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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 a number of smaller fields of which
only shortwave or high-frequency radio is cov-
ered in this book. Specifically the field of com-
munication on frequencies from 1.8 to 450
megacycles is taken as the subject matter for
this work.

The largest group of persons interested in
the subject of high-frequency communication is
the more than 100,000 radio amateurs located
in nearly all countries of the world. Strictly
speaking, a radio amateur is anyone interested
in radio non-commercially, but the term is
ordinarily applied only to those hobbyists pos-
sessing transmitting equipment and a license
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 design prin-
ciples behind the equipment for high-fre-
quency radio communication are of course the
same whether the equipment is to be used for
commercial, military, or amateur purposes, the
principal differences lying in construction
practices, and in the tolerances and safety fac-
tors placed upon components.

With the increasing complexity of high-
frequency communication, resulting primarily
from increased utilization of the available spec-
trum, it becomes necessary to delve more
deeply into the basic principles underlying
radio communication, both from the stand-

point 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 great-
er proportion to the teaching of the prin-
ciples of equipment design and signal propa-
gation. It is in response to requests from
schools and agencies of the Department of
Defense, in addition to persistent requests
from the amateur radio fraternity, that cover-
age of these principles has been expanded.

Amateur
Radio

Amateur radio is a fascinating
hobby with many phases. So
strong is the fascination offered
by this hobby that many executives, engineers,
and military and commercial operators enjoy
amateur radio as an avocation even though
they are also engaged in the radio field com-
mercially. It captures and holds the interest
of many people in all walks of life, and in all
countries of the world where amateur activi-
ties are permitted by law.

Amateurs have rendered much public ser-
vice through furnishing communications to
and from the outside world in cases where
disaster has isolated an area by severing all
wire communications. Amateurs have a proud
record of heroism and service in such occasion.
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 surpassed by his outstanding service in
World War 1.

By the time peace came in the Pacific in the
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summer of 1945, many thousand former ama-
teur operators were serving in the allied armed
forces. They had supplied the army, navy,
marines, coast guard, merchant marine, civil
service, war plants, and civilian defense organi-
zations with frained personnel for radio, radar,
wire, and visual communications and for
teaching. Even now, at the time of this writ-
ing, amateurs are being called back into the
expanded defense forces, are returning to de-
fense plants where their skills are critically
needed, and are being organized into com-
munication units as an adjunct to civil defense
groups.

Station and
Operator Licenses

Every radio transmitting
station in the United
State no matter how low
its power must have a license from the federal
government before being operated; some
classes of stations must have a permit from the
government before even being constructed.
And every operator of a transmitting station
must have an operator’s license before operat-
ing a transmitter. There are no exceptions.
Similar laws apply in practically every major
country.

Closses of Amateur
Operator Licenses

There are at present six
classes of amateur oper-
ator licenses which have
been authorized by the Federal Communica-
tions Commission. These classes differ in many
respects, so each will be discussed briefly.

(a) Amatenyr Extra Class. This class of li-
cense will become available on January 1,
1952, 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 Novice and Technician Classes.
The examination for the license includes a code
test at 20 words per minute, the usual tests
covering basic amateur practice and general
amateur regulations, and an additional test on
advanced amateur practice. All amateur privi-
leges are accorded the holders of this operator’s
license.

(b) Advanced Class. This class of license
is equivalent to the old Amateur Class A li-
cense, and accords to the holders all amateur
privileges except those to be reserved to hold-
ers of the Amateur Extra Class license. New
Advanced Class licenses will not be issued
after December 31, 1952, although existing
licenses may be renewed as long as the holder

to whom the license was issued meets the re-
newal requirements current at the time of ap-
plication for renewal. The Advanced Class li-
cense is available to any U. S. citizen who at
any time has held for a period of one year or
more a valid amateur license issued by the
FCC, excluding licenses of the Novice and
Technician Classes. The examination for the
license includes a code test at 13 words per
minute, the usual tests covering basic amateur
practice and general amateur regulations, plus
an additional test on advanced amateur radio-
telephony.

(c) General Class. This class of amateur
license is equivalent to the old Amateur Class
B license, and accords to the holders all ama-
teur privileges except those reserved for hold-
ers of the Advanced Class license, and 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
includes a code test at 13 words per minute,
and the usual examinations covering basic ama-
teur practice and general amateur regulations.

(d) Conditional Class. This class of ama-
teur 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 125 miles
airline from the nearest location at which FCC
examinations are held at intervals of not more
than three months for the General Class ama-
teur operator license, or to those who for any
of several specified reasons are unable to ap-
pear for examination.

(e) Technician Class. This is a new class
of license which 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 5 words per
minute. The holder of a Technician class li-
cense is accorded all authorized amateur privi-
leges in the amateur frequency bands above
220 megacycles.

(f) Novice Class. This is a new class of
license which is available to any U. S. citizen
who has not previously held an amateur license
of any class issued by any agency of the U. S.
government, military or civilian. The examina-
tion consists of a code test at a speed of 5 words
per minute, plus an examination on the rules
and regulations essential to beginner’s opera-
tion, including sufficient elementary radio the-
ory for the understanding of those rules. The
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THE AMATEUR BANDS

(1) 1800 to 2000 k.

Portions of this band 25 ke. in width (1800-1825 and 1875-1900 or 1900-1925 and 1975-
2000) have been gned on a regi | basis with day and night power limitations and sub-
ject to no interference to the use of Loran. The assignments, for Al and A3 only, are

as follows:
POWER IN WATTS
AREA BAND, KC. DAY NIGHT
Mississippi River to East Coast US. (except 1800-1825
Florida and states bordering the Gulf of Mexico) 1875-1900 500 200
Mississippi River to West Coast US. (except 1900-1928
states bordering Gulf of Mexico) 1975-2000 *500 *200
Florida and states bordering 1800-1825 no
Gulf of Mexico 1875-1900 200 operation
Puerto Rico and 1900-1925
Virgin Islands 1975-2000 500 50
Hawaiian Islands 1900-1925
1975-2000 500 200

*‘Except in State of Washington where the daytime power is limited to 200 watts and the
nighttime power is limited to 50 watts.
(2) 3500 to 4000 ke. Al, entire band.
A3 telephony, Extra Class or Advanced Closs licensees only, 3800 to 4000 kc.
A3 narrow-band FM telephony, Extro Class or Advanced Class licensees only, 3800 to 3850 ke.
(3) 7000 to 7300 ke. Al, entire band.
(4) 14000 to 14400 ke. Al, entire band.
A3 telephony, Extra Class or Advanced Class licensees only, 14,200 to 14,300 kec.
A3 norrow-band FM telephony, Extra Class or Advanced Class licensees only, 14,200 to 14,250
ke¢.
($) 21.0 to 21.45 Mc. Proposed only.
(6) 26.96 to 27.23 Mc. AO, Al, A2, A3, A4, and FM.
(7) 28.0 to 29.7 Mc. Al, entire band.
A3 telephony ond narrow-band FM telephony, 28,500 to 29,700 kc.
FM, 29.0 to 29.7 Mc.
(8) 50.0 to 54.0 Mc. Al, A2, A3, A4, and narrow-band FM telephony.
FM, 52,5 to 54.0 Mc.
(9) 144 to 148 Mc. AD, Al, A2, A3, A4, and FM.
(10) 220 to 225 Mc. AO, A1, A2, A3, A4, and FM.
(11) 235 to 240 Mc. AO, Al, A2, A3, A4, ond FM, as an alternate band to the 220 to 225 Me.
band in those areas where use of 220 to 225 Mc. is not permitted by FCC order.
(12) 420 to 450 Mc. A0, A), A2, A3, A4, AS, and FM. Peak antenna power is limited to SO watts.
(13) 1215 to 1300 Mc. AO, Al, A2, A3, A4, AS, and FM.
(14) 2300 to 2450 Mc., 3300 to 3500 Mc., 5650 to 5925 Mec., 10,000 to 10,500 Me., 21,000 to
22,000 Mc., and any freq y or freq ies above 30,000 Mc. may be used for AO, Al,
A2, A3, A4, AS, FM, ond pulse emission.
Bands 1 to 7 are termed high frequency; bands 8, 9, and 10, very high frequency; bands to 3000
Mc., ultra high frequency; above 3000 Mc., super high frequency.
A0 means unmodulated carrier, Al means ¢-w telegraphy, A2 is modulated c.w., A3 is radio-
telephony with amplitude modulation, A4 is facsimile, A5 is television, FM is frequency modula-
tion either for telegraphy or telephony.

Novice Class of license affords severely re-
stricted privileges, is valid only for a period
of one year (as contrasted to all other classes
of amateur licenses which run for a term of
five years), and is not rencwable.

