One end of the load line
is determined by the d-c operating voltage
of the tube, and the required static plate
current. As a starting point, let the product
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R.F.
Egur
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Figure 13

LINEARITY CURVE OF
TYPICAL TETRODE AMPLIFIER

At point A the Instantaneous plate voltage Is

swinging down to the valve of the screen

voltage. At point B it Is swinging well below

the screen and is approaching the point where

saturation, or plate-current Ilimiting tokes
plece.

of the plate voltage and current approximate
the plate dissipation of the tube. Assuming
we have a 4-400A tetrode, this end of the

load line will fall on point A (figure 14).
Plate power dissipation is 360 watts (3000V
at 120 ma). The opposite end of the load line
will fall on a point determined by the mini-
mum instantaneous plate voltage, and by
the maximum instantaneous plate current.
The minimum plate voltage, for best lineari-
ty should be considerably higher than the-
screen voltage. In this case, the screen volt-
age is 500, so the minimum plate voltage
excursion should be limited to 600 volts.
Class-AB, operation implies no grid current,
therefore the load line cannot cross the
Eg = 0 line. At the point E, = 600, E, =
0, the maximum instantaneous plate current
is 580 ma (Point B).

Each point at which the load line crosses
a grid-voltage axis may be taken as a point
for construction of the Eg-I; curve, just as
was done in figure 22, chapter 6. A con-
structed curve shows that the approximate
static bias voltage is —74 volts, which
checks closely with point A of figure 14. In
actual practice, the bias voltage is set to
hold the actual dissipation slightly below the
maximum figure of the tube.
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Figure 14

OPERATING PARAMETERS FOR TETRODE LINEAR AMPLIFIER
ARE OBTAINED FROM CONSTANT-CURRENT CURVES.
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The single tone power output is:

(Ep— €p min) X ip max
4
(3000—600) X .58
4

or, = 348 watts

The plate current-angle efficiency factor
for this class of operation is 0.73, and the
actual plate-circuit efficiency is:

E,

&)(073

N, =
’ Emu

_ (3000 — 600) .
= 00 X 073 =584%

The power input to the stage is therefore

P,
N, X 100 or,% = 595 watts

The plate dissipation is:
595 — 348 = 247 watts.

It can be seen that the limiting factor for
this class of operation is the static plate dis-
sipation, which is quite a bit higher than the
operating dissipation level. It is possible, at
the expense of a higher level of distortion, to
drop the static plate dissipation and to in-
crease the screen voltage to obtain greater
power output. If the screen voltage is set at
800, and the bias increased sufficiently to
drop the static plate current to 90 ma, the
single-tone d-c plate current may rise to 300
ma, for a power input of 900 watts. The
plate circuit efficiency is §5.6 percent, and
the power output is $00 watts. Static plate
dissipation is 270 watts.

At a screen potential of 500 volts, the
maximum screen current is less than 1 ma,
and under certain loading conditions may be
negative. When the screen potential is raised
to 800 volts maximum screen current is 18
ma. The performance of the tube depends on
the voltage fields set up in the tube by the
cathode, control grid, screen grid, and plate.
The quantity of current flowing in the
screen circuit is only incidental to the fact
that the screen is maintained at a positive
potential with respect to the electron stream
surrounding it.

The tube will perform as expected as long
as the screen current, in either direction, does
not create undesirable changes in the screen

Figure 15

SIMPLE GROUNDED-GRID
LINEAR AMPLIFIER

Tuned cathode (L—C) is required to prevent
distortion of driving-signal waveform.

voltage, or cause excessive screen dissipation.
Good regulation of the screen supply is there-
fore required. Screen dissipation is highly re-
sponsive to plate loading conditions and the
plate circuit should always be adjusted so as
to keep the screen current below the maxi-
mum dissipation level as established by the
applied voltage.

7-7 Grounded-Grid
Linear Amplifiers

A typical grounded-grid amplifier is shown
in figure 15. The driving signal is applied
between the grid and the cathode, with the
grid held at r-f ground potential. The con-
trol grid serves as a shield between the
cathode and the plate, thus making neutral-
ization unnecessary at medium and high
frequencies. High-p triodes and triode-
connected tetrodes may be used in this con-
figuration. Care must be taken to monitor
the #1-grid current of the tetrode tubes as
it may run abnormally high in some types
(4X150A family) and damage to the tube
may possibly result unless a protective cir-
cuit of the form shown in figure 11 is used.

“Zero-bias” triodes (811-A, 3-400Z and
3-1000Z) and certain triode-connected te-
trodes (813 and 4-400A, for example) re-
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quire no bias supply and good linearity
may be achieved with a minimum of circuit
components. An improvement of the order
of 5 to 10 decibels in intermodulation dis-
tortion may be gained by operating such
tubes in the grounded-grid mode in contrast
to the same tubes operated in class-AB,,
grid-driven mode. The improvement in the
distortion figure varies from tube type to
tube type, but all so-called “grounded-grid”
triodes and triode-connected tetrodes show
some degree of improvement in distortion
figure when cathode driven as opposed to
grid-driven service.

Cothode-Driven
High-u Triodes

High-pt triode tubes may
be used to advantage in
cathode-driven (grounded-
grid) service. The inherent shielding of a
high-pt tube is better than that of a low-
it tube and the former provides better
gain per stage and requires less drive than
the latter because of less feedthrough power.
Resistive loading of the input or driving cir-
cuit is not required because of the constant
feedthrough power load on the exciter as
long as sufficient Q exists in the cathode
tank circuit. Low-p triodes, on the other
hand, require extremely large driving signals
when operated in the cathode-driven config-
uration, and stage gain is relatively small. In
addition, shielding between the input and
output circuits is poor compared to that
existing in high-u triodes.

Bias Supplies for
G-G Amplifiers

Medium-pr  triode tubes
that require grid bias may
be used in cathode-driven
service if the grid is suitably bypassed to
ground and placed at the proper negative
d-c potential. Bias supplies for such circuits,
however, must be capable of good voltage
regulation under conditions of grid current
so that the d-c bias value does not vary with
the amplitude of the grid current of the
stage. Suitable bias supplies for this mode of
operation are shown in the Power Supply
chapter of this Handbook. Approximate
values of bias voltage for linear amplifier
service data may be obtained from the
audio data found in most tube manuals,
usually stated for push-pull class-AB, or AB;
operation. As the tube “doesn’t know”
whether it is being driven by an audio signal
or an r-f signal, the audio parameters may

304TH, CATHODE-DRIVEM,
CLASS-AB;: LINEAR AMPLIFIER

D-C Plate Voltage 1500| 2000| 3000 volts
D-C Grid Voltage* —65| —90|— 145 volts
Zero-Signal D-C Plate

Current 130| 100 75 ma
Single-Tone Max.

D-C Plate Current 480( 380( 320 ma
Max. D-C Input 720| 760| 960 watts
Max. Drive Power 70 55 60 watts
Cathode Input

Impedance** 195 260| 385 ohms
Plate Load Impedance 1850 | 3000| 5500 ohms
Max. Output 510 530| 715 watts

450TH, CATHODE-DRIVEN,
CLASS-AB, LINEAR AMPLIFIER

D-C Plate Voltage 1500 | 3000| 4000 volts
D-C Grid Voltage* 0| —50| —85 volts
Zero Signal D-C '

Plate Current 50| 200| 150ma
Single-Tone Max.

D-C Plate Current 400 | 450 335ma
Max. D-C Input 600 | 1350 | 1340 watts
Max. Drive Power 70| 105 70 watts
Cathode Input

Impedance** 262 | 322| 350 ohms
Plate Load Impedance 2200 | 4100 | 6400 ohms
Max. Output 416 | 992| 1000 watts

NOTE: 1500-volt operation is zero-bias service
*Adjust to give stated zero-signal plate current.

**Fundamental frequency component. High-C tuned
cathode tank should be employed to obtain lowest
intermodulation distortion,

Figure 16

be used for linear service, but the stated d-c
currents should be divided by two for a
single tube, since the audio data is usually
given for two tubes. Grounded-grid oper-
ating data for two popular triode tubes is
given in figure 16.

The Tuned Input waveform distortion
Cathode Circuit may be observed at the cath-

ode of a grounded-grid linear
amplifier 'as the result of grid- and plate-
current loading of the input circuit on al-
ternate half-cycles by the single-ended stage
(figure 17). The driving source thus “‘sees”
a very low value of load impedance over a
portion of the r-f cycle and an extremely
high impedance over the remaining portion
of the cycle. Unless the output voltage reg-
ulation of the r-f source is very good, the
portion of the wave on the loaded part of
the cycle will be degraded. This waveform
distortion contributes to intermodulation
distortion and also may cause TVI difficul-

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK Grounded-Grid Linears 167

Figure 17

Waveform distortion caused by half-cycle loading at cathode of grounded-grid amplifier may be

observed (right) whereas undistorted waveform is observed with tuned cathode circuit (left).

Two-tone tests at 2.0 MHx proved the necessity of using a cathode tank circuit for lowest inter-
modulation distortion.

o]}

Figure 18

Tuned cathode network for cathode-driven circuit may take form of bifilar coil (A), pi-network (B),
or shunt LC circuit (C). Circuit Q of at least 2 is recommended. Capacitor €, may be a 3-gang
broadcast-type unit. Coils |, L, or L, are adjwsted to resonate to the operating frequency with
C, set to approximately 13 pf-per meter wavelength. Capacitor C, is approximately 1.5 times the
value of €.The input taps on coils L, and L, or the caopacitance of €, are adjusted for minimum

SWR on coaxial line to the exciter.



www.americanradiohistory.com

168 R-F Vacuum-Tube Amplifiers

| RANDOM LENGTH

- ———— G-
SSB EXCITER EORKTAL e 6-G LINEAR AMPJL:FIER
"
oo 7
SRl LN et SE—————— ouUTPUT
g """""" } [ L
- (]
I 4 | T |
i
I | J L -
T Bt CATHODE RETURN PATH
Figure 19

Untuned cathode circuit of grounded-grid amplifier offers high-impedance path to the r-f current

flowing between plate and cathode of the amplifier tube. The alternative path is via the inter-

connecting coaxial iine and tank circuit of the exciter. Waveform distortion of the driving signal
and high intermodulation distortion may result from use of alternative input circuit.

ties as a result of the harmonic content of
the wave. Use of a tuned cathode circuit in
the grounded-grid stage will preserve the
waveform as shown in the photographs. The
tuned cathode circuit need have only a Q of
2 or more to do the job, and should be
resonated to the operating frequency of the
amplifier. Various versions of cathode tank
circuits are shown in figure 18.

In addition to reduction of waveform
distortion, the tuned cathode circuit pro-
vides a short r-f return path for plate cur-
rent pulses from plate to cathode (figure
19). When the tuned circuit is not used,
the r-f return path is via the outer shield of
the coaxial line, through the output capaci-
tor of the exciter plate-tank circuit and
back to the cathode of the linear amplifier
tube via the center conductor of the coaxial
line. This random, uncontrolled path varies
with the length of interconnecting coaxial
line, and permits the outer shield of the line
to be “hot” compared to r-f ground.

7-8 Intermodulation

Distortion

If the output signal of a linear amplifier
is an exact replica of the exciting signal there
will be no distortion of the original signal
and no distortion products will be generated
in the amplifier. Amplitude distortion of the
signal exists when the output signal is not
strictly proportional to the driving signal
and such a change in magnitude may result
in intermodulation distortion (IMD). IMD
occurs in any nonlinear device driven by

a complex signal having more than one
frequency. A voice signal (made up of a
multiplicity of tones) will become blurred
or distorted by IMD when amplified by a
nonlinear device. As practical linear ampli-
fiers have some degree of IMD (depending
on design and operating parameters) this
disagreeable form of distortion exists to a
greater or lesser extent on most SSB signals.

A standard test to determine the degree
of IMD is the fwo-fone test, wherein two
radio-frequency signals of equal amplitude
are applied to the linear equipment, and the
resulting output signal is examined for spuri-
ous signals, or unwanted products. These
unwanted signals fall in the fundamental-
signal region and in the various harmonic
regions of the amplifier. Signals falling out-
side the fundamental-frequency region are
termed even-order products, and may be at-
tenuated bv high-Q tuned circuits in the
amplifier. The spurious products falling close
to the fundamental-frequency region are
termed odd-order products. These unwanted
products cannot be removed from the
wanted signal by tuned circuits and show
up on the signal as “splatter,” which can
cause severe interference to communication
in an adjacent channel. Nonlinear operation
of a so-called “linear” amplifier will generate
these unwanted products. Amateur practice
calls for suppression of these spurious prod-
ucts to better than 30 decibels below peak
power level of one tone of a two-tone test
signal. Commercial practice demands sup-
pression to be better than 40 decibels below
this peak level.
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CHAPTER EIGHT

The Oscilloscope

The cathode-ray oscilloscope (also called
oscillograph) is an instrument which permits
visual examination of various electrical phe-
nomena of interest to the electronic engineer.
Instantaneous changes in voltage, current
and phase are observable if they take place
slowly enough for the eye to follow, or if
they are periodic for a long enough time so
that the eye can obtain an impression from
the screen of the cathode-ray tube. In addi-
tion, the cathode-ray oscilloscope may be
used to study any variable (within the limits
of its frequency-response characteristic)

which can be converted into electrical po-
tentials. This conversion is made possible by
the use of some type of transducer, such as a
vibration pickup unit, pressure pickup unit,
photoelectric cell, microphone, or a variable
impedance. The use of such a transducer
makes the oscilloscope a valuable tool in
fields other than electronics.

8-1 A Modern Oscilloscope

For the purpose of analysis, the operation
of a modern oscilloscope will be described.

HI=LO GAIN

r-axis INPUT 3 ) CATRODE
srenat Arr:‘w{;a -------- FOLLOWER
INPUT V2 VERTICAL CATHODE
VIDEOC AMP) VERTICAL IAMPLIFIER RAY TUBE
Vi GAIN VaVa A%
TRIGGER,
inPUT 4
TRIGGER BLANKING
AMPLIFIER AMPLIFIER}
Ve, V? \'AL)
MULTI- SWEE P SWEEP
VIBRATOR ENERATOR AMPLIFIER
Ve, Ve L_V10. V11 | VizVizVia
POWER
SUPPLIES
Figure 1

BLOCK DIAGRAM OF A MODERN OSCILLOSCOPE

This simplified block diagram of o Tektronix oscilloscope features triggered sweep and a
blanking circuit that permit observation of single pulses as short as 0.1 microsecond.
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VERTICAL AMPLIFIER
The vertical amplifier is capable of passing sine waves from 10 Hx to 10 MNzx. Compensated
or and king circuits provide gain that is fally ind d

P
N

input at

daflecti.

freq Y.
deflection plates

P of
amplifier serves as phase inverter to provide push-pull signal to
of cathode-ray tube. Deflection polarity switch permits greater vpward or
of pattern to accommodate reversed polarity of input wave.

The simplified block diagram of the instru-
ment is shown in figure 1. This oscilloscope
is capable of reproducing sine waves from
10 Hz to 10 MHz and pulses as short as 0.1
rhicrosecond may be observed. The sweep
speed is continuously variable, and the elec-
tron beam of the cathode-ray tube can be
moved vertically or horizontally, or the
movements may be combined to produce
composite patterns on the screen. As shown
in the diagram, the cathode-ray tube re-
ceives signals from two sources: the vertical
(Y-axis) the sweep (X-axis) amplifiers, and
also receives blanking pulses that remove un-
wanted return-trace signals from the screen.
The operation of the cathode-ray tube has
been covered in an earlier chapter and the
auxiliary circuits pertaining to signal pre-
sentation will be discussed here.

The Vertical The incoming signal to be dis-
Amplifier  played is applied to the vertical

amplifier (figure 2). An input
attenuator (compensated to provide attenu-
ation that is essentially independent of signal
frequency) permits the gain of the amplifier
to be adjusted in calibrated steps. The signal
is then amplified by the wideband (video)
preamplifier (V,), or is shunted around the

preamplifier depending on the amount of
amplification needed. The preamplifier is de-
signed to pass the wide frequency band
desired by the use of pesking coils in the
plate circuit, which enhance the high-fre-
quency response, in addition to large value
coupling capacitors which ensure good low-
frequency response (see chapter 6, section 6
Video Frequency Amplifiers). The signal
then passes through a cathode-follower stage
(V2) to the vertical amplifier. The cathode
follower serves as an impedance transformer
so that a low-impedance vertical gain con-
trol may be used. It is necessary that the po-
tentiometer have a low value so that stray
capacitances do not appreciably affect the
frequency response as the control is rotated.
The original deflection polarity of the signal
is reversed when two stages of amplification
are used, resulting in a downward deflection
of the oscilloscope pattern for positive input
polarity. A deflection polarity switch is used
to change the operating bias and screen volt-
age on the cathode-coupled push-pull vertical
amplifier tubes (Vs, V,) permitting greater
undistorted upward or downward deflection.
The amplified signal is coupled from the
plate circuit of the vertical amplifier through
a peaking circuit that affords optimum
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transient response rather than best frequency
response, which has been previously deter-
mined in the preamplifier stages.

The Time-Base Investigation of electrical
Circuitry waveforms by the use of a
cathode-ray tube requires
that some means be readily available to de-
termine the variation in these waveforms
with respect to time. An X-axis time base on
the screen of the cathode-ray tube shows the
variation in amplitude of the input signal
with respect to time. This display is made
possible by a time-base generator (sweep gen-
erator) which moves the spot across the
screen at a constant rate from left to right
between selected points, returns the spot al-
most instantaneously to its original position,
and repeats this procedure at a specified rate
(referred to as the sweep frequency).

The Sweep-Trigger Circuit—An external
synchronizing impulse (which may be the
presented signal) initiates the horizontal
sweep circuits of the oscilloscope, deflecting
the beam of the cathode-ray tube across the
screen at uniform rate, starting each sweep
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Figure 3
TRIGGER AND UNBLANKING CIRCUIT

Flip-lop multivibrater (V,, V,) is triggered

externally and generates negative trigger

pulse to start sweep generator. Impulise rate

is controlled by switchable sweep speed co-

pacitor bank. Positive trigger pulse unblanks

cathode-ray tube by reducing cutoff bias on
the grid of the cathode ray tube

in synchronism with the trigger impulse. A
trigger amplifier (Ve, V;) enhances the
trigger pulse and selects the proper polarity
of the pulse. To convert the various shapes
of trigger impulses into square waves of
controllable duration suitable for operating
the sweep generator and unblanking the
cathode-ray tube, a flip-flop maultivibrator
type of pulse generator is used (figure 3).
The frequency of pulse generation of the
multivibrator is controlled by the external
negative trigger signal. The multivibrator
consists of two tubes (Vs V,) with one
tube in a conducting state and the other
nonconducting. When a trigger impulse is
received, the negative pulse lowers the plate
potential of the nonconducting tube (Vs)
and also decreases the grid bias of V, via
the switchable coupling capacitor (sweep-
speed control). The first tube conducts and
the second tube is driven toward cutoff by
the buildup of voltage in the coupling ca-
pacitor between the two tubes. This condi-
tion is maintained until the switchable sweep-
speed capacitor is discharged, thus raising the
grid voltage of V, to such a point that the
tube starts to conduct. This lowers the plate
potential of V,, carrying with it the direct-
coupled grid of V; and starting a regenera-
tive cycle which ends with V, conducting
and V; cut off—the condition which existed
before the trigger pulse occurred. Thus the
plate of Vg produces a square negative pulse
and simultaneously the plate of V, produces
a square positive pulse. The negative pulse is
used to control the operation of the sweep
generator and the unblanking circuit of the
cathode-ray tube. The positive pulse may be
used to furnish gate voltage available at the
panel of the instrument to trigger auxiliary
circuits,

The Blanking Circuit—During the wait-
period between trigger pulses, the bias on the
cathode-ray tube is such that the tube is
completely cut off. As soon as a trigger ap-
pears and the sweep starts, it is necessary to
provide a positive pulse on the grid of the
cathode-ray tube and thus turn on the elec-
tron beam. This pulse must have extremely
rapid rise time and a very flat top so that the
brightness of the image is uniform. To se-
cure a pulse of this nature, the negative
pulse from the multivibrator is passed
through a cathode-follower blanking ampli-
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SWEEP GENERATOR

Each sweep of this triggered sweep circuit is
started independently of the preceding sweep
by a trigger pulse received from the multi-
vibrator circuit. Sweep-speed timing capocitors
are gang h sweep-speed clircult of mul-
tivibrator. Timing voltage Is derived from
voltage regulator to emsure sweep accuracy.

fier (V1s) which provides a pulse of proper
amplitude and rise time.

The Sweep The voltage necessary to obtain
Generator 3 linear time base may be gen-

erated by the circuit of figure 4.
In this representative friggered sweep cir-
cuit each sweep is started independently of
the preceding sweep by a trigger, or syn-
chronizing, pulse received from the mul-
tivibrator circuit. When no trigger is
received the cathode-ray tube potentials
position the beam at the left end of the
horizontal trace. When the trigger signal
arrives, the beam goes linearly to the right in
a time interval determined by the length of
the trigger pulse. At the end of each sweep,

Figure 5
SAWTOOTH WAVEFORM

Recurrent or sawtooth sweep waveform is

vsed in inexpensive oscilloscopes. Sawtooth

may be generated by gas sweep tube, such as

the 884, and is usvally synchronized with
input signal.

the beam returns to the left of the screen to
wait another trigger signal. It is this vari-
able waiting period which makes the sweep
time independent of the signal period, per-
mitting the oscilloscope to view pulses and
other short duration signals where the length
of the pulse is very short compared to the
space between the pulses.

Some inexpensive oscilloscopes employ a
recurrent or sawtooth sweep such as that
which is generated by a gas tube or other
similar device that synchronizes the sweep
with the input signal. The sweep time is
thus equal to, or a multiple of, the signal
period. The circuit of figure 4 may be modi-
fied to produce a sawtooth sweep by the
omission of the trigger signal and adjustment
of the multivibrator frequency to synchro-
nize with the period of the observed signal.
The sweep voltage necessary to produce the
sawtooth sweep is shown in figure 5. The
sweep occurs as the voltage varies from A to
B, and the return trace as the voltage varies
from B to C. At high sweep frequencies, the
return trace is an appreciable portion of the
sweep time.

Operation of the Sweep Generator—The
sweep generator (Vy,, figure 4) is held in
a conducting state by the positive grid bias
derived from the voltage divider in the grid
circuit. The plate voltage of the sweep gen-
erator is low, and the switchable sweep-speed
timing capacitor is essentially uncharged.
The negative trigger pulse from the multi-
vibrator rapidly cuts off V,, allowing the
timing capacitor to charge exponentially
through the 1-megohm sweep-speed multi-
plier control, approaching the voltage at the
cathode of regulator tube Vo This voltage
is adjusted by the sweep-speed control in the
grid circuit of the regulator tube. The tim-
ing capacitor is charged from a constant
voltage supply having a low impedance to
ensure sweep-speed accuracy. Sweep linearity
is enhanced by using only 10 percent or less
of the charging voltage. The linear sweep
voltage is taken from the plate of the sweep
generator, clamped and impressed on the
following sweep amplifier.

When the multivibrator trigger pulse
ends, the grid of the sweep generator tube
returns to a positive potential and the heavy
plate current reduces the plate voltage of
Vi1 to near zero, discharging the timing
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Figure 6

SWEEP AMPLIFIER

Cathode-coupled sweep amplifier provides bal-
anced push-pull signal to deflection plates of
¢¢fhodo-ray tube. Two groups of neon glow

poss p signal but move average
slgncl potential close to ground by virtve of
constant voltage drop ocross lamps. lonizing
voltage for glow lamps is taken from high-

voltage cathode-ray tube power supply.

capacitor and leaving it ready to receive the
next sweep pulse from the multivibrator.

The Sweep Since the amplitude of the sweep
Amplifier  waveform at the output of the
sweep generator is not large
enough to drive the horizontal deflection
plates of the cathode-ray tube, further am-
plification is needed. The signal from the
sweep amplitude is impressed on the grid of
a cathode-coupled sweep amplifier (V,s,
V.4, figure 6) which inverts the phase and
operates as a push-pull stage. Balanced sweep
voltage is necessary to maintain the average
potential of the deflection plates constant
over the entire sweep to prevent defocussing.
The horizontal position comtrol varies the
bias on one amplifier tube and thus deter-
mines the position from which the sweep
starts. To ensure that the sweep will always
start at the same position on the screen each
time (for a given setting of the position
control) a diode clamp (V,;) is placed be-
tween the grid of the opposite amplifier
tube and ground to remove any charge that
the input coupling capacitor may have
gained during the previous sweep cycle.

To achieve proper focus on the screen of
the cathode-ray tube it is necessary that the
final anode and both pairs of deflection
plates have approximately the same average
potential. Since it is necessary to have the
vertical deflection plates at ground potential
so a direct connection may be made if de-
sired, the average potential of the horizontal
plates must also be near ground. The mean
potential of the sweep amplifier plate circuit
is about +250 volts. This is moved down
to ground by means of the groups of neon
glow lamps (N;—N,,) which produce a
constant voltage drop. A steady current of
about 200 microamperes keeps the lamps
ionized so that any change in plate potential
of the sweep amplifier tubes (such as caused
by signals) appears on’the deflection plates
unchanged in amplitude, but moved down
in potential about 250 volts. The ionizing
current is obtained from the — 1500 volt
cathode-ray tube power supply through a
high-resistance network. Since the imped-
ance of the neon glow lamps is rather high
at frequencies involving the faster sweeps,
small capacitors are shunted across the lamps
to pass these frequencies.

The Power The low-voltage power supply
Supply provides positive and negative

regulated voltages for the var-
ious stages of the oscilloscope. The accel-
erating potential for the cathode-ray tube
is obtained from an oscillator operating from
the low-voltage supply (figure 7). The os-
cillator is a conventional Hartley circuit,
with a high-voltage secondary winding on
the oscillator transformer which supplies
about 1200 volts rms to the rectifier tubes.
Filament voltages for these tubes are also
obtained from windings on the oscillator
transformer. The frequency of oscillation is
about 2000 Hertz.

8-2 Display of Waveforms

Together with a working knowledge of
the controls of the oscilloscope, an under-
standing of how the patterns are traced on
the screen must be obtained for a thorough
knowledge of oscilloscope operation. With
this in mind a careful analysis of two funda-
mental waveform patterns is discussed under
the following headings:
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CATHODE-RAY TUBE POWER SUPPLY

Accelerating potential for CRT is derived from & 2-kHxz oscillator working from the low.-

voitage supply. A high-voltage secomdary winding on the oscillator transformer provides

about 1200 volts rms which is' rectified to provide —1500 voits and +1800 voits. Sum of two
veltages (3300 volts) is applied to cathode-ray tube.

wave is amplified by the vertical amplifier
and impressed on the vertical (Y-axis) de-
flection plates of the cathode-ray tube. Si-
multaneously the sawtooth wave from the
time-base generator is amplified and im-
pressed on the horizontal (X-axis) deflection
plates.

1. Patterns plotted against time (using
the sweep generator for horizontal de-
flection).

2. Lissajous figures (using a sine wave for
horizontal deflection).

Patterns Plotted A sine wave is typical of

Against Time such a pattern and is con-
venient for this study. This
l»#xc.
2 __ p:
1
TIME —o |
|
I
'
|
| I
. 21 & 3ec
N
Figure 8 ,

PROJECTION DRAWING OF A SINE

WAVE APPLIED TO THE VERTICAL

AXIS AND .\ SAWTOOTH WAVE OF THE

SAME FREQUENCY APPLIED SIMUL-

TANEOUSLY” ON THE HORIZONTAL
AXIS

Figure 9

PROJECTION DRAWING SHOWING THE
RESULTANT PATTERN WHEN THE FRE-
QUENCY OF THE SAWTOOTH IS ONE-
HALF OF THAT EMPLOYED IN FIGURE 8
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The electron beam moves in accordance
with the resultant of the sine and sawtooth
signals. The effect is shown in figure 8 where
the sine and sawtooth waves are graphically
represented on time and voltage axes. Points
on the two waves that occur simultaneously
are numbered similarly. For example, point 2
on the sine wave and point 2 on the saw-
tooth wave occur at the same instant. There-
fore the position of the beam at instant 2 is
the resultant of the voltages on the hori-
zontal and vertical deflection plates at in-
stant 2. Referring to figure 8, by projecting
lines from the two point-2 positions, the
position of the electrcn beam at instant 2
can be located. If projections were drawn
from every other instantaneous position of
each wave to intersect on the circle repre-
senting the tube screen, the intersections of
similarly timed projects would trace out a
sine wave.

In summation, figure 8 illustrates the
principles involved in producing a sine-
wave trace on the screen of a cathode-ray
tube. Each intersection of similarly timed
projections represents the position of the
electron beam acting under the influence of
the varying voltage waveforms on each pair
of deflection plates. Figure 9 shows the effect
on the pattern of decreasing the frequency
of the sawtooth wave. Any recurrent wave-

PROJECTION DRAWING SHOWING THE
RESULTANT LISSAJOUS PATTERN WHEN
A SINE WAVE APPLIED TO THE HORI-
ZONTAL AXIS IS THREE TIMES THAT
APPLIED TO THE VERTICAL AXIS

form plotted against time can be displayed
and analyzed by the same procedure as used
in these examples.

The sine-wave problem just illustrated is
typical of the method by which any wave-
form can be displayed on the screen of the
cathode-ray tube. Such waveforms as square
wave, sawtooth wave, and many more ir-
regular recurrent waveforms can be observed
by the same method explained in the preced-
ing paragraphs.

8-3 Lissajous Figures

Another fundamental pattern is the Lissa-
jous figures, named after the 19th-century
French scientist. This type of pattern is of
particular use in determining the frequency
ratio between two sine-wave signals. If one
of these signals is known, the other can be
easily calculated from the pattern made by
the two signals on the screen of the cathode-
ray tube. Common practice is to connect the
known signal to the horizontal channel and
the unknown signal to the vertical channel.

The presentation of Lissajous figures can
be analyzed by the same method as previ-
ously used for sine-wave presentation. A
simple example is shown in figure 10. The
frequency ratio of the signal on the hori-
zontal axis to the signal on the vertical axis
is 3 to 1. If the known signal on the hori-
zontal axis is 180 Hertz, the signal on the
vertical axis is 60 Hertz.

Obtaining a Lissajous 1, The horizontal am-
Pattern on the Screen; plifier should be dis-
Oscilloscope Settings  connected from the

sweep oscillator. The
signal to be examined should be connected to
the horizontal amplifier of the oscilloscope.

METHOD OF CALCULATING FREQUENCY
RATIO OF LISSAJOUS FIGURES
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Figure 12
OTHER LISSAJOUS PATTERNS

2. An audio oscillator signal should be
connected to the vertical amplifier of the
oscilloscope.

3. By adjusting the frequency of the
audio oscillator a stationary pattern should
be obtained on the screen of the oscilloscope.
It is not necessary to stop the pattern, but
merely to slow it up enough to count the
loops at the side of the pattern.

4. Count the number of loops which in-
tersect an imaginary vertical line AB and
the number of loops which intersect the
imaginary horizontal line BC as shown in

figure 11. The ratio of the number of loops
which intersect AB is to the number of loops
which intersect BC as the frequency of the
horizontal signal is to the frequency of the
vertical signal.

Figure 12 shows other examples of Lissa-
jous figures. In each case the frequency ratio
shown is the frequency ratio of the signal on
the horizontal axis to that on the vertical
axis.

Phase Differ- Coming under the heading of
ence Patterns Lissajous figures is the method
used to determine the phase
difference between signals of the same fre-
quency. The patterns involved take on the
form of ellipses with different degrees of ec-
centricity.
The following steps should be taken to ob-
tain a phase-difference pattern:

1. With no signal input to the oscillo-
scope, the spot should be centered on
the screen of the tube.

2. Connect one signal to the vertical am-
plifier of the oscilloscope, and the
other signal to the horizontal ampli-
fier.

3. Connect a common ground between
the two frequencies under investiga-
tion and the oscilloscope.

4. Adjust the vertical amplifier gain so
as to give about 3 inches of deflection
on a S-inch tube, and adjust the cali-
brated scale of the oscilloscope so that

PHASE DIFFERENCE *0° PHASE DIFFERENCE=* 45"

AR SN
20\

N\

PHASE DIFFERENCE=90° PHASE DIFFERENCE=138®

/1)

N

1/
1N
NUD

N

PHASE DIFFERENCE 180°

WV

PHASE DIFFERENCE*225° PHASE DIFFERENCE 270° PHASE DIFFERENCE 318°

Figure 13
LISSAJOUS PATTERNS OBTAINED FROM THE MAJOR PHASE DIFFERENCE ANGLES
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the vertical axis of the scale coincides
precisely with the vertical deflection
of the spot.

5. Remove the signal from the vertical
amplifier, being careful not to change
the setting of the vertical gain control.

6. Increase the gain of the horizontal am-
plifier to give a deflection exactly the
same as that to which the vertical am-
plifier control is adjusted (3 inches).
Reconnect the signal to the vertical
amplifier.

The resulting pattern will give an accu-
rate picture of the exact phase difference
between the two waves. If these two pat-
terns are exactly the same frequency but
different in phase and maintain that differ-
ence, the pattern on the screen will remain
stationary. If, however, one of these fre-
quencies is drifting slightly, the pattern will
drift slowly through 360°. The phase angles
of 0°, 45°, 90°, 135°, 180°, 225°, 270°,
and 315 ° are shown in figure 13.

Each of the eight patterns in figure 13 can
be analyzed separately by the previously used
projection method. Figure 14 shows two sine
waves which differ in phase being projected
on to the screen of the cathode-ray tube.
These signals represent a phase difference of
45°. It is extremely important that (1) the
spot has been centered on the screen of the
cathode-ray tube, (2) that both the hori-
zontal and vertical amplifiers have been ad-
justed to give exactly the same gain, and

Figure 14

PROJECTION DRAWING SHOWING THE

RESULTANT PHASE-DIFFERENCE PAT-

TERN OF TWO SINE WAVES 45° OUT
OF PHASE

(3) that the calibrated scale be originally set
to coincide with the dlsplacement of the sig-
nal along the vertical axis. If the amplifiers
of the oscilloscope are not used for convey-
ing the signal to the deflection plates of the
cathode-ray tube, the coarse frequency
switch should be set to borizontal input
direct and the vertical input switch to direct
and the outputs of the two signals must be
adjusted to result in exactly the same verti-
cal deflection as horizontal deflection. Once
this deflection has been set by either the
oscillator output controls or the amplifier

Y MAXIMUME |

Y INTERCEPT 20 Y INTERCEPT * 5

Y MAXIMUME | Y_MAXIMUME |
VINTERC!PT’ 2
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Figure 15

EXAMPLES SHOWING THE USE OF THE INTERCEPT FORMULA FOR DETERMINATION
OF PHASE DIFFERENCE
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Figure 16
TRAPEZOIDAL MODULATION PATTERN

Figure 17
MODULATED CARRIER-WAVE PATTERN

Figure 18
PROJECTION DRAWING SHOWING TRAPE-
ZOIDAL PATTERN

gain controls in the oscillograph, it should
not be changed for the duration of the meas-
urement.

Determinination of The relation commonly
the Phase Angle  used in determining the

phase angle between sig-
nals is:

Y intercept

Sine§ = ————
Y maximum

where,
6 equals phase angle between signals,
Y intercept equals point where ellipse
crosses vertical axis measured in tenths of
inches (calibrations on the calibrated
screen),
Y maximum equals highest vertical point
on ellipse in tenths of inches,

Several examples of the use of the formula
are given in figure 15. In each case the Y
intercept and Y maximum are indicated to-
gether with the sine of the angle and the
angle itself. For the operator to observe these
various patterns with a single signal source
such as the test signal, there are many types
of phase shifters which can be used. Circuits
can be obtained from a number of radio
textbooks. The procedure is to connect the
original signal to the horizontal channel of
the oscilloscope and the signal which has
passed through the phase shiftet to the verti-

cal channel of the oscilloscope, and follow
the procedure set forth in this discussion to
observe the various phase-shift patterns.

8-4

Monitoring
Transmitter Performance
with the Oscilloscope

The oscilloscope may be used as an aid for
the proper operation of an a-m transmitter,
and may be used as an indicator of the over-
all performance of the transmitter output
signal, and as a modulation monitor.

Waveforms There are two types of patterns

that can serve as indicators, the
trapezoidal pattern (figure 16) and the
modulated-wave pattern (figure 17). The
trapezoidal pattern is presented on the screen
by impressing a modulated carrier-wave sig-
nal on the vertical deflection plates and
the signal that modulates the carrier-wave
signal (the modulating signal) on the hori-
zontal deflection plates. The trapezoidal pat-
tern can be analyzed by the method used
previously in analyzing waveforms. Figure
18 shows how the signals cause the electron
beam to trace out the pattern.

The modulated-wave pattern is accom-
plished by presenting a modulated carrier
wave on the vertical deflection plates and by
using the time-base generator for horizontal
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Figure 19

PROJECTION DRAWING SHOWING
MODULATED-CARRIER WAVE PATTERN

deflection. The modulated-wave pattern also
can be used for analyzing waveforms. Figure
19 shows how the two signals cause the elec-
tron beam to trace out the pattern.

The Trapezoidal The oscilloscope connections
Pattern for obtaining a trapezoidal

pattern are shown in figure
20. A portion of the audio output of the
transmitter modulator is applied to the hori-
zontal input of the oscilloscope. The vertical
amplifier of the oscilloscope is disconnected,
and 2 small amount of modulated r-f energy
is coupled directly to the vertical deflection
plates of the oscilloscope. A small pickup
loop, loosely coupled to the final amplifier
tank circuit and connected to the vertical
deflection plates by 2 short length of coaxial
line will suffice. The amount of excitation to
the plates of the oscilloscope may be ad-
justed to provide a pattern of convenient
size. On modulation of the transmitter, the
trapezoidal pattern will appear. By changing
the degree of modulation of the carrier wave
the shape of the pattern will change. Figures
21 and 22 show the trapezoidal pattern for
various degrees of modulation. The percent-
age of modulation may be determined by the
following formula:

Modulation percentage —
Emnex — Emin

—max _ —min
Emu + Emln 100

R-F POWER AMPLIFiER

E TO ANTENNA
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NOTE: /£ A-F PICRUP IS INSUFFICIENT,
A TUNED CIRCUIT MAY BE USED
AT THE OSC/. AS SHOWN.

Figure 20

MONITORING CIRCUIT FOR TRAPEZOIDAL
MODULATION PATTERN

where,
Eiax and Ey, are defined as in figure 21.
An overmodulated signal is shown in fig-
ure 23.

The Modulated- The oscilloscope connections
Wave Pattern  for obtaining 2 modulated-

wave pattern are shown in
figure 24. The internal sweep circuit of the
oscilloscope is applied to the horizontal
plates, and the modulated r-f signal is ap-
plied to the vertical plates, as described be-
fore. If desired, the internal sweep circuit
may be synchronized with the modulating
signal of the transmitter by applying a small
portion of the modulator output signal to
the external sync post of the oscilloscope.
The percentage of modulation may be deter-
mined in the same fashion as with a trape-
zoidal pattern. Figures 25, 26, and 27 show
the modulated-wave pattern for various de-
grees of modulation.

8-5 Receiver I-F Alignment
with an Oscilloscope

The alignment of the i-f amplifiers of a
receiver consists of adjusting all the tuned
circuits to resonance at the intermediate fre-
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TRAPEZOIDAL PATTERNS

< < <

Figure 21

(LESS THAN 100% MODULATION)

Figure 22

(100% MODULATION)

Figure 23

(OVERMODULATION)

quency and at the same time permitting pas-
sage of a predetermined number of side-
bands. The best indication of this adjustment
is a resonance curve representing the response
of the i-f circuit to its particular range of
frequencies.

R-F POWER AMPLIFIER CRO

6o awrena @)
Q e L,
3

8+ FROM
MODULATOR = =

LC TUNES TO OP-
ERATING FREQUENCY

Figure 24

MONITORING CIRCUIT FOR
MODULATED-WAVE PATTERN

As a rule medium- and low-priced receiv-
ers use i-f transformers whose bandwidth is
about 5 kHz on each side of the funda-
mental frequency. The response curve of
these i-f transformers is shown in figure 28.
High-fidelity receivers usually contain i-f
transformers which have a broader band-
width which is usually 10 kHz on each side
of the fundamental. The response curve for
this type transformer is shown in figure 29.

Resonance curves such as these can be dis-
played on the screen of an oscilloscope. For
a complete understanding of the procedure
it is important to know how the resonance
curve is traced.

The Resonance To present a resonance curve
Curve on the  on the screen, .a frequency-
Screen modulated signal source must

be available. This signal
source is a signal generator whose output is
the fundamental i-f frequency which is fre-
quency-modulated 5 to 10 kHz each side of

CARRIER-WAVE PATTERN

1

Emin. E max.
Figure 25 Figure 26 Figure 27
(LESS THAN 100% MODULATION) (100% MODULATION) (OVERMODULATION)
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Figure 28

I-F FREQUENCY RESPONSE CURVE OF
A LOW PRICED RECEIVER

1.F. FREQUENCY

Figure 29

FREQUENCY RESPONSE OF
HIGH-FIDELITY I-F SYSTEM
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Figure 30

CONNECTION OF THE OSCILLOSCOPE
ACROSS THE DETECTOR LOAD

the fundamental frequency. A signal genera-
tor of this type generally takes the form of
an ordinary signal generator with a rotating
motor-driven tuned-circuit capacitor, called
a wobbulator, or its electronic equivalent,
which is a reactance tube.

The method of presenting a resonance
curve on the screen is to connect the vertical
channel of the oscilloscope across the de-
tector load of the receiver as shown in the

Figure 31
DOUBLE-RESONANCE CURVE

detectors of figure 30 (between point A and
ground) and the time-base generator output
to the horizontal channel. In this way the
d-c voltage across the detector load varies
with the frequencies which are passed by the
i-f system. Thus, if the time-base generator
is set at the frequency of rotation of the
motor-driven capacitor, or the reactance
tube, a pattern resembling figure 31 (a
double resonance curve) appears on the
screen.

Figure 31 is explained by considering fig-
ure 32. In half a rotation of the motor-
driven capacitor the frequency increases
from 445 kHz to 465 kHz, more than cov-
ering the range of frequencies passed by the
i-f system. Therefore, a full resonance curve
is presented on the screen during this half
rotation since only balf a cycle of the volt-
age producing horizontal deflection has
transpired. In the second half of the rotation
the motor-driven capacitor takes the fre-
quency of the signal in the reverse order
through the range of frequencies passed by
the i-f system. In this interval the time-base
generator sawtooth waveform completes its
cycle, drawing the electron beam further
across the screen and then returning it to
the starting point. Subsequent cycles of the
motor-driven capacitor and the sawtooth
voltage merely retrace the same pattern.
Since the signal being viewed is applied
through the vertical amplifier, the sweep can
be synchronized internally.

Some signal generators, particularly those
employing 2 reactance tube, provide a sweep
output in the form of a sine wave which is
synchronized to the frequency with which
the reactance tube is swinging the funda-
mental frequency through its limits, (usually
60 hertz). If such a signal is used for hori-
zontal deflection, it is already synchronized.
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Figure 32

DOUBLE-RESONANCE ACHIEVED BY
COMPLETE ROTATION OF THE
MOTOR-DRIVEN CAPACITOR

Figure 33
SUPERPOSITION OF RESONANCE CURVES

Since this signal is a sine wave, the response
curve is observed as it sweeps the spot across
the screen from left to right; and it is ob-
served again as the sine wave sweeps the spot
back again from right to left. Under these
conditions the two response curves are super-
imposed on each other and the high-fre-
quency responses of both curves are at one
end and the low-frequency response of both
curves is at the other end. The i-f trimmer
capacitors are adjusted to produce a response
curve which is symmetrical on each side of
the fundamental frequency.

When using sawtooth sweep, the two re-
sponse curves can also be superimposed. If
the sawtooth signal is generated at exactly
twice the frequency of rotation of the
motor-driven capacitor, the two resonance
curves will be superimposed (figure 33) if
the i-f transformers are properly tuned. If
the two curves do not coincide the i-f trim-
mer capacitors should be adjusted. At the
point of coincidence the tuning is correct. It
should be pointed out that rarely do the two
curves agree perfectly. As a result, optimum
adjustment is made by making the peaks
coincide. This latter procedure is the one
generally used in i-f adjustment. When the

WA ) AR

®

Figure 34
SINGLE-TONE PRESENTATION

Oscilloscope trace of SSB signal modulated by

single tone (A). Incomplete carrier supression

or spurious products will show modulated en-
velope of (B). The ratlo of supression Is:

A+B

$=20log ——2

two curves coincide, it is evident that the i-f
system responds equally to signals-higher and
lower than the fundamental i-f frequency.

8-6 Single-Sideband

Applications

Measurement of power output and distor-
tion are of particular importance in SSB
transmitter adjustment. These measurements
are related to the extent that distortion rises
rapidly when the power amplifier is over-
loaded. The usable power output of an SSB
transmitter is often defined as the maximum
peak envelope power obtainable with a spec-
ified signal-to-distortion ratio. The oscillo-
scope is a useful instrument for measuring
and studying distortion of all types that may
be generated in single-sideband equipment.

POWER AMPLIFIER

R=F INPUT UNDER TEST TO LOAD
INPUT OUTPUT
ENVELOPE ENVELOPE
DETECTOR OETECTOR
o
0sciILLOSCOPE
Figure 35

BLOCK DIAGRAM OF
LINEARITY TRACER
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Single-Tone When an SSB transmitter is
Observations modulated with a single audio
tone, the r-f output should be
a single radio frequency. If the vertical
plates of the oscilloscope are coupled to the
output of the transmitter, and the hori-
zontal amplifier sweep is set to a slow rate,
the scope presentation will be as shown in
figure 34. If unwanted distortion products
or carrier are present, the top and bottom of
the pattern will develop a “ripple” propor-
tional to the degree of spurious products.

The Linearity The linearity tracer is an aux-
Trocer iliary detector to be used with

an oscilloscope for quick ob-
servation of amplifier adjustments and para-
meter variations. This instrument consists of
two SSB envelope detectors the outputs of
which connect to the horizontal and vertical
inputs of an oscilloscope. Figure 35 shows a
block diagram of a typical linearity test set-
up. A two-tone test signal is normally em-
ployed to supply an SSB modulation envelope,
but any modulating signal that provides an
envelope that varies from zero to full ampli-
tude may be used. Speech modulation gives a
satisfactory trace, so that this instrument
may be used as a visual monitor of transmit-
ter linearity. It is particularly useful for
monitoring the signal level and clearly shows
when the amplifier under observation is over-
loaded. The linearity trace will be a straight
line regardless of the envelope shape if the
amplifier has no distortion. Overloading
causes a sharp break in the linearity curve.
Distortion due to too much bias is also easily
observed and the adjustment for low dis-
tortion can easily be made.

Another feature of the linearity detector
is that the distortion of each individual
stage can be observed. This is helpful in
troubleshooting. By connecting the input
envelope detector to the output of the SSB
generator, the over-all distortion of the en-
tire r-f circuit beyond this point is observed.
The unit can also serve as a voltage indicator
which is useful in making tuning adjust-
ments.

The circuit of a typical envelope detector
is shown in figure 36. Two matched ger-
manium diodes are used as detectors. The
detectors are not linear at low signal levels,
but if the nonlinearity of the two detectors
is matched, the effect of their nonlinearity on
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Figure 36
SCHEMATIC OF

ENVELOPE DETECTOR

the oscilloscope trace is cancelled. The ef-
fect of diode differences is minimized by
using a diode load of 5000 to 10,000 ohms,
as shown. It is important that both detectors
operate at approximately the same signal
level so that their differences will cancel
more exactly. The operating level should be
1 volt or higher.

It is convenient to build the detector in a
small shielded enclosure such as an i-f trans-
former can fitted with coaxial input and
output connectors. Voltage dividers can be
similarly constructed so that it is easy to in-
sert the desired amount of voltage attenua-
tion from the various sources. In some cases
it is convenient to use a pickup loop on the
end of a short length of coaxial cable.

The phase shift of the amplifiers in the os-
cilloscope should be the same and their fre-
quency response should be flat out to at least
twenty times the frequency difference of the
two test tones. Excellent high-frequency
characteristics are necessary because the
rectified SSB envelope contains harmonics
extending to the limit of the envelope de-
tector’s response. Inadequate frequency re-
sponse of the vertical amplifier may cause a
little “foot” to appear on the lower end of
the trace, as shown in figure 37. If it is
small, it may be safely neglected.

Another spurious effect often encountered
is a double trace, as shown in figure 38. This
can usually be corrected with an RC net-
work placed between one detector and the
oscilloscope. The best method of testing the
detectors and the amplifiers is to connect the
input of the envelope detectors in parallel.
A perfectly straight line trace will result
when everything is working properly. One
detector is then connected to the other r-f
source through a voltage divider adjusted so
that no appreciable change in the setting of
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Figure 37

EFFECT OF INADEQUATE
RESPONSE OF VERTICAL
AMPLIFIER

Figure 38

DOUBLE TRACE CAUSED
BY PHASE SHIFT

the oscilloscope amplifier controls is required.
Figure 39 illustrates some typical linearity
traces. Trace A is caused by inadequate
static plate current in class-A or class-B
amplifiers or a mixer stage. To regain linear-
ity, the grid bias of the stage should be re-
duced, the screen voltage should be raised,
or the signal level should be decreased. Trace
B is a result of poor grid-circuit regulation
when grid current is drawn, or a result of

OUTPUT
SIGNAL
LEVEL

(3]

INPUT SIGNAL LEVEL
Figure 40

ORDINATES ON LINEARITY CURVE FOR
3RD-ORDER DISTORTION EQUATION

nonlinear plate characteristics of the ampli-
fier tube at large plate swings. More grid
swamping should be used, or the exciting
signal should be reduced. A combination of
the effects of A and B are shown in Trace
C. Trace D illustrates amplifier overloading.
The exciting signal should be reduced.

A means of estimating the distortion level
observed is quite useful. The first- and third-
order distortion components may be derived
by an equation that will give the approxi-
mate signal-to-distortion level ratio of a
two-fone test signal, operating on a given
linearity curve. Figure 40 shows a linearity
curve with two ordinates erected at half and
full peak input signal level. The length of
the ordinates ¢, and ¢, may be scaled and
used in the following equation:

Signal-to-distortion ratio in db =

3e, — e
20 log ST e: = e:

® |

© ©

Figure 39
TYPICAL LINEARITY TRACES
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CHAPTER NINE

Special Vacuum-Tube Circuits

A whole new concept of vacuum-tube ap-
plications has been developed in recent years.
No longer are vacuum tubes chained to the
field of communication. This chapter is de-
voted to some of the more common circuits
encountered in industrial and military appli-
cations of the vacuum tube.

9-1 Limiting Circuits

The term limiting refers to the removal or
suppression, by electronic means, of the ex-
tremities of an electronic signal. Circuits
which perform this function are referred to
as limiters or clippers. Limiters are useful in
waveshaping circuits where it is desirable to
square off the extremities of the applied sig-
nal. A sine wave may be applied to a limiter
circuit to produce a rectangular wave. A
peaked wave may be applied to a limiter cir-
cuit to eliminate either the positive or nega-
tive peaks from the output. Limiter circuits
are employed in f-m receivers where it is
necessary to limit the amplitude of the signal
applied to the detector. Limiters may be
used to reduce automobile ignition noise in
short-wave receivers, or to maintain a high
average level of modulation in a transmitter.
They may also be used as protective devices
to limit input signals to special circuits.

Diode Limiters The characteristics of a diode

tube are such that the tube
conducts only when the plate is at a positive
potential with respect to the cathode. A

positive potential may be placed on the cath-
ode, but the tube will not conduct until the
voltage on the plate rises above an equally
positive value. As the plate becomes more
positive with respect to the cathode, the
diode conducts and passes that portion of the
wave which is more positive than the cath-
ode voltage. Diodes may be used as either
series or parallel limiters, as shown in figure
1. A diode may be so biased that only a cer-
tain portion of the positive or negative cycle
is removed.

Audio Peak  An audio peak clipper consist-
Limiting ing of two diode limiters may

be used to limit the amplitude
of an audio signal to a predetermined value
to provide a high average level of modula-

‘tion without danger of overmodulation. An

effective limiter for this service is the series-
diode gate clipper. A circuit of this clipper
is shown in figure 2. The audio signal to be
clipped is coupled to the clipper through C,.
R;: and R; are the clipper input and output
load resistors. The clipper plates are tied
together and are connected to the clipping
level control (R,) through series resistor R,.
R, acts as a voltage divider between the
high-voltage supply and ground. The exact
point at which clipping will occur is set by
R4, which controls the positive potential ap-
plied to the diode plates.

Under static conditions, a d-c voltage is
obtained from R, and applied through R,
to both plates of the 6ALS tube. Current
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VARIOUS DIODE LIMITING CIRCUITS

B

Series diodes lmiting positive and megative
limiting positive and megative peaks are sho

are sh in A and B. Paraliel diodes

wn In € and D. Porailel diodes limiting above

and below grownd are shown in E and F. Paralliel-diode limiters which pass megative and
positive peaks are shown in G and H.

flows through Ry, Ry, and divides through
the the two diode sections of the 6ALS and
the two load resistors (R, and R;). All parts
of the clipper circuit are maintained at a
positive potential above ground. The voltage
drop between the plate and cathode of each
diode is very small compared to the drop
across the 300,000-ohm resistor (R;) in
series with the diode plates. The plate and
cathode of each diode are therefore main-
tained at approximately equal potentials as
long as there is plate-current flow. Clipping
does not occur until the peak audio-input
voltage reaches a value greater than the
static voltages at the plates of the diode.
Assume that Ry has been set to a point
that will give 4 volts at the plates of the
6ALS. When the peak audio-input voltage

is less than 4 volts, both halves of the tube
conduct at all times. As long as the tube
conducts, its resistance is very low compared
with plate resistor Ry. Whenever a voltage
change occurs across input resistor R,, the
voltage at all of the tube elements increases
or decreases by the same amount as the input
voltage changes, and the voltage drop across
R; changes by an equal amount. As long as
the peak input voltage is less than 4 volts,
the 6ALS acts merely as a conductor, and
the output cathode is permitted to follow
all voltage changes at the input cathode.

If, under static conditions, 4 volts appear
at the diode plates, then twice this voltage (8
volts) will appear if one of the diode circuits
is opened, thus removing its d-c load from
the circuit. As long as only one of the diodes
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THE SERIES-DIODE GATE CLIPPER FOR
AUDIO PEAK LIMITING

= E=GRIO-CATHODE RESISTANCE
< WHEN GRID IS DRIVEN POSITIVE

Figure 3
GRID LIMITING CIRCUIT

continues to conduct, the voltage at the
diode plates cannot rise above twice the
voltage selected by R,. In this example, the
voltage cannot rise above 8 volts. Now, if
the input audio voltage applied through C,
is increased to any peak value between zero
and + 4 volts, the first cathode of the
6ALS will increase in voltage by the same
amount to the proper value between 4 and
8 volts. The other tube elements will assume
the same potential as the first cathode. How-
ever, the 6ALS plates cannot increase more
than 4 volts above their original 4-volt static
level. When the input voltage to the first
cathode of the 6ALS increases to more than
+ 4 volts, the cathode potential increases
to more than 8 volts. Since the plate circuit
potential remains at 8 volts, the first diode
section ceases to conduct until the input
voltage across R, drops below 4 volts.

When the input voltage swings in a nega-
tive direction, it will subtract from the 4-
volt drop across R, and decrease the voltage
on the input cathode by an amount equal
to the input voltage. The plates and the out-
put cathode will follow the voltage level at
the input cathode as long as the input volt-
age does not swing below — 4 volts. If
the input voltage does not change more than
4 volts in a negative direction, the plates of
the 6ALS will also become negative. The

potential at the output cathode will follow
the input cathode voltage and decrease from
its normal value of 4 volts until it reaches
zero potential. As the input cathode voltage
decreases to less than zero, the plates will
follow. However, the output cathode,
grounded through R, will stop at zero
potential as the plate becomes negative. Con-
duction through the second diode is impos-
sible under these conditions. The output
cathode remains at zero potential until the
voltage at the input cathode swings back to
zero.

The voltage developed across output resis-
tor R, follows the input voltage variations
as long as the input voltage does not swing
to a peak value greater than the static volt-
age at the diode plates, which is determined
by R,. Effective clipping may thus be ob-
tained at any desired level.

The square-topped audio waves generated
by this clipper are high in harmonic content,
but these higher-order harmonics may be
greatly reduced by a low-level speech filter.
Grid Limiters A triode grid limiter is shown
in figure 3. On positive peaks
of the input signal, the triode grid attempts
to swing positive, and the grid-cathode re-
sistance drops to about 1000 ohms or so. The
voltage drop across the series grid resistor

(A) POSITIVE CLAMPING CIRCUIT

emn—{F— — eour en —{t— eour
4100 ~~ = — = —-
f @ °—ELD_EL .{ @
= L DIODE CONDUCTS = =

NEGATIVE CLAMPING CIRCUIT

Figure 4

SIMPLE POSITIVE AND NEGATIVE CLAMPING CIRCUITS
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NEGATIVE CLAMPING CIRCUIT
EMPLOYED IN ELECTROMAGNETIC
SWEEP SYSTEM

C1 CHARGE PATH C2 DISCHARGE PATH

Figure 7

THE CHARGE AND DISCHARGE PATHS
IN THE FREE-RUNNING MULTIVIBRA-
TOR OF FIGURE 6

Ry Re

C
R1

C2

Figure 6
BASIC MULTIVIBRATOR CIRCUITS

(usually of the order of 1 megohm) is large
compared to the grid-cathode drop, and the
resulting limiting action removes the top
part of the positive input wave.

9-2  Clamping Circuits

A circuit which holds either amplitude ex-
treme of a2 waveform to a given reference
level of potential is called a clamping circuit

or a d-c restorer. Clamping circuits are used
after RC-coupling circuits where the wave-
form swing is required to be either above or
below the reference voltage, instead of alter-
nating on both sides of it (figure 4). Clamp-
ing circuits are usually encountered in oscil-
loscope sweep circuits. If the sweep voltage
does not always start from the same refer-
ence point, the trace on the screen does not
begin at the same point on the screen each
time the sweep is repeated and therefore is
“jittery.” If a clamping circuit is placed
between the sweep amplifier and the deflec-
tion element, the start of the sweep can be
regulated by adjusting the d-c voltage ap-
plied to the clamping tube (figure §).

9-3 Multivibrators

The multivibrator, or relaxation oscillator,
is used for the generation of nonsinusoidal
waveforms. The output is rich in harmonics,

AAA

2 z
‘rL = = “smmmm = =
©
DIRECT-COUPLED CATHODE ELECTRON -COUPLED MULT IVIBRATOR WITH SINE-WAVE
MULTIVIBRATOR MULTIVIBRATOR SYNCHRONIZING SIGNAL APPLIED
TO ONE TUBE
Figure 8

VARIOUS TYPES OF MULTIVIBRATOR CIRCUITS
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ECCLES-JORDAN MULTIVIBRATOR CIRCUITS

but the inherent frequency stability is poor.
The multivibrator may be stabilized by the
introduction of synchronizing voltages of
harmonic or subharmonic frequency.

In its simplest form, the multivibrator is
1 simple two-stage RC-coupled amplifier
with the output of the second stage coupled
through 2 capacitor to the grid of the first
tube, as shown in figure 6. Since the output
of the second stage is of the proper polarity
to reinforce the input signal applied to the
first tube, oscillations can readily take place,
started by thermal-agitation and miscellane-
ous tube noise. Oscillation is maintained by
the process of building up and discharging
the store of energy in the grid-coupling
capacitors of the two tubes. The charging
and discharging paths are shown in figure 7.
Various types of multivibrators are shown in
figure 8.

The output of a multivibrator may be used
as a source of square waves, as an electronic
switch, or as a means of obtaining frequency
division. Submultiple frequencies as low as
one-tenth of the injected synchronizing fre-
quency may easily be obtained.

R L

|
o g
|
|
Figure 10
SINGLE-SWING BLOCKING OSCILLATOR

The Eccles-Jordan The Eccles-Jordan trigger
Circuit circuit is shown in figure
9A. This is not a true

multivibrator, but rather a circuit that pos-
sesses two conditions of stable equilibrium.
One condition is when V, is conducting and
V. is cutoff; the other when V, is conduct-
ing and V, is cutoff. The circuit remains in
one or the other of these two stable condi-
tions with no change in operating potentials
until some external action occurs which
causes the nonconducting tube to conduct.
The tubes then reverse their functions and re-
main in the new condition as long as no
plate current flows in the cut-off tube. This
type of circuit is known as a flip-flop circuit.
Figure 9B illustrates a modified Eccles-
Jordan circuit which accomplishes a2 com-
plete cycle when triggered by a positive
pulse. Such a circuit is called a omne-shot
multivibrator. For initial action, V, is cut
off and V, is conducting. A large positive

+ R-F R-F - R-F
PULSE PULSE  PULSE
RFC \ sl "_“I
|
eour
Ci ! !
3 e i e
F  Cl
Ri3 TinE TimE
Figure 11

HARTLEY OSCILLATOR USED AS BLOCK-
ING OSCILLATOR BY PROPER CHOICE
OFR, C,
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Figure 12
POSITIVE AND NEGATIVE COUNTING CIRCUITS

pulse applied to the grid of V, causes this
tube to conduct, and the voltage at its plate
decreases by virtue of the IR drop through
Rs. Capacitor C; is charged rapidly by this
abrupt change in V, plate voltage, and V.
becomes cut off while V, conducts. This con-
dition exists until C, discharges, allowing V.
to conduct, raising the cathode bias of V,
until it is once again cut off.

A direct - cathode-coupled multivibrator
is shown in figure 8A. Ry is a common
cathode resistor for the two tubes, and cou-
pling takes place across this resistor. It is
impossible for a tube in this circuit to com-
pletely cut off the other tube, and a circuit
of this type is called a free-running multi-
vibrator in which the condition of one tube
temporarily cuts off the other.

9-4 The Blocking Oscillator

A blocking oscillator is any oscillator
which cuts itself off after one or more cycles
caused by the accumulation of a negative
charge on the grid capacitor. This negative
charge may gradually be drained off through
the grid resistor of the tube, allowing the
circuit to oscillate once again. The process
is repeated and the tube becomes an inter-
mittent oscillator. The rate of such an oc-

Va2

eour.,

/em—‘l:.
LA w

Figure 13
STEP-BY-STEP COUNTING CIRCUIT

currence is determined by the RC time con-
stant of the grid circuit. A single-swing
blocking oscillator is shown in figure 10,
wherein the tube is cut off before the comple-
tion of one cycle. The tube produces single
pulses of energy, the time between the
pulses being regulated by the discharge time
of the grid RC network. The self-pulsing
blocking oscillator is shown in figure 11, and
is used to produce pulses of r-f energy, the
number of pulses being determined by the
timing network in the grid circuit of the
oscillator. The rate at which these pulses
occur is know as the pulse-repetition fre-
quency, or p.r.f.

9-5  Counting Circuits

A counting circuit, or frequency divider,
is one which receives uniform pulses (repre-
senting units to be counted) and produces a
voltage that is proportional to the frequency
of the pulses. A counting circuit may be
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Figure 14

THE STEP-BY-STEP COUNTER USED TO

TRIGGER A BLOCKING OSCILLATOR.

THE BLOCKING OSCILLATOR SERVES AS
A FREQUENCY DIVIDER.
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Figure 16
THE PHASE-SHIFT OSCILLATOR

used in conjunction with a blocking oscilla-
tor to produce a trigger pulse which is a
submultiple of the frequency of the applied
pulse. Either positive or negative pulses may
be counted. A positive counting circuit is
shown in figure 12A, and a negative count-
ing circuit is shown in figure 12B. The pos-
itive counter allows a certain amount of
current to flow through R, each time a
pulse is applied to C,.

The positive pulse charges C;, and makes
the plate of V, positive with respect to its
cathode. V, conducts until the exciting pulse
passes. C, is then discharg:d by V,, and the
circuit is ready to accept unother pulse. The
average current flowing through R, increases
as the pulse-repetition frequency increases,
and decreases as the p.r.f. decreases.

By reversing the diode connections, as
shown in figure 12B, the circuit is made to
respond to negative pulses. In this circuit,
an increase in the p.r.f. causes a decrease in
the average current flowing through R,,
which is opposite to the effect in the positive
counter.

A step-counter is similar to the circuits
discussed, except that a capacitor which is
large compared to C, replaces the diode load
resistor. The charge of this capacitor is in-
creased during the time of each pulse, pro-
ducing a step voltage across the output (fig-
ure 13). A blocking oscillator may be con-
nected to a step counter, as shown in figure
14. The oscillator is triggered into operation
when the voltage across C, reaches a point
sufficiently positive to raise the grid of V,
above cutoff. Circuit parameters may be
chosen so that a count division up to 1/20
may be obtained with reliability.

9-6 Resistance-Capacitance
Oscillators

In an RC oscillator, the frequency is de-
termined by a resistance capacitance network
that provides regenerative coupling between
the output and input of a feedback ampli-
fier. No use is made of a tank circuit con-
sisting of inductance and capacitance to
control the frequency of oscillation.

The Wien-Bridge oscillator employs a Wien
network in the RC feedback circuit and is
shown in figure 15. Tube V, is the oscillator
tube, and tube V, is an amplifier and phase-
inverter tube. Since the feedback voltage
through C, produced by V. is in phase with
the input circuit of V, at all frequencies,
oscillation is maintained by voltages of any
frequency that exist in the circuit. The
bridge circuit is used, then, to eliminate
feedback voltages of all frequencies except
the single frequency desired at the output of
the oscillator. The bridge allows a voltage of
only one frequency to be effective in the
circuit because of the degeneration and phase
shift provided by this circuit. The frequency
at which oscillation occurs is:

1
f_ 27PR1 C|

when,
R, X Cyequals R, X C,

A lamp (L;) is used for the cathode resistor
of V,; as a thermal stabilizer of the oscillator
amplitude. The variation of the resistance
with respect to the current of the lamp
bulb holds the oscillator output voltage at a
nearly constant amplitude.
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Figure 17

THE BRIDGE-TYPE PHASE-SHIFT
OSCILLATOR

The phase-shift oscillator shown in figure
16 is a single-tube oscillator using a three-
section phase-shift network. Each section of
the network produces a phase shift in pro-
portion to the frequency of the signal that
passes through it. For oscillations to be pro-
duced, the signal from the plate of the tube
must be shifted 180°. Three successive phase
shifts of 60° accomplish this, and the fre-
quency of oscillation is determined by this
phase shift.

A high-pu triode or a pentode must be used
in this circuit. In order to increase the fre-
quency of oscillation, either the resistance or
the capacitance must be decreased by an ap-
propriate amount.

A bridge-type phase-shift oscillator is
shown in figure 17. The bridge is so propor-
tioned that only at one frequency is the
-phase shift through the bridge equal to 180°.
Voltages of other frequencies are fed back to
the grid of the tube out of phase with the
existing grid signal, and are cancelled by be-
ing amplified out of phase.

The Bridge-T oscillator developed by
the National Bureau of Standards consists of
a two-stage amplifier having two feedback
loops, as shown in figure 18. Loop 1 consists
of a regenerative cathode-to-cathode loop,
consisting of L;; and Ca. The bulb regulates
the positive feedback, and tends to stabilize
the output of the oscillator, much as in the
manner of the Wien circuit. Loop 2 consists
of a grid-cathode degenerative circuit, con-
taining the Bridge-T.

Oscillation will occur at the null fre-
quency of the bridge, at which frequency
the bridge allows minimum degeneration in
loop 2 (figure 19).

Figure 18

THE NBS BRIDGE-T OSCILLATOR
CIRCUIT EMPLOYS TWO FEEDBACK
LOOPS. LOOP 1 1S REGENERATIVE,
LOOP 2 IS DEGENERATIVE

9.7 Feedback

Feedback amplifiers have been discussed
in Chapter 6, section 15 of this Handbook.

A more general use of feedback is in auto-
matic control and regulating systems.
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Figure 19
BRIDGE-T FEEDBACK
LOOP CIRCUITS

Oscillation will occur at the null frequency of
the bridge, at which frequency the bridge
allows minimum degeneration in loop 2.
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Figure 20

SIMPLE CLOSED-LOOP
FEEDBACK SYSTEM

Room temperature (T) controls fuel supply to
furnace (F) by feedback loop through thermo-
stat (TH) control.

Mechanical feedback has been used for many
years in such forms as engine-speed gover-
nors and servo steering engines on ships.

A simple feedback system for temperature
control is shown in figure 20. This is a cause-
and-effect system. The furnace (F) raises
the room temperature (T) to a predeter-
mined value at which point the sensing
thermostat (TH) reduces the fuel flow to
the furnace. When the room temperature
drops below the predetermined value the
fuel flow is increased by the thermostat con-
trol. An interdependent control system is
created by this arrangement: the room tem-
perature depends on the thermostat action,
and the thermostat action depends on the
room temperature. This sequence of events
may be termed a closed-loop feedback system.

Error Cancellation A feedback control sys-
tem is dependent on a de-
gree of error in the output signal, since this
error component is used to bring about the
correction. This component is called the
error signal. The error, or deviation from the
desired signal is passed through the feedback
loop to cause an adjustment to reduce the
value of the error signal. Care must be taken
in the design of the feedback loop to reduce
over-control tendencies wherein the correc-
tion signal would carry the system past the
point of correct operation. Under certain
circumstances the new error signal would
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PHASE SHIFT OF ERROR
SIGNAL MAY CAUSE OSCILLA.-
TION IN CLOSED LOOP SYSTEM
To prevent oscillation, the gain of the feed-

back loop must be less than unity when the
phase shitt of the system reaches 180 degrees.

cause the feedback control to overcorrect in
the opposite direction, resulting in bunting
or oscillation of the closed-loop system about
the correct operating point.

Negative-feedback control would tend to
damp out spurious system oscillation if it
were not for the time lag or phase shift in the
system. If the over-all phase shift is equal to
one-half cycle of the operating frequency of
the system, the feedback will maintain a
steady state of oscillation when the circuit
gain is sufficiently high (figure 21).
order to prevent oscillation, the gain figure
of the feedback loop must be less than unity
when the phase shift of the system reaches
180 degrees. In an ideal control system the
gain of the loop would be constant through-
out the operating range of the device, and
would drop rapidly outside the range to
reduce the bandwidth of the control system
to a minimum.

The time lag in a closed-loop system may
be reduced by using electronic circuits in
place of mechanical devices, or by the use of
special circuit elements having a phase-lead
characteristic. Such devices make use of the
properties of a capacitor, wherein the current
leads the voltage applied to it.
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Radio Receiver Fundamentals

A conventional reproducing device such
as a speaker or a pair of earphones is in-
capable of receiving directly the intelligence
carried by the carrier wave of a radio trans-
mitting station. It is necessary that an addi-
tional device, called a radio receiver, be
placed between the receiving antenna and
the speaker or headphones.

Radio receivers vary widely in their com-
plexity and basic design, depending on the
intended application and upon economic fac-
tors. A simple radio receiver for reception of
radiotelephone signals can consist of an ear-
phone, a silicon or germanium crystal as a
carrier rectifier or demodulator, and a length
of wire as an antenna. However, such a re-
ceiver is highly insensitive, and offers no
significant discrimination between two sig-
nals in the same portion of the spectrum.

On the other hand, a dual-diversity re-
ceiver designed for single-sideband reception
and employing double or triple detection
might occupy several relay racks and would
cost many thousands of dollars. However,
conventional communications receivers are
intermediate in complexity and performance
between the two extremes. This chapter is
devoted to the principles underlying the oper-
ation of such conventional communications
receivers.

10-1 Detection or

Demodulation

A detector, or demodulator, is a device for
removing the modulation (demodulating) or

detecting the intelligence carried by an in-
coming radio wave.

Radiotelephony Figure 1 illustrates an ele-
Demodulation  mentary form of a radiotele-

phone receiver employing a
diode detector. Energy from a passing radio
wave will induce a voltage in the antenna
and cause a radio-frequency current to flow
from antenna to ground through coil L,.
The alternating magnetic field set up around
L, links with the turns of L, and causes an
r-f current to flow through the parallel-
tuned circuit, (L,-C;). When variable ca-
pacitor C, is adjusted so that the tuned cir-
cuit is resonant at the frequency of the ap-
plied signal, the r-f voltage is maximum.
This r-f voltage is applied to the diode de-
tector where it is rectified into a varying
direct current, which is passed through the
earphones. The variations in this current cor-
respond to the voice modulation placed on
the signal at the transmitter. As the ear-
phone diaphragms vibrate back and forth in
accord with the pulsating current they aud-
ibly reproduce the modulation which was
placed on the carrier wave.

The operation of the detector circuit is
shown graphically above the detector circuit
in figure 1. The modulated carrier is shown
at A, as it is applied to the antenna. B repre-
sents the same carrier, increased in ampli-
tude, as it appears across the tuned circuit.
In C the varying d-c output from the de-
tector is seen.
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ELEMENTARY FORM OF RECEIVER

This is the basis of the “crystal set” type of
receiver, aithough a vacwum diode may be
uvsed In place of the crystal diode. The tonk
cirevit (L-C) is tuned to the frequency it is
desired to receive. The bypass capacitor across
the phones should have a low reactance to the
carrier frequency being received, but o high
reactance to the modulation on the received
radio signal.

Radiotelegraphy Since a c-w telegraphy sig-
Reception nal consists of an unmodu-

lated carrier which is inter-
rupted to form dots and dashes, it is appar-
ent that such a signal would not be made
audible by detection alone. While the keying
is a form of modulation, it is composed of
such low-frequency components that the
keying envelope itself is below the audible
range at hand-keying speeds. Some means
must be provided whereby an audible tone is
heard while the unmodulated carrier is being
received, the tone stopping immediately when
the carrier is interrupted.

The most simple means of accomplishing
this is to feed a locally generated carrier of
a slightly different frequency into the same
detector, so that the incoming signal will
mix with it to form an audible beat note.
The difference frequency, or beterodyne as
the beat note is known, will of course stop
and start in accord with the incoming
c-w radiotelegraph signal, because the audible
heterodyne can exist only when both the
incoming and the locally generated carriers
are present.

The Autodyne The local signal which is used
Detector to beat with the desired c-w

signal in the detector may be
supplied by a separate low-power oscillator
in the receiver itself, or the detector may be
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REGENERATIVE DETECTOR CIRCUITS

Regenerative detectors are seldom wsed ot the
present time due to their poor selectivity.
However, they do illustrate the simplest type
of receiver which may be wsed either for
radiophone or radiotelegraph reception.

made to self-oscillate, and thus serve the
dual purpose of detector and oscillator. A
detector which self-oscillates to provide a
beat note is known as an aufodyne detector,
and the process of obtaining feedback be-
tween the detector plate and grid is called
regeneration.

An autodyne detector is most sensitive
when it is barely oscillating, and for this
reason a regeneration control is always in-
cluded in the circuit to adjust the feedback
to the proper amount. The regeneration con-
trol may be either a variable capacitor or a
variable resistor, as shown in figure 2.

With the detector regenerative but not
oscillating, it is also quite sensitive. When
the circuit is adjusted to operate in this
manner, modulated signals may be received
with considerably greater strength than with
a nonregenerative detector.

10-2  Superregenerative
Receivers
At ultrahigh frequencies, when it is de-

sired to keep weight and cost at a minimum,
a special form of the regenerative receiver
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known as the superregenerator is often used
for radiotelephony reception. The superre-
generator is essentially a regenerative receiver
with 2 means provided to throw the detector
rapidly in and out of oscillation. The fre-
quency at which the detector is made to go
in and out of oscillation varies with the fre-
quency to be received, but is usually between
20,000 and 500,000 times a second. This su-
perregenerative action considerably increases
the sensitivity of the oscillating detector so
that the usual background biss is greatly
amplified when no signal is being received.
This hiss diminishes in proportion to the
strength of the received signal, loud signals
eliminating the hiss entirely.

Quench
Methods

There are two systems in common
use for causing the detector to
break in and out of oscillation
rapidly. In one, a separate interruption-fre-
quency oscillator is arranged so as to vary
the voltage rapidly on one of the detector-
tube elements (usually the plate, sometimes
the screen) at the high rate necessary. The
interruption-frequency oscillator commonly
uses a conventional tickler-feedback circuit
with coils appropriate for its operating fre-
quency.

The second, and simplest, type of super-
regenerative detector circuit is arranged so
as to produce its own interruption frequency
oscillation, without the aid of a separate
tube. The detector tube damps (or quenches)
itself out of signal-frequency oscillation at a
high rate by virtue of the use of a high
value of grid resistor and proper size plate-
blocking and grid capacitors, in conjunction
with an excess of feedback. In this type of
self-quemched detector, the grid resistor is
quite often returned to the positive side of
the power supply (through the coil) rather
than to the cathode. A representative self-
quenched superregenerative detector circuit
is shown in figure 3.

Except where it is impossible to secure
sufficient regenerative feedback to permit
superregeneration, the self-quenching circuit
is to be preferred; it is simpler, is self-adjust-
ing as regards quenching amplitude, and can
have good quenching wave form. To obtain
as good results with a separately quenched
superregenerator, very careful design is re-
quired. However, separately quenched cir-
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Figure 3
SUPERREGENERATIVE DETECTOR CIRCUIT

A self-quenched superregenerative detector
such as lllustrated above Is capable of giving
good sensitivity in the vhf range. However,
the circuit has the disadvantage that its se-
lectivity Is relatively poor. Also, such a cirevit
shovid be preceded by an r-f stage fo sup-
press the radiation of a signal by the oscii-
lating detector.

cuits are useful when it is possible to make a
certain tube oscillate on a very high fre-
quency but it is impossible to obtain enough
regeneration for self-quenching action.

The optimum quenching frequency is a
function of the signal frequency. As the
operating frequency goes up, so does the op-
timum quenching frequency. When the
quench frequency is too low, maximum
sensitivity is not obtained. When it is too
high, both sensitivity and selectivity suffer.
In fact, the optimum quench frequency for
an operating frequency below 15 MHz is
in the audible range. This makes the super-
regenerator impractical for use on the
lower frequencies.

The high background noise or hiss which
is heard on a properly designed superregener-
ator when no signal is being received is not
the quench-frequency component; it is tube
and tuned-circuit fluctuation noise, indicat-
ing that the receiver is extremely sensitive.

A moderately strong signal will cause the
background noise to disappear completely,
because the superregenerator has an inherent
and instantaneous automatic-volume-control
characteristic. This same avc characteristic
makes the receiver comparatively insensitive
to impulse noise such as ignition pulses—a
highly desirable feature. This characteristic
also results in appreciable distortion of a re-
ceived radiotelephone signal, but not enough
to affect the intelligibility.