The holder of the Novice Class of license is
restricted to a power input to the output stage
of not more than 75 watts, must use a crystal
for frequency control, and may use only the
following sub-bands and types of emission:

(1) 3700 to 3750 kc—<c-w telegraphy

(Al emission).

(2) 2696 w 27.23 Mc—<-w telegraphy
(A1l emission).

(3) 145 to 147 Mc—telegraphy or tele-
phony using any type of emission
authorized for use by amateurs in this
frequency band.

Starting
Your Study

When you start to  prepare
yourself for the amateur or
other examination you will find
that the circuit diagrams, tube characteristic
curves, and formulas appear confusing and
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A eam N ea»e

B emeee O emnee»
C eamoeamo P oameame
D emee Q evsadeem
E e R eame

F oeoame S eee

GC e»ame T e»

H eeee U eoam

I oo V sesam

Y Y Y W eamnam

K ewmoan X a»oeo=m
L oamee Y eanoave»
M e»es Z esemoe
PERIOD (.) © e ¢ @D ¢ G
COMMA (,) -n a» ¢ ¢ a» &

INTERROGATION (7)
QUOTATION MARK (%)
COLON (:)
SEMICOLON (3)
PARENTHESIS ¢)

QOUeEeNOULbAwWN —

WAIT SIGN (AS)

DOUBLE DASH (BREAK)

ERROR (ERASE SIGN)
FRACTION BAR (/)

END OF MESSAGE (AR)

END OF TRANSMISSION (SK)
INTERNAT. DISTRESS SIG. (SOS)

° o» a» a» @

coum a» a»

XYY X}

XYYX

cosee

aneses

L X YYX)

L X Y "YX)

- a» a» an o

- a» a» a»

@ MEANS ZERO, AND IS WRITTEN IN THIS
WAY TO DISTINGUISH IT FROM THE LETTER “O%.

IT OFTEN 1S TRANSMITTED INSTEAD AS ONE
LONG DASH {EQUIVALENT TO 8 DOTS)

Figure 1.

The Continental (ar International Morse} Code is used for

communication.

heterrmtiendi

y all £ radio

43
tic

DO NOT memorize from the printed page; code is o loenguage of SOUND, end
must not be learned visually; learn by

lietomi 1

d in the text.

ex,
g as P

difficult of understanding. But after a few
study sessions one becomes sufficiently familiar
with the notation of the diagrams and the
basic concepts of theory and operation so that
the acquisition of further knowledge becomes
easier and even fascinating.

As it takes a considerable time to become
proficient in sending and receving code, it is
a good idea to intersperse technical study ses-
sions with periods of code practice. Many
short code practice sessions benefit one more
than a small number of longer sessions. Alter-
nating 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 stations
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 5, 13, or 20
words per minute, depending upon the class of
license, assuming an average of five characters
to the word in each case. The sending and re-
ceiving tests run for five minutes, and one
minute of errorless transmission or reception
must be accomplished 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. Approximately 30%
of amateur applicants fail to pass the test. It
should be expected that nervousness and ex-
citement will at least to some degree tempo-
rarily lower the applicant’s code ability. The
best prevention against this is to master the
code at a little greater than the required speed
under ordinary conditions. Then if you slow
down a little due to nervousness during a test
the result will not prove “fatal.”
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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 memo-
rize so thoroughly that any one can be sound-
ed without the slightest hesitation. Do not
bother with other punctuation or miscella-
neous signals until later.

[ d

These code choracters are used in guag
other thon English. They may occasionally be
encountered so it is well to know them.

Memorizing There is no shortcut to code pro-
the Code ficiency. To memorize the al-

phabet entails but a few eve-
nings of diligent application, but considerable
time is required to build up speed. The exact
time required depends upon the individual'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 memoriz-
ing scheme which depends upon orderly se-
quence, such as learning all "dab” letters and
all “dit” letters in separate groups, is to be
discouraged. Before beginning with a code
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 equiva-
lent 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 without so
much as hesitating 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 "dit
dabs.” This is interesting exercise, and for

Each letter and figure must be
memorized by its sownd rather
than its appearance. Code is a
system of sound communication, the same as
is the spoken word. The letter 4, for example,
is one short and one long sound in combina-
tion sounding like d#¢ dub, and it must be
remembered as such, and not as “dot dash.”

Not Sight

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 practice,
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 sending to each
other. Practice with a key and oscillator or
key and buzzer generally proves superior to
to all automatic equipment. Two such sets
operated between two rooms are fine—or be-
tween your house and his will be just that
much better. Avoid talking to your partner
while practicing. If you must ask him a ques-
tion, 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
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first practice session or two so that they will
get an idea of how properly formed charac-
ters 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 cffort. 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 reccommended to over-
come a possible excitement factor at ¢xamin-
ation time. Then when you take the test you
don’t have to worry about the “jitters” or
an “oft day.”

Speed should not be increased to a new
level until the student finally makes solid
copy with case for at least a five-minute
period at the old level. How frequently in-
creases of speed can be made depends upon
individual ability and the amount of prac-
tice. Each increase is apt to prove disconcert-
ing, 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
cach week: excellent practice can be obtained
after you have bought or constructed 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.

Practice At the start use plain English,

Material  sending from a book, newspaper,
or anything bhandy. Also practice
disconnected  words  from a ncewspaper  or

magazine, and groups of mixed letters and
numerals.

More detailed instructions on code learning
and practicc may be obtained from several
textbooks which are  written to cover this
subject exhaustively.®

*THE RADIO AMATEUR NEWCOMER gives further
information on tode leorning and in addition gives a
complete list of study questions for the rodio amateur
operator license examinations with reference data. A
number of transmitters and receivers suitable for the
beginner in amateur radio are described in detail, The

price is $1.00 from our book department (add tox in
Calif.).

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 cars to
recad code just as your cyes were trained in
school to read printed matter. With cnough
practicc you acquire skill, and from skill,
speed. In other words, it becomes a habir,
something which can be done without con-
scious cffort. Conscious cffort is fatal to speed;
we can't think rapidly enough: a speed of
25 words a minute, which is a common onc¢
in commercial operations, means 125 charac-
ters per minute or more than two per sccond,
which leaves no time for conscious thinking.

Perfect Formation
of Characters

When transmitting on the
code practice set to your
partner, concentrate  on
the guality of your sending, not on your
speed. Your partner will appreciate it and
he could not copy you if you specded up
anyhow.

If you want to get a reputation as having
an excellent “fist” on the air, just remember
that speed alone won't do the trick. Proper
execution of your letters and spacing will make
much more of an impression. Fortunately, as
you get so that you can send evenly and
accurately, your sending speed will automatic-
ally increase. Remember to try to see how
evenly you can send. and how fast you can
receive. Concentrate on making signals proper-
ly with your key. Perfect formation of charac-
ters is paramount to everything else. Make
every signal right no matter if you have to
practice it hundreds or thousands of times.
Never allow yoursclf to vary the slightest from
perfect formation once you have learned it

If possible, gei a good operator to listen
to your sending for a short time, asking him
to criticize even the slightest imperfections.
Timing 1t 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, ac-
curate timing is absolutely essential to intel-
ligibility, 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



HANDBOOK

Learning the Code 13

“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 sending at,
say, 5 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 be-
tween 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 wp.m. as at 5 w.p.m, and when the
speed is increased above 5 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 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. Similarly, make
sure that you do not leave a longer space after
the first dot in the letter C than you do be-
tween other parts of the same letter; otherwise
it will sound like NN.

Sending vs.
Receiving

Once you have memorized the
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 practice 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 receiving
practice, concentrate on the gquality of your
sending, not on your speed.

Because it is comparatively easy to learn
to send rapidly, especially when no particular
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 re-
ceive good code at 13. Most oldtimers re-
member their own period of initiation and

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 like two letters,

are only too glad to be patient and consider-
ate if you tell them that you are a newcomer.
But the surest way to incur their scorn is to
try to impress them with your “lightening
speed,” and then to request 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 position
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 cir-
culation 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 manipulate the
finger muscles. Keep your finger muscles just
tight enough to act as a “cushion” for the
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Figure 4.
PROPER POSITION OF THE
FINGERS FOR OPERATING A
TELEGRAPH KEY.

The fingers hold the knob and act as a cush-

ion. The hand rests lightly on the key. The

muscles of the forearm provide the power,

the wrist acting aos the fulcrum. The power

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

arm motion and let the slight movement 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 contacts must be the
proper amount for the desired speed, being
somewhat under 1/16 inch for slow speeds
and slightly closer together (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 cush-
ioning effect mentioned above.

Stick to the regular hand key for learning
code. No other key is satisfactory for this
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
semi-automatic 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 characters, there
is no reason to become discouraged. 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 little 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 non-commercial purposes and even for
most commercial purposes if you have pa-
tience, 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
practice), you will occasionally miss a signal
or a small group of them. When you do, leave
a blank space; do not spend time futilely
trying to recall it; dismiss it, and center at-
tention on the next letter; otherwise you’ll
miss more. Do not ask the sender any questions
until the transmission is finished.

To prevent guessing and get equal practice
on the less common letters, depart occasional-
ly 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, Y 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 at
them. So long as they give you trouble you are
not ready for anything else.

Follow the same procedure with letters
which you may tend to confuse such as F and L,
which are often confused by beginners. 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 alphabet further.
You should never have to omit writing down
every signal you hear except when the trans-
mission is too fast for you.

Write down what you hear, not what you
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THE SIMPLEST CODE PRAC-
TICE SET CONSISTS OF A KEY mEUZ2E RV
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Additional sets of phones should

be connected in paraliel, not in
serles.

KEY

THESE PARTS AEQUIRED
ONLY IF HEADPHONE
OPERATION 1$ DESIRED

think it should be. It is surprising how often
the word which you guess will be wrong.

Copying
Behind

All good operators copy several
words behind, that is, while one
word is being received, they are
writing down or typing, say, the fourth or
fifth previous word. At first this is very difh-
cult, but after sufficient practice it will be
found actually to be easitr than copying close
up. It also results in more accurate copy and
enables the receiving operator to capitalize and
punctuate copy as he goes along. It is not rec-
ommended that the beginner attempt to do
this until he can send and receive accurately
and with ease at a speed of at least 12 words
a minute.

It requires a considerable amount of train-
ing to dissociate the action of the subconscious
mind from the direction of the conscious mind.
It may help some in obtaining 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

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 col-
umn 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 nos attempt to catch
up. There is a natural tendency to close up the
8ap, and you must train yourself 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; after 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 behind.

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

with practice. Do the same with all the words, and five words. The more you practice
words, and then reverse columns. keeping received material in mind, the easier
Figure 6.
SIMPLE VACUUM-TUBE CODE
PRACTICE OSCILLATOR. roore
Power is furnished by a dry cell TRANSFORMER 1H4G, 30
and a 4'3-volt “C" battery. If the OR 164G

0.006-ufd. capacitor is omitted, a
higher pitched note will result. The
note may have too low o pitch even
without the capacitor unless the
smallest, least expensive audia
transformer availlable is used. The
earphones must be of the magnetic
or dynamic type since the plate
current of the oscillator must flow
through the phones.

REVERSE THESE TWO
LEADS IF THERE IS
NO OSCILLATION

FILAMENT SWITCH

e Py

REY PHONES
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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
Machines

The two practice sets which
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 companion
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 receiv-
ing practice is by the use of a tape machine
(automatic code sending machine) with sev-
eral 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 matchine 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 particular-
ly when working far distant stations. When
receiving conditions are particularly poor many
commercial stations also send slowly, some-
times repeating every word. Until you can
copy around 10 w.p.m. your receiver isn't
much use, and either another operator or a
machine or records are necessary for getting
receiving practice after you have once memo-
rized 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.

Figure 7.

THE CIRCUIT OF FIGURE 6 1S

USED IN THIS BATTERY - OPER-

ATED CODE PRACTICE OSCIL-
LATOR.

A tube and audio transformer essentially com-

prise the oscillator. Fahnestock clips screwed

to the base-board are used to make connec-
tion to the batterles, key, and phones.

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 (telegraph) operators use
a "light” style of sending and can send some-
what faster when using this light touch. But,
in radio work static and interference are often
present, and a slightly heavier dot is de-
sirable. If you use a husky key, you will find
yourself automatically sending in this man-
ner.

To generate a tone simulating a code signal
as heard on a receiver, either a mechanical
buzzer or an audio oscillator may be used.
Figure 5 shows a simple code-practice set
using a buzzer which may be used directly
simply by mounting the buzzer on a sounding
board, or the buzzer may be used to feed
from one to four pairs of conventional high-
impedance phones.

An example of the audio-oscillator type of
code-practice set is illustrated in figures 6 and
7. Any type of battery-filament tube may be
used in this circuit to make up a satisfactory
“howler” for code-practice work. The circuit
is shown in figure 6.



CHAPTER TWO

Direct Current Circuits

All naturally occurring matter (excluding
artificially produced radioactive substances) is
made up of 92 fundamental constituents called
elements. These elements can exist either in
the free state such as iron, oxygen, carbon,
copper, tungsten, and aluminum, or in chemi-
cal 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 or noble gaseous
elements helium, neon, argon, krypton, xenon,
and radon are the only gaseous elements that
ever exist in a stable monatomic state at
ordinary temperatures.
The Atom  An atom is an extremely small
unit of matter — there are liter-
ally billions of them making up so small a
piece of material as a speck of dust. But to
understand the basic theory of electricity and
hence of radio, we must go further and divide
the atom into its main components, a positive-
ly 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 upon the behavior of these electrons,
when freed from the atom, that depends the
study of electricity and radio, as well as allied

17

sciences. Actually it is possible 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 com-
posed 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 and 92
orbital electrons. The number of orbital elec-
trons is called the aromic number of the
element.

From the above it must not be thought that
the electrons revolve in a haphazard manner
around the nucleus. Rather, the electrons in
an element having a large atomic number are
grouped into “shells” having a definite num-
ber of electrons. The only atoms in which
these shells are completely filled are those of
the inert or noble gases mentioned before; all
other elements have one or more uncompleted
shells of electrons. If the uncompleted shell is
nearly empty, the element is metallic in char-
acter, being most metallic when there is only
one electron in the outer shell. If the incom-
plete shell lacks only one or two electrons, the
element is usually non-metallic. Elements with
a shell about half completed will exhibit both
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non-metallic and metallic character; carbon,
silicon, germanium, and arsenic are examples
of this type of element.

In metallic elements these outer-shell elec-
trons are rather loosely held. Consequently,
there is a continuous helter-skelter movement
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 current.

If the free electrons are numerous and loose-
ly held, the element is a good conductor. On
the other hand, if there are few free elec-
trons, as is the case when the electrons in an
outer shell are tightly held, the element is a
poor conductor. If there are virtually no free
electrons, the element is a good insulator.

2-1 Fundamental Electrical
Units and Relationships

The free electrons in
a conductor move con-
stantly about and
change their position in a haphazard manner.
To produce a drift of electrons or electric
current along a wire it is necessary that there
be a difference in pressure or pofential be-
tween the two ends of the wire. This potential
difference can be produced by connecting 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 attract
free electrons from the wire in order to be-
come neutral. The attracting of electrons con-
tinues through the wire, and finally the excess
electrons at the negative terminal of the bat-
tery 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 difference
is the result of a difference in the number of
electrons between the two (or more) points in

Electromotive Force:
Potential Difference

question. The force or pressure due to a
potential difference is termed the electromotive
force, usually abbreviated e.m.f. or EM.F. It 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. It 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
Current

The flow of electrons along a
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 knocking off one or more electrons
trom the atom, which in turn move a short
distance and collide with other atoms, knock-
ing 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 source of the em.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.

Ampere and There are two units of measure-
Coulomb ment associated with current,

and they are often confused.
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, conversely, equal to one ampere-second.
Thus we see that coulomb indicates amount,
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and ampere indicates rate of flow of electric
current.

Many textbooks speak of current flow as
being from the positive terminal of the e.m.f.
source through the conductor to the negative
terminal. Nevertheless, it has long been an
established fact that the current flow in a
metallic conductor is the electronic flow from
the negative terminal of the source of voltage
through the conductor to the positive terminal.
This is easily seen from a study of the fore-
going explanation of the subject. The only ex-
ceptions to the electronic direction of flow
occur in gaseous and electrolytic conductors
where the flow of positive ions toward the
cathode or negative electrode constitutes a
positive flow in the opposite direction to the
electronic 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 sometimes 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 negative charges,
current flow and algebraic electron flow do
pass in the same direction.