The selectivity of a superregenerator is
rather poor compared to a superheterodyne,
but is suprisingly good for so simple a re-
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THE FREMODYNE SUPERREGENERATIVE
SUPERHETERODYNE DETECTOR FOR
FREQUENCY-MODULATED SIGNALS

ceiver when figured on a percentage basis
rather than absolute kHz bandwidth.

F-M Reception A superregenerative receiver

will receive frequency-modu-
lated signals with results comparing favor-
ably with amplitude modulation if the
frequency swing of the f-m transmitter is
sufficiently high. For such reception, the
receiver is detuned slightly to either side of
resonance.

Superregenerative receivers radiate a strong,
broad, and rough signal. For this reason, it is
necessary in most applications to employ a
radio-frequency amplifier stage ahead of the
detector, with thorough shielding through-
out the receiver.

The Fremodyne
Detector

The Hazeltine-Fremodyne
superregenerative Circuit is
expressly designed for re-
ception of f-m signals. This versatile circuit
combines the action of the superregenerative
receiver with the superheterodyne, convert-
ing f-m signals directly into audio signals in
one double-triode tube (figure 4). One sec-
tion of the triode serves as a superregenera-
tive mixer, producing an intermediate fre-
quency of 22 MHz, an i-f amplifier, and an
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ESSENTIAL UNITS OF A
SUPERHETERODYNE RECEIVER

The basic portions of the recelver are shownm
in solid blocks, Practicable receivers employ
the dotted blocks and also wswally include swch
additional circuits as a moise limiter, an ave
circult, and a crystal filter in the i-f amplifier.

f-m detector. The detector action is accom-
plished by slope detection tuning on the
side of the i-f selectivity curve.

This circuit greatly reduces the radiated
signal, characteristic of the superregenerative
detector, yet provides many of the desirable
features of the superregenerator. The pass-
band of the Fremodyne detector is about
400 kHz.

10-3  Superheterodyne

Receivers

Because of its superiority and nearly uni-
versal use in all fields of radio reception, the
theory of operation of the superheterodyne
should be familiar to every radio student and
experimenter. The following discussion con-
cerns superheterodynes for a-m and SSB re-
ceotion. It is, however, applicable in part to
receivers for frequency modulation.

Principle of In the superheterodyne, the in-
Operation coming signal is applied to a

mixer consisting of a nonlinear
impedance such as a vacuum tube or a diode.
The signal is mixed with a steady signal gen-
erated locally in an oscillator stage, with the
result that a signal bearing all the modula-
tion applied to the original signal but of a
frequency equal to the difference between
the local oscillator and incoming signal fre-
quencies appears in the mixer output circuit.
The output from the mixer stage is fed into
a fixed-tuned intermediate-frequency ampli-
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TYPICAL I-F AMPLIFIER STAGE

fier, where it is amplified and detected in the
usual manner, and passed on to the audio
amplifier. Figure § shows a block diagram of
the fundamental superheterodyne arrange-
ment. The basic components are shown in
heavy lines, the simplest superheterodyne
consisting simply of these three units. How-
ever, a good communications receiver will
comprise all of the elements shown, both
heavy and dotted blocks.

Advantages of the The advantages of super-
Superheterodyne  heterodyne reception are

directly attributable to the
use of the fixed-tuned intermediate-frequen-
cy (i-f) amplifier. Since all signals are con-
verted to the intermediate frequency, this
section of the receiver may be designed for
optimum selectivity and high amplification.
High amplification is easily obtained in the
intermediate-frequency amplifier, since it
operates at a relatively low frequency, where
conventional pentode-type tubes give ade-
quate voltage gain. A typical i-f amplifier is
shown in figure 6.

From the diagram it may be seen that both
the grid and plate circuits are tuned. The
tuned circuits used for coupling between i-f
stages are known as i-f fransformers, These
will be more fully discussed later in this
chapter.

Choice of Inter-  The choice of a frequency
mediate Frequency for the i-f amplifier in-

volves several considera-
tions. One of these considerations concerns
selectivity—the lower the intermediate fre-
quency the greater the obtainable selectivity.
On the other hand, a rather high intermedi-
ate frequency is desirable from the stand-
point of image elimination, and also for the
reception of signals from television and f-m
transmitters and modulated self-controlled

oscillators, all of which occupy a rather wide
band of frequencies, making a broad selec-
tivity characteristic desirable. Images are a
peculiarity common to all superheterodyne
receivers, and for this reason they are given
a detailed discussion later in this chapter.
While intermediate frequencies as low as
$0 kHz are used where extreme selectivity is
a requirement, and frequencies of 60 MHz
and above are used in some specialized forms
of receivers, most present-day communica-
tions superheterodynes use intermediate fre-
quencies around either 455 or 1600 kHz.
Home-type broadcast receivers almost al-
ways use an intermediate frequency in the
vicinity of 455 kHz, while auto receivers
usually use a frequency of about 262 kHz.
The standard frequency for the i-f channel
of f-m receivers is 10.7 MHz. Television re-
ceivers use an intermediate frequency which
covers the band between about 21.5 and 27
MHz, or a band between 41 and 46 MHz.

Arithmetical Aside from allowing the use of
Selectivity  fixed-tuned bandpass amplifier

stages, the superheterodyne has
an overwhelming advantage over the tuned
radio frequency (trf) type of receiver be-
cause of what is commonly known as arith-
metical selectivity.

This can best be illustrated by considering
two receivers, one of the trf type and one of
the superheterodyne type, both attempting
to receive a desired signal at 10,000 kHz and
eliminate a strong interfering signal at 10,-
010 kHz. In the trf receiver, separating these
two signals in the tuning circuits is practical-
ly impossible, since they differ in frequency
by only 0.1 percent. However, in a super-
heterodyne with an intermediate frequency
of, for example, 1000 kHz, the desired signal
will be converted to a frequency of 1000
kHz and the interfering signal will be con-
verted to a frequency of 1010 kHz, both
signals appearing at the input of the i-f am-
plifier. In this case, the two signals may be
separated much more readily, since they dif-
fer by 1 percent, or 10 times as much as
in the first case.

The Converter The converter stage, or mixer,
Stage of a superheterodyne receiver

can be either one of two types:
(1) it may use a single envelope converter
tube, such as a 6BA7 or 6BEG, or (2) it may
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TYPICAL FREQUENCY-CONVERTER (MIXER) STAGES
The relative advantages of the different circuits are discussed in the text

use two tubes, or two sets of elements in
the same envelope, in an oscillator-mixer ar-
rangement. Figure 7 shows a group of cir-
cuits of both types to illustrate present prac-
tice with regard to types of converter stages.

Converter-tube combinations such as shown
in figures 7A and 7B are relatively simple
and inexpensive, and they do an adequate
job for most applications. With a converter
tube such as the 6SB7-Y or the 6BA7 quite
satisfactory performance may be obtained
for the reception of relatively strong signals
(as for example f-m broadcast reception) up
to frequencies in excess of 100 MHz. How-

ever, the equivalent input noise resistance of
such tubes is of the order of 200,000 ohms,
which is a rather high value indeed; so such
tubes are nof suited for operation without an
r-f stage in the high-frequency range if
weak-signal reception is desired.

The 6L7 mixer circuit shown in figure 7C,
and the 6BA7 circuit of figure 7D, also are
characterized by an equivalent input noise
resistance of several hundred thousand ohms,
so that these also must be preceded by one or
more r-f stages with a fairly high gain per
stage if 2 low noise factor is desired of the
complete receiver.
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However, the circuit arrangements shown
at figures 7E and 7F are capable of low-
noise operation within themselves, so that
these circuits may be fed directly from the
antenna without an r-f stage and still pro-
vide a fair noise factor to the complete re-
ceiver. Note that both these circuits use
control-grid injection of both the incoming
signal and the local-oscillator voltage. Hence.
paradoxically, circuits such as these should
be preceded by an r-f stage if local-oscillator
radiation is to be held to any reasonable
value of field intensity.

Diode Mixers As the frequency of operation

of a superheterodyne receiver is
increased above a few hundred megahertz
the signal-to-noise ratio appearing in the
plate circuit of the mixer tube when triodes
or pentodes are employed drops to a prohibi-
tively low value. At frequencies above the
upper frequency limit for conventional mix-
er stages, mixers of the diode type are most
commonly employed. The diode may be
either a vacuum-tube heater diode of a spe-
cial uhf design such as the 9005, or it may
be a crystal diode of the general type of the
IN21 through 1N28 series.

10-4 Mixer Noise

and Images

The effects of mixer noise and images are
troubles common to all superheterodynes.
Since both these effects can largely be ob-
viated by the same remedy, they will be con-
sidered together.

Mixer Noise Mixer noise of the shot-effect
type, which is evidenced by a
hiss in the audio output of the receiver, is
caused by small irregularities in the plate
current in the mixer stage and will mask
weak signals. Noise of an identical nature is
generated in an amplifier stage, but due to
the fact that the conductance in the mixer
stage is considerably lower than in an amp-
lifier stage using the same tube, the propor-
tion of inherent noise present in a mixer
usually is considerably greater than in an
amplifier stage using a comparable tube.
Although this noise cannot be eliminated,
its effects can be greatly minimized by plac-
ing sufficient signal-frequency amplification

having a high signal-to-noise ratio ahead of
the mixer. This remedy causes the signal out-
put from the mixer to be large in proportion
to the noise generated in the mixer stage. In-
creasing the gain after the mixer will be of
no advantage in eliminating mixer noise dif-
ficulties; greater selectivity after the mixer
will help to a certain extent, but cannot be
carried too far, since this type of selectivity
decreases the i-f bandpass and if carried too
far will not pass the sidebands that are an
essential part of a voice-modulated signal.

Triode Mixers A triode having a high trans-

conductance is the quietest
mixer tube, exhibiting somewhat less gain
but a better signal-to-noise ratio than a
comparable multigrid mixer tube. However,
below 30 MHz it is possible to construct a
receiver that will get down to the atmos-
pheric noise level without resorting to a
triode mixer. The additional difficulties ex-
perienced in avoiding pulling, undesirable
feedback, etc., when using a triode with
control-grid injection tend to make multi-
grid tubes the popular choice for this ap-
plication on the lower frequencies.

On very-high frequencies, where set noise
rather than atmospheric noise limits the
weak-signal response, triode mixers are more
widely used. A 6J6 miniature twin triode
with grids in push-pull and plates in parallel
makes an excellent mixer up to about 150

MHz.

Injection The amplitude of the injection
Voltage  voltage will affect the conversion

transconductance of the mixer.
and therefore should be made optimum if
maximum signal-to-noise ratio is desired. If
fixed bias is employed on the injection grid,
the optimum injection voltage is quite criti-
cal. If cathode bias is used, the optimum
voltage is not so critical; and if grid-leak
bias is employed, the optimum injection volt-
age is not at all critical—just so it is ade-
quate. Typical optimum injection voltages
will run from 1 to 3 volts for control-grid
injection, and 20 volts or so for screen- or
suppressor-grid injection.

Images There always are fwo signal fre-

quencies which will combine with a
given frequency to produce the same differ-
ence frequency. For example: assume a super-
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TYPICAL PENTODE R-F AMPLIFIER STAGE

heterodyne with its oscillator operating on a
higher frequency than the signal (which is
common practice in many superhetero-
dynes) tuned to receive a signal at 14,100
kHz. Assuming an i-f amplifier frequency of
450 kHz, the mixer input circuit will be
tuned to 14,100 kHz, and the oscillator to
14,100 plus 450, or 14,550 kHz. Now, a
strong signal at the oscillator frequency plus
the intermediate frequency (14,550 plus
450, or 15,000 kHz) will also give a differ-
ence frequency of 450 kHz in the mixer
output and will be heard also. Note that the
image is always fwice the intermediate fre-
quency away from the desired signal. Images
cause repeat points on the tuning dial.

The only way that the image could be
eliminated in this particular case would be to
make the selectivity of the mixer input cir-
cuit, and any circuits preceding it, great
enough so that the 15,000-kHz signal never
reaches the mixer grid in sufficient amplitude
to produce interference.

For any particular intermediate frequency,
image interference troubles become increas-
ingly greater as the frequency (to which the
signal-frequency portion of the receiver is
tuned) is increased. This is due to the fact
that the percentage difference between the
desired frequency and the image frequency
decreases as the receiver is tuned to a higher
frequency. The ratio of strength between a
signal at the image frequency and a signal at
the frequency to which the receiver is tuned
producing equal output is known as the
image ratio. The higher this ratio is, the
better the receiver will bein regard to image
interference troubles .

With but a single tuned circuit betwe=n
the mixer grid and the antenna, and with
400- to 500-kHz i-f amplifiers, image ratios
of 60 db and over are easily obtainable up to
frequencies around 2000 kHz. Above this

frequency, greater selectivity in the mixer
grid circuit through the use of additional
tuned circuits between the mixer and the
antenna is necessary if a good image ratio is
to be maintained.

10-5 R-F Stages

Since the necessary tuned circuits between
the mixer and the antenna can be combined
with tubes to form r-f amplifier stages, the
reduction of the effects of mixer noise and
the increasing of the image ratio can be ac-
complished in a single section of the receiver.
When incorporated in the receiver, this sec-
tion is known simply as an r-f amplifier;
when it is a separate unit with a separate
tuning control it is often known as a pre-
selector. Either one or two stages are com-
monly used in the preselector or r-f ampli-
fier. Some preselectors use regeneration to
obtain still greater amplification and selec-
tivity. An r-f amplifier or preselector em-
bodying more than two stages rarely ever is
employed since two stages will ordinarily
give adequate gain to override mixer noise.

R-F Stages in  Generally speaking, atmos-
the YHF Range pheric noise in the frequency

range above 30 MHz is
quite low—so low, in fact, that the noise
generated within the receiver itself is greater
than the noise received on the antenna.
Hence it is of the greatest importance that
internally generated noise be held to a mini-
mum in a receiver. At frequencies above 500

"MHz there is not much that can be done

in the direction of reducing receiver noise
below that generated in the converter stage,
aside from the use of specialized parametric
amplifiers. But in the vhf range, between 30
and 500 MHz, the receiver noise factor in a
well-designed unit is determined by the char-
acteristics of the first r-f stage.

The usual vhf receiver, whether for com-
munications or for f-m or TV reception,
uses a miniature pentode or triode for the
first r-f amplifier stage. The nuvistors
(6CW4 and 6DS4) are the best of presently
available types, with the 6EH7 (pentode)
and the cascode-style amplifier approaching
nuvistor performance in the lower vhf
region. However, when gain in the first r-f
stage is not so important, and the best noise
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factor must be obtained, the first r-f stage
usually uses a triode or a low-noise transistor.

Shown in figure 9 are four commonly used
types of triode r-f stages for use in the vhf
range. The circuit at (A) uses few com-
ponents and gives a moderate amount of
gain with very low noise. It is most satis-

factory when the first r-f stage is to be fed
directly from a low-impedance coaxial trans-
mission line. Figure 9 (B) gives somewhat
more gain than (A), but requires an input
matching circuit. The effective gain of this
circuit is somewhat reduced when it is being
used to amplify a broad band of frequencies
since the effective gn of the cathode-cou-
pled dual tube is somewhat less than half the
&m of either of the two tubes taken alone.

The Cascode The Cascode r-f amplifier, de-
Amplifier veloped at the MIT Radiation

Laboratory during World War
II, is a low-noise circuit employing a
grounded-cathode triode driving a grounded-
grid triode, as shown in figure 9C. The stage
gain of such a circuit is about equal to that
of a pentode tube, while the noise figure re-
mains at the low level of a triode tube. Neu-
tralization of the first triode tube is usually
unnecessary below 50 MHz. Above this fre-
quency, a definite improvement in the noise
figure may be obtained through the use of
neutralization. The neutralizing coil (Ly)
should resonate at the operating frequency
with the grid-plate capacity of the first tri-
ode tube.

The TV-type double triodes such as the
6D]J8 (and older style 6BQ7 and 6BZ7) may
be used to good advantage up to 144 MHz
or so. At 2 meters and above, however, the
6CW4 nuvistor family is recommended for
use.

Double Conversion As previously mentioned,
the use of a higher inter-
mediate frequency will also improve the
image ratio, at the expense of i-f selectivity,
by placing the desired signal and the image
farther apart. To give both good image
ratio at the higher frequencies and good
selectivity in the i-f amplifier, a system
known as double conversion is sometimes
employed. In this system, the incoming signal
is first converted to a rather high intermed-
iate frequency, and then amplified and again
converted, this time to a much lower fre-
quency. The first intermediate frequency
supplies the necessary wide separation be-
tween the image and the desired signal,
while the second ene supplies the bulk of the
i-f selectivity.
The double-conversion system, as illus-
trated in figure 10, is receiving two general
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Figure 10

TYPICAL DOUBLE-CONVERSION SUPERHETERODYNE RECEIVERS

Hiustrated ot A Is the basie circuit of a commercial double-conversion superheterodyne receiver.

At B is illustrated the application of an accessory sharp i-f channel for obtaining Improved

selectivity from a conventional communications receiver through the use of the double-conversion
superheterodyne principle.

types of application at the present time. The
first application is for the purpose of attain-
ing extremely good stability in a2 communi-
cations receiver through the use of crystal
control of the first oscillator. In such an
arrangement, as used in several types of Col-
lins receivers, the first oscillator is crystal
controlled and is followed by a tunable i-f
amplifier which then is followed by a mixer
stage and a fixed-tuned i-f amplifier on a
much lower frequency. Through such a cir-
cuit arrangement the stability of the com-
plete receiver is equal to the stability of the
oscillator which feeds the second mixer,
while the selectivity is determined by the
bandwidth of the second fixed i-f amplifier.

The second common application of the
double-conversion principle is for the pur-
pose of obtaining a very high degree of se-
lectivity in the complete communications
receiver. In this type of application, as illus-
trated in figure 10 B, a conventional com-
munications receiver is modified in such a
manner that its normal i-f amplifier (which

usually is in the 450- to 915-kHz range) in-
stead of being fed to a demodulator and
then to the audio system, is alternatively fed
to 2 fixed-tuned mixer stage and then into a
much lower intermediate-frequency ampli-
fier before the signal is demodulated and fed
to the audio system. The accessory i-f amp-
lifier system (sometimes called a Qf$’er)
normally is operated on a frequency of 175
kHz, 85 kHz, or 50 kHz.

10-6 Signal-Frequency

Tuned Circuits

The signal-frequency tuned circuits in
high-frequency superheterodynes and tuned-
radio-frequency types of receivers consist of
coils of either the solenoid or universal-
wound types shunted by variable capacitors.
It is in these tuned circuits that the causes
of success or failure of a receiver often lie.
The universal-wound type coils usually are
used at frequencies below 2000 kHz; above
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Figure 11

ILLUSTRATING “COMMON-POINT”
BYPASSING

To reduce the detrimental effects of cathode
cireuit inductance In vht stages, all bypass
capacitors shouvid be returned to the cathode
terminal at the socket. Tubes with two cathode
leads can give improved performance it the
grid return is made to one cathode terminal
while the plate and screen bypass returns are
de to the cath terminal which is con-
nected to the suppressor within the tube.

this frequency the single-layer solenoid type
of coil is more satisfactory.

Impedance The two factors of greatest sig-
and Q nificance in determining the

gain-per-stage and selectivity, re-
spectively, of a tuned amplifier are tuned-
circuit impedance and tuned-circuit Q. Since

the resistance of modern capacitors is low at_

ordinary frequencies, the resistance usually
can be considered to be concentrated in the
coil. The resistance to be considered in mak-
ing Q determinations is the r-f resistance,
not the d-c resistance of the wire in the coil.
The latter ordinarily is low enough that it
may be neglected. The increase in r-f resist-
ance over d-c resistance primarily is due to
skin effect and is influenced by such factors
as wire size and type, and the proximity of
metallic objects or poor insulators, such as
coil forms with high losses. Higher values of
Q lead to better selectivity and increased r-f
voltage across the tuned circuit. The increase
in voltage is due to an increase in the cir-
cuit impedance with the higher values of Q.

Frequently it is possible to secure an in-
crease in impedance in a resonant circuit
(and consequently an increase in gain from
an amplifier stage) by increasing the react-
ance through the use of larger coils and
smaller tuning capacitors (higher LC ratio).

Input Resistance Another factor which in-
fluences the operation of

tuned circuits is the input resistance of the
tubes placed across these circuits. At broad-
cast frequencies, the input resistance of most
conventional r-f amplifier tubes is high
enough so that it is not bothersome. But as
the frequency is increased, the input resist-
ance becomes lower and lower, until it ulti-
mately reaches a value so low that no ampli-
fication can be obtained from the r-f stage.

The two contributing factors to the de-
crease in input resistance with increasing
frequency are the transit time required by
an electron traveling between the cathode
and grid, and the inductance of the cathode
lead common to both the plate and grid cir-
cuits. As the frequency becomes higher, the
transit time can become an appreciable por-
tion of the time required by an r-f cycle of
the signal voltage, and current will actually
flow into the grid. The result of this effect
is similar to that which would be obtained
by placing a resistance between the grid and
cathode of the tube.

Superheterodyne Because the oscillator in a
Tracking superheterodyne operates

“‘offset”” from the other

front-end circuits, it is
necessary to make special provisions to allow
the oscillator to track when similar tuning
capacitor sections are ganged. The usual
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TUNING CAPACITOR
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OSCILLATOR
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)
1
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SERIES TRACKING CAPACITOR
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kA
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Figure 12

SERIES TRACKING EMPLOYED
IN THE H F OSCILLATOR OF A
SUPERHETERODYNE

The series tracking capacitor pormln the use
of identical gang hl a itor, since
the trackl or si d the rate of
frequency chcngo in the oscillator so that a
constant difference in frequency between the
osciliator and the r-f stage (equal to the I-¢
amplifier frequency) may be maintained.
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method of obtaining good tracking is to
operate the oscillator on the high-frequency
side of the mixer and use a series tracking
capacitor to slow down the tuning rate of
the oscillator. The oscillator tuning rate
must be slower because it covers a smaller
range than does the mixer when both are
expressed as a percentage of frequency. At
frequencies above 7000 kHz and with ordi-
nary intermediate frequencies, the difference
in percentage between the two tuning ranges
is so small that it may be disregarded in re-
ceivers designed to cover only a small range,
such as an amateur band.

A mixer- and oscillator-tuning arrange-
ment in which a series tracking capacitor is
provided is shown in figure 12. The value of
the tracking capacitor varies considerably
with different intermediate frequencies and
tuning ranges, capacitances as low as .0001
pfd being used at the lower tuning-range
frequencies, and values up to .01 ufd being
used at the higher frequencies.

Superheterodyne receivers designed to
cover only a single frequency range, such as
the standard broadcast band, sometimes ob-
tain tracking between the oscillator and the
r-f circuits by cutting the variable plates of
the oscillator tuning section to a different
shape than those used to tune the r-f stages.

Frequency Range The frequency to which a
Selection receiver responds may be

varied by changing the size
of either the coils or the capacitors in the
tuning circuits, or both. In short-wave re-

E%@: : %cf)z:,

% g
Ca’ cr

©

Figure 13

BANDSPREAD CIRCUITS

Parallel bandspread Is lllustrated at (A) and
(B), series bandspread at (C), and tapped-coil
band-spread at (D).

ceivers a combination of both methods is
usually employed, the coils being changed
from one band to another, and variable ca-
pacitors being used to tune the receiver
across each band. In practical receivers, coils
may be changed by one of two methods: a
switch, controllable from the panel, may be
used to switch coils of different sizes into the
tuning circuits or, alternatively, coils of dif-
ferent sizes may be plugged manually into
the receiver, the connection into the tuning
circuits being made by suitable plugs on the
coils. Where there are several plug-in coils
for each band, they are sometimes arranged
on a single mounting strip, allowing them all
to be plugged in simultaneously.

Bandspread In receivers using large tuning
Tuning capacitors to cover the short-
wave spectrum with a minimum
of coils, tuning is likely to be quite difficult,
owing to the large frequency range covered
by a small rotation of the variable capaci-
tors. To alleviate this condition, some
method of slowing down the tuning rate, or
bandspreading, must be used.
Quantitatively, bandspread is usually de-
signated as being inversely proportional to
the range covered. Thus, a large amount of
bandspread indicates that a small frequency
range is covered by the bandspread control.
Conversely, a small amount of bandspread is
taken to mean that a large frequency range
is covered by the bandspread dial.

Types of Bandspreading systems are of
Bandspread two general types: electrical and

mechanical. Mechanical systems
are exemplified by high-ratio dials in which
the tuning capacitors rotate much more
slowly than the dial knob. In this system,
there is often a separate scale or pointer
either connected or geared to the dial knob
to facilitate accurate dial readings. However,
there is a practical limit to the amount of
mechanical bandspread which can be ob-
tained in a dial and capacitor before the
speed-reduction unit and capacitor bearings
become prohibitively expensive. Hence, most
receivers employ a combination of electrical
and mechanical bandspread. In such a sys-
tem, a moderate reduction in the tuning rate
is obtained in the dial, and the rest of the
reduction obtained by electrical bandspread-
ing.
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Stray Circuit In this book and in other radio
Capacitance literature, mention is sometimes

made of stray or circuit capaci-
tance. This capacitance is in the usual sense
defined as the capacitance remaining across
a coil when all the tuning, bandspread, and
padding capacitors across the circuit are at
their minimum capacitance setting.

Circuit capacitance can be attributed to
two general sources. One source is that due
to the input and output capacitance of the
tube when its cathode is heated. The input
capacitance varies somewhat from the static
value when the tube is in actual operation.
Such factors as plate load impedance, grid
bias, and frequency will cause 2 change in
input capacitance. However, in all except
the extremely high-transconductance tubes,
the published measured input capacitance is
reasonably close to the effective value when
the tube is used within its recommended fre-
quency range. But in the high-transconduct-
ance types the effective capacitance will
vary considerably from the published figures
as operating conditions are changed.

The second source of circuit capacitance,
and that which is more easily controllable, is
that contributed by the minimum capacit-
ance of the variable capacitors across the cir-
cuit and that due to capacitance between
the wiring and ground. In well-designed
high-frequency receivers, every effort is
made to keep this portion of the circuit ca-
pacitance at 2 minimum since a large capac-
itance reduces the tuning range available
with a given coil and prevents 2 good LC
ratio, and consequently a high-impedance
tunéd circuit, from being obtained.

A good percentage of stray circuit ca-
pacitance is due also to distributed capac-
itance of the coil and capacitance between
wiring points and chassis.

Typical values of circuit capacitance may
run from 10 to 75 pf in high-frequency re-
ceivers, the first figure representing concen-
tric-line receivers with nuvistor or miniature
tubes and extremely small tuning capacitors,
and the latter representing all-wave sets with
bandswitching, large tuning capacitors, and
conventional tubes.

10-7 |-F Tuned Circuits

I-f amplifiers usually employ bandpass cir-
cuits of some sort. A bandpass circuit is ex-

actly what the name implies—a circuit for
passing a band of frequencies. Bandpass ar-
rangements can be designed for almost any
degree of selectivity, the type used in any
particular case depending on the ultimate
application of the amplifier.

I-F Intermediate-frequency trans-
Transformers formers ordinarily consist of

two or more tuned circuits
and some method of coupling the tuned cir-
cuits together. Some representative arrange-
ments are shown in figure 14. The circuit
shown at A is the conventional i-f trans-
former, with the coupling (M) between the
tuned circuits being provided by inductive
coupling from one coil to the other. As the
coupling is increased, the selectivity curve
becomes less peaked, and when a condition.
known as critical coupling is reached, the
top of the curve begins to flatten out. When
the coupling is increased still more, a dip
occurs in the top of the curve.

The windings for this type of i-f trans-
former, as well as most others, nearly always
consist of small, flat universal-wound pies
mounted either on a piece of dowel to pro-
vide an air core or on powdered ironfor iron-
core i-f transformers. The iron-core trans-
formers generally have somewhat more gain
and better selectivity than equivalent air-
core units.

The circuits shown at figure 14-B and C
are quite similar. Their only difference is the
type of mutual coupling used, an inductance
being used at B and a capacitance at C. The
operation of both circuits is similar. Three
resonant circuits are formed by the com-
ponents. In B, for example, one resonant cir-
cuit is formed by L,, C,;, C,, and L, all in
series. The frequency of this resonant circuit
is just the same as that of a single one of the
coils and capacitors, since the coils and ca-
pacitors are similar in both sides of the cir-
cuit, and the resonant frequency of the two
capacitors and the two coils all in series is
the same as that of a single coil and capaci-
tor. The second resonant frequency of the
complete circuit is determined by the char-
acteristics of each half of the circuit con-
taining the mutual coupling device. In B,
this second frequency will be lower than the
first, since the resonant frequency of L,, C,,
and inductance M; or L, C,, and M is lower
than that of a single coil and capacitor, due
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to the inductance of M being added to the
circuit.

The opposite effect takes place at figure
14-C, where the common coupling imped-
ance is a capacitor. Thus, at C the second
resonant frequency is higher than the first.
In either case, however, the circuit has two
resonant frequencies, resulting in a flat top-
ped selectivity curve. The width of the top
of the curve is controlled by the reactance of
the mutual coupling component. As this re-
actance is increased (inductance made great-
er, capacitance made smaller), the two res-
onant frequencies become further apart and
the curve is broadened.

In the circuit of figure 14-D, there is in-
ductive coupling between the center coil and
each of the outer coils. The result of this ar-
rangement is that the center coil acts as a
sharply tuned coupler between the other
two. A signal somewhat off the resonant
frequency of the transformer will not induce
as much current in the center coil as will a
signal of the correct frequency. When a
smaller current is induced in the center coil,
it in turn transfers a still smaller current to
the output coil. The effective coupling be-
tween the outer coils increases as the reso-
nant frequency is approached, and remains
nearly constant over a small range and then
decreases again as the resonant band is
passed.

Another very satisfactory bandpass ar-
rangement, which gives a very straight-
sided, flat-topped curve, is the negative mu-
tual arrangement shown at figure 14-E.
Energy is transferred between the input and
output circuits in this arrangement by both
the negative mutual coils (M) and the com-
mon capacitive reactance (C). The negative
mutual coils are interwound on the same
form, and connected backward.

Transformers usually are made tunable
over a small range to permit accurate align-
ment in the circuit in which they are em-
ployed. This is accomplished either by means
of a variable capacitor across a fixed in-
ductance, or by means of a fixed capacitor
across a variable inductance. The former
usually employ either a mica-compression
capacitor (designated “mica-tuned”), or a
small air-dielectric variable capacitor (des-
ignated “air-tuned”). Those which use a
fixed capacitor usually employ a powdered-
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Figure 14

I-F AMPLIFIER COUPLING
ARRANGEMENTS

The interstage coupling arrangements illus-

trated above give a better shape factor (more

straight-sided selectivity curve) than wovid

the same number of tuned cirevits coupled by
means of tubes.

iron core on a threaded rod to vary the in-
ductance, and are known as “permeability-
tuned.”

Shape Factor [t is obvious that to pass mod-

ulation sidebands and to allow
for slight drifting of the transmitter carrier
frequency and the receiver local oscillator,
the i-f amplifier must pass not a single fre-
quency but a band of frequencies. The width
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I-F PASSBAND OF TYPICAL
COMMUNICATIONS

of this passband, usually 5 to 8 kHz at
maximum width in a2 good communications
receiver, is known as the passband, and is
arbitrarily taken as the width between the
two frequencies at which the response is at-
tenuated 6 db, or is “6 db down.” How-
ever, it is apparent that to discriminate
against an interfering signal which is strong-
er than the desired signal, much more than
6 db attenuation is required. The attenua-
tion commonly chosen to indicate adequate
discrimination against an interfering signal
is 60 db.

It is apparent that it is desirable to have
the bandwidth at 60 db down as narrow as
possible, but it must be done without mak-
ing the passband (6-db points) too narrow
for -satisfactory reception of the desired sig-
nal. The figure of merit used to show the
ratio of bandwidth at 6 db down to that at
60 db down is designated as shape factor. The
ideal i-f curve (a rectangle), would have
a shape factor of 1.0. The i-f shape factor in
typical communications receivers runs from
20to5s.5.

The most practical method of obtaining
a low shape factor for a given number of
tuned circuits is to employ them in pairs, as
in figure 14-A, adjusted to critical coupling
(the value at which two resonance points just
begin to become apparent). If this gives
too sharp a nose or passband, then coils of
lower Q should be employed, with the cou-
pling maintained at the critical value. As the
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Figure 16

ELECTRICAL EQUIVALENT OF
QUARTZ FILTER CRYSTAL

The crystal is equivaient to a very large value
of inductance In serles with small valuves of
capacitance and resistance across the whole

circuit (representing holder capacitance plus
stray capacitances).

Q is lowered, closer coupling will be required
for critical coupling.

Conversely if the passband is too broad,
coils of higher Q should be employed, the
coupling being maintained at critical. If the
passband is made more narrow by using
looser coupling instead of raising the Q and
maintaining _ critical coupling, the shape
factor will not be as good.

The passband will not be much narrower
for several pairs of identical, critically cou-
pled tuned circuits than for a single pair.
However, the shape factor will be greatly
improved as each additional pair is added, up
to about § pairs, beyond which the improve-
ment for each additional pair is not signifi-
cant. Commercially available communica-
tions receivers of good quality normally em-
ploy 3 or 4 double-tuned transformers with
coupling adjusted to critical or slightly less.

The passband of a typical communication
receiver having a 455-kHz i-f amplifier is
shown in figure 15.

Miller  As mentioned previously, the dynam-
Effect ic input capacitance of a tube var-

ies slightly with bias. As avc voltage
normally is applied to i-f tubes for radiotele-
phone reception, the effective grid-cathode
capacitance varies as the signal strength
varies, which produces the same effect as
slight detuning of the i-f transformer. This
effect is known as Miller effect, and can
be minimized to the extent that it is not
troublesome either by using a fairly low LC
ratio in the transformers or by incorporating
a small amount of degenerative feedback,
the latter being most easily accomplished
by leaving part of the cathode resistor un-
bypassed for radio frequencies.
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Figure 17

EQUIVALENT OF CRYSTAL
FILTER CIRCUIT

For a given voltage out of the generator, the
voltage developed across Z, depends on the
ratio of the Impedance of & to the sum of
the Impedances of Z and Z,. Becavse of the
bigh Q of the crystal, its impedance changes
rapidly with chonges in frequency.

Crystal Filters The passband of an interme-
diate-frequency amplifier may
be made very narrow through the use of a
piezoelectric crystal filter employed as a
series-resonant circuit in a bridge arrange-
ment known as a crystal filter. The shape
factor is quite poor, as would be expected
when the selectivity is obtained from the
equivalent of a single tuned circuit, but the
very narrow passband obtainable as a result
of the extremely high Q of the crystal makes
the crystal filter useful for c-w telegraphy
reception. The passband of a 455-kHz crys-
tal filter may be made as narrow as 50 Hz
while the narrowest passband that can be ob-
tained with a 455-kHz tuned circuit of
practical dimensions is about § kHz.

The electrical equivalent of a filter crystal
is shown in figure 16. For a given frequency,
L is very high, C very low, and R (assuming
a good crystal of high Q) is very low. Ca-
pacitance C, represents the shunt capaci-
tance of the electrodes, plus the crystal
holder and wiring, and is many times the
capacitance of C. This makes the crystal act
as'a parallel-resonant circuit with a frequen-
cy only slightly higher than that of its fre-
quency of series resonance. For crystal filter
use it is the series-resonant characteristic
that we are primarily interested in.

The electrical equivalent of the basic crys-
tal filter circuit is shown in figure 17. If the
impedance of Z plus Z, is low compared to
the impedance of the crystal (X) at reso-
nance, then the current flowing through Z,,
and the voltage developed across it, will be
almost in inverse proportion to the imped-
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Figure 18
TYPICAL CRYSTAL FILTER CIRCUIT

ance of X, which has a very sharp resonance
curve.

If the impedance of Z plus Z, is made
bigh compared to the resonant impedance of
X, then there will be no appreciable drop in
voltage across Z, as the frequency departs
from the resonant frequency of X until the
point is reached where the impedance of X
approaches that of Z plus Z,. This has the
effect of broadening out the curve of fre-
quency versus voltage developed across Z,,
which is another way of saying that the se-
lectivity of the crystal filter (but not the
crystal proper) has been reduced.

In practical filter circuits’ the imped-
ances Z and Z, usually are represented by
some form of tuned circuit, but the basic
principle of operation is the same.

Practical Filters It is necessary to balance out

the capacitance across the
crystal holder (C, in figure 16) to prevent
bypassing around the crystal undesired sig-
nals off the crystal resonant frequency. The
balancing is done by a phasing circuit which
takes out-of-phase voltage from a balanced
input circuit and passes it to the output side
of the crystal in proper phase to neutralize
that passed through the holder capacitance.
A representative practical filter arrangement
is shown in figure 18. The balanced input
circuit may be obtained either through the
use of a split-stator capacitor as shown, or
by the use of a center-tapped input coil.

Variable-Selec-
tivity Filters

In the circuit of figure 18,
the selectivity is minimum
with the crystal input cir-
cuit tuned to resonance, since at resonance
the impedance of the tuned circuit is maxi-
mum. As the input circuit is detuned from
resonance, however, the impedance decreases,
and the selectivity becomes greater. In this
circuit, the output from the crystal filter is
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VARIABLE SELECTIVITY
CRYSTAL FILTER

This circuit permits a greater control of

selectivity than does the circuit of figure 18,

and does not require a split-stator variable
capacitor.

tapped down on the i-f stage grid winding
to provide a low value of series impedance in
the output circuit. It will be recalled that
for maximum selectivity, the total imped-
ance in series with the crystal (both input
and output circuits) must be low. If one is
made low and the other is made variable,
then the selectivity may be varied at will
from sharp to broad.

The circuit shown in figure 19 also achieves
variable selectivity by adding a variable im-
pedance in series with the crystal circuit. In
this case, the variable impedance is in series
with the crystal output circuit. The imped-
ance of the output circuit is varied by vary-
ing the Q. As the Q is reduced (by adding
resistance in series with the coil), the im-
pedance decreases and the selectivity becomes
greater. The input circuit impedance is made
low by using a nonresonant secondary on the
input transformer.

A variation of the circuit shown at figure
19 consists of placing the variable resistance
across the coil and capacitor, rather than in
series with them. The result of adding the
resistor is a reduction of the output imped-
ance, and an increase in selectivity. The cir-
cuit behaves oppositely to that of figure 19,
however; as the resistance is lowered the
selectivity becomes greater. Still another
variation of figure 19 is to use the tuning
capacitor across the output coil to vary the
output impedance. As the output circuit is
detuned from resonance, its impedance is
lowered, and the selectivity increases. Some-
times a set of fixed capacitors and a multi-
point switch are used to give step-by-step
variation of the output circuit tuning, and
thus of the crystal filter selectivity.

CRYSTAL NOTCH
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Figure 20

I-F PASSBAND OF TYPICAL
CRYSTAL FILTER
COMMUNICATION RECEIVER

Rejection As previously discussed, a filter
Notch crystal has both a resonant (series-
resonant) and an antiresonant
(parallel-resonant) frequency—the imped-
ance of the crystal being quite low at the
former frequency, and quite high at the
latter frequency. The antiresonant frequency
is just slightly higher than the resonant fre-
quency, the difference depending on the ef-
fective shunt capacitance of the filter crystal
and holder. As adjustment of the phasing ca-
pacitor controls the effective shunt capaci-
tance of the crystal, it is possible to vary the
antiresonant frequency of the crystal slightly
without unbalancing the circuit sufficiently
to let undesired signals leak through the
shunt capacitance in appreciable amplitude.
At the exact antiresonant frequency of the
crystal the attenuation is exceedingly high
because of the high impedance of the crystal
at this frequency. This is called the rejection
motch, and can be utilized to virtually elimi-
nate the heterodyne image or repeat tuning
of c-w signals. The beat-frequency oscillator
can be so adjusted and the phasing capacitor
so adjusted that the desired beat note is of
such a pitch that the image (the same audio
note on the other side of zero beat) falls in
the rejection notch and is inaudible. The re-
ceiver then is said to be adjusted for single-
signal operation.
The rejection notch sometimes can be em-
ployed to reduce interference from an un-
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desired phome signal which is very close in
frequency to a desired phone signal. The
filter is adjusted to “broad” so as to permit
telephone reception, and the receiver tuned
so that the carrier frequency of the un-
desired signal falls in the rejection notch.
The modulation sidebands of the undesired
signal still will come through, but the car-
rier heterodyne will be effectively eliminated
and interference greatly reduced.