The flow of current in a material
depends upon the ease with
which electrons can be detached from the
atoms of the material and upon its molecular
structure. In other words, the easier it is to
detach electrons from the atoms the more free
electrons there will be to contribute 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 obm. Every
substance has a specific resistance, usually ex-
pressed as obms per mil-foot, which is deter-
mined by the material's molecular structure
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 resistance of a uniform

Resistance

TABLE OF RESISTIVITY
Resistivity in

Ohms per Temp. Coeff. of

Cireular resistance per °C
Material Mil-Foot at 20° C,
Aluminum 17 0.0049
Brass 45 0.003 to 0.007
Cadmium 46 0.0038
Chromium 16 0.00
Copper 10.4 0.0039
fron 59 0.006
Silver 9.8 0.004
Zine 36 0.0035
Nichrome 650 0.0002
Constantan 298 0.00001
Manganin 290 0.00001
Monel 255 0.0019

length of a given substance is directly pro-
portional to its length and specific resistance,
and inversely proportional to its cross-section-
al 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 resist-
ance to one 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 dimensions of a con-
ductor may be expressed by the following
equation:
horl
T A

Where

R = resistance in ohms

r = resistivity in obms per mil-foor

! = length of conductor in feet

A = cross-sectional area in circular mils

The resistance also depends upon tempera-
ture, increasing with increases in temperature
for most substances (including most metals),
due to increased electron acceleration and
hence a greater number of impacts between
electrons and atoms. However, in the case of
some substances such as carbon and glass the
temperature coefficient is negative, which
means that the resistance decreases as the
temperature increases. This is also true of
electrolytes. 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 generated
when the electrons and atoms collide.

In the molecular structure of
many materials such as glass,
porcelain, and mica all elec-

Conductors and
Insulators
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Figure 1.

SIMPLE SERIES CIRCUITS.
At (A) the battery is in series with a single
resistor. At (B) the battery is in series with
two resistors, the resistors themselves being
in series. The arrows indicote the direction of
electron flow.

trons are tightly held within their orbits and
there are comparatively few free electrons.
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
shell, are good conductors. Silver, copper, and
aluminum, in that order, are the best of the
common metals used as conductors and are
said to have the greatest conductivity, or low-
est resistance to the flow of an electric current.

These units are the volt, the
ampere, and the ohm. They
were mentioned in the pre-
ceding paragraphs, but were not completely
defined in terms of fixed, known quantities.

The fundamental unit of cwrrent, or rate of
flow of electricity is the ampere. A current
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 centi-
meters in length. The expression megobm
(1,000,000 ohms) is also sometimes used
when speaking of very large values of resist-
ance.

A volt is the e.m.f. that will produce a cur-
rent of one ampere through a resistance of
one ohm. 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

Fundamental
Electrical Units

in a bridge circuit, since only an infinitesimal
amount of current may be drawn from it with-
out disturbing its characteristics.

Ohm’s Law The relationship between the

electromotive force (voltage),
the flow of current (amperes), and the resist-
ance 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 amperes is
equal to the voltage in volts divided by the
resistance in obhms. Expressed as an equation:

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

equal to -E When the voltage is the un-
known quantity, it can be found by multiply-
ing I X R. These three equations are all
secured from the original by simple transposi-
tion. The expressions are here repeated for
quick reference:

E
I

where I is the current in amperes,
R is the resistance in ohms,
E is5 the electromotive force in volts.

I = R = E = IR

= [t

All electrical circuits fall in-
to one of three classes: series
circuits, parallel circuits, and
series-parallel circuits. A series circuit is one
in which the current flows in a single continu-
ous path and is of the same value at every

Applications of
Ohm’s Law

Figure 2.
SIMPLE PARALLEL
CIRCUIT.

The two resistors R: and R: are soid to be in
parallel since the flow of current is offered
two parallel 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 hos
the lower resistance.
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PRESSURE
OR
POTENTIAL
E

RATE OF FLOW
METER, ]

SMALL PIPE OFFERING
RESISTANCE TO FLOW, R

QUANTITY, Q

Figure 3.
WATER ANALOGY OF CURRENT
AND POTENTIAL.

The instrument E indicates the water pres-
sure, which is equivalent to potential or volt-
age. The instrument | indicates the rate-of-
flow, which is equivalent to current, The
quantity of water which has possed through
the system is equivalent to the quantity of
electrons which has passed through a circuit,
usually expressed in coulombs.

point in the circuit. In a parallel circuit there
are two or more current paths between two
points in the circuit, as shown in figure 2.
Here the current divides at A, part going
through R: and part through R: and com-
bines at B to return 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 arrangements 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 con-
necting conductors, and the apparatus itself.
Thus, if each part has some resistance, no
matter how little, and a current is flowing
through it, there will be a voltage 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.

The source of voltage has an internal re-
sistance, and when connected 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 a 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 no load voltage;
that measured with current flowing is the /oad
voltage. It is apparent that a voltage source
having a low internal resistance is most de-
sirable, in order that the internal IR drop will
be as small as possible, thereby making the
load voltage more nearly equal to the no load
voltage.

Resistances
in Series

The current flowing in a series
circuit is equal to the voltage
impressed divided by the rotal
resistance across which the voltage is im-
pressed. Since the same current flows through
every part of the circuit, it is merely necessary
to add all the individual resistances to obtain
the total resistance. Expressed as a formula:

R|-»|-I=R1+R:+RJ+...+R.\‘.

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

Resistances
in Parallel

Consider two resistors, one of
100 ohms and one of 10 ohms,
connected in parallel as in figure
2, with a voltage of 10 volts applied across
the combination. The same voltage is across
each resistor, so the current through each can
be easily calculated.

E
I =—
R
E = 10 volts
R = 100 ohms
I =) 0.1
100 = & ampere
E = 10 volts
R = 10 ohms
10
I =— = 1.
10 1.0 ampere

Until it divides at A, the entire current of
1.1 amperes is flowing through the conductor
from the battery, and again from B through
the conductor to the battery. Since this is more
current than flows through the smaller resistor
it is evident that the resistance of the parallel
combination must be less than 10 ohms, the
resistance of the smaller resistor. We can find
this value by applying Ohm’'s law.
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>, ~

Bl R3 - Figure 4.

o o + SERIES-PARALLEL
NS CIRCUIT.

In this type of circuit the resistors ore or-
ronged in series groups, and these seriesed
groups ore then placed in porallel.

E

R = —
I

E = 10 volts

I = 1.1 amperes
10

R =

— = 9.09 ohms
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.

This formula is:

R: X R:
R=_—__ "
Rl + R:
where R is the unknown resistance,
R is the resistance of the first resistor,
Ra is the resistance of the second re-
sistor.

If the effective value required is known,
and it is desired to connect one unknown re-
sistor in parallel with one of known value,
the following transposition of the above for-

Figure S.
OTHER COMMON SERIES-PARALLEL
CIRCUITS.

mula will simplify the problem of obtaining
the unknown value:
Ri X R

R: = ———
R: — R
where R is the effective value required,
R\ is the known resistor,
R: is the value of the unknown resist-
ance necessary to give R when
in parallel with R.

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

1
R =
1 1 1 1
—t—t—+.... =
Ri R: Rs Ra

The effective value of placing any number
of unlike resistors in parallel can be deter-
mined from the above formula. However, it
is commonly used only when there are three
or more resistors under consideration, since
the simplified formula given before is more
convenient when only two resistors are being
used.

When two or more resistors of the same
value are placed in parallel, the effective re-
sistance of the paralleled resistors is equal to
the value of one of the resistors divided by
the number 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 resistance in
the combination. It is well to bear this simple
rule in mind, as it will assist greatly in ap-
proximating the value of paralleled resistors.

To find the total resistance of
several resistors connected in
series-parallel, it is usually
easiest to apply either the formula for series
resistors or the parallel resistor formula firse,
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 resistors in each branch. In
figure 5 the paralleled resistors should be re-
duced to the equivalent series value, and then
the series resistance values can be added.

Resistors in
Series-Parallel
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Figure 6.
ANOTHER TYPE OF
SERIES-PARALLEL CIRCUIT.

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

R =

1 1 1
+
Ri+R: R:+ Ri+ Rs

+
R: + R-

Yoltage Dividers A voltage divider is ex-
actly what its name im-
plies: a resistor or a series of resistors con-
nected 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 supply
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 following example.

Assume that an accurately calibrated volt-
meter reading from 0 to 150 volts is available,
and that the source of voltage is exactly 100
volts. This 100 volts is then impressed through
a resistance of exactly 1,000 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 (1,000 ohms) and the voltage
source (100 volts) are unchanged. Thus, at
a 500-ohm point on the resistor (half its en-
tire resistance), the voltage will likewise be
halved or reduced to 50 volts.

-—
+
1
i
LOAD
Figure 7.
SIMPLE VOLTAGE DIVIDER
CIRCUIT.

The arrows indicate the manner in which the
current flow divides between the voltage
divider itself and the external load circuit.

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 resist-
ance 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 predetermine the voltage at any
point along the resistor, provided that the cur-
rent remains constant, and provided that no
current is taken from the tap-on point unless
this current is taken into consideration.

Figuring
Voltage Dividers

Proper design of a voltage
divider for any type of
radio equipment is a rela-
tively simple matter. The first consideration is
the amount of “bleeder current” to be drawn.
In addition, it is also necessary that the desired
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 cur-
rent, while the heavy arrows indicate the flow
of the load current. The design of a combined
bleeder resistor and voltage divider, such as is
commonly used in radio equipment, is illus-
trated in the following example.

A power supply delivers 300 volts and is
conservatively rated to supply all needed cur-
rent for the receiver and still allow a bleeder
current of 10 milliamperes. The following
voltages are wanted: 75 volts at 2 milli-
amperes for the detector tube, 100 volts at 5
milliamperes for the screens of the tubes, and
250 volts at 20 milliamperes for the plates of
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Figure 8.
MORE COMPLEX VOLTAGE DIVIDER.
The method for computing the values of the
resistors is discussed in the accompanying text.

the tubes. The required voltage drop across Rs
is 75 volts, across R: 25 volts, across Rs 150
volts, and across R. it is 50 volts. These values
are shown in the diagram of figure 8. The
respective current values are also indicated.
Apply Ohm's law:

E 75
Ri = — = —— = 7,500 ohms.
I 01
E 2
R: = — = —— = 2,083 ohms
I .012
E 150
Ri = — = —— = 8,823 ohm:s.
I .017
E 50
Ri=—=——=1,351 ohms.
I 037

Rowat = 7,500 + 2,083 + 8,823 +
1,351 = 19,757 ohms.

A 20,000-ohm resistor with three sliding taps
will be of the approximately correct size, and
would ordinarily be used because of the diff-
culty 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 estimating the probable
currents through the various taps.

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 re-
mains a constant value.

-2 AMPS "™
(__. — Ry — j
—_— — - —

=2 AMPS

WA WA

R2 R3

+4 AMPS,
I -+ l
— I

20 VOLTS

bd

Figure 9.
ILLUSTRATING KIRCHHOFF'S
FIRST LAW,

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

One of the serious disad-
vantages of the voltage di-
vider 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 pro-
viding a heavy steady bleeder current in order
1o make the individual 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 current
which would be required.

Disadvantages of
Voltage Dividers

Kirchhoff’s Laws Ohm's law is all that is
necessary to calculate the
values in simple circuits, such as the preceding
examples; but in more complex problems, in-
volving several loops or more than one volt-
age in the same closed circuit, the use of
Kirchhoff’s laws will greatly simplify the cal-
culations. 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 thar:

At any point in a circust the current

flowing toward the point is equal to

the current flowing away from the
point.

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; so the law can be
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stated in another way, as: The algebraic sum
of all currents entering and leaving a point is
zero.

Figure 9 illustrates this first law. Since the
effective resistance of the network of resistors
is 5 ohms, it can be seen that 4 amperes flow
toward point A, and 2 amperes flow away
through the two $5-ohm resistors in series,
while 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 R is the
effective resistance of the network (5 ohms),
R: = 10 ohms, R: = 5 ohms, Rs = 5 ohms,
and E = 20 volts, we can set up the following
equation:

E E E
—_——_——— — =0
R R. R: + Rs
20 20 20
—_——— =0
5 10 5 + 5

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 conveniently be
stated in terms of an algebraic sum as: The
algebraic sum of all voltage 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 direction
of current flow (including the internal drop
of the sources of voltage) are considered
negative.

Figure 10 shows an example of the applica-
tion of Kirchhoff's laws to a comparatively
simple circuit consisting of three resistors and
two batteries. First assume an arbitrary direc-
tion of current flow in cach closed loop of the
circuit. Next draw an arrow to indicate the
direction of current flow assumed so that you
will not forget. Then equate the sum of all IR
drops plus battery drops around cach loop to
zero. You will need one equation for cach
unknown to be determined. Then solve the
cquations for the unknown currents in the
general manner indicated in figure 10. If the
answer comes out positive the direction of

2 OHMS 3 0OHMS

S 2 OHMS
- +

W —T—:VO;TS\IZ/ T J—VOLTS

1. SET VOLTAGE DROPS AROUND EACH LOOP EQUAL TO 2ERO.
112 oumgyt2 (11=12) +32 0 (FinsT LoOP)
~6+2(12~11)+312=0 (secono Loor)

2.  SIMPLIFY
2l1+211—-212+3=0
41143

212-211+312-6=0
512-211-6=0

I 211+6
g =I2
3. Equate
4L1+3 _ 211+6
2 5
4. SIMPLIFY
2011 +15= 411 +12
I =--,% AMPERE
5. RE-SUBSTITUTE
-1 1
ﬁ+3 2z
12= 5 = ——= 1§ AmpERE

Figure 10.
ILLUSTRATING KIRCHHOFF'S
SECOND LAW.

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

current flow you originally assumed was cor-
rect. If the answer comes out negative, the
current flow is in the opposite direction to
the arrow which was drawn originally. This is
illustrated in the example of figure 10 where
the direction of flow of I is opposite to the
direction assumed in the sketch.

In order to cause electrons
to flow through a con-
ductor, constituting a cur-
rent flow, it is necessary to apply an electro-
motive force (voltage) across the circuit. Less
power is expended in creating a small current
flow through a given resistance than in creat-
ing a large one; so it is necessary to have a
unit of power as a reference.

The unit of electrical power is the watt,
which is the rate of energy consumption when
an cm.f. of 1 volt forces 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 current flowing
in, a given circuit. Hence: P (waus) = E
(volts) X I (amperes).

Power in
Resistive Circuits
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FR Enbs Figure 11,
1l- 4 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 bat-
tery R;.

Since it is often convenient to express
power in terms of the resistance of the circuit
and the current flowing through it, a substi-
tution of IR for E (E = IR) in the above
formula gives: P = IR X I 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 becomes P = E X
E/R, or P = E'/R. To repeat these three ex-
pressions:

P=El, P=TIR, 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 across a cathode
resistor in a power amplifier stage is 50 volts;
the plate current flowing through the resistor
is 150 milliamperes. The number of watts the
resistor will be required to dissipate is found
from the formula: P = El, or 50 X .150 =
7.5 watts (.150 amperes is equal to 150 milli-
amperes). From the foregoing it is seen that
a 7.5-wartt resistor will safely carry the re-
quired current, yet a 10- or 20-watt resistor
would ordinarily be used to provide a safety
factor.

In another problem, the conditions being
similar to those above, but with the resistance
and current being the £nown factors, the solu-
tion is obtained as follows: P = I'R = 0225
X 333.33 = 7.5. If only the voltage and re-
sistance 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 par-
ticular equation depends only upon the known
factors.

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

watts, horsepower, etc.). rep-
resents the rate of energy consumption or the

rate of doing work. But when we pay our elec-
tric bill to the power company we have pur-
chased a specific amount of emergy or work
expressed in the common units of kilowatt-
hours. Thus rate of energy consumption (watts
or kilowatts) multiplied by #ime (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 heac 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 resist-
ance, 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.

2-2 Electrostatics — Capacitors

Electrical energy can be stored in an electro-
static field. A device capable of storing energy
in such a field is called capacstor (in earlier
usage the term condenser was frequently used
but the IRE standards call for the use of
capacitor instead of condenser) and is said to
have a certain capacitance. The energy stored
in an electrostatic field is expressed in jowles
(wartt seconds) and is equal to CE'/2, where
C is the capacitance in farads (a unit of

-capacitance to be discussed) and E is the po-

tential in volts. The charge is equal to CE, the
charge being expressed in coulombs.

Copacitance and Two metallic plates separat-
Capacitors ed from ecach other by a
thin layer of insulating ma-
terial (called a drelectric, in this case), be-
come a capacitor. When a source of d-¢ po-
tential is momentarily applied across these
plates, they may be said to become charged.
If the same two plates are then joined together
momentarily by means of a wire, the capacitor
will discharge.
When the potential was first applied, clec-
trons immediately flowed from one plate to the
other through the battery or such source of
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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 es-
tablishing a shortage of electrons on one plate
and a surplus of electrons 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 a manner as to re-establish a
state of balance. In the case of the capacitor
herein discussed, the surplus quantity of elec-
trons on one of the capacitor plates cannot
move to the other plate because the circuit has
been broken; that is, the battery or d-c poten-
tial was removed. This leaves the capacitor in
a charged condition; 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 as electrostatic
energy, as contrasted with electromagnetic
energy in the case of an inductor. This charge
can also be called porential energy because it
is capable of performing work when the charge
is released through an external circuit.

In case it is difficult for the reader to under-
stand why the charge is proportional to the
voltage but the energy is proportional to the
voltage squared, the following analogy may
make things clear.

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

Compare the electrons to water, and two
capacitors to standpipes, a 1 ufd. capacitor to
a standpipe having a cross section of 1 square
inch and a 2 ufd. capacitor to a standpipe hav-
ing 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. Suppose the water is
equal to 5 gallons.