A typical crystal selectivity curve for a
communications receiver is shown in fig-
ure 20.

Crystal Filter

A crystal filter, especially
Considerations

when adjusted for single-
signal reception, greatly re-
duces interference and background noise, the
latter feature permitting signals to be copied
that would ordinarily be too weak to be heard
above the background hiss. However, when
the filter is adjusted for maximum selectiv-
ity, the passband is so narrow that the re-
ceived signal must have a high order of sta-
bility in order to stay within the passband.
Likewise, the local oscillator in the receiver
must be highly stable, or constant retuning
will be required. Another effect that will be
noticed with the filter adjusted too “‘sharp”
is a tendency for code characters to produce
a ringing sound, and have a hangover or
“tails.” This effect limits the code speed that
can be copied satisfactorily when the filter
is adjusted for extreme selectivity.

The Mechanical The Collins Mechanical Fil-
Filter ter (figure 21) is a new con-

cept in the field of selectivi-
ty. It is an electromechanical bandpass filter
about half the size of a cigarette package.
As shown in figure 22, it consists of an input
transducer, a resonant mechanical section
comprised of a number of metal discs, and
an output transducer.

The frequency characteristics of the reso-
nant mechanical section provide the almost
rectangular selectivity curves shown in figure
23. The input and output transducers serve
only as electrical-to-mechanical coupling de-
vices and do not affect the selectivity char-
acteristics which are determined by the
metal discs. An electrical signal applied to
the input terminals is converted into a me-
chanical vibration at the input transducer
by means of magnetostriction. This mechan-

ical vibration travels through the resonant
mechanical section to the output transducer,
where it is converted by magnetostriction to
an electrical signal which appears at the out-
put terminals.

In order to provide the most efficient elec-
tromechanical coupling, a small magnet in
the mounting above each transducer applies
a magnetic bias to the nickel transducer core.
The electrical impulses then add to or sub-
tract from this magnetic bias, causing vibra-
tion of the filter elements which corresponds
to the exciting signal. There is no mechani-
cal motion except for the imperceptible
vibration of the metal discs.

Magnetostrictively driven mechanical fil-
ters have several advantages over electrical
equivalents. In the region from 100 kHz to
500 kHz, the mechanical elements are ex-
tremely small, and a mechanical filter having
better selectivity than the best of conven-
tional i-f systems may be enclosed in a
package smaller than one i-f transformer.

Since mechanical elements with Q’s of
5000 or more are readily obtainable, mechan-
ical filters may be designed in accord with
the theory for lossless elements. This permits
characteristics to be achieved that are unob-
tainable with electrical circuits because of
the relatively high losses in electrical ele-

at.”,l; e,

!

Figure 21

COLLINS MECHANICAL FILTERS

The Collins Mechanical Filter is an electro-
hanical bandp filter which surpasses, In
one small wnlt, the selectivity of conventional,
space-consuming filters. At the left is the
miniaturized filter, less than 2147 long. A
vertical design is next, and two horizontal
mounting types are at right.
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MECHANICAL FILTER
FUNCTIONAL DIAGRAM

ments compared to the loss of mechanical
elements used in the filters.

The frequency characteristics of the me-
chanical filter are permanent, and no ad-
justment is required or is possible. The filter
is enclosed in a hermetically sealed case.

In order to realize full benefit from the
mechanical filter’s selectivity characteristics,
it is necessary to provide shielding between
the external input and output circuits, ca-
pable of reducing transfer of energy external
to the filter by a minimum value of 100 db.
If the input circuit is allowed to couple
energy into the output circuit external to
the filter, the excellent skirt selectivity will
deteriorate and the passband characteristics
will be distorted.

As with almost any mechanically resonant
circuit, elements of the mechanical filter
have multiple resonances. These result in

~4 =3 =2 ~1 455 +1 +2 +3 +4
kHz

Figure 23

Selectivity curves of 455-kHz mechanical filters
with nominal 0.8-kMz (dotted line) and 3.1-
kHzx (solid line) bandwidth at -6 db.
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Figure 24

VARIABLE-OUTPUT BFO CIRCUIT

A boeot-frequancy oscillotor whose output Is

controliable is of considerable assistance in

copying c-w signals over a wide range of

levels, and such a control is often employed

for satisfactory copying of single-sideband
signals.

spurious modes of transmission through the
filter and produce minor passbands at fre-
quencies outside the primary passband. De-
sign of the filter reduces these subbands to a
low level and removes them from the im-
mediate area of the major passband. Two
conventional i-f transformers supply in-
creased attenuation to these spurious re-
sponses, and are sufficient to reduce them to
an insignificant level.

Beat-Frequency The beat-frequency oscilla-
Oscillators tor, usually called the bfo,

is a necessary adjunct for re-
ception of c-w or SSB signals on super-
heterodynes which have no other provision
for obtaining modulation of an incoming
c-w or SSB signal. The oscillator is cou-
pled into or just ahead of the second detector
circuit and supplies a signal of nearly the
same frequency as that of the desired signal
from the i-f amplifier. If the i-f amplifier is
tuned to 455 kHz, for example, the bfo is
tuned to approximately 454 or 456 kHz to
produce an audible (1000-Hz) beat note in
the output of the second detector of the re-
ceiver. The carrier signal itself is, of course,
inaudible. The bfo is not used for a-m re-
ception, except as an aid in searching for
weak stations.

The bfo input to the second detector need
only be sufficient to give a good beat note on
an average signal. Too much coupling into
the second detector will give an excessively
high hiss level, masking weak signals by the
high noise background.

Figure 24 shows a method of manually ad-
justing the bfo output to correspond with
the strength of received signals. This type
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TYPICAL CIRCUITS FOR GRID-LEAK,
DIODE, PLATE AND INFINITE IMPED-
ANCE DETECTOR STAGES

of variable bfo output control is a useful
adjunct to any superheterodyne, since it al-
lows sufficient bfo output to be obtained to
beat with strong signals or to allow single-
sideband reception and at the same time
permits the bfo output, and consequently
the hiss, to be reduced when attempting to
receive weak signals. The circuit shown is
somewhat better than those in which one of
the electrode voltages on the bfo tube is

changed, as the latter circuits usually change
the frequency of the bfo at the same time
they change the strength, making it nec-
essary to reset the trimmer each time the
output is adjusted.

The bfo usually is provided with a small
trimmer which is adjustable from the front
panel to permit adjustment over a range of §
or 10 kHz. For single-signal reception the
bfo always is adjusted to the high-frequency
side, in order to permit placing the hetero-
dyne image in the rejection notch.

In order to reduce the bfo signal output
voltage to a reasonable level which will pre-
vent blocking the second detector, the signal
voltage is delivered through a low-capaci-
tance (high-reactance) capacitor having a
value of 1 to 10-pf.

Care must be taken with the bfo to pre-
vent harmonics of the oscillator from being
picked up at multiples of the bfo frequency.
The complete bfo together with the coupling
circuits to the second detector, should be
thoroughly shielded to prevent pickup of the
harmonics by the input end of the receiver.

If bfo harmonics still have a tendency to
give trouble after complete shielding and
isolation of the bfo circuit has been accom-
plished, the passage of these harmonics from
the bfo circuit to the rest of the receiver can
be stopped through the use of a low-pass
filter in the lead between the output of the
bfo circuit and the point on the receiver
where the bfo signal is to be injected.

10-8 Detector, Audio, and
Control Circuits

Detectors Second detectors for use in super-

heterodynes are usually of the di-
ode, plate, or infinite-impedance types. Oc-
casionally, grid-leak detectors are used in
receivers using one i-f stage or none at all,
in which case the second detector usually is
made regenerative.

Diodes make a practical second detec-
tor because they allow a simple method of
obtaining automatic volume control to be
used. Diodes load the tuned circuit to which
they are connected, however, and thus re-
duce the selectivity slightly. Special i-f
transformers are used for the purpose of pro-
viding a low-impedance input circuit to the
diode detector.
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Figure 26

TYPICAL AVC CIRCUIT USING A DOUBLE DIODE

Any of the small dual-diode tubes may be used in this circuit. Or, if desired, o duodiode-triode
may be used, with the triode acting as the first audio stage. The lett-hand diode serves as the
detector, while the right-hand side acts as the ave rectifier. The use of separate diodes for

detector and ave reduces distortion when receiving an amplitude.

o, 2

I with a high

modulation percentage.

Typical circuits for grid-leak, diode, plate
and infinite-impedance detectors are shown
in figure 25.

The elements of an automat-
ic volume control (avc) sys-
tem are shown in figure 26.
A dual-diode tube is used as a combination
diode detector and avc rectifier. The left-
hand diode operates as a simple rectifier in
the manner described earlier in this chapter.
Audio voltage, superimposed on a d-c volt-
age, appears across the $00,000-ohm potenti-
ometer (the volume control) and the .0001-
pfd capacitor, and is passed on to the audio
amplifier. The right-hand diode receives sig-
nal voltage directly from the primary of the
last i-f amplifier, and acts as the avc recti-
fier. The pulsating d-c voltage across the
1-megohm avc-diode load resistor is filtered
by a 500,000-ohm resistor and 2 .05-ufd
capacitor, and is applied as bias to the grids of
the r-f and i-f amplifier tubes; an increase or
decrease in signal strength will cause a corre-
sponding increase or decrease in avc bias
voltage, and thus the gain of the receiver is
automatically adjusted to compensate for
changes in signal strength.

Automatic Vol-
ume Control

A-C Loading of By disassociating the avc and
Second Detector detecting functions through

the use of separate diodes, as
shown, most of the ill effects of a-c shunt
loading on the detector diode are avoided.
This type of loading causes serious distor-
tion, and the additional components required
to eliminate it are well worth their cost.

Even with the circuit shown, a-c loading
can occur unless a very bigh (5 megohms, or
more) value of grid resistor is used in the
following audio amplifier stage.

AVCin In receivers having a beat-
BFO Equipped frequency oscillator for the
Receivers reception of c-w or SSB

signals, the use of avc can
result in a great loss in sensitivity when the
bfo is switched on. This is because the beat-
oscillator output acts exactly like a strong
received signal, and causes the avc circuit to
put high bias on the r-f and i-f stages, thus
greatly reducing the receiver’s sensitivity.
Due to the above effect, it is necessary to
either isolate the avc voltage or make the ave
circuit inoperative when the bfo is being
used. The simplest method of eliminating the
ave action is to short the avc line to ground
when the bfo is turned on. A two-circuit
switch may be used for the dual purpose of
turning on the beat oscillator and shorting

‘out the avc if desired.

Signal-Strength Visual means for determin-
Indicators ing whether or not the re-

ceiver is properly tuned, as
well as an indication of the relative signal
strength, are both provided by means of
tuning indicators (S meters) of the meter
or vacuum-tube type. A d-c milliammeter
can be connected in the plate-supply circuit
of one or more r-f or i-f amplifiers, as shown
in figure 27A, so that the change in plate
current, due to the action of the avc vole-
age, will be indicated on the instrument.
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SIGNAL-STRENGTH METER CIRCUITS

Shown above are four circuits for obtaining a

signal-strength reading which is a function of

incoming carrier amplitude. The circuits are
discussed in the accompanying text.

The d-c instrument (MA) should have a
full-scale reading approximately equal to
the total plate current taken by the stage or
stages whose plate current passes through
the instrument. The value of this current
can be estimated by assuming a plate current
on each stage {with no signal input to the
receiver) of about 6 ma. However, it will
be found to be more satisfactory to measure
the actual plate current on the stages with a
milliammeter of perhaps 0-100 ma full scale
before purchasing an instrument for use
as an S meter. The 50-ohm potentiometer

shown in the drawing is used to adjust the
meter reading to full scale with no signal
input to the receiver.

When an ordinary meter is used in the
plate circuit of a stage, for the purpose of
indicating signal strength, the meter reads
backwards with respect to strength. This is
because increased avc bias on stronger signals
causes lower plate current through the meter.
For this reason, special meters which indicate
zero at the right-hand end of the scale are
often used for signal-strength indicators in
commercial receivers using this type of
circuit. Alternatively, the meter may be
mounted upside down, so that the needle
moves toward the right with increased
strength.

The circuit of figure 27B can frequently
be used to advantage in a receiver where the
cathode of one of the r-f or i-f amplifier
stages runs directly to ground through the
cathode-bias resistor instead of running
through a cathode-voltage gain control. In
this case a 0-1 d-c milliammeter in con-
junction with a resistor of 1000 to 3000
ohms can be used as shown as a signal-
strength meter. With this circuit the meter
will read backwards with increasing signal
strength as in the circuit previously dis-
cussed.

Figure 27C is the circuit of a forward-
reading S meter often used in communi-
cations receivers. The instrument is used in
an unbalanced bridge circuit with the d-c
plate resistance of one i-f tube as one leg
of the bridge and with resistors for the other
three legs. The value of resistor R must be
determined by trial and error and will be
somewhere in the vicinity of 50,000 ohms.
Sometimes the screen circuits of the r-f and
i-f stages are taken from this point along
with the screen-circuit voltage divider.

Electron-ray tubes (sometimes called mag-
ic eyes) can also be used as indicators of
relative signal strength in a circuit similar to
that shown in figure 27D. A 6U5/6GS tube
should be used where the avc voltage will be
from 5 to 20 volts and a type 6ES tube
should be used when the avc voltage will run
from 2 to 8 volts.

Audio Amplifiers Audio amplifiers are em-

ployed in nearly all radio
receivers. The audio amplifier stage or stages
are usually of the class-A type, although
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class-AB push-pull stages are used in some
receivers. The purpose of the audio amplifier
is to bring the relatively weak signal from
the detector up to a strength sufficient to
operate a pair of headphones or a loudspeak-
er. Either triodes, pentodes, or beam tetrodes
may be used, the pentodes and beam tetrodes
usually giving greater output. In some re-
ceivers, particularly those employing grid
leak detection, it is possible to operate the
headphones directly from the detector, with-
out audio amplification. In such receivers, a
single audio stage with a2 beam tetrode or
pentode tube is ordinarily used to drive the
loudspeaker.

Most communications receivers, either
home-constructed or factory-made, have a
single-ended beam tetrode such as a 6V6 or
6AQS in the audio output stage feeding the
speaker. If precautions are not taken such a
stage will actually bring about a decrease in
the effective signal-to-noise ratio of the re-
ceiver due to the rising high-frequency char-
acteristic of such a stage when feeding a
speaker. One way of improving this condi-
tion is to place a mica or paper capacitor of
approximately 0.003 ufd capacitance across
the primary of the output transformer. The
use of a capacitor in this manner tends to
make the load impedance seen by the plate
of the output tube more constant over the
audio-frequency range. The speaker and
transformer will tend to present a rising im-
pedance to the tube as the frequency in-
creases, and the parallel capacitor will tend
to make the total impedance more constant
since it will tend to present a decreasing
impedance with increasing audio frequency.

A still better way to improve the fre-
quency characteristic of the output stage,
and at the same time reduce the harmonic
distortion, is to use shunt feedback from the
plate of the output tube to the plate of a
tube such as 2 6AU6 acting as an audio-
amplifier stage ahead of the output stage.

10-9 Noise Suppression

The problem of noise suppression confronts
the listener who is located in places where
interference from power lines, electrical ap-
pliances, and automobile ignition systems is
troublesome. This noise is often of such in-
tensity as to swamp out signals from desired
stations.

There are two principal methods for re-
ducing this noise. They are:

(1) a-c line filters at the source of inter-
ference, if the noise is created by an
electrical appliance; and

(2) noise-limiting circuits for the reduc-
tion, in the receiver itself, of inter-
ference of the type caused by auto-
mobile ignition systems.

Power Line Many household appliances, such
Filters as electric mixers, heating pads,

vacuum cleaners, refrigerators,
oil burners, sewing machines, doorbells, etc.,
create an interference of an intermittent na-
ture. The insertion of a line filter near the
source of interference often will effect a
complete cure. Filters for small appliances
can consist of a 0.1-ufd capacitor connected
across the 120-volt a-c line. Two capacitors
in series across the line, with the midpoint
connected to ground, can be used in con-
junction with industrial heating machines,
refrigerators, oil-burner furnaces, and other
more stubborn offenders. In severe cases of
interference, additional filters in the form:of
heavy-duty r-f choke coils must be con-
nected in series with the 120-volt a-c line on
both sides of the line right at the interfering
appliance.

Peak Noise Numerous noise-limiting circuits
Limiters  which are beneficial in overcom-

ing key clicks, automobile igni-
tion interference, and similar noise impulses
have become popular. They operate on the
principle that each individual noise pulse is
of very short duration, yet of very high
amplitude. The popping or clicking type of
noise from electrical ignition systems may
produce a signal having a peak value ten to
twenty times as great as the incoming radio
signal, but an average power much less than
the signal.

As the duration of this type of noise peak
is short, the receiver can be made inoperative
during the noise pulse without the human
ear detecting the total loss of signal. Some
noise limiters actually punch a hole in the
signal while others merely limi# the maxi-
mum peak signal which reaches the head-
phones or speaker.

The noise peak is of such short duration
that it would not be objectionable except for
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Figure 28
THE LAMB I-F NOISE SILENCER

the fact that it produces an overloading ef-
fect on the receiver, which increases its time
constant. A sharp voltage peak will give a
kick to the diaphragm of the headphones or
speaker, and the momentum or inertia keeps
the diaphragm in motion until the damping
of the diaphragm stops it. This move-
ment produces a popping sound which may
completely obliterate the desired signal. If
the noise pulse can be limited to a peak am-
plitude equal to that of the desired signal,
the resulting interference is practically neg-
ligible for moderately low repetition rates,
such as ignition noise.

In addition, the i-f amplifier of the receiv-
er will also tend to lengthen the duration of
the noise pulses because the relatively high-Q
i-f tuned circuits will ring or oscillate when
excited by a sharp pulse, such as is produced
by ignition noise. The most effective noise
limiter would be placed before the high-Q
i-f tuned circuits. At this point the noise
pulse is the sharpest and has not been de-
graded by passage through the i-f transform-
ers. In addition, the pulse is eliminated be-
fore it can produce ringing effects in the i-f
chain.

The Lamb
Noise Limiter

An i-f noise limiter is shown
in figure 28. This is an adap-
tation of the Lamb noise

silencer circuit. The i-f signal is fed into a
double-grid tube, such as a 6BE6, and thence
into the i-f chain. A 6BJ6é high-gain pent-
ode is capacity coupled to the input of the
i-f system. This auxiliary tube amplifies
both signal and noise that is fed to it. It has
2 maximum of selectivity ahead of it so that
it receives the true noise pulse before it is
degraded by the i-f strip. A broadly tuned
i-f transformer is used to couple the noise
amplifier to 2 6ALS noise rectifier. The gain
of the noise amplifier is controlled by a po-
tentiometer in the cathode of the 6BJé
noise amplifier. This potentiometer controls
the gain of the noise amplifier stage and in
addition sets the bias level on the 6ALS
diode so that the incoming signal will not be
rectified. Only noise peaks louder than the
signal can overcome the resting bias of the
6ALS and cause it to conduct. A noise pulse
rectified by the 6ALS is applied as a nega-
tive voltage to the control grid of the 6BEé6
i-f tube, disabling the tube, and punching
a hole in the signal at the instant of
the noise pulse. By varying the bias con-
trol of the noise limiter, the negative con-
trol voltage applied to the 6BE6 may be ad-
justed until it is barely sufficient to over-
come the noise impulses applied to the #1
control grid without allowing the modula-
tion peaks of the carrier to become badly
distorted.

The Bishop
Noise Limiter

Another effective i-f noise
limiter is the Bishop limiter.
This is a full-wave shunt type
diode limiter applied to the primary of the
last i-f transformer of a receiver. The lim-
iter is self-biased and automatically adjusts
itself to the degree of modulation of the re-
ceived signal. The schematic of this limiter
is shown in figure 29. The bias-circuit time
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THE BISHOP I-F NOISE LIMITER
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constant is determined by C, and the shunt
resistance, which consists of R, and R, in
series. The plate resistance of the last i-f
tube and the capacity of C, determine the
charging rate of the circuit. The limiter is
disabled by opening S,, which allows the bias
to rise to the value of the i-f signal.

Audio Noise Some of the simplest and most
Limiters practical peak limiters for ra-

diotelephone reception employ
one or two diodes either as shunt or series
limiters in the audio system of the receiver.
When a noise pulse exceeds a certain pre-
determined threshold value, the limiter diode
acts either as a short or open circuit, depend-
ing on whether it is used in a shunt or series
circuit. The threshold is made to occur at a
level high enough that it will not clip modu-
lation peaks enough to impair voice intelligi-
bility, but low enough to limit the noise
peaks effectively.

Because the action of the peak limiter is
needed most on very weak signals, and these
usually are not strong enough to produce
proper avc action, a threshold setting that is
correct for a strong phone signal is not
correct for optimum limiting on very weak
signals. For this reason the threshold control
is often tied in with the avc system so as
to make the optimum threshold adjustment
automatic instead of manual.

Suppression of impulse noise by means of
an audio peak limiter is best accomplished at
the very front end of the audio system, and
for this reason the function of a superheter-
odyne second detector and limiter often are
combined in a composite circuit.

The amount of limiting that can be ob-
tained is 2 function of the audio distortion
that can be tolerated. Because excessive dis-
tortion will reduce the intelligibility as much
as will background noise, the degree of
limiting for which the circuit is designed has
to be 2 compromise.

Peak noise limiters working at the second
detector are much more effective when the
i-f bandwidth of the receiver is broad, be-
cause a sharp i-f amplifier will lengthen the
pulses by the time they reach the second
detector, making the limiter less effective.
Vhf superheterodynes have an i-f bandwidth
considerably wider than the minimum nec-
essary for voice sidebands (to take care of

drift and instability). Therefore, they are
capable of better peak noise suppression than
a standard communications receiver having
an i-f bandwidth of perhaps 8 kHz. Like-
wise, when a crystal filter is used on the
“sharp” position an a-f peak limiter is of
lictle benefit.

Practical Noise limiters range all the
Peak Noise way from an audio stage
Limiter Circuits running at very low screen

or plate voltage, to elaborate
affairs employing 5 or more tubes. Rather
than attempt to show the numerous types,
many of which are quite complex consider-
ing the results obtained, only two very
similar types will be described. Either is
just about as effective as the most elaborate
limiter that can be constructed, yet requires
the addition of but a single diode and a few
resistors and capacitors over what would be
employed in a good superheterodyne without
a limiter. Both circuits, with but minor
modifications in resistance and capacitance
values, are incorporated in one form or an-
other in different types of factory-built com-
municatiops receivers.

Referring to figure 30, the first circuit
shows a conventional superheterodyne second
detector, avc, and first audio stage with the
addition of one tube element (D;) which
may be either a separate diode or part of a
twin-diode as illustrated. Diode Dj acts as a
series gate, allowing audio to reach the grid
of the a-f tube only so long as the diode is
conducting. The diode is biased by a d-c
voltage obtained in the same manner as avc
control voltage, the bias being such that
pulses of short duration no longer conduct
when the pulse voltage exceeds the carrier by
approximately 60 percent. This also clips
voice modulation peaks, but not enough to
impair intelligibility.

It is apparent that the series diode clips
only positive modulation peaks, by limiting
upward modulation to about 60 percent.
Negative or downward peaks are limited
automatically to 100 percent in the detector,
because obviously the rectified voltage out of
the diode detector cannot be less than zero.
Limiting the downward peaks to 60 percent
or so instead of 100 percent would result in
but little improvement in noise reduction,
and the results do not justify the additional
components required.
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NOISE LIMITER CIRCUIT, WITH ASSOCIATED AVC

This limiter is of the series type, and is self-adjusting to carrier streagth for phone reception.
For proper operation several volts should be developed across the secomdary of the last i-f trans-
former (IFT) under carrier conditions.

It is important that the exact resistance
values shown be used, for best results, and
that 10-percent tolerance resistors be used
for R; and R,. Also, the rectified carrier
voltage developed across Cs should be at least
§ volts for good limiting.

The limiter will work well on c-w and
SSB. if the amplitude of beat-frequency
oscillator injection is not too high. Variable
injection is to be preferred, adjustable from
the front panel. If this feature is not pro-
vided, the bfo injection should be reduced to
the lowest value that will give a satisfactory
beat. When this is done, effective limiting
and a good beat can be obtained by proper
adjustment of the r-f and a-f gain controls.
It is assumed, of course, that the avc is cut
out of the circuit for c-w telegraphy re-
ception.

Alternative The circuit of figure 31 is
Limiter Circuit more effective than that

shown in figure 30 under cer-
tain conditions and requires the addition of
only one more resistor and one more capaci-
tor than the other circuit. Also, this circuit
involves a smaller loss in output level than
the circuit of figure 30. This circuit can be
used with equal effectiveness with a com-
bined diode-triode or diode-pentode tube
(6ATé6, 6BNS8, 6FMS, or similar diode-tri-
odes, or 6AS8, 6CR6, 6BWS8, or similar
diode-pentodes) as diode detector and first
audio stage. However, a separate diode must
be used for the noise limiter (D.). This
diode may be one-half of a2 6H6, or 6ALS,
etc.; it may be a triode connected 6J5, 6C4,
or similar type, or it may be a high back-
resistance diode (IN658), or equivalent.

Note that the return for the volume con-
trol must be made to the cathode of the de-
tector diode (and not to ground) when a
dual tube is used as combined second-de-
tector first-audio. This means that in the cir-
cuit shown in figure 31 a connection will
exist across the points where the “X” is
shown on the diagram since a common
cathode lead is brought out of the tube for
D, and V,. If desired, of course, a single
dual diode may be used for D, and D, in
this circuit as well as in the circuit of figure
30. Switching the limiter in and out with
the switch S brings about no change in vol-
ume.

In any diode limiter circuit such as the
ones shown in these two figures it is im-
portant that the mid-point of the heater
potential for the noise-limiter diode be as
close to ground potential as possible. This
means that the center-tap of the heater sup-
ply for the tubes should be grounded wher-
ever possible rather than grounding one side
of the heater supply as is often done. Diffi-
culty with hum pickup in the limiter circuit
may be encountered when one side of the
heater is grounded due to the high values of
resistance necessary in the limiter circuit.

The circuit of figure 31 has been used
with excellent success in several home-con-
structed receivers. It is also used in certain
manufactured receivers.

An excellent check on the operation of
the noise limiter in any communications re-
ceiver can be obtained by listening to the
Loran signals in the 160-meter band. With
the limiter out a sharp rasping buzz will be
obtained when one of these stations is tuned
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This circuit is of the self-ad-

justing type and gives less

distortion for a given degree

of modulation than the more
common limiter circuits.

R, R.—470K, V3 watt

R,—100K, V; watt

R, R,—1 meg, V3 watt
R,—~2-meg potentiometer
€,—0.00025 mica (approx.)

€,—0.01-ufd paper

€,—0.01-ufd paper

€,—0.01-ufd paper

D,, D,—6H6, 6ALS, diode
sections of a 6AT6, or
erystal diodes.
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Figure 31

ALTERNATIVE NOISE LIMITER CIRCUIT

in. With the noise limiter switched into the
circuit the buzz should be greatly reduced
and a low-pitched hum should be heard.

The Full-Wave The most satisfactory diode
Limiter noise limiter is the series full-

wave limiter, shown in figure
32. The positive noise peaks are clipped by
diode A, the clipping level of which may be
adjusted to clip at any modulation level be-
tween 25 and 100 percent. The negative
noise peaks are clipped by the right-hand
diode at a fixed level.

The TNS Limiter The Twin Noise Squelch,
is a combination of a diode
noise clipper and an audio squelch tube. The
squelch circuit is useful in eliminating the
grinding background noise that is the resid-
ual left by the diode clipper. In figure 33,
the setting of the 470K potentiometer deter-
mines the operating level of the squelch ac-
tion and should be set to eliminate the resid-
ual background noise. Because of the low in-
herent distortion of the TNS, it may be left
in the circuit at all times. As with other
limiters, the TNS requires a high signal level
at the second detector for maximum limiting
effect.
10-10 Special
Considerations
in UHF Receiver Design

Transmission At increasingly higher fre-
Line Circuits quencies, it becomes progres-

sively more difficult to obtain
a satisfactory amount of selectivity and im-

pedance from an ordinary coil and capacitor
used as a resonant circuit. On the other
hand, quarter-wavelength sections of parallel
conductors or concentric transmission line
are not only more efficient but also become
of practical dimensions.

Tuning Tubes and tuning capacitors
Short Lines connected to the open end of a

transmission line provide a ca-
pacitance that makes the resonant length less
than a quarter wavelength. The amount of
shortening for a specified capacitive react-
ance is determined by the surge impedance
of the line section. It is given by the equa-
tion for resonance:

1

m= Zo tan l

where,

w equals 3.1418,

f equals the frequency,

C equals the capacitance,

Z, equals the surge impedance of the line,

tan | equals the tangent of the electrical
length in degrees.

The capacitive reactance of the capaci-
tance across the end is 1/ 2#xfC ohms.
For resonance, this must equal the surge im-
pedance of the line times the tangent of its
electrical length (in degrees, where 90°
equals a quarter wave). It will be seen that
twice the capacitance will resonate a line if
its surge impedance is halved; also that a
given capacitance has twice the loading ef-
fect when the frequency is doubled.

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

UHF Receiver Design 221

IFT

L5

FiM Fe—e—AUDK

fTA]|
0

Figure 32

THE FULL-WAVE SERIES AUDIO
NOISE LIMITER

Coupling Into
Lines and
Coaxioal Circuits

It is possible to couple into
a parallel-rod line by tap-
ping directly on one or both
rods, preferably through
blocking capacitors if any d.c. is present.
More commonly, however, a bairpin is induc-
tively coupled at the shorting-bar end, either
to the bar or to the two rods, or both. This
normally will result in a balanced load.
Should a loop unbalanced to ground be cou-
pled in, any resulting unbalance reflected in-
to the rods can be reduced with a simple
Faraday screen, made of a few parallel wires
placed between the hairpin loop and the rods.

1-F STAGE 2ND DET. =AUDIO

L

== avoio
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Figure 33
THE TNS AUDIO NOISE LIMITER

These should be soldered at only one end and
grounded.

An unbalanced tap on a coaxial resonant
circuit can be made directly on the inner
conductor at the point where it is properly
matched (figure 34). For low impedances,
such as a concentric-line feeder, a small one-
half turn loop can be inserted through a hole
in the outer conductor of the coaxial circuit,
being in effect a half of the hairpin type
recommended for coupling balanced feeders
to coaxial resonant lines. The size of the loop
and closeness to the inner conductor deter-
mines the impedance matching and loading.
Such loops coupled in near the shorting disc
do not alter the tuning appreciably, if they
are not overcoupled.

Resonant A cavity is a closed resonant
Cavities chamber made of metal. The cav-

ity, having both inductance and
capacitance, supersedes coil-capacitor and ca-
pacitance loaded transmission-line tuned cir-
cuits at extremely high fequencies where
conventional L and C components, of even
the most refined design, prove impractical
because of the tiny electrical and physical
dimensions they must have. Microwave cav-
ities have high Q factors and are superior to
conventional tuned circuits. They may be
employed in the manner of an obsorption
wavemeter or as the tuned circuit in other
r-f test instruments, and in microwave trans-
mitters and receivers.

Resonant cavities usually are closed on all
sides and all of their walls are made of elec-
trical conductor. However, in some forms.
small openings are present for the purpose of
excitation.

Cavities have been produced in several
shapes including the plain sphere, dimpled
sphere, sphere with re-entrant cones of
various sorts, cylinder, prism (including
cube), ellipsoid, ellipsoid-hyperboloid, dough-
nut-shape, and various re-entrant types. In
appearance, they resemble in their simpler
forms metal boxes or cans.

The cavity actually is a linear circuit, but
one which is superior to a conventional co-
axial resonator in the uhf range. The cavity
resonates in much the same manner as does a
barrel or a closed room with reflecting walls.

Because electromagnetic energy (and the
associated electrostatic energy) oscillates to
and fro inside them in one mode or another,
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COUPLING AN ANTENNA TO A
COAXIAL RESONANT CIRCUIT

A shows the r ded hod for cou-
pling a coaxial line to a coaxial resonant cir-
cvit. B shows an alternative method for use
with an open-wire type of antenna feed line.
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Figure 35
METHODS OF EXCITING A RESONANT
CAVITY

resonant cavities resemble waveguides. The
mode of operation in a cavity is affected by
the manner in which microwave energy is in-
jected. A cavity will resonate to a large
number of frequencies, each being associated
with a particular mode or standing-wave
pattern. The lowest mode (lowest frequency
of operation) of a cavity resonator normally
is the one used.

The resonant frequency of a cavity may
be varied, if desired, by means of movable
plungers or plugs, as shown in figure 36A,
or a movable metal disc (figure 36B). A
cavity that is too small for a given wave-
length will not oscillate.

The resonant frequencies of simple spheri-
cal, cylindrical, and cubical cavities may be
calculated simply for one particular mode.

Figure 36

TUNING METHODS FOR CYLINDRICAL
RESONANT CAVITIES

Wavelength and cavity dimensions (in centi-
meters) are related by the following simple
resonance formulas:

for cylinder A, = 2.6 X radius;
for cube A, = 2.83 X half of 1 side;
for sphere A, = 2.28 X radius.

Butterfly Unlike the cavity resonator, which
Circuit  in its conventional form is a device

which can tune over a relatively
narrow band, the butterfly circuit is a tun-
able resonator which permits coverage of a
fairly wide uhf band. The butterfly circuit
is very similar to a conventional coil/vari-
able-capacitor combination, except that both
inductance and capacitance are provided by

an

Figure 37

THE BUTTERFLY RESONANT CIRCUIT

Shown at A is the physical appearance of

the butterfly circult as used in the vhf and

lower uhf range. B shows an electrical repre-
sentation of the circvit.
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what appears to be a variable capacitor
alone. The Q of this device is somewhat less
than that of a concentric-line tuned circuit
but is entirely adequate for numerous appli-
cations.

Figure 37A shows construction of a
single butterfly section. The butterfly-shaped
rotor, from which the device derives its
name, turns in relation to the unconvention-
al stator. The two groups of stator “fins” or
sectors are in effect joined together by a
semicircular metal band, integral with the
sectors, which provides the circuit induc-
tance. When the rotor is set to fill the loop
opening (the position in which it is shown
in figure 37A), the circuit inductance and
capacitance are reduced to minimum. When
the rotor occupies the position indicated by
the dotted lines, the inductance and capaci-
tance are at maximum. The tuning range of
practical butterfly circuits is in the ratio of
1.5:1 to 3.5:1.

Direct circuit connections may be made to
points A and B. If balanced operation is de-
sired, either point C or D will provide the
electrical midpoint. Coupling may be ef-
fected by means of a small single-turn loop
placed near point E or F. The butterfly thus
permits continuous variation of both capaci-
tance and inductance, as indicated by the
equivalent circuit in figure 37B, while at the
same time eliminating all pigtails and wiping
contacts.

Several butterfly sections may be stacked
in parallel in the same way that variable ca-
pacitors are built up. In stacking these sec-
tions, the effect of adding inductances in
parallel is to lower the total circuit induct-
ance, while the addition of stators and ro-
tors raises the total capacitance, as well as
the ratio of maximum to minimum capaci-
tance.

Butterfly circuits have been applied spe-
cifically to oscillators for transmitters, super-
heterodyne receivers, and heterodyne fre-
quency meters in the 100- to 1000-MHz
frequency range.

Receiver The types of resonant circuits de-
Circuits  scribed in the previous paragraphs

have largely replaced conventional
coil-capacitor circuits in the range above 100
MHz. Tuned short lines and butterfly cir-
cuits are used in the range from about 100

MHz to perhaps 3500 MHz, and above
about 3500 MHz resonant cavities are used
almost exclusively. The resonant cavity is
also quite generally employed in the 2000-
to 3500-MHz range.

In a properly designed receiver, thermal
agitation in the first tuned circuit is ampli-
fied by subsequent tubes and predominates
in the output. For good signal-to-set-noise
ratio, therefore, one must strive for a high-
gain low-noise r-f stage. Hiss can be held
down by giving careful attention to this
point. A mixer has about 0.3 the gain of an
r-f tube of the same type; so it is advisable
to precede 2 mixer by an efficient r-f stage.
It is also of some value to have good r-f
selectivity before the first detector in order
to reduce noises produced by beating noise
at one frequency against noise at another, to
produce noise at the intermediate frequency
in a superheterodyne.

The frequency limit of a tube is reached
when the shortest possible external connec-
tions are used as the tuned circuit, except
for abnormal types of oscillation. Wires or
sizeable components are often best con-
sidered as sections of transmission lines rather
than as simple resistances, capacitances, or
inductances.

So long as small triodes and pentodes will
operate normally, they are generally pre-
ferred as vhf tubes over other receiving
methods that have been devised. However,
the input capacitance, input conductance,
and transit time of these tubes limit the
upper frequency at which they may be
operated. The input resistance, which drops
to a low value at very short wavelengths,
limits the stage gain and broadens the tun-

ing.

VHF  The first tube in a vhf receiver is
Tubes most important in raising the signal

above the noise generated in succes-
sive stages, for which reason small vhf types
are definitely preferred.

Tubes employing the conventional grid-
controlled and diode rectifier principles have
been modernized, through various expedients,
for operation at frequencies as high, in some
new types, as 4000 MHz. Beyond that fre-
quency, electron transit time becomes the
limiting factor and new principles must be
enlisted. In general, the improvements em-
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bodied in existing tubes have consisted of
(1) reducing electrode spacing to cut down
electron transit time, (2) reducing electrode
areas to decrease interelectrode capacitances,
and (3) shortening of electrode leads either
by mounting the electrode assembly close to
the tube base or by bringing the leads out
directly through the glass envelope at nearby
points. Through reduction of lead inductance
and interelectrode capacitances, input and
output resonant frequencies due to tube con-
struction have been increased substantially.

Tubes embracing one or more of the fea-
tures just outlined include the later loctal
types, high-frequency acorns, button-base
types, and the lighthouse types. The button-
base triode and the 6CW4 Nuvistor will
reach 500 MHz. Type 6F4 acorn triode is
recommended for use up to 1200 MHz. Type
1A3 button-base diode has a resonant fre-
auency of 1000 MHz, while type 9005 acorn
diode resonates at 1500 MHz. Lighthouse
type 2C40 can be used at frequencies up to
3500 MHz as an oscillator.

Crystal  More than three decades have
Rectifiers passed since the crystal (mineral)

rectifier enjoyed widespread use
in radio receivers. Low-priced tubes com-
pletely supplanted the fragile and relatively
insensitive crystal detector, although it did
continue for a few years as a simple meter
rectifier in absorption wavemeters after its
demise as a receiver component.

Today, the crystal detector is of new im-
portance in microwave communication. It is
being employed as a detector and as a mixer
in receivers and test instruments used at ex-
tremely high radio frequencies. At some of
the frequencies employed in microwave op-
erations, the crystal rectifier is the only satis-
factory detector or mixer.