Now the potential energy, or capacity for
doing work, of the 5 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-
itance: The Farad

If the external circuit
of 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 discharge
of a capacitor. The amount of stored energy in
a charged capacitor is dependent upon the
charging potential, as well as a factor which
takes into account the size of the plates, di-
electric thickness, nature of the dielectric, and
the number of plates. This factor, which is de-
termined by the foregoing, is called the capaci-
tance of a capacitor and is expressed in farads.

The farad is such a large unit of capacitance
that it is rarely used in radio calculations, and
the following more practical units have, there-
fore, been chosen:

1 microfarad = 1/1,000,000 of a farad, or
000001 farad, or 10 farads.

1 micro-microfarad.= 1/1,000,000 of a mi
crofarad, or 000001 microfurad, or lO'"PM' )

microfarads.

AAp A

1 micro-microfarad = one-millionth of one-
millionth of a farad, or 107 farads.

If the capacitance is to be expressed in micro-
farads in the equation given for energy
storage, the factor C would then have to be
divided by 1,000,000, thus:
CXE
Stored energy in joules = —— ——
2 X 1,000,000

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

Dielectric
Materials

Although any substance which
has the characteristics of a good
insulator may be used as a dielec-
tric material, commercially manufactured ca-
pacitors make use of dielectric materials which
have been selected because their characteristics
are particularly suited to the job at hand. Air
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TABLE OF DIELECTRIC MATERIALS
DIELECTRIC| POWER  [soFTENING
MATERIAL CONSTANT | FACTOR POINT
10 MC. 10 MC. IFAHAENHEIT
ANILINE -FORMALDEHYOE 3.4 0.004 260°
RESIN
CASTOR OIL 4.87
CELLULOSE ACETATE 3.7 0.04 1860°
GLASS, WINDOW -8 POOR 2000°
GLASS, PYREX 4.5 0.02
r&EthL-M[YNACﬂVLAY! - 2.8 0.007 180°
MIC A 5.4 0.0003
MYCALEX, MYRROY 7.0 0.002 830°
PHENOL - FORMAL DEHYDE
LOW-LOSS YELLOW i 5.0 0.013 2ro®
PHENOL - FORMALOEHYDE
BLACK BAKELITE s.s 0.03 3%0°
PORCEL AIN 1.0 0.008 2800°
POLYETHYLENE 2.28 0.0003 220°
POLYSTYRENE 2.5% 0.0002 178
QUARTZ, FUSED 4.2 0.0002 2600°
AUBBEA, HARD-EBONITE 2.8 ©0.007 180°
STEATITE [X] 0.003 2100°
SULFUR 3.8 0.003 238°
TITANIUM DIOXIDE 100-178 0.0008 2700°
TRANSFORMER OIL 2.2 0.003
UREA -FORMALDEHYDE 8.0 0.0 280°
VINYL RESINS 4.0 0.02 200°
WOOD, MAPLE 4.4 POOR
FIGURE 12,

is a very good dielectric material, but an air-
spaced capacitor does not have a high capaci-
tance since the dielectric constant of air is
only slightly greater than one. A group of

other commonly used dielectric materials is-

listed in figure 12.

The capacitance of a capacitor is
determined by the thickness and
nature of the dielectric material
between plates. Certain materials offer a greater
capacitance than others, depending upon their
physical makeup and chemical constitution.
This property is expressed by a constant K,
called the dielectric constant.

Dielectric
Constant

If the charge becomes too great
for a given thickness of a certain
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 rating is commonly expressed
as the d-c working voltage.

Dielectric
Breakdown

Calculation of The capacitance of two parallel
Capacitance  plates is given with good accu-
racy by the following formula:

A
C=0.2248 X K X —,
t

CIRCULAR PLATE CAPACITORS
CAPACITANCE FOR A GIVEN SPACING

0
T

SPACING IN INCHES
a G

T
|1

.\\

1 2 3 4 -] L] T s ] 100 1 12 13 14

CAPACITANCE IN MICRO-MICROFARADS

Figure 13.
Through the use of this chart it is possible to
determine the required plote diameter (with
the necessary spacing established by peok
voltage considerations) for a circulor-plate
neutralizing capacitor. The capacitance given
is for a dielectric of air and the spacing given
is between adjacent faces of the two plates.

where C = capacitance in micro-microfarads,
K = dielectric constant of spacing
material,
A = area of dielectric in square inches,
t = thickness of dielectric in inches.

This formula indicates that the capacitance
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 capacitance will be
doubled. Also, if the area of the plates re-
mains constant, and the plate spacing is
doubled, the capacitance will be reduced to half.

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

W here the area of the plates is definitely set,
and when it is desired to know the spacing
needed to secure a required capacitance,

A X 02248 X K
t{—
C
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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 multiply-
ing by 3.1416, or "pi." Expressed as an
equation;
A = 3.1416 X 7,

where r = radius in inches.

The capacitance of a multi-plate capacitor
can be calculated by taking the capacitance of
one section and multiplying this by the num-
ber 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 entirely 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, there-
fore, be within practical limits of accuracy.

Capacitors in
Parallel and
in Series

Equations for calculating ca-
pacitances of capacitors in par-
allel connections are the same
as those for resistors in serfes:

C=C + G etc.

Capacitors in serses connection are calculated
in the same manner as are resistors in parallel
connection.

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

1
c= :
1 1 1
G G G
1 1 1 1
or—=—4—+ =

cC GG G G

(2) Two capacitors of unequal capacitance in

series:
Cl X C’.‘
G+C
(3) Three capacitors of equal capacitance in
series:
C
C = — where C: is the common capacitance.

—

=Ci1 ==Ca2 C C
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CAPACITORS IN SERIES-PARALLEL

Figure 14,
CAPACITORS IN SERIES, PARALLEL,
AND SERIES-PARALLEL.

(4) Three or more capacitors of equal capac-
itance in series.

Value of common capacitance

Number of capacitors in series

(5) Six capacitors in series parallel:
1 1 1
c= + +
1 1 1 1 1 1
—t— = —+=
G C G G G G

Capacitors in A-C
and D-C Circuits

When a capacitor is con-
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.

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 current
previously referred to and is dependent upon
the internal d-c resistance of the capacitor.
This leakage current is usually quite notice-
able in most types of electrolytic capacitors.

When an alternating current is applied to
a capacitor, the capacitor will charge and dis-
charge a certain number of times per second
in accordance with the frequency of the alter-
nating voltage. The electron flow in the charge
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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 infinite opposition to a direct
current. These two properties are repeatedly
in evidence in a radio circuit.

Voltage Roting Any good paper dielectric
of Copacitors  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. is connected across two 1-ufd. 500-volt
capacitors in series, the chances are that the
voltage will divide unevenly and one capacitor
will receive more than 500 volts and the other
less than 500 volts.

Voltage Equalizing
Resistors

By connecting a half-
megohm 1-watt carbon
resistor across each capac-
itor, the voltage will be equalized because
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 ohm-
meter to find two that are as close as possible
in resistance. The exact resistance is unimport-
ant, just so it is the same for the two resistors
used.

Capacitors in
Series on A.C.

When two capacitors are con-
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. Because,
in addition to the d.c. across a capacitor in a
filter or audio amplifier circuit there is usually
an a-c or a-f voltage component, it is inad-
visable to series-connect capacitors of unequal
capacitance even if dividers are provided to
keep the d.c. within the ratings of the in-
dividual capacitors.

For instance, if a 500-volt 1-ufd. capacitor
is used in series with a 4-ufd. 500-volt capac-
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Figure 15.
SHOWING THE USE OF VOLTAGE EQUALIZ-
ING RESISTORS ACROSS CAPACITORS CON-
NECTED IN SERIES.

itor across a 250-volt a-c supply, the 1-ufd.
capacitor will have 200 volts a.c. across it and
the 4-ufd. capacitor only 50 volts. An equaliz-
ing divider to do any good in this case would
have to be of very low resistance because of
the comparatively low impedance of the capac-
itors 0 a.c. 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 resist-
ance proportioning resistors across the various
capacitors to equalize the d-c voltage drop
across each capacitor. This holds regardless of
how many capacitors are series-connected.

Electrolytic
Copacitors

Electrolytic capacitors use a very
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 electrolytic
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 connects to the positive ter-
minal of the mext capacitor in the series com-
bination. The method of connection for elec-
trolytic capacitors in series is shown in figure
16.

Similar electrolytic capacitors, of the same
capacitance and made by the same manufac-
turer, have mote neatly uniform internal re-
sistance, though it still will vary considerably.
However, the variation is not nearly as great
as encountered in paper capacitors, and the
lowest d-c voltage is across the weakest (leak-
iest) electrolytic capacitor of a series group.

As an electrolytic capacitor begins to show
signs of breaking down from excessive volt-
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POLARIZED CAPACITORS (ELECTROLYTIC) IN SERIES

Figure 16.

age, the leakage current goes up, which tends
to heat the capacitor and aggravate the condi-
tion. However, when used in series with one
or more others, the lower resistance (higher
leakage current) tends to put less d-c voltage
on the weakening capacitor and more on the
remaining ones. Thus, the capacitor with the
lowest leakage current, usually the best capac-
itor, has the highest voltage across it. For this
reason, dividing resistors are not essential
across series-connected electrolytic capacitors.

2-3 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 mag-
netic field is set up around any conductor
carrying a current, but the field exists only
while the current is flowing.
Mognetic Fields  Before a potential, or volt-
age, is applied to a con-
ductor there is no external field, because there
is no general movement of the electrons in
one direction. However, the electrons do pro-
gressively move along the conductor when an
e.m.f. is applied, the direction of motion de-
pending upon the polarity of the em.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 current is flowing. This field is
known as the magnetic field.

The magnetic field around a current-carry-
ing conductor is illustrated in figure 17. The
direction of this magnetic field depends en-
tirely upon 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 counter-clock-
wise. 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 ex-
ternal magnetic field, so that the greater the
number of electrons moving along the con-
ductor, the stronger will be the resulting field.

One of the fundamental laws of magnetism
is that ltke poles repel one another and unlike
poles attract one another. This is true of cur-
rent-carrying conductors as well as of perman-
ent magnets. Thus, if two conductors are
placed side by side and the current in each is
flowing in the same direction, 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 a conductor may
be considerably increased in strength by wind-
ing the wire into a coil. The field 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 externally 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 direc-
tion of the north pole of the magnetic field.

The Mognetic 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
Density

As a current is made up of a
drift of electrons, so is a mag-
netic 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 upon 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 maxwell, and
the symbol is the Greek letter ¢ (phi).
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Figure 17.
LEFT-HAND RULE.
Showing the direction of the magnetic lines of
force produced around a conductor carrying
an electric current.

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

The force which produces a
flux in a magnetic circuit
is called magnetomotive
force. It is abbreviated m.m.f. and is desig-
nated by the letter F. The unit of magneto-
motive force is the gilbert, which is equival-
ent to 1.26 X NI, where N is the number of
turns and I is the current flowing in the cir-
cuit 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).

Magnetomotive
Force

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. Combina-
tions of reluctances are treated the same as
resistances in finding the total effective re-
luctance. The specific reluctance of any sub-
stance is its reluctance per unit volume.

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 purposes, may be considered
the same as the specific reluctance of air.

Reluctance

The relations between
flux, magnetomotive force,
and reluctance are exactly

Ohm’s Law for
Magnetic Circuits

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
R ¢
where ¢ = flux, F = m.umf., and R = re-
luctance.
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 ex-
ample, has a permeability of around 2000
times that of air, which means that a given
amount of magnetizing effect produced in an
iron core by a current flowing 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 B
BE=—orp = —
H H
where u is the permeability, B is the flux
density in gausses, B is the flux density in
lines per square inch, H is the m.um.f. in
gilberts per centimeter (oersteds), and H is
the m.m.f. in ampere-turns per inch. These
relations may also be stated as follows:

B B
H=—otH=-—and B=HporB = Hpu
® ®

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
condnctivity. There is, however,
one important difference: the permeability of
magnetic materials is not independent of the
magnetic current (flux) flowing through i,
although electrical conductivity is substantially
independent of the electric current in a 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.
Colculations To simplify magnetic circuit
calculations, a magnetization
curve may be drawn for a given unit of ma-
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terial. Such a curve is termed a B-H curve,
and is arrived at by experiment. B-H curves
for most common magnetic materials are avail-
able in many reference books, so none will be
given here.

Residual Magnetism;
Retentivity

The magnetism remain-
ing in a material after
the magnetizing force
is removed is called residual magnetism. Re-
tentivity is the property which causes a mag-
netic material to have residual magnetism after
having been magnetized.

Hysteresis;
Coercive Force

Hysteresis is the characteristic
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 magnetiz-
ing force. Hysteresis loss is apparent in trans-
formers and chokes by the heating of the core.
Inductance  If 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 instantaneous-
ly rise to its maximum value, but builds up
to it. While it is building up, the magnetic
field is expanding around the conductor. Of
course, this happens in a small fraction of a
second. If the switch is then opened, the cur-
rent 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 continuous circuit which it
cuts. Such a field can be obtained in the way
just mentioned by means of a vibrator inter-
ruptor, or by applying a.c. to the circuit in
place of the battery. Varying the resistance of
the circuit will also produce the same effect.
This inducing of a current in a conductor due
to a varying current in another conductor not
in actual contact is called electromagnetic in-
duction.

Self-induction  If an alternating current flows
through a coil the varying
magnetic field around each turn cuts itself and
the adjacent turn and snduces a voltage in the
coil of opposite polarity to the appiied e.m.f.
The amount of induced voltage depends upon

the number of turns in the coil, the current
flowing in the coil, and the number of lines
of force threading the coil. The voltage so
induced is known as a cosnter-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-e.m.f.
is of the same polarity and tends to maintain
the current. Thus, it can be seen that self-
induction 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 defined
immediately following.)

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

of 1 henry when a voltage of 1
volt is induced by a current change of 1 am-
pere per second. The henry, while com-
monly used in audio frequency circuits, is too
large for reference to inductance coils such as
those used in radio frequency circuits; milli-
henry or microbenry is more commonly used,
in the following manner:

1 henry = 1,000 misllihenrys, or 10° milli-
henrys.

1 millibenry = 1/1,000 of a henry, .001
benry, or 107 henry.

1 microbenry = 1/1,000,000 of a henry, or
000001 henry, or 10°° henry.

1 microbenry = 1/1,000 of a millibenry, .001
or 107 millihenrys.

1,000 microbenrys = 1 millibenry.

When one coil is near
another, 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
snduction, and can be calculated and expressed
in henrys. The symbol for mutual inductance
is M. Two circuits thus joined are said to be
inductively coupled.

The magnitude of the mutual inductance

Mutual Induction
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Figure 18.
MUTUAL INDUCTANCE.
The q ity M repr ts the tual induct-
ance between the two coils L; and L;.

depends upon the shape and size of the two
circuits, their positions and distances apart,
and the permeability of the medium. The ex-
tent to which two inductors are coupled is
expressed by a relation known as coefficient 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.

If a 3 henry coil and a 4 henry coil are
placed so that there is no coupling between
them, then the combined inductance of the
two in series will be 7 henrys. But if the coils
are placed in inductive relation to each other,
the inductance of the two in series will be
either greater or less than 7 henrys, depending
upon whether the polarity is such that the
mutual inductance aids the self-inductance or
bucks the self-inductance. If the total induct-
ance of the two coils when coupled measured
either 6 or 8 hentys, then the mutual in-
ductance would be (from the formula) 1%
henry.

Inductors in
Parallel

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

Inductors in
Series

Inductors in series are additive,
just as are resistors in series,
again provided that no mutual
inductance exists. In this case, the total in-
ductance L is:

L=1L + L. + ................ etc.
Where mutual inductance does exist:
L=1L + L. + ZM,

where M is the mutual inductance.

f——L — INDUCTANCE OF
SINGLE -LAYER

QU <

N TURns

-

WHERE: R 2 RADIUS OF COIL TO CENTER OF WIRE
L = LENGTH OF COIL
N = NUMBER OF TURNS

Figure 19.
FORMULA FOR

CALCULATING INDUCTANCE.
Through the use of the equation and the
sketch shown above the inductance of single-
layer solenoid coils can be calculated with an
accuracy of about one per cent for the types
of coils normally used in the h-f and v-h-f

range.

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

L=L1+L:_ZM,

where M is the mutual inductance.

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 cycles, whereas at very low frequencies
(50 to 60 cycles) their use is mandatory 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..
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 d.c.

The permeability of air does not change
with flux density; so the inductance of iron
core coils often is made less dependent upon 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
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in many applications of iron core coils, par-
ticularly 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 sub-
stantial proportion of the total reluctance.

Iron-core inductors may be used at radio
frequencies if the iron is in a very finely divid-
ed 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 extreme-
ly small particles of iron. The particles are
treated with an insulating 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 spe-
cial iron cores are entirely practical in circuits
which cperate up to 100 Mc. in frequency.