The chief advantages of the crystal recti-
fier are very low capacitance, relative free-
dom from transit-time difficulties, and its
two-terminal nature. No batteries or a-c
power supply are required for its operation.

The crystal detector consists essentially
of a small piece of silicon or germanium
mounted in a base of low-melting-point alloy
and contacted by means of a thin, springy
feeler wire.

The complex physics of crystal rectifica-
tion is beyond the scope of this discussion.

Sra8oL /

BRASS BASE CONNECTOR

CERAMIC SLEEVE

BRASS CAP
BRASS CONNECTOR PIN

Figure 38

1N23 MICROWAVE-TYPE
CRYSTAL DIODE

A small silicon crystal is attached to the base

connector and a fine feeler wire is set to the

most sensitive spo? on the crystal. After ad-

jfustment the ceramic shell is filled with com-

pound to hold the contact wire in position.

Crystals of this type are used to over 30,000
MHz,

It is sufficient to state that current flows
from several hundred to several thousand
times more readily in one direction through
the contact of the feeler wire and crystal
than in the opposite direction. Consequently,
an alternating current (including one of
microwave frequency) will be rectified by
the crystal detector. The load, through
which the rectifier current flows, may be
connected in series or shunt with the crystal,
although the former connection is most gen-
erally employed.

The basic arrangement of a modern fixed
crystal detector developed during World
War II for microwave work, particularly
radar, is shown in figure 38. Once the
feeler wire of this unit is set at the factory
to the most sensitive spot on the surface of
the silicon crystal and its pressure is ad-
justed, a filler compound is injected through
the filling hole to hold the feeler wire per-
manently in position.

10-11 Receiver

Adjustment

A simple regenerative receiver requires
little adjustment other than that necessary
to ensure correct tuning and smooth regen-
eration over some desired range. Receivers of
the tuned-radio-frequency type and super-
heterodynes require precise alignment to ob-
tain the highest possible degree of selectivity
and sensitivity.

Good results can be obtained from a re-
ceiver only when it is properly aligned and

www americanradiohistorv com


www.americanradiohistory.com

HANDBOOK

Receiver Adjustment 225

adjusted. The most practical technique for
making these adjustments is given below.

Instruments A very small number of instru-

ments will suffice to check and
align a communications receiver, the most
important of these testing units being a
modulated oscillator and a d-c¢ and a-c volt-
meter. The meters are essential in checking
the voltage applied at each circuit point
from the power supply. If the a-c voltmeter
is of the oxide-rectifier type, it can be used,
in addition, as an output meter when con-
nected across the receiver output when tun-
ing to a2 modulated signal. If the signal is a
steady tone, such as from a test oscillator,
the output meter will indicate the value of
the detected signal. In this manner, align-
ment results may be visually noted on the
meter.

TRF Receiver
Alignment

Alignment procedure in a
multistage trf receiver is ex-
actly the same as aligning a
single stage. If the detector is regenerative,
each preceding stage is successively aligned
while keeping the detector circuit tuned to
the test signal, the latter being a station
signal or one locally generated by a test
oscillator loosely coupled to the antenna
lead. During these adjustments, the r-f am-
plifier gain control is adjusted for maximum
sensitivity, assuming that the r-f amplifier
is stable and does not oscillate. Often a sen-
sitive receiver can be roughly aligned by
tuning for maximum noise pickup.

Superheterodyne Aligning a superhet is a
Alignment detailed task requiring a

great amount of care and
patience. It should never be undertaken

without a thorough understanding of the
involved job to be done and then only when
there is abundant time to devote to the
operation. There are no shortcuts; every
circuit must be adjusted individually and
accurately if the receiver is to give peak per-
formance. The precision of each adjustment
is dependent on the accuracy with which
the preceding one was made.

Superhet alignment requires (1) a good
signal generator (modulated oscillator) cov-
ering the radio and intermediate frequencies
and equipped with an attenuator; (2) the
necessary socket wrenches, screwdrivers, or

“neutralizing tools’ to adjust the various i-f
and r-f trimmer capacitors; and (3) some
convenient type of tuning indicator, such as
a copper-oxide or electronic voltmeter.
Throughout the alignment process, unless
specifically stated otherwise, the r-f gain
control must be set for maximum output,
the beat oscillator switched off, and the avc
turned off or shorted out. When the signal
output of the receiver is excessive, either the
attenuator or the a-f gain control may be
turned down, but never the r-f gain control.

I-F Alignment After the receiver has been

given a rigid electrical and
mechanical inspection, and any faults which
may have been found in wiring or the selec-
tion and assembly of parts are corrected,
the i-f amplifier may be aligned as the first
step in the checking operations.

With the signal generator set to give a
modulated signal on the frequency at which
the i-f amplifier is to operate, clip the “hot”
output lead from the generator through a
small fixed capacitor to the control grid of
the last i-f tube. Adjust both trimmer ca-
pacitors in the last i-f transformer (the one
between the last i-f amplifier tube and the
second detector) to resonance as indicated by
maximum deflection of the output meter.

Each i-f stage is adjusted in the same
manner, moving the hot lead, stage by stage,
back toward the front end of the receiver
and backing off the attenuator as the signal
strength increases in each new position. The
last adjustment will be made to the first i-f
transformer, with the hot signal generator
lead connected to the control grid of the
mixer. Occasionally it is necessary to discon-
nect the mixer grid lead from the coil,
grounding it through a 1000- or 5000-ohm
resistor, and then couple the signal generator
through a small capacitor to the grid.

When the last i-f adjustment has been
completed, it is good practice to go back
through the i-f channel, re-peaking all of
the transformers. It is imperative that this
recheck be made in sets which do not include
a crystal filter, and where the simple align-

ment of the i-f amplifier to the generator is
final.

1-F with There are several ways of align-
Crystol Filter ing an i-f channel which con-
tains a crystal-filter circuit.
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Figure 39
The Q-MULTIPLIER

The loss resistance of a high-Q circwit Is new-

trolized by regeneration in a simple feedback

amplifier. A highly selective passbond Is pro-

duced which Is coupled to the i-f circuit of the
receiver.

However, the following method is one which
has been found to give satisfactory results in
every case: An unmodulated signal generator
capable of tuning to the frequency of the
filter crystal in the receiver is coupled to
the grid of the stage which precedes the
crystal filter in the receiver. Then, with the
crystal filter switched in, the signal genera-
tor is tuned slowly to find the frequency
where the crystal peaks. The receiver “S”
meter may be used as the indicator, and the
sound heard from the speaker will be of as-
sistance in finding the point. When the fre-
quency at which the crystal peaks has been
found, all the i-f transformers in the receiv-
er should be touched up to peak at that
frequency.

BFO Adjustment Adjusting the beat oscilla-
tor on a receiver that has
no front-panel adjustment is relatively sim-
ple. It is only necessary to tune the receiver
to resonance with any signal, as indicated by
the tuning indicator, and then turn on the
bfo and set its trimmer (or trimmers) to
produce the desired beat note. Setting the
beat oscillator in this way will result in the
beat note being stronger on one “‘side” of the
signal than on the other, which is what is
desired for c-w reception. The bfo should

not be set to zero beat when the receiver is
tuned to resonance with the signal, as this
will cause an equally strong beat to be ob-
tained on both sides of resonance.

Front-End  Alignment of the front end of a
Alignment home-constructed receiver is a

relatively simple process, consist-
ing of first getting the oscillator to cover
the desired frequency range and then of
peaking the various r-f circuits for maxi-
mum gain. However, if the frequency range
covered by the receiver is very wide a fair
amount of cut and try will be required to
obtain satisfactory tracking between the r-f
circuits and the oscillator. Manufactured
communications receivers should always be
tuned in accordance with the instructions
given in the maintenance manual.

10-12 Receiving

Accessories

The Q-Multiplier The selectivity of a receiv-

er may be increased by rais-
ing the Q of the tuned circuits of the i-f
strip. A simple way to accomplish this is to
add a controlled amount of positive feed-
back to a tuned circuit, thus increasing its
Q. This is done in the Q-multiplier, whose

1-F SIGNAL IN. 1-F SIGNAL OUT

Q MULTIPLIER “NULL"

1-F RESPONSE

LU TH
FREQUENCY
Figure 40
Q-MULTIPLIER NULL CIRCUIT
The addition of o second triode permits the

Q-Muitiplier to be vsed for nelling owt am wn-
wanted heterodyne.
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SCHEMATIC OF A 455-kHz
Q-MULTIPLIER

Coil L, is required to tume out the reactance of

the ¢o¢xl¢l lime_ It Is adjusted for maximum

signal respomse, L, may be omitted i the Q-

mvuitiplier is mmod to the receiver with o

short length of wire, and the I-f transformer
within the receiver is retuned.

basic circuit is shown in figure 39. The cir-
cuit L-C,-C; is tuned to the intermediate
frequency, and the loss resistance of the cir-
cuit is neutralized by the positive-feedback
circuit composed of C,; and the vacuum
tube. Too great a degree of positive feedback
will cause the circuit to break into oscilla-
tion.

At the resonant frequency, the impedance
of the tuned circuit is very high, and when
shunted across an i-f stage will have little
effect upon the signal. At frequencies re-
moved from resonance, the impedance of
the circuit is low, resulting in high attenua-
tion of the i-f signal. The resonant frequen-
cy of the Q-multiplier may be varied by
changing the value of one of the components
in the tuned circuit.

The Q-multiplier may also be used to
“null” a signal by employing negative feed-
back to control the plate resistance of an
auxiliary amplifier stage as shown in figure
40. Since the grid-cathode phase shift
through the Q-multiplier is zero, the plate
resistance of a second tube may be readily
controlled by placing it across the Q-multi-
plier. At resonance, the high negative feed-

PROOUCT

f———t AVOI0 OUTPUT
DETECTOR

A=F SIGNAL ———

LOCAL
OSCILLATOR

Figure 42

THE PRODUCT DETECTOR

Avdio owtput signel Is developed oaly whea
locel oscillator Is om.

back drops the plate resistance of V,, shunt-
ing the i-f circuit. Off resonance, the feed-
back is reduced and the plate resistance of
V. rises, reducing the amount of signal
attenuation in the i-f strip. A circuit com-
bining both the “‘peak” and “null” features
is shown in figure 41.

The Product Detector A version of the com-

mon mixer or convert-
er stage may be used as a second detector
in a receiver in place of the usual diode de-
tector. The diode is an envelope detector
(section 12-1) and develops a d-c output
voltage from a single r-f signal, and audio
“beats” from two or more input signals. A
product detector (figure 42) requires that
a local carrier voltage be present in order to
produce an audio ouput signal. Such a detec-
tor is useful for single-sideband work, since
the intermodulation distortion is extremely
low.
A pentagrid product detector is shown in
figure 43. The incoming signal is applied to

.f‘|

{{—= auvoio our

1-F SIGNAL A

4703

BEAT-05C. *
SIGNAL

Figure 43

PENTAGRID MIXER USED AS
PRODUCT DETECTOR
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Figure 44

TRIPLE-TRIODE PRODUCT DETECTOR

V, and V, act as cathode followers, delivering
sideband signal and local oscillator signal to
grouvnded grid triode mixer (V,).

grid 3 of the mixer tube, and the local oscil-
lator is injected on grid 1. Grid bias is ad-
justed for operation over the linear portion
of the tube-characteristic curve. When grid-
1 injection is removed, the audio output
from an unmodulated signal applied to grid
3 should be reduced approximately 30 to
40 db below normal detection level. When
the frequency of the local oscillator is syn-
chronized with the incoming carrier, ampli-
tude-modulated signals may be received by
exalted-carrier reception, wherein the local

BEAT-0SC. +
SIGNAL

Figure 45
DOUBLE-TRIODE PRODUCT DETECTOR

carrier substitutes for the transmitted car-
rier of the a-m signal.

Three triodes may be used as a product
detector (figure 44). Triodes V; and V act
as cathode followers, delivering the sideband
signal and the local oscillator signal to a
grounded-grid triode (V3) which functions
as the mixer stage. A third version of the
product detector is illustrated in figure 45.
A twin-triode tube is used. Section V, func-
tions as a cathode-follower amplifier. Section
V. is a “plate” detector, the cathode of
which is common with the cathode-follower
amplifier. The local-oscillator signal is in-
jected into the grid circuit of tube V..
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Figure 46

COMBINED BEAT OSCILLATOR AND
PRODUCT DETECTOR
The variable i-f coupling itor is adjusted

to provide approximately 0.2 volt peak signal
at pin 7 of the 6BE6.
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CHAPTER ELEVEN

Generation of
Radio-Frequency Energy

A radio communication or broadcast
transmitter consists of a source of radio fre-
quency power, or carrier; a system for
modulating the carrier whereby voice or
telegraph keying or other modulation is
superimposed upon it; and an antenna sys-
tem, including feedline, for radiating the
intelligence-carrying radio-frequency power.
The power supply employed to convert pri-
mary power to the various voltages required
by the r-f and modulator portions of the
transmitter may also be considered part of
the transmitter.

Voice modulation usually is accomplished
by varying either the amplitude or the fre-
quency of the radio-frequency carrier in ac-
cord with the components of intelligence to
be transmitted.

Radiotelegraph modulation (keying) nor-
mally is accomplished either by interrupting,
shifting the frequency of, or superimposing
an audio tone on the radio-frequency carrier
in accordance with the dots and dashes to be
transmitted.

The complexity of the radio-frequency
generating portion of the transmitter is de-
pendent on the power, order of stability, and
frequency desired. An oscillator feeding an
antenna directly is the simplest form of

radio-frequency generator. A modern high-
frequency transmitter, on the other hand, is
a very complex generator. Such equipment
comprises a very stable crystal-controlled or
self-controlled oscillator to stabilize the out-
put frequency. a series of frequency multi-
pliers,or mixers, one or more amplifier stages
to increase the power up to the level which
is desired for feeding the antenna system,
and a filter system for keeping the har-
monic cnergy generated in the transmitter
from being fed to the antenna system.

11-1 Self-Controlled

Oscillators

In Chapter Four, it was explained that the
amplifying properties of a tube having three
or more elements give it the ability to gener-
ate an alternating current of a frequency de-
termined by the components associated with
it. A vacuum tube operated in such a circuit
is called an oscillator, and its function is es-
sentially to convert direct current into radio-
frequency alternating current of a predeter-
mined frequency.

Oscillators for controlling the frequency
of conventional radio transmitters can be
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Figure 1
COMMON TYPES OF SELF-EXCITED OSCILLATORS

Fixed capacitor valves are typical, but will vary somewhat with the application. In the Clapp

osciliator circuits (6) and (H), capacitors C, and C, should have a reactance of 50 to 100

ohms ot the operating frequency of the oscillator. Tuning of these two oscillators Is accom-

plished by capacitor C. In the circvits of (E), (F), and (H), tuning of the tank circuit in the

plate of the oscillator tube will have relatively small effect on the frequency of oscillation.

The plate tank circvit also may, if desired, be tuned to a harmonic of the oscillation fre-
quency, or a broadly resonant circuit may be ysed in this circuit position.

divided into two general classes: self-con-
trolled and crystal-controlled.

There are a great many types of self-con-
trolled oscillators, each of which is best
suited to a particular application. They can
further be subdivided into the classifications
of: negative-grid oscillators, electron-orbit
oscillators, negative - resistance oscillators,
velocity-modulation oscillators, and mag-
netron oscillators.

Negative-Grid A negative-grid oscillator is
Oscillators essentially a vacuum - tube

amplifier with a sufficient
portion of the output energy coupled back
into the input circuit to sustain oscillation.
The control grid is biased negatively with
respect to the cathode. Common types of
negative-grid oscillators, which can be used
as fundamental or harmonic oscillators, are
diagrammed in figure 1.
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The Hartley Illustrated in figure 1 (A) is
the oscillator circuit which
finds the most general application at the
present time; this circuit is commonly called
the Hartley. The operation of this oscillator
will be described as an index to the opera-
tion of all negative-grid oscillators; the only
real difference between the various circuits is
the manner in which energy for excitation is
coupled from the plate to the grid circuit.

When plate voltage is applied to the Hart-
ley oscillator shown at (A), the sudden flow
of plate current accompanying the applica-
tion of plate voltage will cause an electro-
magnetic field to be set up in the vicinity of
the coil. The building-up of this field will
cause a potential drop to appear from turn
to turn along the coil. Due to the inductive
coupling between the portion of the coil in
which the plate current is flowing and the
grid portion, a potential will be induced in
the grid portion.

Since the cathode tap is between the grid
and plate ends of the coil, the induced grid
voltage acts in such a manner as to increase
further the plate current to the tube. This
action will continue for a short period of
time determined by the inductance and ca-
pacitance of the tuned circuit, until the fly-
wheel effect of the tuned circuit causes this
action to come to a maximum and then to
reverse itself. The plate current then de-
creases (the magnetic field around the coil
also decreasing) until a minimum is reached,
when the action starts again in the original
direction and at a greater amplitude than be-
fore. The amplitude of these oscillations, the
frequency of which is determined by the
coil-capacitor circuit, will increase in a very
short period of time to a limit determined by
the plate voltage of the oscillator tube.

The Colpitts Figure 1 (B) shows a version

of the Colpitts oscillator. It
can be seen that this is essentially the same
circuit as the Hartley except that the ratio
of a pair of capacitances in series determines
the effective cathode tap, instead of actually
using a tap on the tank coil. Also, the net
capacitance of these two capacitors com-
prises the tank capacitance of the tuned cir-
cuit. This oscillator circuit is somewhat less
susceptible to parasitic (spurious) oscilla-
tions than the Hartley.

For best operation of the Hartley and Col-
pitts oscillators, the voltage from grid to
cathode, determined by the tap on the coil
or the setting of the two capacitors, normal-
ly should be from 1/3 to 1/§ that appearing
between plate and cathode.

The T.P.T.G. The tuned-plate tuned-grid os-

cillator illustrated at (C) has
a tank circuit in both the plate and grid cir-
cuits. The feedback of energy from the plate
to the grid circuits is accomplished by the
plate - to - grid interelectrode capacitance
within the tube. The necessary phase re-
versal in feedback voltage is provided by
tuning the grid tank capacitor to the low
side of the desired frequency and the plate
capacitor to the high side. A broadly reso-
nant coil may be substituted for the grid
tank to form the T.N.T. (tuned-not tuned)
oscillator shown at D.

Electron-Coupled In any of the oscillator cir-
Oscillators cuits just described it is

possible to take energy
from the oscillator circuit by coupling an
external load to the tank circuit. Since the
tank circuit determines the frequency of os-
cillation of the tube, any variations in the
conditions of the external circuit will be
coupled back into the frequency-determining
portion of the oscillator. These variations
will result in frequency instability.

The frequency-determining portion of
an oscillator may be coupled to the load cir-
cuit only by an electron stream, as illustrated
in (E) and (F) of figure 1. When it is con-
sidered that the screen of the tube acts as
the plate to the oscillator circuit, the plate
merely acting as a coupler to the load, then
the similarity between the cathode-grid-
screen circuit of these oscillators and the
cathode-grid-plate circuits of the corre-
sponding prototype can be seen.

The clectron-coupled oscillator has good
stability with respect to load and voltage
variation. Load variations have a relativelv
small effect on the frequency, since the onlv
coupling between the oscillating circuit and
the load is through the electron stream flow-
ing through the other elements to the plate.
The plate is electrostatically shielded from
the oscillating portion by the bypassed
screen.
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The stability of the e.c.o. with respect to
variations in supply voltages is explained as
follows: The frequency will shift in one
direction with an increase in screen voltage,
while an increase in plate voltage will cause
it to shift in the other direction. By a proper
proportioning of the resistors that comprise
the voltage divider supplying screen voltage,
it is possible to make the frequency of the
oscillator substantially independent of sup-
ply voltage variations.

The Clapp A relatively new type of oscilla-
Oscillator  tor circuit which is capable of

giving excellent frequency sta-
bility is illustrated in figure 1G. Comparison
between the more standard circuits of figure
1A through 1F and the Clapp oscillator cir-
cuits of figures 1G and 1H will immediately
show one marked difference: the tuned cir-
cuit which controls the operating frequency
in the Clapp oscillator is series resonant,
while in all the more standard oscillator cir-
cuits the frequency-controlling circuit is
parallel resonant. Also, the capacitors C, and
C, are relatively large in terms of the usual
values for a Colpitts oscillator. In fact, the
value of capacitors C, and C, will be in the
vicinity of 0.001 ufd. to 0.0025 upfd. for
an oscillator which is to be operated in the
1.8-MHz band.

The Clapp oscillator operates in the fol-
lowing manner: at the resonant frequency of
the oscillator tuned circuit (L, C) the im-
pedance of this circuit is at minimum (since
it operates in series resonance) and maxi-
mum current flows through it. Note how-
ever, that C, and C. also are included within
the current path for the series-resonant cir-
cuit, so that at the frequency of resonance
an appreciable voltage drop appears across
these capacitors. The voltage drop appearing
across C, is applied to the grid of the oscilla-
tor tube as excitation, while the amplified
output of the oscillator tube appears across
C. as the driving power to keep the circuit
in oscillation.

Capacitors C, and C, should be made as
large in value as possible, while still permit-
ting the circuit to oscillate over the full tun-
ing ranee of C. The larger these capacitors
are made, the smaller will be the coupling
between the oscillating circuit and the tube,
and consequently the better will be oscilla-

tor stability with respect to tube variations.
High-gm tubes such as the 6AHS, 5763, and
6CB6 will permit the use of larger values of
capacitance at C, and C, than will more
conventional tubes such as the 6BA6, 6AQS,
and such types. In general it may be said
that the reactance of capacitors C; and C,
should be on the order of 40 to 120 ohms at
the operating frequency of the oscillator—
with the lower values of reactance going
with high-gn tubes and the higher values
being necessary to permit oscillation with
tubes having gn in the range of 2000 mi-
cromhos.

It will be found that the Clapp oscillator
will have a tendency to vary in power out-
put over the frequency range of tuning ca-
pacitor C. The output will be greatest where
C is at its largest setting, and will tend to
fall off with C at minimum capacitance. In
fact, if capacitors C, and C, have too large
a value the circuit will stop oscillation near
the minimum capacitance setting of capaci-
tor C.

Hence it will be necessary to use a slightly
smaller value of capacitance at C, and C,
(to provide an increase in the capacitive re-
actance at this point), or else the frequency
range of the oscillator must be restricted by
paralleling a fixed capacitor across C so that
its effective capacitance at minimum setting
will be increased to a value which will sus-
tain oscillation.

In the triode Clapp oscillator, such as
shown at figure 1G, output voltage for ex-
citation of an amplifier, doubler, or isolation
stage normally is taken from the cathode of
the oscillator tube by capacitive coupline to
the grid of the next tube. However, where
greater isolation of succeeding stages from
the oscillating circuit is desired, the electron-
coupled Clapp oscillator diagrammed in fig-
ure 1H may be used. Output then may be
taken from the plate circuit of the tube by
capacitive coupling with either a tuned cir-
cuit, as shown, or with an r-f choke or a
broadly resonant circuit in the plate return.
Alternatively, energy may be coupled from
the output circuit L,-C; by link coupling
to Lg.

The considerations with regard to C, C.,,
and the grid tuned circuit are the same as
for the triode oscillator arrangement of fig-
ure 1G.
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Figure 2
TWO-TERMINAL OSCILLATOR CIRCUITS

Both circvits may be used for an avdio oscil-
lator or for frequencies into the vhf range
simply by placing a tank circuit tuned to the
proper frequency where indicated on the
drawing. Recommended valves for the com-
ponents are given helow for both oscillators.

TRANSITRON OSCILLATOR

C1—0.01-ufd mica for r.f. 10-ufd elect. for a.f.
C4—0.00005-ufd mica for r.f. 0.3-ufd paper for a.f.
C3—0.003-ufd mica for r.f. 0.5ufd paper for o.f.
C4—0.01-ufd mica for r.f. B-ufd elect. for a.f.
R1—220K V2-watt carbon

R2—1800 ohms V2-watt carbon

R3—22K 2-watt carbon

Rq4—22K 2-watt carbon

CATHODE-COUPLED OSCILLATOR

C1—0.00005-ufd mica for r.f. 0.1-ufd paper for auvdio
C2—0.003-4fd mica for r.f. 8-ufd elect. for audio
R1—47K V2-watt carbon

R2—1K l-watt carbon

Negative-Resist- Negative - resistance oscilla-
ance Oscillators tors often are used when un-

usually high frequency sta-
bility is desired, as in a frequency meter. The
dynatron of a few years ago and the newer
transitron are examples of oscillator circuits
which make use of the negative-resistance
characteristic between different elements in
some multigrid tubes.

In the dynatron, the negative resistance is
a consequence of secondary emission of elec-
trons from the plate of a tetrode tube. By a
proper proportioning of the electrode volt-
age, an increase in screen voltage will cause
a decrease in screen current, since the in-
creased screen voltage will cause the screen
to attract a larger number of the secondary
electrons emitted by the plate. Since the net
screen current flowing from the screen sup-
ply will be decreased by an increase in screen
voltage, it is said that the screen circuit pre-
sents a negative resistance.

If any type of tuned circuit, or even a re-
sistance-capacitance circuit, is connected in
series with the screen, the arrangement will
oscillate—provided, of course, that the ex-
ternal circuit impedance is greater than the
negative resistance. A negative-resistance

effect similar to the dynatron is obtained in
the transitron circuit, which uses a pentode
with the suppressor coupled to the screen.
The negative resistance in this case is ob-
tained from a combination of secondary
emission and interelectrode coupling, and is
considerably more stable than that obtained
from uncontrolled secondary emission alone
in the dynatron. A representative transitron
oscillator circuit is shown in figure 2.
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THE FRANKLIN OSCILLATOR CIRCUIT

:
A separate phase-inverter tube is used in this
oscillator to feed a vortion of the output back
to the input in the proper phase to sustain
oscillation. The values of C, and C, should be
as small as will permit oscillations to be sus-
tained over the desired frequency range.
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The chief distinction between 2 conven-
tional negative-grid oscillator and a negative-
resistance oscillator is that in the former the
tank circuit must act as a phase inverter in
order to permit the amplification of the tube
to act as a negative resistance, while in the
latter the tube acts as its own phase inverter.
Thus a negative-resistance oscillator requires
only an untapped coil and a single capacitor
as the frequency-determining tank circuit,
and is classed as a two-terminal oscillator. In
fact, the time constant of an RC circuit
may be used as the frequency-determining
element and such an oscillator is rather
widely used as a tunable audio-frequency
oscillator.

The Franklin The Franklin oscillator makes
Oscillator  use of two cascaded tubes to

obtain the negative-resistance
effect (figure 3). The tubes may be either a
pair of triodes, tetrodes, or pentodes; a dual
triode; or a combination of a triode and a
multigrid tube. The chief advantage of this
oscillator circuit is that the frequency-de-
termining tank only has two terminals, and
one side of the circuit is grounded.

The second tube acts as a phase inverter to
give an effect similar to that obtained with
the dynatron or transitron, except that the
effective transconductance is much higher.
If the tuned circuit is omitted or is replaced
by a resistor, the circuit becomes a relaxa-
tion oscillator or a multivibrator.

Oscillator ‘The Clapp oscillator has proved to
Stability  be inherently the most stable of all
the oscillator circuits discussed
above, since minimum coupling between the
oscillator tube and its associated tuned cir-
cuit is possible. However, this inherently
good stability is with respect to tube varia-
tions; instability of the tuned circuit with
respect to vibration or temperature will of
course have as much effect on the frequency
of oscillation as with any other type of oscil-
lator circuit. Solid mechanical construction
of the components of the oscillating circuit,
along with a small negative-coefficient com-
pensating capacitor included as an element
of the tuned circuit, usually will afford an
adequate degree of oscillator stability.

VFO Tronsmit- When used to control the fre-
ter Controls  quency of a transmitter in
which there are stringent lim-

itations on frequency tolerance, several pre-
cautions are taken to ensure that a variable-
frequency oscillator will stay on frequency.
The oscillator is fed from a voltage-regulated
power supply, uses a well-designed and tem-
perature-compensated tank circuit, is of
rugged mechanical construction to avoid
the effects of shock and vibration, is pro-
tected against excessive changes in ambient
room temperature, and is isolated from feed-
back or stray coupling from other portions
of the transmitter by shielding, filtering of
voltage supply leads, and incorporation of
one or more buffer-amplifier stages. In a
high-power transmitter a small amount of
stray coupling from the final amplifier to the
oscillator can produce appreciable degrada-
tion of the oscillator stability if both are
on the same frequency. Therefore, the os-
cillator usually is operated on a subharmonic
of the transmitter output frequency, with
one or more frequency multipliers between
the oscillator and final amplifier.

11-2 Quartz Crystal
Oscillators

Quartz is a naturally occurring crystal
having a structure such that when plates are
cut in certain definite relationships to the
crystallographic axes, these plates will show
the piezoelectric effect—the plates will be de-
formed in the influence of an electric field,
and, conversely, when such a plate is com-
pressed or deformed in any way a potential
difference will appear on its opposite sides.

The crystal has mechanical resonance, and
will vibrate at a very high frequency because
of its stiffness, the natural period of vibra-
tion depending on the dimensions, the
method of electrical excitation, and crystal-
lographic orientation. Because of the piezo-
electric properties, it is possible to cut a
quartz plate which, when provided with
suitable electrodes, will have the characteris-
tics of a series-resonant circuit with a very
high LC ratio and very high Q. The Q is
several times as high as can be obtained with
an inductor-capacitor combination in con-
ventional physical sizes. The equivalent elec-
trical circuit is shown in figure 4A, the re-
sistance component simply being an ac-
knowledgement of the fact that the Q, while
high, does not have an infinite value.
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EQUIVALENT ELECTRICAL CIRCUIT OF
QUARTZ PLATE IN A HOLDER

At A is shown the equivalent series-reso-
nant circuit of the crystal itself, ot B is
shown how the shunt capacitance of the holder
electrodes and associated wiring affects the
cirevit to the combination cirevit of C which
exhibits both series resonance and paraliel
v (antir }, the separation in
frequency between the two modes being very
small and determined by the ratio of C, to C,.

The shunt capacitance of the electrodes
and associated wiring (crystal holder and
socket, plus circuit wiring) is represented by
the dotted portion of figure 4B. In a high-
frequency crystal this will be considerably
greater than the capacitance component of
an equivalent series LC circuit, and unless
the shunt capacitance is balanced out in a
bridge circuit, the crystal will exhibit both
resonant (series-resonant) and antiresonant

(parallel-resonant) frequencies, the latter be-
ing slightly higher than the series-resonant
frequency and approaching it as C; is in-
creased. '

The series-resonance characteristic is em-
ployed in crystal filter circuits in receivers
and also in certain oscillator circuits wherein
the crystal is used as a selective feedback
element in such a manner that the phase of
the feedback is correct and the amplitude
adequate only at or very close to the series-
resonant frequency of the crystal.

While quartz, tourmaline, Rochelle salts,
ADP, and EDT crystals all exhibit the
piezoelectric effect, quartz is the material
widely employed for frequency control.

As the cutting and grinding of quartz
plates has progressed to a high state of devel-
opment and these plates may be purchased at
prices which discourage the cutting and
grinding by simple hand methods for one’s
own use, the procedure will be only lightly
touched on here.

The crystal blank is cut from the raw
quartz at a predetermined orientation with
respect to the optical and electrical axes, the
orientation determining the activity, tem-
perature coefficient, thickness coefficient,
and other characteristics. Various orienta-
tions or “‘cuts” having useful characteristics
are illustrated in figure 5.

IZRO TEMPLAATUAL
OSCILLATORS AND PULTEAS

MICH FREQUENCY AT. BT

Figure 5

ORIENTATION OF THE
COMMON CRYSTAL CUTS

R

A MY LONGITUOMAL CAYSTAL
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The crystal blank is then rough-ground
almost to frequency, the frequency increas-
ing in inverse ratio to the oscillating dimen-
sion (usually the thickness). It is then
finished to exact frequency either by careful
lapping, by etching, or plating. The latter
process consists of finishing it to a frequency
slightly higher than that desired and then
silver plating the electrodes right on the
crystal, the frequency decreasing as the de-
posit of silver is increased. If the crystal is
not etched, it must be carefully scrubbed
and “baked” several times to stabilize it, or
otherwise the frequency and activity of the
crystal will change with time. Irradiation by
X-rays recently has been used in crystal
finishing.

Unplated crystals usually are mounted in
pressure holders, in which two electrodes are
held against the crystal faces under slight
pressure. Unplated crystals also are some-
times mounted in an air-gap holder in which
there is a very small gap between the crystal
and one or both electrodes. By making this
gap variable, the frequency of the crystal
may be altered over narrow limits (about
0.3% for certain types).

The temperature coefficient of frequency
for various crystal cuts of the “T”-rotated
family is indicated in figure 5. These angles
are typical, but crystals of a certain cut will
vary slightly. By controlling the orientation
and dimensioning, the furning point (point
of zero temperature coefficient) for a BT-
cut plate may be made either lower or higher
than the 75 degrees shown. Also, by careful
control of axes and dimensions, it is possible
to get AT-cut crystals with a very flat
temperature-frequency characteristic.

The first quartz plates used were either ¥
cut or X-cut. The former had a very high
temperature coefficient which was discon-
tinuous, causing the frequency to jump at
certain critical temperatures. The X~cut had
a moderately bad coefficient, but it was more
continuous, and by keeping the crystal in a
temperature controlled oven, a high order of
stability could be obtained. However, the
X-cut crystal was considerably less active
than the Y-cut, especially in the case of
poorly grounded plates.

For frequencies between 500 kHz and
about 6 MHz, the AT-cut crystal now is
the most widely used. It is active, can be

made free from spurious responses, and has
an excellent temperature characteristic.
However, above about 6 MHz it becomes
quite thin and a difficult production job.
Between 6 MHz and about 12 MHz, the
BT-cut plate is widely used. It also works
well between 500 kHz and 6MHz, but the
AT-cut is more desirable when a high order
of stability is desired and no crystal oven is
employed.

For low-frequency operation on the order
of 100 kHz, such as is required in a fre-
quency standard, the GT-cut crystal is rec-
ommended, though CT-and DT-cuts also
are widely used for applications between 50
and 500 kHz. The CT-, DT-, and GT-cut
plates are known as comfour cuts, as these
plates oscillate along the long dimension of
the plate or bar, and are much smaller phys-
ically than would be the case for a regular
AT- or BT-cut crystal for the same fre-
quency.

Crystal Holders Crystals normally are pur-

chased ready mounted. The
best type mount is determined by the type
crystal and its application, and usually an
optimum mounting is furnished with the
crystal. However, certain features are desir-
able in all holders. One of these is exclusion
of moisture and prevention of electrode oxi-
dization. The best means of accomplishing
this is a2 metal holder, hermetically sealed,
with glass insulation and a2 metal-to-glass
bond. However, such holders are more ex-
pensive, and a ceramic or phenolic holder
with rubber gasket will serve where require-
ments are not too exacting.

Temperature-Control; Where the frequency
Crystal Ovens tolerance requirements
are not too stringent
and the ambient temperature does not in-
clude extremes, an AT-cut plate, or 2 BT-
cut plate with optimum (mean-tempera-
ture) turning point, will often provide
adequate stability without resorting to a
temperature-controlled oven. However, for
broadcast stations and other applications
where very close tolerances must be main-
tained, a thermostatically controlled oven,
adjusted for a temperature slightly higher
than the highest ambient likely to be en-
countered, must of necessity be employed.
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Overtone-Cut

Just as a vibrating string can
Crystals

be made to vibrate on its har-
monics, a quartz crystal will
exhibit mechanical resonance (and therefore
electrical resonance) at harmonics of its
fundamental frequency. When employed in
the usual holder, it is possible to excite the
crystal only on its odd harmonics (over-
tones).

By grinding the crystal especially for
harmonic operation, it is possible to enhance
its operation as a2 harmonic resonator. BT-
and AT-cut crystals designed for optimum
operation on the 3rd, Sth and even the 7th
overtone are available. The sth- and 7th-
overtone types, especially the latter, require
special holder and oscillator circuit pre-
cautions for satisfactory operation, but the
3rd-overtone type needs little more consid-
eration than a regular fundamental type. A
crystal ground for optimum operation on a
particular overtone may or may not be a
good oscillator on a different overtone or
on the fundamental. One interesting char-
acteristic of an overtone-cut crystal is that
its overtone frequency is not quite an
exact multiple of its fundamental, though
the disparity is very small.

The overtone frequency for which the
crystal was designed is the working fre-
quency. It is not the fundamental since
the crystal itself actually oscillates on this
working frequency when it is functioning in
the proper manner.

When an overtone-cut crystal is employed,
a selective tuned circuit must be employed
somewhere in the oscillator in order to dis-
criminate against the fundamental frequency
or” undesired overtones, otherwise the crys-
tal might not always oscillate on the in-
tended frequency. For this reason the Pierce
oscillator (later described in this chapter)
is not suitable for use with overtone-cut
crystals, because the only tuned element in
this oscillator circuit is the crystal itself.

Crystal Current;
Heating and Fracture

For a given crystal
operating as an anti-
resonant tank in a giv-
en oscillator fixed load impedance and plate
and screen voltages, the r-f current through
the crystal will increase as the shunt capaci-
tance (C, of figure 4) is increased, because
this effectively increases the step-up ratio of

EXCITATION

6J5, ETC.  EXCITATION oJ35,eTC.
AED

(]

] 3

2330y = 2

: )?[ R2 Qrrcy

(5o 1

® oo~ taov.

BASIC *PIERCE” OSCILLATOR

+8
100-130V,

HOT = CATHODE *PIERCE*
OSCILLATOR

Figure 6

THE PIERCE CRYSTAL OSCILLATOR
CIRCVIT

Shown at A is the basic Plerce crystal oscil-
lator circuit. A capacitance of 10 to 75 pf.
normally will be required at C, for optimum
operation. If a plate supply voitage higher
than indicated Is to be used, RFC, may be re-
placed by a 22,000-ohm 2-watt resistor.
Shown at B is an alternative orrangement
with the r-f ground moved to the plate, and
with the cathode floating. This alternative cir-
cuit has the advantage that the full r-f voitage
developed across the crystal may be used as
excitation to the next stage, since one side of
the crystal is grounded.

C, to C.. For a given shunt capacitance
(C.) the crystal current for a given crystal
is directly proportional to the r-f voltage
across C.. This voltage may be measured by
means of a vacuum-tube voltmeter having
a low input capacitance, and such a measure-
ment is a more pertinent one than a reading
of r-f current by means of a thermogal-
vanometer inserted in series with one of the
leads to the crystal holder.

The function of a crystal is to provide
accurate frequency control, and unless it is
used in such 2 manner as to take advantage
of its inherent high stability, there is no
point in using a crystal oscillator. For this
reason a crystal oscillator should not be run
at high plate input in an attempt to obtain
considerable power directly from the oscil-
lator, as such operation will cause the crystal
to heat, with resultant frequency drift and
possible fracture.

11-3  Crystal Oscillator

Circuits

Considerable confusion exists as to nomen-
clature of crystal oscillator circuits, due to a
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tendency to name a circuit after its dis-
coverer. Nearly all the basic crystal oscillator
circuits were either first used or else devel-
oped independently by G. W. Pierce, but he
has not been so credited in all the literature.

Use of the crystal oscillator in. master os-
cillator circuits in radio transmitters dates
back to about 1924 when the first applica-
tion articles appeared.

The Pierce The circuit of figure 6A is the
Oscillator  simplest crystal oscillator circuit.

It is one of those developed by
Pierce, and is generally known among ama-
teurs as the Pierce oscillator. The crystal
simply replaces the tank circuit in a Colpitts
or ultra-audion oscillator. The r-f excitation
voltage available to the next stage is low,
being somewhat less than that developed
across the crystal. Capacitor C; will make
more of the voltage across the crystal avail-
able for excitation, and sometimes will be
found necessary to ensure oscillation. Its
value is small, usually approximately equal
to or slightly greater than the stray capaci-
tance from the plate circuit to ground (in-
cluding the grid of the stage being driven).

If the r-f choke has adequate inductance,
a crystal (even an overtone-cut crystal) will
almost invariably oscillate on its fundamen-
tal. The Pierce oscillator therefore cannot be
used with overtone-cut crystals.

The circuit at B is the same as that of
A except that the plate instead of the cath-
ode is operated at ground r-f potential. All
of the r-f voltage developed across the crys-
tal is available for excitation to the next
stage, but still is low for reasonable values
of crystal current. For best operation a tube
with low heater-cathode capacitance is re-
quired. Excitation for the next stage may

also be taken from the cathode when using

this circuit.

Tuned-Plate
Crystal Oslillotor

The circuit shown in fig-
ure 7A is also one used by
Pierce, but is more widely
referred to as the Miller oscillator. To avoid
confusion, we shall refer to it as the funed-
plate crystal oscillator. It is essentially an
Armstrong or tuned-plate/tuned-grid oscil-
lator with the crystal replacing the usual LC
grid tank. The plate tank must be tuned
to a frequency slightly higher than the anti-
resonant (parallel-resonant) frequency of

the crystal. Whereas the Pierce circuits of
figure 6 will oscillate at (or very close to)
the antiresonant frequency of the crystal,
the circuits of figure 7 will oscillate at a
frequency a little above the antiresonant
frequency of the crystal.

The diagram shown in figure 7A is the
basic circuit. The most popular version of
the tuned-plate oscillator employs a pentode
or beam tetrode with cathode bias to pre-
vent excessive plate dissipation when the cir-
cuit is not oscillating. The cathode resistor
is optional. Its omission will reduce both
crystal current and oscillator efficiency, re-
sulting in somewhat more output for a given
crystal current. The tube usually is an audio
or video beam pentode or tetrode, the plate-
grid capacitance of such tubes being suffi-
cient to ensure stable oscillation but not so
high as to offer excessive feedback with
resulting high crystal current. The 6CL6
makes an excellent all-around tube for this
type circuit.

Pentode
Hormonic Crystal
Oscillator Circuits

The usual type of crystal-
controlled h-f transmit-
ter operates, at least part
of the time, on a fre-
quency which is an integral multiple of the
operating frequency of the controlling crys-
tal. Hence, oscillator circuits which are
capable of providing output on the crys-
tal frequency if desired, but which also can
deliver output energy on harmonics of the
crystal frequency have come into wide use.
Four such circuits which have found wide
application are illustrated in figures 7C, 7D,
7E, and 7F.

The circuit shown in figure 7C is recom-
mended for use with overtone-cut crystals
when output is desired on a multiple of the
oscillating frequency of the crystal. As an
example, a2 25-MHz overtone-cut crystal
may be used in this circuit to obtain output
on §0 MHz or a 48-MHz overtone-cut
crystal may be used to obtain output on the
144-MHz amateur band. The circuit is not
recommended for use with the normal type
of fundamental-frequency crystal since more
output with fewer variable elements can be
obtained with the circuits of 7D and 7F.

The Pierce harmonic circuit shown in fig-
ure 7D is satisfactory for many applications
which require very low crystal current, but
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COMMONLY USED CRYSTAL OSCILLATOR CIRCUITS

Shewn at A Is the basic tuned-plate crystal escillator with a "lodo esciliator tube. The plate

tank mus? be tuned en the Jew-capacitance side of r

ebeni

oscillation. B shews

the tuned-plate oscillator as it is normally used, with an a-f powor pentode to permit high
output with relatively low crystal current. Schematics C, D, E, and F illustrate crystal oscillator
cirevits which can deliver moderate output energy on harmonics of the oscillating frequency
of the crystal. C shows a special circuit which will permit use of an overtene-cut crystal to
obtain output energy well into the vht r D is valvable when extremely low crystal
current is a requirement, but delivers relatively low ] K is ly used, but Is
subject to crystal damage if the cathode circuit Is mistuned. F is r ded as the most
generally satisfactory frem the standpoints of: low crystal current regardiess of misadjust-
ment, good output on harmonic frequencies, one side of crystal is grounded, will osciliate

with cryncll from 1.5 to 10 Mﬂz without adjustment, output tank may be tuned to the

Sasmed,

crystal freq y for

put without stopping oscillation er changing frequency.

has the disadvantage that both sides of the
crystal are above ground potential. The Tri-
tet circuit of figure 7E is widely used and
can give excellent output with low crystal
current. However, the circuit has the dis-
advantages of requiring a cathode coil, of re-
quiring careful setting of the variable cath-
ode capacitor to avoid damaging the crystal
when changing frequency ranges, and of
having both sides of the crystal above
ground potential.

The Colpitts harmonic oscillator of figure
7F is recommended as being the most gener-
ally satisfactory harmonic crystal oscillator
circuit since it has the following advantages:

(1) the circuit will oscillate with crystals
over a very wide frequency _range with no
change other than plugging in or swntchmg
in the desired crystal; (2) crystal current is
extremely low; (3) one side of the crystal
is grounded, which facilitates crystal-switch-
ing circuits; (4) the circuit will operate
straight through without frequency pulling,
or it may be operated with output on the
second, third, or fourth harmonic of the
crystal frequency.

Crystol Oscillator
Tuning

The tunable circuits of
all oscillators illustrated
should be tuned for max-
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imum output as indicated by maximum ex-
citation to the following stage, except that
the oscillator tank of tuned-plate oscillators
(figure 7A and figure 7B) should be backed
off slightly towards the low capacitance side
from maximum output, as the oscillator then
is in 2 more stable condition and sure to
start immediately when power is applied.
This is especially important when the oscil-
lator is keyed, as for break-in c-w operation.

Crystal Switching It is desirable to keep stray

shunt capacitances in the
crystal circuit as low as possible, regardless
of the oscillator circuit. If a selector switch
is used, this means that both switch and
crystal sockets must be placed close to the
oscillator-tube socket. This is especially true
of overtone-cut crystals operating on a
comparatively high frequency. In fact, on
the highest frequency crystals it is prefer-
able to use a turret arrangement for switch-
ing, as the stray capacitances can be kept
lower.

Crystal-Oscillator  When the crystal oscillator
Keying is keyed, it is necessary

that crystal activity and
oscillator-tube transconductance be moder-
ately high, and that oscillator loading and
crystal shunt capacitance be low. Below
2500 kHz and above 6 MHz these consider-

iL
1—F, 2F, 3F,

ations become especially important. Keying
of the plate voltage (in the negative lead)
of a crystal oscillator, with the screen volt-
age regulated at about 150 volts, has been
found to give satisfactory results.

A Versatile 5763 The 5763 tube may be
Crystal Oscillator ysed in a modified Tri-tet

crystal oscillator, capable
of delivering sufficient power on all bands
from 160 meters through 10 meters to fully
drive a pentode tube, such as the 807, 2E2¢
or 6146. Such an oscillator is extremely use-
ful for portable or mobile work, since it
combines all essential exciter functions in
one tube. The circuit of this oscillator is
shown in figure 8. For 160-, 80- and 40-
meter operation the §763 functions as a
tuned-plate oscillator. Fundamental-frequen-
cy crystals are used on these three bands.
For 20-, 15- and 10-meter operation the
5763 functions as a Tri-tet oscillator with a
fixed-tuned cathode circuit. The impedance
of this cathode circuit does not affect opera-
tion of the 5763 on the lower frequency
bands so it is left in the circuit at all times.
A 7-MHz crystal is used for fundamental
output on 40 mecters and for harmonic out-
put on 20, 15, and 10 meters. Crystal cur-
rent is extremely low regardless of the out-
put frequency of the oscillator. The plate
circuit of the 5763 is capable of tuning a
frequency range of 2:1, requiring only
two output coils: one for 80- 40-meter oper-
ation, and one for 20-, 15-, and 10-meter
operation. In some cases it may be necessary
to add 5 picofarads of external feedback ca-
pacity between the plate and control grid of
the 5763 tube to sustain oscillation with
sluggish 160-meter crystals.

Triode Overtone
Oscillators

The recent development of
reliable overtone crystals
capable of operation on the
third, fifth, seventh (or higher) overtones
has made possible vhf output from a low-
frequency crystal by the use of 2 double-
triode regenerative oscillator circuit. Some
of the twin triode tubes such as the 12AU7,
12AV7 and 6J6 are especially satisfactory
when used in this type of circuit. Crystals
that are ground for overtone service may
be made to oscillate on odd-overtone fre-
quencies other than the one marked on the
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VARIOUS TYPES OF OVERTONE OSCILLATORS USING MINIATURE DOUBLE-TRIODE
VACUUM TUBES

crystal holder. A 24-MHz overtone crystal,
for example, is a specially ground 8-MHz
crystal operating on its third overtone. In
the proper circuit it may be made to oscillate
on 40 MHz (fifth overtone), 56 MHz (sev-
enth overtone), or 72 MHz (ninth over-
tone). Even the ordinary 8-MHz crystals
not designed for overtone operation may be
made to oscillate readily on 24 MHz (third
overtone) in these circuits.

A variety of overtone oscillator circuits is
shown in figure 9. The oscillator of figure
9A is attributed to Frank Jones, W6A]JF.

The first section of the 6J6 dual triode
comprises a regenerative oscillator, with out-
put on either the third or fifth overtone of
the crystal frequency. The regenerative loop
of this oscillator consists of a capacitance
bridge made up of C, and C, with the ratio
C,/C, determining the amount of regenera-
tive feedback in the circuit. With an 8-MHz
crystal, output from the first section of the
6J6 tube may be obtained on either 24 or
40 MHz, depending on the resonant frequen-
cy of the plate circuit inductor (L,). The
second half of the 6J6 acts as a frequency
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multiplier, its plate circuit (L;) tuned to
the sixth- or ninth-harmonic frequency
when L, is tuned to the third overtone, or to
the tenth-harmonic frequency when L, is
tuned to the fifth overtone.

Figure 9B illustrates a Colpitts overtone
oscillator employing a 6J6 tube. This is an
outgrowth of the Colpitts harmonic oscil-
lator of figure 7F. The regenerative loop in
this case consists of C,, C;, and RFC be-
tween the grid, cathode, and ground of the
first section of the 6J6. The plate circuit of
the first section is tuned to the second, har-
monic of the crystal, and the second section
of the 6J6 doubles to the fourth harmonic
of the crystal. This circuit is useful in ob-
taining 28-MHz output from a 7-MHz
crystal and is highly popular in mobile work.

The circuit of figure 9C shows a typical
regenerative overtone oscillator employing a
12AU7 double-triode tube. Feedback is con-
trolled by the number of turns in L,, and
the coupling between L, and L,. Only
enough feedback should be employed to
maintain proper oscillation of the crystal.
Excessive feedback will cause the first sec-
tion of the 12AU7 to oscillate as a self-
excited TNT. oscillator, independent of the
crystal. A variety of this circuit is shown in
figure 9D, wherein a tapped coil, (L,) is
used in place of the two separate coils.
Operation of the circuit is the same in either
case, regeneration now being controlled by
the placement of the tap on L,.

A cathode-follower overtone oscillator is
shown in figure 9E. The cathode coil (L,)
is chosen so as to resonate with the crystal
and tube capacities just below the third-
overtone frequency of the crystal. For ex-
ample, with an 8-MHz crystal, L; is tuned
to 24 MHz, L, resonates with the circuit
capacities to 23.5 MHz, and the harmonic
tank circuit of the second section of the
12AT7 is tuned either to 48 MHz or 72
MHz. If a 24-MH2z overtone crystal is used
in this circuit, Ls may be tuned to 72 MHz,
L, resonates with the circuit capacities to 70
MHz, and the harmonic tank circuit (L) is
tuned to 144 MHz. If there is any tendency
towards self-oscillation in the circuit, it may
be eliminated by a small amount of inductive
coupling and between L, and L. Placing
these coils near each other, with the winding
of L, correctly polarized with respect to L,

will prevent self-oscillation of the circuit.

The use of a 144-MHz overtone crystal is
illustrated in figure 9F. A 6AB4 or one-half
of a 12AT7 tube may be used, with output
directly in the 2-meter amateur band. A
slight amount of regeneration is provided by
the one turn link, (L,) which is loosely
coupled to the 144-MHz tuned tank circuit
(L:) in the plate circuit of the oscillator
tube. If a 12AT7 tube and a 110-MHz
crystal are employed, direct output in the
220-MHz amateur band may be obtained
from the second half of the 12AT?7.

11-4  Radio-Frequency

Amplifiers

The output of the oscillator stage in a
transmitter (whether it be self-controlled or
crystal controlled) must be kept down to a
fairly low level to maintain stability and to
maintain a factor of safety from fracture of
the crystal when one is used. The low power
output of the oscillator is brought up to the
desired power level by means of radio-fre-
quency amplifiers. The two classes of r-f
amplifiers that find widest application in
radio transmitters are the class-B and class-C

types.

The Class-B Class-B amplifiers are used in a
Amplifier  radio-telegraph transmitter when

maximum power gain and mini-
mum harmonic output is desired in a par-
ticular stage. A class-B amplifier operates
with cutoff bias and a comparatively small
amount of excitation. Power gains of 20 to
200 or so are obtainable in a well-designed
class-B amplifier. The plate efficiency of a
class-B c-w amplifier will run around 65
percent.

The Class-B Another type of class-B ampli-
Linear fier is the class-B linear stage as

employed in radiophone work.
This type of amplifier is used to increase the
level of a modulated signal, and de-
pends for its operation on the linear relation
between excitation voltage and output volt-
age. Or, to state the fact in another manner,
the power output of a class-B linear stage
varies linearly with the square of the excita-
tion voltage.
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The class-B linear amplifier is operated
with cutoff bias and a small value of excita-
tion, the actual value of exciting power
being such that the power output under
carrier conditions is one-fourth of the peak
power capabilities of the stage. Class-B
linears are very widely employed in broadcast
and commercial installations, and are com-
men in amateur application for single-side-
band transmitters. Tuhes with high plate
dissipation are required for moderate output
in this mode. The carrier efficiency of such an
amplifier will vary from 30 to 35 percent.

The Class-C Class-C amplifiers are very wide-
Amplifier ly used in a-m and ¢-w transmit-

ters. Good power gain may be
obtained (values of gain from 3 to 20 are
common) and the plate-circuit efficiency
may under certain conditions be as high as
85 percent. Class-C amplifiers operate with
considerably more than cutoff bias and
ordinarily with a large amount of excitation
as compared to a class-B amplifier. The bias
for a normal class-C amplifier is such that
plate current on the stage flows for approx-
imately 120° of the 360° excitation cycle.
Class-C amplifiers are used in transmitters
where a fairly large amount of excitation
power is available and good plate-circuit
efficiency is desired.

Plate Moduloted The characteristic of a
Class-C class-C amplifier which

makes it linear with re-
spect to changes in plate voltage is that
which allows such an amplifier to be plate
modulated for radiotelephony. Through the
use of higher bias than is required for a c-w
class-C amplifier and greater excitation, the
linearity of such an amplifier may be extend-
ed from zero plate voltage to twice the
normal value. The output power of a class-
C amplifier, adjusted for plate modulation,
varies with the square of the plate voltage.
This is the same condition that would take
place if a resistor equal to the voltage on the
amplifier, divided by its plate current, were
substituted for the amplifier. Therefore,
the stage presents a resistive load to the mod-
ulator.

Grid-Modulated If the grid current to a class-
Class-C C amplifier is reduced to a

low value, and the plate
loading is increased to the point where the
plate dissipation approaches the rated value,
such an amplifier may be grid modulated
for radiotelephony. If the plate voltage is
raised to quite a high value and the stage is
adjusted carefully, efficiencies as high as 40
to 43 percent with good modulation capa-
bility and comparatively low distortion may
be obtained. Fixed bias is required. This type
of operation is termed class-C grid-bias mod-
ulation.

Grid Excitation Adequate grid excitation

must be available for class-
B or class-C service. The excitation for a
plate-modulated class-C stage must be suffi-
cient to produce a normal value of d-c grid
current with rated bias voltage. The bias
voltage preferably should be obtained from a
combination of grid leak and fixed C-bias
supply.

Cutoff bias can be calculated by dividing
the amplification factor of the tube into the
d-c plate voltage. This is the value normally
used for class-B amplifiers (fixed bias, no
grid resistor). Class-C amplifiers. use from
1.5 to § times this value, depending on the
available grid drive, or excitation, and the
desired plate efficiency. Less grid excitation
is needed for c-w operation, and the values
of fixed bias (if greater than cutoff) may
be reduced, or the value of the grid-bias re-
sistor can be lowered until normal rated d-c
grid current flows.

The values of grid excitation listed for
each type of tube may be reduced by as
much as 50 percent if only moderate power
output and plate efficiency are desired. When
consulting the tube tables, it is well to re-
member that the power lost in the tuned
circuits must be taken into consideration
when calculating the available grid drive.
At very-high frequencies, the r-f circuit
losses may even exceed the power required
for actual grid excitation.

Link-coupling between stages, particularly
to the final amplifier grid circuit, normally
will provide more grid drive than can be ob-
tained from other coupling systems. The
number of turns in the coupling link, and
the location of the turns on the coil, can be
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COMMON NEUTRALIZING CIRCUITS FOR SINGLE-ENDED AMPLIFIERS

varied with respect to the tuned circuits to
obtain the greatest grid drive for allowable
values of buffer or doubler plate current.
Slight readjustments sometimes can be made
after plate voltage has been applied to the
driver tube.

Excessive grid current damages tubes by
overheating the grid structure; beyond a
certain point of grid drive, no increase in
power output can be obtained for a given
plate voltage.

11-5 Neutralization of
R-F Amplifiers

The plate-to-grid feedback capacitance of
triodes makes it necessary that they be neu-
tralized for operation as r-f amplifiers at fre-
quencies above about $00 kHz. Those
screen-grid tubes, pentodes, and beam
tetrodes which have a plate-to-grid capaci-
tance of 0.1 pf or less may be operated as an
amplifier without neutralization in a well-
designed amplifier up to 30 MHz.

Neutralizing The object of neutralization is
Circuits to cancel or neutralize the ca-

pacitive feedback of energy
from plate to grid. There are two general

methods by which this energy feedback may
be eliminated: the first, and the most com-
mon methed, is through the use of a capaci-
tance bridge, and the second method is
through the use of a parallel reactance of
equal and opposite polarity to the grid-to-
plate capacitance, to nullify the effect of
this capacitance.

Examples of the first method are shown
in figure 10. Figure 10A shows a capaci-
tance-neutralized stage employing a balanced
tank circuit. Phase reversal in the tank cir-
cuit is obtained by grounding the center of
the tank coil to radio-frequency energy by
capacitor C,. Points-A and B are 180 degrees
out of phase with each other, and the cor-
rect amount of out-of-phase energy is
coupled through the neutralizing capacitor
(NC) to the grid circuit of the tube. The
equivalent bridge circuit of this is shown in
figure 11A. Tt is seen that the bridge is not
in balance, since the plate-filament capaci-
tance of the tube forms one leg of the bridge,
and there is no corresponding capacitance
from the neutralizing capacitor (point B)
to ground to obtain a complete balance. In
addition, it is mechanically difficult to obtain
a perfect electrical balance in the tank coil,
and the potential between point A and
ground and point B and ground, in most
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cases, is unequal. This circuit, therefore,
holds neutralization over a very small oper-
ating range and unless tubes of low inter-
electrode capacitance are used the inherent
unbalance of the circuit will permit only ap-
proximate neutralization.

Split-Stator Figure 10B shows the neu-
Plate Neutrali- tralization circuit which
zation is widely used in single-

ended r-f stages. The use of
a split-stator plate capacitor makes the elec-
trical balance of the circuit substantially in-
dependent of the mutual coupling within the
coil and also makes the balance independent
of the place where the coil is tapped. With
conventional tubes this circuit will allow
one neutralization adjustment to be made on,
for example, 28 MHz, and this adjustment
usually will hold sufficiently close for opera-
tion on all lower-frequency bands.

Capacitor C, is used to balance out the
plate-filament capacity of the tube to allow
a perfect neutralizing balance at all frequen-
cies. The equivalent bridge circuit is shown
in figure 11B. If the plate-filament capaci-
tance of the tube is extremely low (100TH
triode, for example), capacitor C, may be
omitted, or may merely consist of the
residual capacity of NC to ground.

Grid Neutralization A split grid-tank cir-
cuit may also be used
for neutralization of a triode tube as shown
in figure 10C. Out of phase voltage is de-
veloped across a balanced grid circuit, and
coupled through NC to the single-ended
plate circuit of the tube. The equivalent
bridge circuit is shown in figure 11C. This
circuit is in balance until the stage is in
operation when the loading effect of the
tube upon one-half of the grid circuit
throws the bridge circuit out of balance.
The amount of unbalance depends on the
grid-plate capacitance of the tube, and the
amount of mutual inductance between the
two halves of the grid coil. If an r-f volt-
meter is placed between point A and ground,
and a second voltmeter placed between point
B and ground, the loading effect of the tube
will be noticeable. When the tube is supplied
excitation with no plate voltage, NC may
be adjusted until the circuit is in balance.
When plate voltage is applied to the stage,
the voltage from point A to ground will

decrease, and the voltage from point B to
ground will increase, both in direct propor-
tion to the amount of circuit unbalance.
The use of this circuit is not recommended
above 7 MHz, and it should be used below
that frequency only with low internal ca-
pacitance tubes.

Push-Pull
Neutralization

Two tubes of the same type
can be connected for push-
pull operation so as to obtain
twice as much output as that of a single
tube. A push-pull amplifier, such as that
shown in figure 12 also has an advantage
in that the circuit can more easily be bal-
anced than a single-tube r-f amplifier. The
various interelectrode capacitances and the
neutralizing capacitors are connected in such
a manner that the reactances on one side of
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EQUIVALENT NEUTRALIZING CIRCUITS

www americanradiohistorv com


www.americanradiohistory.com

246 Generaticn of R-F Energy

THE RADIO

11

"E

n

—)

LY

=) |
EE} ;:-_L i

Figure 12

STANDARD CROSS-NEUTRALIZED
PUSH-PULL TRIODE AMPLIFIER

the tuned circuits are exactly equal to those
on the opposite side. For this reason, push-
pull r-f amplifiers can be more easily neu-
tralized in vhf transmitters; also, they usual-
ly remain in perfect neutralization when
tuning the amplifier to different bands.

The circuit shown in figure 12 is perhaps
the most commonly used arrangement for a
push-pull r-f amplifier stage. The rotor of
the grid capacitor is grounded, and the rotor
of the plate tank capacitor is bypassed to
ground.

Shunt or Coil
Neutralization

The feedback of energy
from grid to plate in an
unneutralized r-f amplifier
is a result of the grid-to-plate capacitance of
the amplifier tube. A neutralization circuit
is merely an electrcial arrangement for nulli-
fying the effect of this capacitance. All
the previous neutralization circuits have
made use of a bridge circuit for balancing
out the grid-to-plate energy feedback by
feedmg back an equal amount of energy of
opposite phase.

Another method of elnmmatmg the feed-
back effect of this capacitance, and hence of
neutralizing the amplifier stage, is shown in
figure 13. The. grid-to-plate capacitance in
the triode amplifier tube acts as a capacitive
reactance, coupling energy back from the
plate to the grid circuit. If this capacitance
is paralleled with an inductance having the
same value of reactance of opposite sign, the
reactance of one will cancel the reactance of
the other and a high-impedance tuned cir-
cuit from grid to plate will result.

This neutralization circuit can be used on

ultra high frequencies where other neutrali-
zation circuits are unsatisfactory. This is
true because the lead length in the neutrali-
zation circuit is practically negligible. The
circuit can also be used with push-pull r-f
amplifiers. In this case, each tube will have
its own neutralizing inductor connected
from grid to plate.

The main advantage of this arrangement
is that it allows the use of single-ended tank
circuits with a single-ended amplifier.

The chief disadvantage of the shunt neu-
tralized arrangement is that the stage must
be neutralized each time the stage is re-
turned to a new frequency sufficiently re-
moved that the grid and plate tank circuits
must be retuned to resonance. However, by
the use of plug-in coils it is possible to
change to a different band of operation by
changing the neutralizing coil at the same
time that the grid and plate coils are
changed.

The 0.0001-ufd capacivor in series with
the neutralizing coil is merely a blocking
capacitor to isolate the plate voltage from
the grid circuit. The coil (L) will have to
have a very large number of turns for the
band of operation in order to be resonant
with the comparatively small grid-to-plate
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COIL-NEUTRALIZED AMPLIFIER

This nevutralization circult is very effective with
triode tubes on any frequency, but Is particu-
larly effective in the vhf range. Coll L Is ad-
justed so that it resonates ot the operating
frequency with the grid-to-plate capacitance
of the tube. Capacitor € may be a very small
unit of the low-capacitance neutralizing tvpe
and Is uvsed to trim the circuit to resonance
at the operating frequency. If some means of
varying the Inductance of the coll o small
amount Is avallable, the trimmer capacitor is
not needed.
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capacitance. But since, in all ordinary cases
with tubes operating on frequencies for
which they were designed, the LC ratio of
the tuned circuit will be very high, the
coil can use comparatively small wire, al-
though it must be wound on air or very low-
loss dielectric and must be insulated for the
sum of the plate r-f voltage and the grid r-f
voltage.

11-6 Neutralizing

Procedure

An r-f amplifier is neutralized to prevent
self-oscillation or regeneration. A neon bulb,
a flashlight bulb and a loop of wire, or a di-
cde voltmeter can be used as a null indicator
for neutralizing low-power stages. The plate
voltage lead is disconnected from the r-f am-
plifier stage while it is being neutralized.
Normal grid drive then is applied to the r-f
stage, the neutralizing indicator is coupled
to the plate coil, and the plate tuning capac-
itor is tuned to resonance. The neutralizing
capacitor (or capacitors) then can be ad-
justed until minimum cf. is indicated for
resonant settings of both grid- and plate-
tuning capacitors. Both neutralizing capaci-
tors are adjusted simultaneously and to ap-
proximately the same value of capacitance
when a physically symmetrical push-pull
stage is being neutralized.

A final check for neutralization should be
made with a d-c milliammeter connected in
the grid-leak or grid-bias circuit. There will
be no movement of the meter reading as the
plate circuit is tuned through resonance
(without plate voltage being applied) when
the stage is completely neutralized.

Plate voltage should be completely re-
moved by actually opening the d-c plate cir-
cuit. If there is a d-c return through the
plate supply, a small amount of plate current
will flow when grid excitation is applied, even
though no primary a-c voltage is being fed
to the plate transformer.

A further check on the neutralization of
any r-f amplifier can be made by noting
whether maximum grid current on the stage
comes at the same point of tuning on the
plate-tuning capacitor as minimum plate
current. This check is made with plate volt-
age on the amplifier and with normal anten-
na coupling. As the plafe tuning capacitor is

detuned slightly from resonance on either
side the grid current on the stage should
decrease the same amount and without any
sudden jumps on either side of resonance.
This will be found to be a very precise indi-
cation of accurate neutralization in either a
triode or beam-tetrode r-f amplifier stage,
so long as the stage is feeding a load which
presents a resistive impedance at the oper-
ating frequency.

Push-pull circuits usually can be more
completely neutralized than single-ended
circuits at very high frequencies. In the in-
termediate range of from 3 to 30 MHz,
single-ended circuits will give satisfactory
results.

Neutralization of Radio-frequency amplifiers
Screen-Grid R-F  using screen-grid tubes can
Amplifiers be operated without any

additional provision for
neutralization at frequencies up to about 15
MHz, provided adequate shielding has been
provided between the input and output cir-
cuits. Special vhf screen-grid and beam tet-
rode tubes such as the 2E26, 6146, and 5516
in the low-power category and 4E27A,
4-65A, 4-125A, and 4-250A in the medium-
power category can frequently be operated
at frequencies as high as 50 MHz without
any additional provision for neutralization.
Tubes such as the 807, 7094, and 813 can
be operated with good circuit design at fre-
quencies up to 30 MHz without any addi-
tional provision for neutralization. The 829
tube has been found to require neutralization
in many cases above 20 MHz although the
832A tube will operate quite stably at 100
MHz without neutralization.

None of these tubes, however, has perfect
shielding between the grid and the plate, a
condition brought about by the inherent in-
ductance of the screen leads within the tube
itself. In addition, unless “watertight” shield-
ing is used between the grid and plate cir-
cuits of the tube a certain amount of ex-
ternal leakage between the two circuits is
present. These difficulties may not be serious
enough to require neutralization of the stage
to prevent oscillation, but in many instances
they show up in terms of key-clicks when
the stage in question is keyed, or as parasitics
when the stage is modulated. Unless the
designer of the equipment can carefully
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Figure 14
NEUTRALIZING CIRCUITS FOR
BEAM TETRODES

A conventional cross-nevtralized circvit for use with push-pull beam tetrodes is shown at A.
The nevtralizing capacitors (NC) usvally consist of small plates or rods mounted alongside
the plate elements of the tubes. B and C show grid-nevtralized circuits for use with a single-
ended tetrode having either link coupling or capacitive coupling inte the grid tank. D shows
a method of tuning the screen-lead inductance to accomplish neutralization in a single-
ended vhf tetrode amplifier, while E shows a method of neuvtralization by increasing the
grid-to-plate capacitance on o tetrode when the operating frequency is higher than that
frequency where the tetrode is ‘‘self-nevtralized”’ as o result ol urln resonance in the
screen lead. Methods D and E normally are not practicable at freq bout 50
MHz with the usval types of beam tetrode tubes.

check the tetrode stage for miscellaneous
feedback between the grid and plate circuits,
and make the necessary circuit revisions to
reduce this feedback to an absolute mini-
mum, it is wise to neutralize the tetrode just
as if it were a triode tube.

In most push-pull tetrode amplifiers the
simplest method of accomplishing neutrali-
zation is to use the cross-neutralized capaci-
tance bridge arrangement as normally em-
ployed with triode tubes. The neutralizing
capacitances, however, must be very much
smaller than used with triode tubes, values
of the order of 0.2 pf normally being re-

quired with beam tetrode tubes. This order
of capacitance is far less than can be ob-
tained with a conventional neutralizing
capacitor at minimum setting, so the neu-
tralizing arrangement is most commonly
made especially for the case at hand. Most
common procedure is to bring a conductor
(connected to the opposite grid) in the vi-
cinity of the plate itself or of the plate
tuning capacitor of one of the tubes. Either
one or two such capacitors may be used,
two being normally used on a higher-fre-
quency amplifier in order to maintain bal-
ance within the stage.
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An example of this is shown in figure
14A.

Neutralizing
Single-Ended
Tetrode Stages

A single-ended tetrode r-f
amplifier stage may be neu-
tralized in the same manner
as illustrated for a push-pull
stage in figure 14A, provided a split-stator
tank capacitor is in use in the plate circuit.
However, in the majority of single-ended
tetrode r-f amplifier stages a single-section
capacitor is used in the plate tank. Hence,
other neutralization procedures must be em-
ployed when neutralization is found neces-
sary.

The circuit shown in figure 14B is not a
true neutralizing circuit, in that the plate-
to-grid capacitance is not balanced out.
However, the circuit can afford the equiva-
lent effect by isolating the high resonant
impedance of the grid-tank circuit from the
energy fed back from plate to grid. When
NC and C are adjusted to bear the following
ratio to the grid-to-plate capacitance and
the total capacitance from grid-to-ground
in the output tube,

NC _ Cgu
C Cer

both ends of the grid tank circuit will be at
the same voltage with respect to ground as a
result of r-f energy fed back to the grid
circuit. This means that the impedance from
grid to ground will be effectively equal to
the reactance of the grid-to-cathode capaci-
tance in parallel with the stray grid-to-
ground capacitance, since the high resonant
impedance of the tuned circuit in the grid
has been effectively isolated from the feed-
back path. It is important to note that the
effective grid-to-ground capacitance of the
tube being neutralized includes the rated
grid-to-cathode or input capacitance of the
tube, the capacitance of the socket, wiring
capacitances and other strays, but it does nof
include the capacitances associated with the
grid-tuning capacitor. Also, if the tube is
being excited by capacitive coupling from a
preceding stage (as in figure 14C), the ef-
fective grid-to-ground capacitance includes
the output capacitance of the preceding
stage and its associated socket and wiring
capacitances.

Cancellation of The provisions discussed in
Screen-Lead the previous paragraphs are
Inductance for neutralization of the

small (though still important
at the higher frequencies) grid-to-plate ca-
pacitance of beam-tetrode tubes. However,
in the vicinity of the upper frequency limit
of each tube type the inductance of the
screen lead of the tube becomes of consid-
erable importance. With a tube operating at
a frequency where the inductance of the
screen lead is appreciable, the screen will al-
low a considerable amount of energy leak-
through from plate to grid even though the
socket terminal on the tube is carefully by-
passed to ground. This condition takes place
even though the socket pin is bypassed since
the reactance of the screen lead will allow a
moderate amount of r-f potential to appear
on the screen itself inside the electrode as-
sembly in the tube. This effect has been re-
duced to a very low amount in such tubes
as the 4CX250B, 8122, and 4CX1000K, but
it is still quite appreciable in most beam-
tetrode tubes.

The effect of screen-lead inductance on
the stability of a stage can be eliminated at
any particular frequency by one of two
methods. These methods are: (1) Tuning
out the screen-lead inductance by series-
resonating the screen-lead inductance with a
capacitor to ground. This method is illus-
trated in figure 14D and is commonly em-
ployed in commercially built equipment for
operation on a narrow frequency band in the
range above about 75 MHz. The other
method (2) is illustrated in figure 14E and
consists in feeding back additional energy
from plate to grid by means of a small ca-
pacitor connected between these two ele-
ments. Note that this capacitor is connected
in such a manner as to increase the effective
grid-to-plate capacitance of the tube. This
method has been found to be effective with
6146 tubes in the range above 50 MHz and
with tubes such as the 4-125A and 4-250A
in the vicinity of their upper frequency
limits.

Note that both these methods of stabi-
lizing a beam-tetrode vhf amplifier stage by
cancellation of screen-lead inductance are
suitable only for operation over a relatively
narrow band of frequencies in the vhf range.
At lower frequencies both these expedients
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e 5 CONVENTIONAL TRIODE FREQUENCY
gure MULTIPLIER

GROUNDED-GRID AMPLIFIER

This type of triode amplifier requires mo
nevtralization, and is very popular as a zero-
bias class-B linear stage for SSB service.

for reducing the effects of screen-lead in-
ductance will tend to increase the tendency
toward oscillation of the amplifier stage.

Neutralizing
Problems

When a stage cannot be com-
pletely neutralized, the difh-
culty usually can be traced to
one or more of the following causes: (1)
Filament leads not bypassed to the common
ground of that particular stage. (2) Ground
lead from the rotor connection of the split-
stator tuning capacitor to filament open or
too long. (3) Neutralizing capacitors in a
field of excessive r.f. from one of the tuning
coils. (4) Electromagnetic coupling between
grid and plate coils, or between plate and
preceding buffer or oscillator circuits. (5)
Insufficient shielding or spacing between
stages, or between grid and plate circuits in
compact transmitters. (6) Shielding placed
too close to plate-circuit coils, causing in-
duced currents in the shields. (7) Parasitic
oscillations when plate voltage is applied.
The cure for the latter is mainly a matter
of cut and try—rearrange the parts, change
the length of grid, plate, or neutralizing
leads, insert a parasitic choke in the grid
lead or leads, or eliminate the grid r-f chokes
which may be the cause of a low-frequency
parasitic (in conjunction with plate r-f
chokes).

11-7 Grounded-Grid
Amplifiers

Certain triodes such as the 3-400Z have
a grid structure and lead arrangement which

Small triodes such as the 6C4 operate satis-

tactorily as frequemncy muitipliers, and con

deliver output well into the vhf range. Resistor

R normally wili have o value in the vicinity of
100,000 ohms.

result in a very low plate-to-filament capaci-
tance when the grid is grounded, the grid
acting as an effective shield much in the
manner of the screen of a tetrode tube. By
connecting such a triode in the typical cir-
cuit of figure 15, taking the usual precau-
tions against stray capacitive and inductive
coupling between input and output circuits,
a stable power amplifier is realized which
requires no neutralization in the hf region.
A high-p triode may not require grid bias to
operate in the class-B mode, however, some
amount of grid bias may be added to achieve
class-C operation.

The grounded-grid (cathode-driven) am-
plifier requires considerably more excitation
than if the same tube were employed in a
conventional grounded-cathode circuit. The
additional drive power required to drive a
tube in a grounded-grid circuit is not lost,
however, as it shows up in the output cir-
cuit and adds to the power delivered to the
load. Nevertheless it means that a larger
driver stage is required for an amplifier of
given output power as a portion of the drive
power is delivered to the load (feedthrough
power). Stage gains of 10 to 12 decibels are
common in grounded-grid circuits.

Some tetrodes may be strapped as triodes
(screen and grid grounded) and operated as
class-B grounded-grid tubes. Data on this
class of operation may often be obtained
from the tube manufacturer.
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Figure 17
FREQUENCY-MULTIPLIER CIRCUITS

The output of a triode vhi frequency muiti-
pller often may be increased by neutrailization
of the grid-to-plate capocitance as shown ot
A. Such a stage aiso may be operated as a
straight ampliifier when the occasion demands.
A pentode frequency multiplier is shown ot B.
Conventional power tetrodes operote satistoc-
torily as muitipliers so long as the output fre-
q y is bel bout 100 MMxz. About this
frequency special vif tetrodes must be used to
obtain satisfactory output.

11-8 Frequency

Multipliers

Quartz crystals and variable-frequency os-
cillators are not ordinarily used for direct
control of the output of high-frequency
transmitters. Frequency multipliers are
usually employed to multiply the frequency
to the desired value. These multipliers oper-
ate on exact multiples of the excitation fre-
quency; a 3.6-MHz crystal oscillator can be
made to control the output of a transmitter
on 7.2 or 14.4 MHz, or on 28.8 MHz, by
means of one or more frequency multipliers.
When used at twice frequency, they are
often termed frequency doublers. A simple
doubler circuit is shown in figure 16. It con-
sists of a2 vacuum tube with its plate circuit
tuned to fwice the frequency of the grid-
driving circuit. This doubler can be excited
from a crystal oscillator or another multi-
plier or amplifier stage.

v ke exciration
v VOLTAGE

ILLUSTRATING THE ACTION OF A
FREQUENCY DOUBLER

Doubling is best accomplished by opera-
ting the tube with high grid bias. The grid
circuit is driven approximately to the normal
value of d-c grid current through the r-f
choke and grid-leak resistor, shown in figure
16. The resistance value generally is from
two to five times as high as that used with
the same tube for straight amplification.
Consequently, the grid bias is several times as
high for the same value of grid current.

Neutralization is seldom necessary in a
doubler circuit, since the plate is tuned to
twice the frequency of the grid circuit. The
impedance of the grid-driving circuit is very
low at the doubling frequency, and thus
there is little tendency for self-excited os-
cillation.

Frequency doublers require bias of several
times cutoff; high-u tubes therefore are de-
sirable for this type of service. Tubes which
have amplification factors from 20 to 200
are suitable for doubler circuits. Tetrodes
and pentodes make excellent doublers. Low-u
triodes, having amplification constants of
from 3 to 10, are not applicable for doubler
service. In extreme cases the grid voltage
must be as high as the plate voltage for ef-
ficient doubling action.

Angle of Flow The angle of plate-current
in Frequency flow in a frequency multiplier
Multipliers s a very important factor in
determining the plate efficiency. As the angle
of flow is decreased for a given value of grid
current, the efficiency increases. To reduce
the angle of flow, higher grid bias is required
so that the grid excitation voltage will ex-
ceed the cutoff value for-a shorter portion
of the exciting-voltage cycle. For a high
order of efficiency, frequency doublers should
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Figure 19
PUSH-PUSH FREQUENCY DOUBLER

The output of o doubler stage may be materi-
ally increased through the use of a push-push
circuit such as iltustrated above.

have an angle of flow of 90 degrees or less,
triplers 60 degrees or less, and quadruplers
45 degrees or less. Under these conditions
the efficiency will be on the same order as
the reciprocal of the harmonic on which the
stage operates. In other words the efficiency
of a doubler will be approximately ¥ or 50
percent, the efficiency of a tripler will be
approximately 1/3 or 33 percent and that of
a quadrupler will be about 25 percent. With
good stage design the efficiency can be some-
what greater than these values, but as the
angle of flow is made greater than these
limiting values, the efficiency falls off
rapidly. The reason is apparent from a study
of figure 18.

The pulses ABC, EFG, and JKL illustrate
180-degree excitation pulses under class-B
operation, the solid straight line indicating
cutoff bias. If the bias is increased by
N times, to the value indicated by the dot-
ted straight line, and the excitation increased
until the peak r-f voltage with respect to
ground is the same as before, then the ex-
citation frequency can be cut in half and the
effective excitation pulses will have almost
the same shape as before. The only difference
is that every other pulse is missing; MNO
simply shows where the missing pulse would
go. However, if the Q of the plate tank cir-
cuit is high, it will have sufficient flywheel
effect to carry over through the missing
pulse, and the only effect will be that the
plate input and r-f output at optimum load-
ing drop to approximately half. As the input
frequency is half the output frequency, an
efficient frequency doubler is the result.

By the same token, a tripler or quadrupler
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Figure 20

PUSH-PULL FREQUENCY TRIPLER

The push-pull tripler is advantageous in the
vhf range since circvit bal is intained
both in the input and output circuits. If the
circuit is nevtralized it moy be used either as
a straight amplifier or as a tripler. Either
triodes or tetrodes may be used; dval-unit
tetrodes such as the 6360, 832A, and 8298 are
particularly effective in the vhf range.

can be analyzed, the tripler skipping two ex-
citation pulses and the quadrupler three. In
each case the excitation pulse ideally should
be short enough that it does not exceed 180
degrees at the output frequency; otherwise
the excitation actually is bucking the output
over a portion of the cycle.

In actual practice, it is found uneconomi-
cal to provide sufficient excitation to run a
tripler or quadrupler in this fashion. Usually
the excitation pulses will be at least 90
degrees at the exciting frequency, with cor-
respondingly low efficiency, but it is more
practicable to accept the low efficiency and
build up the output in succeeding amplifier
stages. The efficiency can become quite low
before the power gain becomes less than
unity.

Push-Push Two tubes can be connected in
Multipliers parallel to give twice the output
of a single-tube doubler. If the
grids are driven out of phase instead of in
phase, the tubes then no longer work simul-
taneously, but rather one at a time. The ef-
fect is to fill in the missing pulses (figure
18). Not only is the output doubled, but
several advantages accrue which cannot be
obtained by straight parallel operation.
Chief among these is the effective neutral-
ization of the fundamental and all odd har-
monics, an advantage when spurious emis-
sions must be minimized. Another advantage
is that when the available excitation is low
and excitation pulses exceed 90 degrees, the
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output and efficiency will be greater than for
the same tubes connected in parallel.

The same arrangement may be used as a
quadrupler, with considerably better effi-
ciency than for straight parallel operation,
because seldom is it practicable to supply
sufficient excitation to permit 45-degree ex-
citation pulses. As pointed out above, the
push-push arrangement exhibits better effi-
ciency than a single-ended multiplier when
excitation is inadequate for ideal multiplier
operation.

A typical push-push doubler is illustrated
in figure 19. When high-transconductance
tubes are employed, it is necessary to employ
a split-stator grid-tank capacitor to prevent
self-oscillation. With well screened tetrodes
or pentodes having medium values of trans-
conductance, a split-coil arrangement with a
single-section capacitor may be employed
(the center tap of the grid coil being by-
passed to ground).

Push-Pull Frequency It is frequently desir-
Triplers able in the case of uhf

and vhf transmitters
that frequency multiplication stages be bal-
anced with respect to ground. Further it is
just as easy in most cases to multiply the
crystal or vfo frequency by powers of three
rather than multiplying by powers of two as
is frequently done in lower-frequency trans-
mitters. Hence the use of push-pull triplers
has become quite prevalent in both commer-
cial and amateur vhf and uhf transmitter
designs. Such stages are balanced with re-
spect to ground and appear in construction
and on paper essentially the same as a push-
pull r-f amplifier stage with the exception
that the output tank circuit is tuned to three
times the frequency of the grid-tank circuit.
A circuit for a push-pull tripler stage is
shown in figure 20.

A push-pull tripler stage has the further
advantage in amateur work that it can also
be used as a conventional push-pull r-f am-
plifier merely by changing the grid and plate
coils so that they tune to the same fre-
quency. This is of some advantage in the
case of operating the 50-MHz band with 50-
MHz excitation, and then changing the
plate coil to tune to 144 MHz for operation
of the stage as a tripler from excitation on
48 MHz. This circuit arrangement is excel-

lent for operation with push-pull beam
tetrodes such as the 6360 and 829B, al-
though a pair of tubes such as the 2E26, or
5763 could just as well be used if proper at-
tention were given to the matter of screen-
lead inductance.

11-9 Tank-Circuit

Capacitances

It is necessary that the proper value of Q
be used in the plate tank circuit of any r-f
amplifier. The following section has been de-
voted to a treatment of the subject, and
charts are given to assist the reader in the
determination of the proper LC ratio to be
used in a radio-frequency amplifier stage.

A class-C amplifier draws plate current in
the form of very distorted pulses of short
duration. Such an amplifier is always oper-
ated into a tuned inductance-capacitance or
tank circuit which tends to smooth out these
pulses, by its storage or tank action, into a
sine wave of radio-frequency output. Any
waveform distortion of the carrier frequency
results in harmonic interference in higher-
frequency channels.

A class-A r-f amplifier would produce a
sine wave of radio-frequency output if its
exciting waveform were also a sine wave.
However, a class-A amplifier stage converts
its d-c input to r-f output by acting as a
variable resistance, and therefore heats con-
siderably. A class-Bor-C amplifier driven
hard with short pulses at the peak of the
exciting waveform acts more as an electronic
switch, and therefore can convert its d-c¢
input to r-f output with relatively good
efficiency. Values of plate-circuit efficiency
from 65 to 85 percent are common in class-
C amplifiers operating under optimum con-
ditions of excitation, grid bias, and loading.

Tank Circuit @  As stated before, the tank

circuit of a class-C amplifier
receives energy in the form of short pulses
of plate current which flow in the amplifier
tube. But the tank circuit must be able to
store enough energy so that it can deliver a
current essentially sine wave in form to the
load. The ability of 2 tank to store energy in
this manner may be designated as the effec-
tive Q of the tank circuit. The effective cir-
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GRID SWING

Figure 21

CLASS-C AMPLIFIER OPERATION

Plate current puises are shown ot A, B, and €.

The dip in the top of the plate current wave-

form will occur when the excitation voltage Is

such that the minimum plate voltage dips

below the maximum grid voltage. A detailled

discussion of the operation of class-C ampll-
flers Is given in Chapter Six.

cuit Q may be stated in any of several ways,
but essentially the Q of a tank circuit is the
ratio of the emergy stored to 2w times the
energy lost per cycle. Further, the emergy
lost per cycle must, by definition, be equal
to the energy delivered to the tank circuit
by the class-Bor-C amplifier tube or tubes.

The Q of a tank circuit at resonance is
equal to its parallel-resonant impedance (the
resonant impedance is resistive at resonance)
divided by the reactance of ecither the ca-
pacitor or the inductor which go to make up
the tank. The inductive reactance is equal
to the capacitive reactance, by definition, at
resonance. Hence we may state:

— R _ R
=% T X

where,
Ry is the resonant impedance of the tank,
X is the reactance of the tank capacitor,
X1, is the reactance of the tank coil.

This value of resonant impedance (Ry)
is the load which is presented to the class-C
amplifier tube in a single-ended circuit such
as shown in figure 21.

The value of load impedance (Ry) which
the class-B/C amplifier tube sees may be ob-
tained, looking in the other direction from
the tank coil, from a knowledge of the oper-

ating conditions on the class- B/C tube. This
load impedance may be obtained from the
following expression, which is true in the
general case of any class-B/C amplifier:

Ry = Ep’

L= 2N, I, Ew
where the values in the equation have the
characteristics listed in the beginning of
Chapter 6.

The expression is academic, since the peak
value of the fundamental component of
plate voltage swing (Epm) is not ordinarily
known unless a high-voltage peak a-c volt-
meter is available for checking: Also, the
decimal value of plate-circuit efficiency is
not ordinarily known with any degree of ac-
curacy. However, in a mnormally operated
class-B/C amplifiertheplate voltage swing will
be approximately equal to 0.85 to 0.9 times
the d-c plate voltage on the stage, and the
plate-circuit efficiency will be from 70 to 80
percent (N, of 0.7 to 0.8), the higher values
of efficiency normally being associated with
the higher values of plate voltage swing.
With these two assumptions as to the normal
class-B/C amplifier, the expression for theplate
load impedance can be greatly simplified to
the following approximate expression, which
also applies to class-AB, stages:

Ra.e.
2

RL~

which means simply that the resistance pre-
sented by the tank circuit to the class-B/C

T T
L | \ LT

-
—
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v

:

HARMONIC OUTPUT RELATIVE VALUES

Mlll]] 1
11 et
[-] 10 13 20 as 0
TANK CIRCUIT Q
Figure 22

RELATIVE HARMONIC OUTPUT
PLOTTED AGAINST TANK CIRCUIT Q
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Figure 23

PLATE TANK-CIRCUIT ARRANGEMENTS

Shown above in the case of each of the tank-circult types is the recommended tank circuit
capacitance. A is o conventional tetrode amplifier, B is a coll-neutralized triode amplifier,
C is a grounded-grid triode amplifier, D is a grid-nevtralized triode amplifier.

e NWITY N a=iz
<\ NN\ Y
RN D
g% A LN \
o N \\\\\ K‘\\ o <
Ela \ .\\ \ ! \ =
5 \'\ \ '\\ \L\ ® (2 ® Y8

CORRECT VALUES OF TANK CIRCUIT CAPACITANCE (C) FOR
OPERATING Q OF 12 WITH SINGLE-ENDED SPLIT TANK COILS

Figure 24
PLATE CIRCUIT ARRANGEMENTS
Shown above for each of the tank circuit types is the recommended tank cirevit capacitance
at the operating frequency for an operating Q of 12. A is a split-stator tank, each section of

which is twice the capacitance valve read on the graph. 8 is circult vsing tapped coil for
phase reversal.

tube is approximately equal to one-half the

to the tube, with the expression for tank
d-c load resistance which the class-C stage

Q given in a previous paragraph we have the

presents to the power supply (and also to the
modulator in case high-level modulation of
the stage is to be used).

Combining the above simplified expression
for the r-f impedance presented by the tank

following expression which relates the react-
ance of the tank capacitor or coil to the d-c
input to the class-B/C stage:

X=X~

L.C.

2Q
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The foregoing expression is the basis of the
usual charts giving tank capacitance for the
various bands in terms of the d-c plate volt-
age and current to the class-B/C stage,includ-
ing the charts of figure 23, figure 24, and
figure 25.

Harmenic Radio- The problem of harmonic
tion versus Q radiation from transmitters

has long been present, but
it has become critical during the past decades
along with the extensive occupation of
the vhf range. Television signals are particu-
larly susceptible to interference from other
signals falling within the passband of the re-
ceiver, so that the TVI problem has received
the major emphasis of all the services in the
vhf range which are susceptible to interfer-
ence from harmonics of signals in the hf or
lower-vhf range.

Inspection of figure 22 will show quickly
that the tank circuit of an r-f amplifier
should have an operating Q of 12 or greater
to afford satisfactory rejection of second-
harmonic energy. The curve begins to
straighten out above a Q of about 15, so
that a considerable increase in Q must be
made before an appreciable reduction in sec-
ond-harmonic energy is obtained. Above a
circuit Q of about 10 any increase will not
afford appreciable reduction in the third-

harmonic energy, so that additional harmon-
ic filtering circuits external to the amplifier
proper must be used if increased attenuation
of higher-order harmonics is desired. The
curves also show that push-pull amplifiers
may be operated at Q values of 6 or so, since
the second harmonic is cancelled to a large
extent if there is no unbalanced coupling be-
tween the output tank circuit and the an-
tenna system.

Capacity Charts for Figures 23, 24, and 2§
Optimum Tank Q  lustrate the correct value

of tank capacitance for
various circuit configurations. A Q value
of 12 has been chosen as optimum for single-
ended circuits, and a value of 6 has been
chosen for push-pull circuits. Figure 23 is
used when a single-ended stage is employed,
and the capacitance values given are for the
total capacitance across the tank coil. This
value includes the tube interelectrode ca-
pacitance (plate to ground), coil distributed
capacitance, wiring capacitance, and the
value of any low-inductance plate-to-ground
bypass capacitor as used for reducing har-
monic generation, in addition to the actual
“in-use” capacitance of the plate tuning ca-
pacitor. Total circuit stray capacitance may
vary from perhaps § picofarads for a vhf
stage to 30 picofarads for a medium-power
tetrode h-f stage.
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TANK CIRCUITS
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CORRECT VALUES OF TANK CIRCUIT CAPACITANCE (C)) FOR OPERATING Q OF 6 WITH PUSH~-PULL
Figure 25

—
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PLATE-TANK CIRCUIT ARRANGEMENTS FOR PUSH-PULL STAGES

Shown above is recommended tank circuit capacitance at operating frequency for o Q of 6.
A is split-stator tank, each section of which is twice the capacitance valve read on the graph.
B is circuit using tapped coil for phase reversal.
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When a split plate-tank coil is employed
in the stage in question, the graph of figure
24 should be used. The capacitance read
from the graph is the total capacitance
across the tank coil. If the split-stator tun-
ing capacitor is used, each section of the
capacitor should have a value of capacitance
equal to fwice the value indicated by the
graph. As in the case of figure 23, the values
of capacitance read on the graph of figure
24 include all residual circuit capacitances.

For push-pull operation, the correct values
of tank circuit capacitance may be deter-
mined with the aid of figure 25. The capaci-
tance values obtained from figure 25 are
the effective values across the tank circuit,
and if a split-stator tuning capacitor is used,
each section of the capacitor should have a
value of capacitance equal to fwice the value
indicated by the graph. As in the case of
figures 23 and 24, the values of capacitance
read on the graph of figure 25 include all
residual circuit capacitances.

The tank circuit operates in the same man-
ner whether the tube feeding it is pentode,
beam tetrode, neutralized triode, grounded-
grid triode; whether it is single-ended or
push-pull; or whether it is shunt-fed or

Figure 26

USUAL BREAKDOWN RATINGS OF
COMMON PLATE SPACINGS

Air-gap in Peak voltage
inches breakdown
.030
.050 2000
.070 3000
.100 4000
125 4500
150 5200
170 6000
.200 7500
250 2000
.350 11,000
.500 15,000
700 20,000

Recommended air-gap for vse when no d-c
voltage appears across plate tank capaciter
(when plate circuit is shunt fed, or when the
plate tank capacitor is insviated from

ground).

D-C plate Plate
voltage C-wW mod.
400 .030 .050
600 050 .070
750 050 084
1000 .070 .100
1250 070 144
1500 078 .200
2000 100 .250
2500 175 375
3000 .200 .500
3500 250 600

Spacings should be multiplied by 1.5 for same
safety factor when d-¢ voltage appears across
plate tank capacitor.

series-fed. The important thing in establish-
ing the operating Q of the tank circuit is
the ratio of the loaded resonant impedance
across its terminals to the reactance of the L
and the C which make up the tank.

Due to the unknowns involved in deter-
mining circuit stray capacitances it is some-
times more convenient to determine the
value of L required for the proper circuit Q
(by the method discussed earlier in this Sec-
tion) and then to vary the tuned-circuit
capacitance until resonance is reached. This
method is most frequently used in obtaining
proper circuit Q in commercial transmitters.

The values of R, for using the charts are
easily calculated by dividing the d-c plate-
supply voltage by the total d-c plate current
(expressed in amperes). Correct values of
total tuning capacitance are shown in the
chart for the different amateur bands. The
shunt stray capacitance can be estimated
closely enough for all practical purposes.
The coil inductance should then be chosen
which will produce resonance at the desired
frequency with the total calculated tuning
capacitance.
Effect of Load-
ing on Q

The Q of a circuit depends
on the resistance in series
with the capacitance and in-
ductance. This series resistance is very low
for a low-loss coil not loaded by an antenna
circuit. The value of Q may be from 100 to
600 under these conditions. Coupling an an-
tenna circuit has the effect of increasing the
series resistance, though in this case the pow-
er is consumed as useful radiation by the an-
tenna, Mathematically, the antenna increases
the value of R in the expression Q = wL/R
where L is the coil inductance in micro-
henrys and o is the term 2xf (f being in
MHz).

The coupling from the final tank circuit
to the antenna or antenna transmission line
can be varied to obtain values of Q from
perhaps 3 at maximum coupling to a value
of Q equal to the unloaded Q of the circuit
at zero antenna coupling. This value of un-
loaded Q can be as high as 500 or 600, as
mentioned in the preceding paragraph. How-
ever, the value of Q = 12 will not be ob-
tained at values of normal d-c plate current
in the class-C amplifier stage unless the
C-to-L ratio in the tank circuit is correct
for that frequency of operation.
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Tuning Capacitor To determine the required
Air Gap tuning-capacitor air gap

for a particular amplifier
circuit it is first necessary to estimate the
peak r-f voltage which will appear between
the plates of the tuning capacitor. Then,
using figure 26, it is possible to estimate the
plate spacing which will be required.

The instantaneous r-f voltage in the plate
circuit of a class-C amplifier tube varies
from nearly zero to nearly twice the d-c
plate voltage. If the d-c voltage is being 100
percent modulated by an audio voltage, the
r-f peaks will reach nearly four times the
d-c voltage.

These rules apply to a loaded amplifier or
buffer stage. If either is operated without an
r-f load, the peak voltages will be greater
and can exceed the d-c plate supply voltage,
For this reason no amplifier should be oper-
ated without load when anywhere near nor-
mal d-c plate voltage is applied.

If a plate blocking capacitor is used, it
must be rated to withstand the d-c¢ plate
voltage plus any audio voltage. This capaci-
tor should be rated at a d-c working voltage
of at least twice the d-c plate supply in a
plate-modulated amplifier, and at least equal
to the d-c supply in any other type of r-f
amplifier.

11-10 L- and Pi-Matching
Networks

The L-and pi-networks often can be put
to advantageous use in accomplishing an im-
pedance match between two differing im-
pedances. Common applications are the
matching between a transmission line and
an antenna, or between the plate circuit of
a single-ended amplifier stage and an anten-
na transmission line. Such networks may be
used to accomplish a match between the
plate tank circuit of an amplifier and a
transmission line, or they may be used to
match directly from the plate circuit of an
amplifier to the line without the requirement
for a tank circuit—provided the network is
designed in such a manner that it has suffi-
cient operating Q for accomplishing har-
monic attenuation.

The L-Matching The L-network is of limited
Network utility in impedance match-

ing since its ratio of imped-
ance transformation is fixed at a value equal

L Re=Ra(Q2+1)(exact)

RP=Q2 RaA (APPROX.)

2 Be ,Be
R'?“C Ra Q’é‘k” A “Xc "X
RFC 1 XLsXcC
A
I Re= approx. ELATE ¥ELTACE
+8 = Rp= 225 Ra

FOR OPERATING CIRCUIT
Qor15: Xc s .‘Bg;

XL=-%L

Figure 27

THE L-NETWORK IMPEDANCE
TRANSFORMER

The L-network is useful with a moderate
operating Q for high valuves of impedance
transformation, and it may be used for appli-
cations other than in the plate circuit of a
tube with relatively low values of operating
Q for moderate impedance transformations.
Exact and approximate design equations are
given.

to (Q*+1). The operating Q may be rela-
tively low (perhaps 3 to 6) in a matching
net work between the plate fank circuit of
an amplifier and a transmission line; hence
impedance transformation ratios of 10 to 1
and even lower may be attained. But when
the network also acts as the plate tank cir-
cuit of the amplifier stage, as in figure 27,
the operating Q should be at least 12 and
preferably 15. An operating Q of 15 repre-
sents an impedance transformation of 225;
this value normally will be too high even
for transforming from the 2000- to 10,000-
ohm plate impedance of a class-C amplifier
stage down to a 50-ohm transmission line.

However, the L-network is interesting
since it forms the basis of design for the pi-
network. Inspection of figure 27 will show
that the L-network in reality must be con-
sidered as a parallel-resonant tank circuit in
which R, represents the coupled-in load re-
sistance; only in this case the load resistance
is directly coupled into the tank circuit
rather than being inductively coupled as in
the conventional arrangement where the load
circuit is coupled to the tank circuit by
means of a link. When R, is shorted, L and C
comprise a conventional parallel-resonant
tank circuit, since for proper operation L
and C must be resonant in order for the net-
work to present a resistive load to the class-C
amplifier.
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The Pi-Network The pi impedance-matching
network, illustrated in figure
28, is much more general in its application
than the L network since it offers greater
harmonic attenuation, and since it can be
used to match 2 relatively wide range of
impedances while still maintaining any de-
sired operating Q. The values of C, and L,
in the pi-network of figure 28 can be thought
of as having the same values of the L net-
work in figure 27 for the same operating Q,
but, what is more important from the com-
parison standpoint these values will be about
the same as in a conventional tank circuit.
The value of the capacitance may be de-
termined by calculation with the operating
Q and the load impedance which should be
reflected to the plate of the class-C amplifier

as the two knowns—or the actual values of
the capacitance may be obtained for an op-
erating Q of 12 by reference to figures 23,
24 and 25.

The inductive arm in the pi-network can
be thought of as consisting of two induct-
ances in series, as illustrated in figure 28.
The first portion of this inductance (L,)
is that value of inductance which would
resonate with C, at the operating frequency
—the same as in a conventional tank circuit.
However, the actual value of inductance in
this arm of the pi-network, Ly, will be
greater than L, for normal values of imped-
ance transformation. For high transformation
ratios Lo, will be only slightly greater than
L,; for a transformation ratio of 1.0, Ly,
will be twice as great as L,. The amount of

COAX
OUTPUT

RFC2 T c2

PLATE LOAD (onus) E8—

WHERE EB 1S PLATE VOLTAGE
AND | B 1S PLATE CURRENT
IN AMPERES.

CB—.00025 LF. MICA GAPACITOR RATED AT TWICK THE D.C.

PLATE VOLTAGE.

RFC 1 -N* 20 ENAMELED, CLOSE-WOUND ON 4 CERAMIC INSKATOR
1%D14., 4“LONG OR NATIONAL R-1754

RFC2- 2 MM, NaTIONAL A-100

lEsﬁmahd Plate Notes
Load (ohms) 1000 | 1500 | 2000] 2500] 3000 | 3500 |4000 }4300 | 5000 | 6000°]
C, in pf, 3.5 MHz 520| 360 | 280| 210| 180 | 155]| 135 | 120| 110 | 90 [The octval capacitance setting
7 260| 180| 140] 105] 90| 76| 68| 60| 56| 45|for C, aquals the value in this
14 130) 90| 70| 52 45 34| 30| 28 23 |table minus the published tube
21 85| 60| 47] 351 3 25| 23 20 19 15 |output itance, Alr gop|
28 65| 45| 35| 26| 23 19 17 15 14 11 |approx. 10 mils/100 v E,.
Linuh, 35 MHz | 45 |65 |85 N0.5 125 14155 18] 20| 25][Inductance values are for o
7 22 |32 |42 |52 |6.2 7| 78 9 10| 12.5 [50-ohm load. For a 70-ohm
14 1.1 (1.6 |21 |26 |31 3.5| 39| 45 5] 6.2 |lood, valves are approx. 39%
21 0.73]1.08 {138 |17 |[205 | 23| 26 3| 33| 4.1 |higher.
28 05508 |105(1.28|1.55 7] 195 25| 25| 3.1
Ca in pf, 3.5 MHz | 2400|2100 [ 1800| 1550] 1400 | 1250 [ 1100 [1000| 900 | 700 [ For 30-ohm tronsmission line.}
7 12001 1060| 9001 760 700| 630| 560 | 500 460| 350]Air gap for Ca is approx. 1
14 600 530| 450| 380| 350| 320| 280 | 250 | 230( 175 |mil/100 v E,.
21 400| 350| 300 250 230| 210| 185 | 165| 155] 120
28 300 | 265| 225| 90| 75| 160 | 140 | 125] 15| 90
Ca in pf, 3.5 MHz | 1800] 1500( 1 11001 1000] 900| 800 | 720| 640| 500 |For 70.0hm transmission line.
7 900| 750| 650| 360| 500| 450| 400 | 360| 320| 250
14 450| 370| 320| 280| 250| 220| 200 | 180| 160| 125
21 300| 250| 215 190| 170| 145] 130 | 120| 110 85
28 225| 185| 160| 140| 125 110 | 100 90| 80 &5
*Values given are appr : imati All p t n Table | ore for o @ of 12. For other values of Q, use
=== —2 =~ When the estimated plote lood is higher thon 5000 ohms, it Is recommended that the
Q, <, Q, L,

components be selected for o circuit @ between 20 ond 30.

Toble 1. Components for Pi-Coupled Final Amplifiers (class AB, B, and C)
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Figure 28
THE PI-NETWORK

The pi. work is valuable for use as an im-
pedance transformer over a wide ratio of
transformation values. The operating Q should
be at least 12 when the circvit is to be used
in the plate circuit of a class-C amplifier. De-
sign equations are given above. Inductor L, ,
represents a single inductance, usvally vari-
able, with a value equal to the sum of L, andL ..

inductance which must be added to L, to
restore resonance and maintain circuit Q is
obtained through use of the expression for
X1, and X, in figure 28.

The peak voltage rating of the main tun-
ing capacitor (C,) should be the normal
value for a class-C amplifier operating at the
plate voltage to be employed. The inductor
(Ltot) may be a plug-in coil which is
changed for each band of operation, or some
sort of variable inductor may be used. A
continuously variable slider-type variable in-
ductor, such as used in certain items of
surplus military equipment, may be used to
good advantage if available, or a tapped
inductor such as used in the ART-13 may
be employed. However, to maintain good
circuit Q on the higher frequencies when a
variable or tapped coil is used on the lower
frequencies, the tapped or wvariable coil
should be removed from the circuit and re-
placed by a smaller coil which has been
especially designed for the higher frequency
ranges.

The peak voltage rating of the output or
loading capacitor (C,) is determined by the

power level and the impedance to be fed. If
a 50-ohm coaxial line is to be fed from the
pi-network, receiving-type capacitors will be
satisfactory even up to the power level of a
plate-modulated kilowatt amplifier. In any
event, the peak voltage which will be im-
pressed across the output capacitor is ex-
pressed by:

Epl = 2R, W,
where,
Eyx is the peak voltage across the capacitor,
R, is the value of resistive load which the
network is feeding,

W, is the maximum value of the average
power output of the stage.

The harmonic attenuation of the pi net-
work is quite good, although an external
low-pass filter will be required to obtain
harmonic attenuation value upward of 100
db such as normally required. The attenua-
tion to second-harmonic energy will be ap-
proximately 40 db for an operating Q of 15§
for the pi-network; the value increases to
about 45 db for a 1:1 transformation and
falls to about 38 db for an impedance step-
down of 80:1, assuming that the operating
Q is maintained at 15.

Component Chart To simplify design proced-
for Pi-Networks  ure, a pi-network chart is

given in Table I, summa-
rizing the calculations of figure 28 for var-
ious values of plate load impedance for class
AB,, class-B and class-C amplifiers.

% P rur

WHERE EB 1S PLATE
VOLTAGE AND I B 1S PLATE
2x1B  CURRENT IN AMPERES
C1-SEE TABLE ]

C2-ONE-HALF TO TWO-THIRDS THAT
VALUE OF C2 GIVEN IN TABLE T

Li~1.28 TIMES THAT VALVE OF L,
GIVEN IN TABLE I

L2- ONE-THIRD VALVE OF L1, ABOVE

PLATE LOAD loums) =

Table 2. The Pi-L Network
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Figure 29

Pl-L NETWORK PROVIDES EXTRA HARMONIC ATTENUATION

This linear amplifier makes use of a pi-L network in the plate circuit. The large vertical

coil is the main portion of the pi section, with the 10-meter coil placed horizontally in front

of it. The L section is placed beneath the chassis in the recessed area. A three-deck

bandswitch is used: one deck for the Pi coil, one deck for the L coil and the third deck for

additional 80-meter loading capacitance. A small series-tuned circvit (adjusted to TV channel

2 or 3) is placed across the coaxial antenna receptacle to provide additional harmonic
protection at this band of frequencies.

The Pi-L Network The pi-L network shown

in Table II will provide 10
to 15 db more attenuation of the second
harmonic than will the pi, and even more
attenuation to the higher harmonics. A pi-
network may be converted to the pi-L con-
figuration by reducing the loading capacitor
(C:) to about one-half to two-thirds that

value required for the equivalent pi-circuit
capacitor, and increasing the voltage rating
by a factor of three over that minimum rat-
ing established for the pi-capacitor. The pi-
section coil (L;) will have an inductance
about 1.25 times that of its pi-circuit
counterpart (coil L, Table I). The L-section
coil (Lz) has no equivalent in the pi-circuit
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and should be about one-third the induct-
ance of the pi-section coil (L.) as deter-
mined above. A formal calculation of the
pi-L circuit parameters is given in the article
*“The Pi-L Plate Circuit in Kilowatt Am-
plifiers”, by Rinaudo, QST, July 1962. (A
free reprint of this article may be obtained
by writing to: Amateur Service Department,
EIMAC Division of Varian, San Carlos,
California).

11-11 Grid Bias

Radio-frequency amplifiers require some
form of grid bias for proper operation. Prac-
tically all r-f amplifiers operate in such a
manner that plate current flows in the form
of short pulses which have a duration of
only a fraction of an r-f cycle. To accom-
plish this with a sinusoidal excitation volt-
age, the operating grid bias must be at least
sufficient to cut off the plate current. In
very high efficiency class-C amplifiers the
operating bias may be many times the cutoff
value. Cutoff bias, it will be recalled, is that
value of grid voltage which will reduce the
plate current to zero at the plate voltage
employed. The method for calculating it has
been indicated previously. This theoretical
value of cutoff will not reduce the plate cur-
rent completely to zero, due to the variable-
p tendency or “knee” which is characteristic
of all tubes as the cutoff point is approached.

Class-C Bias Amplitude - modulated class-C

amplifiers should be operated
with the grid bias adjusted to a value great-
er than twice cutoff at the operating plate

FROM ORIVER —-’l—.

R11

Figure 30
SELF BIAS

The grid resistor on an amplifier or mulitiplier
stage may aiso be wvsed as the shunt feed
impedance to the grid of the tube when a
bigh valve of resistor (grecter than perhaps
20,000 ohms) is vsed. When a lower valve of
grid resistor is to be employed, an r-f choke
shovid be uvsed between the grid of the tube
and the grid resistor to reduce r-f losses In
the grid resistance.

voltage. This procedure will ensure that the
tube is operating at a bias greater than cut-
off when the plate voltage is doubled on
positive modulation peaks. C-w telegraph
and f-m transmitters can be operated with
bias as low as cutoff, if only limited excita-
tion is available and moderate plate efficiency
is satisfactory. In a c-w transmitter, the bias
supply or resistor should be adjusted to the
point which will allow normal grid current
to flow for the particular amount of grid
driving r-f power available. This form of
adjustment will allow more output from the
underexcited r-f amplifier than when higher
bias is used with corresponding lower values
of grid current. In any event, the operating
bias should be set at as low a value as will
give satisfactory operation, since harmonic
generation in a stage increases rapidly as the
bias is increased.

Self Bias A resistor can be connected in

the grid circuit of a class-C ampli-
fier to provide self bias. This resistor (R,
in figure 30), is part of the d-c path in the
grid circuit.

The r-f excitation applied to the grid cir-
cuit of the tube causes 2 pulsating direct cur-
rent to flow through the bias supply lead,
due to the rectifying action of the grid, and
any current flowing through R, produces a
voltage drop across that resistor. The grid of
the tube is positive for a short duration of
each r-f cycle, and draws electrons from the
filament or cathode of the tube during that
time. These electrons complete the circuit
through the d-c grid return. The voltage
drop across the resistance in the grid return
provides a negative bias for the grd.

Self bias automatically adjusts itself over
fairly wide variations of r-f excitation. The
value of grid resistance should be such that
normal values of grid current will flow at
the maximum available amount of r-f ex-
citation. Self bias cannot be used for grid-
modulated or linear amplifiers in which the
average d-c current is constantly varying
with modulation.

Safety Bias Self bias alone provides no pro-

tection against excessive plate
current in case of failure of the source of r-f
grid excitation. A C-battery or C-bias supply
can be connected in series with the grid resis-
tor as shown in figure 31. This fixed protec-
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FROM DRIvER —)

Figure 31

COMBINATION SELF AND
FIXED BIAS

Self bias often is used in conjunction with o
fixed minimum valuve of power supply bias.
This arrangement permits the operating blas
to be established by the excitation energy,
but in the absence of excitation the elec-
trode currents to the tube will be held to safe
values by the fixed-minimum power supply
blas. It a relatively low value of grid resistor
is to be used, an r-f choke should be con-
nected between the grid of the tube and the
resistor as discussed in figure 30.

tive bias will protect the tube in the event of
failure of grid excitation. “Zero-bias™ tubes
do not require this bias source,since their plate
current will drop to a safe value when the
excitation is removed.

Cathode Bias A resistor can be connected in

series with the cathode or cen-
ter-tapped filament lead of an amplifier to se-
cure anutomatic bias. The plate current flows
through this resistor, then back to the
cathode or filament, and the voltage drop
across the resistor can be applied to the grid
circuit by connecting the grid bias lead to
the grounded or power supply end of resistor
R, as shown in figure 32,

The grounded (B-minus) end of the cath-
ode resistor is negative relative to the cath-
ode by an amount equal to the voltage drop
across the resistor. The value of resistance
must be so chosen that the sum of the de-

sired grid and plate current flowing through
the resistor will bias the tube for proper
operation.

This type of bias is used more extensively
in audio-frequency than in radio-frequency
amplifiers. The voltage drop across the resis-
tor must be subtracted from the total plate
supply voltage when calculating the power
input to the amplifier, and this loss of plate
voltage in an r-f amplifier may be excessive.
A class-A audio amplifier is biased only to
approximately one-half cutoff, whereas an
r-f amplifier may be biased to twice cutoff,
or more, and thus the plate supply voltage
loss may be a large percentage of the total
available voltage when using low- or me-
dium-pu tubes.

Often just enough cathode bias is em-
ployed in an r-f amplifier to act as safety
bias to protect the tubes in case of excita-
tion failure, with the rest of the bias coming
from a grid resistor.

Separate Bias
Supply

An external supply often is
used for grid bias, as shown in
figure 33. Battery bias gives
very good voltage regulation and is satisfac-
tory for grid-modulated or linear amplifiers,
which operate at low grid current. In the
case of class-C amplifiers which operate with
high grid current, battery bias is not satis-
factory. This direct current has a charging
effect on the dry batteries; after a few
months of service the cells will become un-
stable, bloated, and noisy.

A separate a-c operated power supply is
commonly used for grid bias. The bleeder re-
sistance across the output of the filter can
be made sufficiently low in value that the
grid current of the amplifier will not appre-
ciably change the amount of negative grid-

Figure 32
R-F STAGE WITH CATHODE BIAS

Cathode bias sometimes is advantageous for
use jn an r-f stage that operats with o rela-
tively small amount of r-f excitation.

FROM
omIvER
RFC
-+
i
BIA —
BATTERY =
Figure 33

R-F STAGE WITH BATTERY BIAS

Battery bias is seldom used, due to deteriora-
tion of the celis by the reverse grid current.
However, it may be used in certain special
applications, or the fixad bias voltage may be
supplied by a bias power supply.
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bias voltage. Alternately, a voltage-regulated
grid-bias supply can be used. This type of
bias supply is used in class-B audio and class-
B r-f linear amplifier service where the volt-
age regulation in the C-bias supply is im-
portant. For a class-C amplifier, regulation
is not so important, and an economical de-
sign of components in the power supply,
therefore, can be utilized. In this case, the
bias voltage must be adjusted with normal
grid current flowing, as the grid current will
raise the bias considerably when it is flowing
through the bias-supply bleeder resistance.

11-12 Protective Circuits
for Tetrode
Transmitting Tubes

The tetrode transmitting tube requires
three operating voltages: grid bias, screen
voltage, and plate voltage. The current re-
quirements of these three operating voltages
are somewhat interdependent, and a change
in potential of one voltage will affect the
current drain of the tetrode in respect to the
other two voltages. In particular, if the grid
excitation voltage is interrupted as by key-
ing action, or if the plate supply is momen-
tarily interrupted, the resulting voltage or
current surges in the screen circuit are apt
to permanently damage the tube.

The Series Screen A simple method of ob-
Supply taining screen voltage is by

means of a dropping resis-
tor from the high-voltage plate supply, as
shown in figure 34. Since the current drawn
by the screen is a function of the exciting
voltage applied to the tetrode, the screen
voltage will rise to equal the plate voltage
under conditions of no exciting voltage. If
the control grid is overdriven, on the other
hand, the screen current may become exces-
sive. In either case, damage to the screen and
its associated components may result. In ad-
dition, fluctuations in the plate loading of
the tetrode stage will cause changes in the
screen current of the tube. This will result
in screen voltage fluctuations due to the in-
herently poor voltage regulation of the
screen series dropping resistor. These effects
become dangerous to tube life if the plate
voltage is greater than the screen voltage by
a factor of 2 or so.

L
i
~L

W

e

= T

B+

Figure 34
DROPPING-RESISTOR SCREEN SUPPLY

The Clamp Tube A clamp tube may be added

to the series screen supply,
as shown in figure 35. The clamp tube is nor-
mally cut off by virtue of the d-c grid bias
drop developed across the grid resistor of the
tetcrode tube. When excitation is removed
from the tetrode, no bias appears across the
grid resistor, and the clamp tube conducts
heavily, dropping the screen voltage to a
safe value. When excitation is applied to the
tetrode the clamp tube is inoperative, and
fluctuations of the plate loading of the
tetrode tube could allow the screen voltage
to rise to a damaging value. Because of this
factor, the clamp tube does not offer com-
plete protection to the tetrode.

The Separate A low-voltage screen supply
Screen Supply may be used instead of the

series screen-dropping resis-
tor. This will protect the screen circuit from
excessive voltages when the other tetrode
operating parameters shift. However, the
screen can be easily damaged if plate or bias
voltage is removed from the tetrode, as the
screen current will reach high values and the
screen dissipation will be exceeded. If the
screen supply is capable of providing slightly
more screen voltage than the tetrode re-
quires for proper operation, a series wattage-
limiting resistor may be added to the circuit

1
<>
(20000

RFC A
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NEGATIVE

OPERATING CLAMP

8/AS CUTS TUBE

OFF cLaMP

TUsE

Figure 35
CLAMP-TUBE SCREEN SUPPLY
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Figure 36

A PROTECTIVE WATTAGE-LIMITING RE-
SISTOR FOR USE WITH LOW-VOLTAGE
SCREEN SUPPLY

as shown in figure 36. With this resistor in
the circuit it is possible to apply excitation
to the tetrode tube with screen voltage pres-
ent (but in the absence of plate voltage)
and still not damage the screen of the tube.
The value of the resistor should be chosen so
that the product of the voltage applied to
the screen of the tetrode times the screen
current never exceeds the maximum rated
screen dissipation of the tube.

11-13 Interstage Coupling

Energy is usually coupled from one circuit
of a transmitter into another either by ca-
pacitive coupling, inductive coupling, or
link coupling. The latter is a special form of
inductive coupling. The choice of a coupling
method depends on the purpose for which it
is to be used.

Capacitive Capacitive coupling between an
Coupling  amplifier or doubler circuit and a

preceding driver stage is shown
in figure 37. The coupling capacitor (C)
isolates the d-c plate supply from the next
grid and provides a low-impedance path for
the rf energy between the tube being driven

:

|l|——Qi-

Figure 37
CAPACITIVE INTERSTAGE COUPLING

and the driver tube. This method of cou-
pling is simple and economical for low-power
amplifier or exciter stages, but has certain
disadvantages, particularly for high-fre-
quency stages. The grid leads in an amplifier
should be as short as possible, but this is
difficult to attain in the physical arrange-
ment of a high-power amplifier with respect
to a capacitively coupled driver stage.

Disadvantages of One significant disadvan-
Capacitive tage of capacitive coupling
Coupling is the difficulty of adjust-

ing the load on the driver
stage. Impedance adjustment can be accom-
plished by tapping the coupling lead a part
of the way down on the plate coil of the
tuned stage of the driver circuit; but often
when this is done a parasitic oscillation will
take place in the stage being driven.

n:ﬁ

]

Figure 38
BALANCED CAPACITIVE COUPLING

Balanced capacitive coupling sometimes is

useful when it is desirable to use a relatively

large inductance in the interstage tank cir-

cuit, or where the exciting stage is neutralized
as shown above.

One main disadvantage of capacitive cou-
pling lies in the fact that the grid-to-fila-
ment capacitance of the driven tube is
placed directly across the driver tuned cir-
cuit. This condition sometimes makes the r-f
amplifier difficult to neutralize, and the in-
creased minimum circuit capacitance makes
it difficult to use a reasonable size coil in the
vhf range. Difficulties from this source can
be partially eliminated by using a center-
tapped or split-stator tank circuit in the
plate of the driver stage, and coupling ca-
pacitively to the opposite end from the plate.
This method places the plate-to-filament ca-
pacitance of the driver across one-half of
the tank and the grid-to-filament capaci-
tance of the following stage across the other
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Figure 39
INDUCTIVE INTERSTAGE COUPLING

half. This type of coupling is shown in
figure 38.

Capacitive coupling can be used to ad-
vantage in reducing the total number of
tuned circuits in a transmitter so as to con-
serve space and cost. It also can be used to
advantage between stages for driving beam
tetrode or pentode amplifier or doubler
stages.

Inductive Inductive coupling (figure 39)
Coupling results when two coils are electro-

magnetically coupled to one an-
other. The degree of coupling is controlled
by varying the mutual inductance of the
two coils, which is accomplished by chang-
ing the spacing or the relationship between
the axes of the coils.

Inductive coupling is used extensively for
coupling r-f amplifiers in radio receivers.
However, the mechanical problems involved
in adjusting the degree of coupling limit the
usefulness of direct inductive coupling in
transmitters. Either the primary or the sec-
ondary or both coils may be tuned.

INTERWOUND

R

<

Figure 40

“UNITY” INDUCTIVE COUPLING

Due to the high value of coupling between

the two coiis, one tuning capacitor tunes

both circuits. This arrangement often is useful

in ecoupling from o single-ended to a push-pull
stage.

Unity Coupling If the grid-tuning capacitor
of figure 39 is removed and
the coupling increased to the maximum
practicable value by interwinding the turns
of the two coils, the circuit insofar as r.f.
is concerned, acts like that of figure 37, in
which one tank serves both as plate tank
for the driver and grid tank for the driven
stage. The interwound grid winding serves
simply to isolate the d-c plate voltage of the
driver from the grid of the driven stage, and
to provide a return for d-c grid current.
This type of coupling, illustrated in figure
40, is commonly known as unity coupling.
Because of the high mutual inductance,
both primary and secondary are resonated by
the one tuning capacitor.

Link Coupling A special form of inductive
coupling which is widely em-
ployed in radio transmitter circuits is known
as link coupling. A low impedance r-f trans-
mission line couples the two tuned circuits
together. Each end of the line is terminated
in one or more turns of wire, or links, wound
around the coils which are being coupled to-
gether. These links should be coupled to each
tuned circuit at the point of zero r-f po-
tential, or nodal point. A ground connection
to one side of the link usually is used to re-
duce harmonic coupling, or where capacitive
coupling between two circuits must be min-
imized. Coaxial line is commonly used to
transfer energy between the two coupling
links, although twin-lead may be used where
harmonic attenuation is not so important.

T At gm { E. _[_/

n LINK COUPLING
AT "COLO” ENDS.
UPPER ENDS “HOT*

N
|
T

. 9—

Figure 41

INTERSTAGE COUPLING BY MEANS
OF A LINK

Link interstage coupling is very commonly

used since the two stages may be separated

by o considerable distance, since the amount

of a coupling between the two stages may be

easily varied, and since the capacitances of

the two stages may be Isolated to permit use
of larger inductances in the vhf range.
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Figure 42
PUSH-PULL LINK COUPLING

Typical link-coupled circuits are shown in
figure 41 and 42. Some of the advantages of
link coupling are the following:

(1) It eliminates coupling taps on tuned
circuits.

(2) It permits the use of series power sup-
ply connections in both tuned-grid
and tuned-plate circuits, and thereby
eliminates the need of shunt-feed r-f
chokes.

(3) It allows considerable separation be-
tween transmitter stages without ap-
preciable r-f losses or stray chassis cur-
rents.

(4) It reduces capacitive coupling and
thereby makes neutralization more
easily attainable in r-f amplifiers.

(5) It provides semiautomatic - impedance
matching between plate and grid
tuned circuits, with the result that
greater grid drive can be obtained in
comparison to capacitive coupling.

(6) Tt effectively reduces the coupling of
harmonic energy.

The link-coupling line and links can be
made of No. 18 pushback wire for coupling
between low-power stages. For coupling be-
tween higher-powered stages the 150-ohm
twin-lead transmission line is quite effective
and has very low loss. Coaxial transmission
is most satisfactory between high powered
amplifier stages, and should always be used
where harmonic attenuation is important,

11-14 Radio-Frequency
Chokes

Radio-frequency chokes are connected in
circuits for the purpose of stopping the pas-

O o O
+3G +HV +3C +HV

PARALLEL PLATE FEED SERIES PLATE FEED

Figure 43

ILLUSTRATING PARALLEL AND
SERIES PLATE FEED

Parallel plate feed is desirable from a safety
standpoint since the tank circvit is at ground
potential with respect to d.c. However, a
high-imped r-f choke is required, and
the r-f choke must be able to withstand the
peak r-f voitage output of the tube. Series
plate feed eliminates the requirement for o
high-performance r-f choke, but requires the
vse of a relatively large valve of bypass
capacitance at the bottom end of the tank
cirzuit, as contrasted to the moderate valve
of coupling capacitance which may be used
at the top of the tank circuit for paraliel
plate feed.

sage of r-f energy while still permitting a
direct current or audio-frequency current to
pass. They consist of inductances wound
with a large number of turns, either in the
form of a solenoid, a series of solenoids, a
single universal pie winding, or a series of
pie windings. These inductors are designed
to have as much inductance and as little
distributed or shunt capacitance as possible.
The unavoidable small amount of distributed
capacitance resonates the inductance, and
this frequency normally should be much
lower than the frequency at which the

——
_, Eﬁlé -
RFC 1 : —i 1
i [o}

—=BIAS —BIAS

PARALLEL BIAS FEED SERIES BIAS FEED

Figure 44

ILLUSTRATING SERIES AND
PARALLEL BIAS FEED
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transmitter or receiver circuit is operating.
R-f chokes for operation on several bands
must be designed carefully so that the im-
pedance of the choke will be extremely high
(several hundred thousand ohms) in each of
the bands.

The direct current which flows through
the r-f choke largely determines the size of
wire to be used in the winding. The induc-
tance of r-f chokes for the vhf range is
much less than for chokes designed for
broadcast and ordinary short-wave opera-
tion. A very high-inductance r-f choke has
more distributed capacitance than a smaller
one, with the result that it will actually
offer less impedance at very high frequencies.

Another consideration, just as important
as the amount of d.c. the winding will carry,
is the r-f voltage which may be placed across
the choke without its breaking down. This
is a function of insulation, turn spacing, fre-
quency, number and spacing of pies, and
other factors.

Some chokes which are designed to have a
high impedance over a very wide range of
frequency are, in effect, really two chokes: a
uhf choke in series with a high-frequency
choke. A choke of this type is polarized; that
is, it is important that the correct end of the
combination choke be connected to the
“hot” side of the circuit.

Shunt and
Series Feed

Direct-current grid and plate
connections are made either by
series- or parallel-feed systems.
Simplified forms of each are shown in figures
43 and 44.

Series feed can be defined as that in which
the d-c connection is made to the grid or
plate circuits at a point of very low r-f po-
tential. Shunt feed always is made to a point
of high r-f voltage and always requires a
high-impedance r-f choke or a relatively

high resistance to prevent waste of r-f
power.

11-15 Parallel and
Push-Pull Tube Circuits

The comparative r-f power output from
parallel or push-pull operated amplifiers is
the same if proper impedance matching is
accomplished, if sufficient grid excitation is
available in both cases, and if the frequency
of measurement is considerably lower than
the frequency limit of the tubes.

Parallel  Operating tubes in parallel has
Operation some advantages in transmitters

designed for operation below 30
MHz, particularly when tetrode or pentode
tubes are to be used. Only one neutralizing
capacitor is required for parallel operation of
triode tubes, as against two for push-pull.
Above about 30 MHz, depending on the
tube type, parallel-tube operation is not
ordinarily recommended with triode tubes.
However, parallel operation of grounded-
grid stages and stages using low-C beam
tetrodes often will give excellent results well
into the vhf range.

Push-Pull The push-pull connection pro-
Operation vides a well-balanced circuit in-
sofar as miscellaneous capaci-
tances are concerned; in addition, the circuit
can be neutralized more completely, espe-
cially in high-frequency amplifiers. The LC
ratio in a push-pull amplifier can be made
higher than in a plate-neutralized parallel-
tube operated amplifier. Push-pull amplifiers,
when perfectly balanced, have less second-
harmonic output than parallel- or single-tube
amplifiers, but in practice undesired capaci-
tive coupling and circuit unbalance more or
less offset the theoretical harmonic-reducing
advantages of push-pull r-f circuits.
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R-F Feedback

Comparatively high gain is required in sin-
gle-sideband equipment because the signal is
usually generated at levels of one watt or less.
To get from this level to a kilowatt requires
about 30 db of gain. High gain tetrodes may
be used to obtain this increase with a minimum
number of stages and circuits. Each stage con-
tributes some distortion; therefore, it is good
practice to keep the number of stages to a
minimum. It is generally considered good prac-
tice to operate the low-level amplifiers below
their maximum power capability in order to
confine most of the distortion to the last two
amplifier stages. R-f feedback can then be
utilized to reduce the distortion in the last
two stages. This type of feedback is no dif-
ferent from the common audio feedback used
in high-fidelity sound systems. A sample of
the output waveform is applied to the ampli-
fier input to correct the distortion developed
in the amplifier. The same advantages can be
obtained at radio frequencies that are obtained
at audio frequencies when feedback is used.

12-1 R-F Feedback

Circuits

R-f feedback circuits have been developed
by the Collins Radso Co. for use with linear
amplifiers. Tests with large receiving and small
transmitting tubes showed that amplifiers us-
ing these tubes without feedback developed
signal-to-distortion ratios no better than 30 db
or so. Tests were run employing cathode-fol-
lower circuits, such as shown in figure 1A.
Lower distortion was achieved, but at the cost
of low gain per stage. Since the voltage gain
through the tube is less than unity, all gain
has to be achieved by voltage step-up in the
tank circuits. This gain is limited by the dis-
sipation of the tank coils, since the circuit
capacitance across the coils in a typical trans-
mitter is quite high. In addition, the tuning
of such a stage is sharp because of the high-
Q circuits.

The cathode-follower performance of the
tube can be retained by moving the r-f ground

e+

R.F.OUT
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I
-

Q0000

2
a
l

Blas

Figure 1
SIMILAR CATHODE-FOLLOWER CIRCUITS HAVING DIFFERENT R-F GROUND POINTS.
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Figure 2
SINGLE STAGE AMPLIFIER WITH
R-F FEEDBACK CIRCUIT
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Figure 3
SINGLE STAGE FEEDBACK
AMPLIFIER WITH GROUND
RETURN POINT MODIFIED FOR
UNBALANCED INPUT AND
OUTPUT CONNECTIONS.

point of the circuit from the plate to the cath-
ode as shown in figure 1B. Both ends of the
input circuit are at high r-f potential so in-
ductive coupling to this type of amplifier is
necessary.

Inspection of figure 1B shows that by mov-
ing the top end of the input tank down on a
voltage-divider tap across the plate tank cir-
cuit, the feedback can be reduced from 100%,
as in the case of the cathode-follower circuit,
down to any desired value. A typical feedback
circuit is illustrated in figure 2. This circuit
is more practical than those of figure 1, since
the losses in the input tank are greatly reduced.
A feedback level of 12 db may be achieved
as a good compromise between distortion and
stage gain. The voltage developed across C.
will be three times the grid-cathode voltage.

BlAS 8+

Figure 4

R-F AMPLIFIER WITH FEEDBACK
AND IMPEDANCE MATCHING
OUTPUT NETWORK.

Tuning ond loading are lished by C;
and Cs. C; ond L, ore tuned in unison to
establish the correct degree of feedback.

Inductive coupling is required for this cir-
cuit, as shown in the illustration.

The circuit of figure 3 eliminates the need
for inductive coupling by moving the r-f
ground to the point common to both tank
circuits. The advantages of direct coupling be-
tween stages far outweigh the disadvantages of
having the r-f feedback voltage appear on the
cathode of the amplifier tube.

In order to match the amplifier to a load,
the circuit of figure 4 may be used. The ratio
of X1, to X¢; determines the degree of feed-
back, so it is necessary to tune them in unison
when the frequency of operation is changed.
Tuning and loading functions are accomplished
by varying C; and C,. L, may also be varied
to adjust the loading.

Feedback Around a
Two-Stage Amplifier

The maximum phase
shift obtainable over
two simple tuned cir-
cuits does not exceed 180 degrees, and feed-
back around a two-stage amplifier is possible.
The basic circuit of a two stage feedback
amplifier is shown in figure 5. This circuit
is a conventional two-stage tetrode amplifier
except that r.f. is fed back from the plate
circuit of the PA tube to the cathode of the
driver tube. This will reduce the distortion

Figure 5
BASIC CIRCUIT OF TWO-STAGE AMPLIFIER WITH R-F FEEDBACK

Feedback voltage is obtoined from o voitage divider across the output circuit and
applied directly to the cathode of the first tube. The input tank circuit is thus
outside the feedback loop.
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of both tubes as effectively as using individual
feedback loops around each stage, yet will
allow a higher level of over-all gain. With
only two tuned circuits in the feedback loop,
it is possible to use 12 to 15 db of feedback
and still leave a wide margin for stability. It
is possible to reduce the distortion by nearly
as many db as are used in feedback. This cir-
cuit has two advantages that are lacking in the
single-stage feedback amplifier. First, the fila-
ment of the output stage can now be operated
at r-f ground potential. Second, any conven-
tional pi output network may be used.

R-f feedback will correct several types of
distortion. It will help correct distortion caused
by poor power supply regulation, too low grid
bias, and limiting on peaks when the plate
voltage swing becomes too high.

Neutralization
and R-F Feedback

The purpose of neutraliza-
tion of an r-f amplifier
stage is to balance out ef-
fects of the grid-plate capacitance coupling in
the amplifier. In a conventional amplifier us-
ing a tetrode tube, the effective input capacity
is given by:

Input capacitance = Cin + Cg, (1+ A cos 6)
where,
C\a equals tube input capacitance,
Cgp equals grid-plate capacitance,
A equals grid-to-plate voltage amplifica-
cation,
6 equals angle of load.

In a typical unneutralized tetrode amplifier
having a stage gain of 33, the input capaci-
tance of the tube with the plate circuit in
resonance is increased by 8 pf due to the
unneutralized gnd-plate capacitance. This is
unimportant in amplifiers where the gain (A)
remains constant but if the tube gain varies,
serious detuning and r-f phase shift may result.
A grid or screen modulated r-f amplifier is an
example of the case where the stage gain var-
ies from a maximum down to zero. The gain
of a tetrode r-f amplifier operating below plate
current saturation varies with loading so that
if it drives a following stage into grid current
the loading increases and the gain falls off.

The input of the grid circuit is also affected
by the grid-plate capacitance, as shown in this
equation:

1
27f X Cgp (Asinf)

This resistance is in shunt with the grid
current loading, grid tank circuit losses, and
driving source impedance. When the plate cir-

Input resistance =

cuit is inductive there is energy transferred
from the plate to the grid circuit (positive
feedback) which will introduce negative resist-
ance in the grid circuit. When this shunt
hegative resistance across the grid circuit is
lower than the equivalent positive resistance
of the grid loading, circuit losses, and driving
source impedance, the amplifier will oscillate.

When the plate circuit is in resonance
(phase angle equal to zero) the input resist-
ance due to the grid-plate capacitance becomes
infinite. As the plate circuit is tuned to the
capacitive side of resonance, the input resist-
ance becomes positive and power is actually
transferred from the grid to the plate circuit.
This is the reason that the grid current in an
unneutralized tetrode r-f amplifier varies from
a low value with the plate circuit tuned on the
low-frequency side of resonance to a high value
on the high-frequency side of resonance The
grid current is proportional to the r-f voltage
on the grid which is varying under these con-
ditions. In a tetrode class-AB: amplifier, the
effect of grid-plate feedback can be observed
by placing a r-f voltmeter across the grid cit-
cuit and observing the voltage change as the
plate circuit is tuned through resonance.

If the amplifier is over-neutralized, the ef-
fects reverse so that with the plate circuit
tuned to the low-frequency side of resonance,
the grid voleage is high, and on the high-fre-
quency side of resonance, it is low.

A useful “rule of
thumb” method of
checking neutraliza-
tion of an amplifier stage (assuming that it
is nearly correct to stare with) is to tune both
grid and plate circuits to resonance. Then, ob-
serving the r-f grid current, tune the plate cir-
cuit to the high-frequency side of resonance.
If the grid current rises, more neutralization
capacitance is required. Conversely, if the grid
current decreases, less capacitance is needed.
This indication is very sensitive in a neutral-
ized triode amplifier, and correct neutraliza-
tion exists when the grid current peaks at the
point of plate current dip. In tetrode power
amplifiers this indication is less pronounced.
Sometimes in a supposedly neutralized tetrode
amplifier, there is practically no change in
grid voltage as the plate circuit is tuned
through resonance, and in some amplifiers it
is unchanged on one side of resonance and
drops slightly on the other side. Another ob-
servation sometimes made is a small dip in
the center of a broad peak of grid current.
These various effects are probably caused by

Amplifier
Neutralization Check
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Figure 6
SINGLE STAGE R-F AMPLIFIER
WITH FEEDBACK RATIO OF
€./ €, to €,/ €. DETERMINES
STAGE NEUTRALIZATION

g
C CiE
R, F.OUT

R.F N

Figure 7
NEUTRALIZED AMPLIFIER AND
INHERENT FEEDBACK CIRCUIT

Neutralization is achieved by varying
the capacity of C,.

coupling from the plate to the grid circuit
through other paths which are not balanced
out by the particular neutralizing circuit used.

Figure 6 shows an r-f am-
plifier with negative feed-
back. The voltage devel-
oped across C, due to the
divider action of C; and C,
is introduced in series with the voltage devel-
oped across the grid tank circuit and is in
phase-opposition to it. The feedback can be
made any value from zero to 100% by proper-
ly choosing the values of C; and C,.

For reasons stated previously, it is necessary
to neutralize this amplifier, and the relation-
ship for neutralization is:

Feedback and
Neutralization
of a One-Stage
R-F Amplifier

C _ Co
C~| Cg(

It is often necessary to add capacitance from
plate to grid to satisfy this relationship

Figure 7 is identical to figure 6 except that
it is redrawn to show the feedback inherent in
this neutralization circuit more clearly. Cy and
C replace C; and C,, and the main plate tank
tuning capacitance is C;. The circuit of figure
7 presents a problem in coupling to the grid
circuit. Inductive coupling is ideal, but the
extra tank circuits complicate the tuning of a
transmitter which uses several cascaded am-
plifiers with feedback around each one. The
grid could be coupled to a high source imped-
ance such as a tetrode plate, but the driver
then cannot use feedback because this would
cause the source impedance to be low. A pos-
sible solution is to move the circuit ground
point from the cathode to the bottom end of
the grid tank circuit. The feedback voltage then
appears between the cathode and ground
(figure 8). The input can be capacitively
coupled, and the plate of the amplifier can
be capacitively coupled to the next stage. Also,
cathode type transmitting tubes are available
that allow the heater to remain at ground po-

tential when r.f. is impressed upon the cathode.
The output voltage available with capacity
coupling, of course, is less than the plate-
cathode r-f voltage developed by the amount
of feedback voltage across C,.

12-2 Feedback and

Neutralization of a
Two-Stage R-F Amplifier

Feedback around two r-f stages has the ad-
vantage that more of the tube gain can be
realized and nearly as much distortion reduc-
tion can be obtained using 12 db around two
stages as is realized using 12 db around each
of two stages separately. Figure 9 shows a
basic circuit of a two-stage feedback ampli-
fier. Inductive output coupling is used, al-
though a pi-network configuration will also
work well. The small feedback voltage required
is obtained from the voltage divider (C,-C.)
and is applied to the cathode of the driver
tubs. C, is only a few pf, so this feedback
voltage divider may be left tixed for a wide
frequency range. If the combined tube gain is
160, and 12 db of feedback is desired, the ratio
of C. to C, is about 40 to 1. This ratio in
practice may be 100 pf to 2.5 pf, for example.

A complication is introduced into this sim-
plified circuit by the cathode-grid capacitance

—— r.rouT

~C»

TCa

T Figure 8

UNBALANCED INPUT AND OUTPUT
CIRCUITS FOR SINGLE-STAGE
R-F AMPLIFIER WITH FEEDBACK
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Figure 9
TWO-STAGE AMPLIFIER WITH FEEDBACK.

Included is a capacitor (Cs) for neutralizing the cathode-grid capacity of the first tube. V, is neutralized
by capacitor Cs, and V: is neutralized by the correct ratio of €:/Cs.

of the first tube which .causes an. undesired

coupling to the input grid circuit. It is neces- come.

sary to neutralize out this capacitance coupling,

as illustrated in figure 9.

neutralization is:
Cs
C,

The input circuit may be made unbalanced
by making C, five times the capacity of C.
This will tend to reduce the voltage across
the coil and to minimize the power dissipated
by the coil. For proper balance in this case,
C.; must be five times the grid-filament capaci-

tance of the tube.

Except for tubes having extremely small

grid-plate capacitance, it

properly neutralize both tubes. If the ratio of
C, to C. is chosen to be equal to the ratio of
the grid-plate capacitance to the grid-filament
capacitance in the second tube (V:), this tube

The relationship for Tests F?r ) Neutralizing the circuit of
Neutralization figure 9 balances out cou-

pling between the input

Cqt tank circuit and the output tank circuit, but it
Ce does not remove all coupling from the plate

more feedback from the output stage to over-

circuit to the grid-cathode tube input. This

latter coupling is degenerative, so applying a
signal to the plate circuit will cause a signal
to appear between grid and cathode, even
though the stage is neutralized. A bench test
for neutralization is to apply a signal to the
plate of the tube and detect the presence of a

signal in the grid coil by inductive coupling

to it. No signal will be present when the stage

is still necessary to is neutralized. Of course, a signal could be in-

will be neutralized. Tubes such as a 4X-150A cuit.
have very low grid-plate capacitance and prob-

ably will not need to be neutralized when used

in the first (Vi) stage.
necessary, capacitor C, is

pose and the proper value is given by the

following relationship:

Cxp _— CK'

C: ~ G

ductively coupled to the input and neutraliza-
tion accomplished by adjusting one branch of
the neutralizing circuit bridge (Cs for ex-
ample) for minimum signal on the plate cir-

Neutralizing the cathode-grid capacitance of

If neutralization is the first stage of figure 9 may be accomplished
added for this pur- by applying a signal to the cathode of the tube

and adjusting the bridge balance for minimum

signal on a detector inductively coupled to the

input coil.
Cs
—- 'a' Tuning a Two-Stage

Feedback Amplifier

If neither tube requires neutralization, the

bottom end of the interstage tank circuit may
be returned to r-f ground. The screen and
suppressor of the first tube should then be
grounded to keep the tank output capaci-
tance directly across this interstage circuit and
to avoid common coupling between the feed-
back on the cathode and the interstage circuit.
A slight amount of degeneration occurs in the
first stage since the tube also acts as a grounded
grid amplifier with the screen as the grounded
grid. The p of the screen is much lower than
that of the control grid so that this effect may

be unnoticed and would only require slightly also be at a minimum.
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Tuning the two-stage
feedback amplifier of
figure 9
plished in an unconventional way because the
output circuit cannot be tuned for maximum
output signal. This is because the output cir-
cuit must be tuned so the feedback voltage
applied to the cathode is in-phase with the
input signal applied to the first grid. When
the feedback voltage is not in-phase, the result-
ant grid-cathode voltage increases as shown
in figure 10. When the outp 't circuit is
properly tuned, the resultant grid-c.-hode volt-
age on the first tube will be at a minii.*um, and
the voltage on the interstage tuned circuit will

accom-
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h)
j VOLTAGE- GRID TO CATMODE -
VOLTAGE-
INPUT CRID
GROUND VOLTAGE - CATHODE TO GROUND —»
l (FEEDBACK)
® ®
Figure 10

VECTOR RELATIONSHIP OF
FEEDBACK VOLTAGE
A =Output Circuit Properly Tuned
B=0Output Circuit Mis-Tuned

The two-stage amplifier may be tuned by
placing a r-f voltmeter across the interstage
tank circuit (“hot” side to ground) and tuning
the input and interstage circuits for maximum
meter reading, and tuning the output circuit
for minimum meter reading. If the second tube
is driven into the grid current region, the grid
current meter may be used in place of the r-f
voltmeter. On high powered stages where oper-
atinn is well into the class-AB region, the
plate current dip of the output tube indicates
correct output circuit tuning, as in the usual
amplifier,

Parasitic Oscillations in
the Feedback Amplifier

Quite often low fre-
quency parasitics
may be found in
the interstage circuit of the two-stage feedback
amplifier. Oscillation occurs in the first stage
due to low frequency feedback in the cathode
circuit. R-f chokes, coupling capacitors, and
bypass capacitors provide the low frequency
tank circuits. When the feedback and second
stage neutralizing circuits are combined, it is
necessaty to use the configuration of figure 11.
This circuit has the advantage that only one
capacitor (C,) is required from the plate ot
the output tube, thus keeping the added ca-
pacitance across the output tank at a minimum.

i)
s
@ It { RPC
L|E Cs C27F QnrFc L
+  Bias
Figure 11

INTERSTAGE CIRCUIT COMBINING
NEUTRALIZATION AND
FEEDBACK NETWORKS.

BIAS

Figure 12
INTERSTAGE CIRCUIT WITH
SEPARATE NEUTRALIZING
AND FEEDBACK CIRCUITS.

It is convenient, however, to separate these cit-
cuits so neutralization and feedback can be
adjusted independently. Also, it may be de-
sirable to be able to switch the feedback out
of the circuit. For these reasons, the circuit
shown in figure 12 is often used. Switch S:
removes the feedback loop when it is closed.

A slight tendency for low-frequency para-
sitic oscillations still exists with this circuit.
L, should have as little inductance as possible
without upsetting the feedback. If the value of
L, is too low, it cancels out part of the re-
actance_of feedback capacitor C, and causes
the feedback to increase at low values of radio
frequency. In some cases, a swamping resistor
may be necessary across L,. The value of this
resistor should be high compared to the re-
actance of C, to avoid phase-shift of the r-f
feedback.

12-3 Neutralization

Procedure in
Feedback-Type Amplifiers

Experience with feedback amplifiers has
brought out several different methods of neu-
tralizing. An important observation is that
when all three neutralizing adjustments ate
correctly made the peaks and dips of various
tuning meters all coincide at the point of cir-
cuit resonance. For example, the coincident in-
dications when the various tank circuits are
tuned through resonance with feedback oper-
ating are:

A—When the PA plate circuit is tuned

through resonance:

1—PA plate current dip

2—Power output peak

3—PA r-f grid voltage dip

4—PA grid current dip
(Note: The PA grid current peaks
when feedback circuit is disabled
and the tube is heavily driven)
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Figure 13
TWO-STAGE AMPLIFIER WITH FEEDBACK CIRCUIT

B—When the PA grid circuit is tuned
through resonance:
1—Driver plate current dip
2—PA r-f grid voltage peak
3—PA grid current peak
4—PA power output peak

C—When the driver grid circust is tuned
through resonance:
1—Driver r-f grid voltage peak
2—Driver plate current peak
3—PA r-f grid current peak
4—PA plate current peak
5—PA power output peak

Four meters may be employed to measure
the most important of these parameters. The
meters should be arranged so that the follow-
ing pairs of readings are displayed on meters
located close together for ease of observation
of coincident peaks and dips:

1—PA plate current and power output

2—PA r-f grid current and PA plate
current

3—PA r-f grid voltage and power out-
put

4—Driver plate current and PA r-f
grid voltage

The third pair listed above may not be
necessary if the PA plate current dip is pro-
nounced. When this insttumentation is pro-
vided, the neutralizing procedure is as follows:

1—Remove the t-f feedback

1

Co=r

IOPEN

- 1 CNA:;n} [E
ZZZZ7ZZTFA | Wi

C1T
Figure 14
FEEDBACK SHORTING DEVICE.

2—Neutralize the grid-plate capaci-
tance of the driver stage

3—Neutralize the grid-plate capaci-
tance of the power amplifier (PA)
stage

4—Apply r-f feedback

5-—Neutralize driver grid-cathode ca-
pacitance

These steps will be explained in more detail
in the following paragraphs:

Step 1. The removal of r-f feedback through
the feedback circuit must be complete. The
switch (S:) shown in the feedback circuit
(figure 13) is one satisfactory method. Since
C. is effectively across the PA plate tank cir-
cuit it is desirable to keep it across the circuit
when feedback is removed to avoid appreciable
detuning of the plate tank circuit. Another
method that can be used if properly done is
to ground the junction of C, and C;. Ground-
ing this common point through a switch or
relay is not good enough because of common
coupling through the length of the grounding
lead. The grounding method shown in figure
14 is satisfactory.

Step 2. Plate power and excitation are applied.
The driver grid tank is resonated by tuning
for a peak in driver r-f grid voltage or driver
plate current. The power amplifier grid tank
circuit is then resonated and adjusted for a
dip in driver plate current. Driver neutraliza-
tion is now adjusted until the PA r-f grid
voltage (or PA grid current) peaks at exactly
the point of driver plate current dip. A handy
rule for adjusting grid-plate neutralization of
a tube without feedback: with all circuits in
resonance, detune the plate circuit to the high
frequency side of resonance: If grid current
to next stage (or power output of the stage
under test) increases, more neutralizing capaci-
tance is required and vice versa.

If the driver tube operates class A so that
a plate current dip cannot be observed, a dif-
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Figure 15
FEEDBACK NEUTRALIZING
CIRCUIT USING
AUXILIARY RECEIVER.

ferent neutralizing procedure is necessary This
will be discussed in a subsequent section.

Step 3. This is the same as step 2 except it
is applied to the power amplifier stage. Ad-
just the neutralization of this stage for a peak
in power output at the plate current dip.

Step 4. Reverse step 1 and apply the r-f feed-
back.

Step 5. Apply plate power and an exciting sig-
nal to drive the amplifier to nearly full out-
put. Adjust the feedback neutralization for a
peak in amplifier power output at the exact
point of minimum amplifier plate current.
Decrease the feedback neutralization capaci-
tance if the power output rises when the tank
circuit is tuned to the high frequency side of
resonance.

The above sequence applies when the neu-
tralizing adjustments are approximately cor-
rect to start with. If they are far off, some “cut-
and-try” adjustment may be necessary. Also,
the driver stage may break into oscillation if
the feedback neutralizing capacitance is not
near the correct setting.

It is assumed that a single-tone test signal
is used for amplifier excitation during the
above steps, and that all tank circuits are at
resonance except the one being detuned to
make the observation. There is some interaction
between the driver neutralization and the feed-
back neutralization so if an appreciable change
is made in any adjustment the others should
be rechecked. It is important that the grid-plate
neutralization be accomplished first when using
the above procedure, otherwise the feedback
neutralization will be off a little, since it par-
tially compensates for that error.

The method of neutralization
employing a sensitive r-f de-
tector inductively coupled to
a tank coil is difficult to apply in some cases
because of mechanical construction of the
equipment, or because of undesired coupling.
Another method for observing neutralization
can be used, which appears to be more ac-
curate in actual practice. A sensitive r-f detec-
tor such as a receiver is loosely coupled to the
grid of the stage being neutralized, as shown
in figure 15. The coupling capacitance is of
the order of one or two pf. It must be small
enough to avoid upsetting the neutralization
when it is removed because the total grid-
ground capacitance is one leg of the neutraliz-
ing bridge. A signal generator is connected at
point S and the receiver at point R. If C,, is
not properly adjusted the S-meter on the re-
ceiver will either kick up or down as the grid
tank circuit is tuned through resonance. C,,
may be adjusted for minimum deflection of the
S-meter as the grid circuit is tuned through
resonance.

The grid-plate capacitance of the tube is
then neutralized by connecting the signal gen-
erator to the plate of the tube and adjusting
C1) of figure 13 for minimum deflection again
as the grid tank is tuned through resonance.
The power amplifier stage is neutralized in
the same manner by connecting a receiver
loosely to the grid circuit, and attaching a
signal generator to the plate of the tube. The
r-f signal can be fed into the amplifier output
terminal if desired.

Some precautions are necessary when using
this neutralization method. First, some driver
tubes (the GCLG, for example) have appre-
ciably more effective input capacitance when
in operation and conducting plate current than
when in standby condition. This increase in
input capacitance may be as great as three or
four pf, and since this is part of the neu-
tralizing bridge circuit it must be taken into
consideration. The result of this change in
input capacitance is that the neutralizing ad-
justment of such tubes must be made when
they are conducting normal plate current. Stray
coupling must be avoided, and it may prove
helpful to remove filament power from the
preceding stage or disable its input circuit in
some manner.

It should be noted that in each of the above
adjustments that minimum reaction on the
grid is desired, not minimum voltage. Some
residual voltage is inherent on the grid when
this neutralizing circuit is used.

Neutralization
Techniques
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Amplitude Modulation

If the output of a c-w transmitter is varied
in amplitude at an audio frequency rate in-
stead of interrupted in accordance with code
characters, a tone will be heard on a receiver
tuned to the signal. If the audio signal con-
sists of a band of audio frequencies com-
prising voice or music intelligence, then the
voice or music which is superimposed on the
radio-frequency carrier will be heard on the
receiver.

When voice, music, video, or other intelli-
gence is superimposed on a radio frequency
carrier by means of a corresponding variation
in the amplitude of the radio frequency out-
put of a transmitter, amplitude modulation
is the result. Telegraph keying of a c-w
transmitter is the simplest form of amplitude
modulation, while video modulation in a
television transmitter represents a highly
complex form. Systems for modulating the
amplitude of a carrier envelope in accord-
ance with voice, music, or similar types of
complicated audio waveforms are many and
varied, and will be discussed later in this
chapter.

13-1 Sidebands

Modulation is essentially a form of mixing,
or combining, already covered in a previous
chapter. To transmit voice at radio frequen-
cies by means of amplitude modulation, the
voice frequencies are mixed with a radio-
frequency carrier so that the voice frequen-

cies are converted to radio-frequency side-
bands. Though it may be difficult to visual-
ize, the amplitude of the radio-frequency
carrier does mot vary during comventional
amplitude modulation.

Even though the amplitude of radio-fre-
quency voltage representing the composite
signal (resultant of the carrier and sidebands,
called the envelope) will vary from zero to
twice the unmodulated signal value during
full modulation, the amplitude of the carrier
component does not vary. Also, as long as
the amplitude of the modulating voltage
does not vary, the amplitude of the sidebands
will remain constant. For this to be apparent,
however, it is necessary to measure the am-
plitude of each component with a highly
selective filter. Otherwise, the measured
power or voltage will be a resultant of two
or more of the components, and the ampli-
tude of the resultant will vary at the mod-
ulation rate.

If a carrier frequency of 5000 kHz is
modulated by a pure tone of 1000 Hz, or 1
kHz, two sidebands are formed: one at 5001
kHz (the sum frequency) and one at 4999
kHz (the difference frequency). The fre-
quency of each sideband is independent of
the amplitude of the modulating tone, or
modulation percentage; the frequency of
each sideband is determined only by the fre-
quency of the modulating tone. This assumes,
of course, that the transmitter is not modu-
lated in excess of its linear capability.

When the modulating signal consists of
multiple frequencies, as is the case with
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voice or music modulation, two sidebands
will be formed by each modulating frequen-
cy (one on each side of the carrier), and
the radiated signal will consist of a band of
frequencies. The bandwidth, or channel, taken
up in the frequency spectrum by a conven-
tional double-sideband amplitude-modulated
signal, is equal to twice the highest modu-
lating frequency. For example, if the highest
modulating frequency is 5000 Hz, then the
signal (assuming modulation of complex and
varying waveform) will occupy a band ex-
tending from 5000 Hz below the carrier to
5000 Hz above the carrier.

Frequencies up to at least 2500 Hz, and
preferably 3500 Hz, are necessary for good
speech intelligibility. If a filter is incorporated
in the audio system to cut out all frequen-

cies above approximately 3000 Hz, the band-

width of a radiotelephone signal can be
limited to 6 kHz without a significant loss
in intelligibility. However, if harmonic dis-
tortion is introduced subsequent to the filter,
as would happen in the case of an over-
loaded modulator or overmodulation of the
carrier, new frequencies will be generated
and the signal will occupy a band wider
than 6 kHz.

13-2 Mechanics of

Modulation

A c-w or unmodulated r-f carrier wave is
represented in figure 1A. An audio-frequency
sine wave is represented by the curve of
figure 1B. When the two are combined or
“mixed,” the carrier is said to be amplitude
modulated, and a resultant similar to 1C or
1D is obtained. It should be noted that under
modulation, each half cycle of r-f voltage
differs slightly from the preceding one and
the following one; therefore at no time dur-
ing modulation is the r-f waveform a pure
sine wave. This is simply another way of
saying that during modulation, the