When switch $ in fig-
ure 20 is placed in
position 1, a voltmeter
across capacitor C will indicate the manner in
which the capacitor will charge through the
resistor R from battery B. If relatively large
values are used for R and C, and if a v-t volt-
meter 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.

It will be found that the voltage e 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 the capacitor voltage e approaches the bat-
tery voltage E. Actually, it will be found that
in any given interval a constant percentage of
the remaining difference between e 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 logarithmically,
or is said to follow an exponential curve.

A mathematical analysis of the charging of
a capacitor in this manner would show that
the relationship between the battery voltage E
and the voltage across the capacitor e could
be expressed in the following manner:

Time Constant—RC
and RL Circuits

e____E (1—5 -l/R(‘)

where ¢, E, R, and C have the values discussed

above, ¢ = 2.716 (the base of Naperian or
natural logarithms), and t represents the
time which has elapsed since the closing of the
switch. With t 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 megohm
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 t is equal to the
time constant of the RC network under con-
sideration, the exponent of ¢ becomes -1.
Now €' is equal to 1/¢, or 1/2.716, which
is 0.368. The quantity (1-0.368) then is
equal to 0.632. Expressed as a percentage, the
above means that the voltage across the capaci-
tor 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 combination, the voltage
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Figure 20.

TIME CONSTANT OF AN R-C CIRCUIT.
Shown at (A) is the circuit upon which is
based the curves of (B) and (C). (B) shows the
rate at which capacitor C will chorge from
the instant at which switch S is placed in
position 1. (C) shows the discharge curve of
capacitor C from the instant ot which switch

S is placed in position 3.
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across the capacitor will have risen to 63.2
per cent of the remaining difference in voltage,
or 86.5 per cent of the applied voltage E.

In the case of a series combination of a re-
sistor and an inductor, as shown in figure 21,
the current through the combination follows a
very similar law to that given above for the
voltage appearing across the capacitor in an
RC series circuit. The equation for the cur-
rent through the combination is:

E —t B
i=—<l—£ T)
R

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 resistance
of the inductor in series. Thus the time con-
stant of the RL circuit is L/R, with R ex-
pressed in ohms and L expressed in henrys.
When the switch in figure 20 is moved to
position 3 after the capacitor has been charged,
the capacitor voltage will drop in the manner
shown in figure 20C. In this case the voltage

S R (INCLUDING D.C. RESISTANCE
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Figure 21.

TIME CONSTANT OF AN R-L CIRCUIT.
Note that the time constant for the increase
in current through an R-L circuit is identical
to the rate of increase in voltage across the

capacitor in an R-C circuit.

across the capacitor will decrease to 36.8 per
cent of the initial voltage (will make 63.2
pet cent of the total drop) in a period of time
equal to the time constant of the RC circuit.



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 4.c. Equally as im-
portant in radio and communications work,
and more important in power practice, is a
type of current flow whose direction of electron
flow reverses periodically. The reversal of flow
may take place at a low rate, as in the case
of power systems, or it may take place mil-
lions of times per second in the case of com-
munications frequencies. This type of current
flow is called alternating current, abbreviated
a.c.

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 and changes its direc-
tion, rises to maximum in the opposite direc-
tion, and decreases to zero again. This com-
plete 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 cur-
rent passes through the complete cycle is called
the frequency of the current in cycles per
second. One and one quarter cycles of an alter-
nating current wave are illustrated diagram-
matically in figure 1.

37

Frequency Spectrum At present the usable fre-

quency range for alternat-
ing electrical currents extends over the liter-
ally enormous frequency range from about 15
cycles per second to perhaps 30,000,000,000
cycles per second. It is obviously impracticable
to use a frequency designation in c.ps. for
such enormously high frequencies, so three
common units which are multiples of one
cycle per second have been established.

These units are:
(1) the kilocycle (abbr., kc.), 1000 c.ps.

(2) the Megacycle (abbr., Mc.), 1,000,000
c.p.s. or 1000 ke.
(3) the kilo-Megacycle (abbr., kMc.),

1,000,000,000 c.p.s. or 1000 Mc.

With easily handled units such as these we can
classify the entire usable frequency range into
frequency bands.

The frequencies falling between about 15
and 20,000 c.p.s. are called awdio frequencies,
abbreviated a.f., since these frequencies are
audible to the human ear when converted
from electrical to acoustical signals by a loud-
speaker or headphone. Frequencies in the
vicinity of 60 c.p.s. also are called power fre-
quencies, since they are commonly used to dis-
tribute electrical power to the consumer.

The frequencies falling between 10,000
c.ps. (10 ke.) and 30,000,000,000 c.ps. (30
kMc.) are commonly called radio frequencies,
abbreviated r.f., since they are commonly used
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Figure 1.
ALTERNATING CURRENT
AND DIRECT CURRENT.
Graphical comparison between unidirectional
(direct) current and alternating current as
plotted against time.

in radio communication and allied arts. The
radio-frequency spectrum has been classified
into seven frequency bands, each one of which
is ten times as high in frequency as the one
just below it in the spectrum (except for the
v-1-f band at the bottom end of the spectrum).
The present spectrum, with classifications, is
given below.

Frequency Classification  Abbrev.
10 10 30 kc. Very-low frequencies v.lLf.
30 to 300 kc. Low frequencies Lf.
300 to 3000 kc. Medium frequencies  m.f.
3 t0 30 Mc. High frequencies h.f.
30 to0 300 Mc.  Very-high frequencies v.h.f.

300 to 3000 Mc. Ultra-high frequencies u.h.f.
3 t0 30 kMc. Super-high frequencies s.h.f.

Generation of Faraday discovered that if
Alternating Current a conductor which forms

part of a closed circuit is
moved through a magnetic field so as to cut
across the lines of force, a current will flow in
the conductor. He also discovered that, if a
conductor in a second closed circuit is brought
near the first conductor and the current in the
first one is varied, a current will flow in the
second conductor. This effect is known as
induction, 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 cur-
rent strength in the first conductor.

A current is induced in a conductor if there
is a relative motion between the conductor
and a magnetic field, its direction of flow de-
pending upon the direction of the relative
motion between the conductor and the field,
and its strength depends upon the intensity of
the field, the rate of cutting lines of force, and
the number of turns in the conductor.

Alternators A machine that generates an alter-

nating current is called an alter-
nator or a-¢ generator. Such a machine in its
basic form is shown in figure 2. It consists of
two permanent magnets, M, the opposite poles
of which face each other and are machined so
that they have a common radius. Between
these two poles, north (N) and south (S).
a substantially constant magnetic field exists.
If a conductor in the form of C is suspended
so that it can be freely rotated between the
two poles, and if the opposite ends of con-
ductor C are brought to collector rings, there
will be a flow of alternating current when
conductor C is rotated. This current will flow
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 entire
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 conductor moves
on across the pole face it cuts more and more
lines of force for each unit distance of travel,
untl it is cutting the maximum number of

" lines when opposite the center of the pole.

Therefore, zero current is induced in the con-
ductor at the instant it is midway between
the two poles, and maximum current is in-
duced when it is opposite the center of the

“NORTH®
MAGNET

HRTHD
i1 T RN AT

*SOUTHY
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 tigure 2.

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 alter-
nation of current in the opposite direction to
that of the first alternation.

The current does not 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 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 constant
magnetic field of uniform density. The arrow
also can be taken as a vector representing 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 constant. Now if the arrow
is rotating at a constant rate (that is, with
constant angular velocity), then the voltage
developed across the conductor will be pro-
portional 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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Figure 4.
THE SINE WAVE,

Hlustrating one cycle of a sine 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, and so forth.

When the arrow has traveled from 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 passage of equal units
of time.

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

Radian Notation From figure 1 we see that
the value of an a-c wave
varies continuously. But it is often of im-
portance to know the amplitude of the wave
in terms of the total amplitude at any instant
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@ (THETA) SPHASE ANGLE=27TFT
a=Z raDiaNS OR 90°

BE/T RADIANS OR 180°

c= 27 raoians or 270°

D= 277 RADIANS OR 380°
1RADIANS 87.324 DEGREES

Figure 5.
ILLUSTRATING RADIAN NOTATION.
The radian is a unit of phase angle, equal to
57.324 degrees. It is ly used in th
matical relationships involving phase angles
since such relationships are simplitied when

radian notation is used.

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, hundredths, or
any other ratio that suited our fancy. How-
ever, it is much more convenient mathemati-
cally 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 = diameters per circumference, there
are 2« radii).

Both radian notation and electrical degree
notation are used in discussions of alternating
current circuits. However, trigonometric tables
are much more readily available in terms of
degrees than radians, so the following simple
conversions are useful.

2nradians = 1 cycle =360°
7 radians = 14 cycle = 180°

m
Eradians = L4 cycle= 90"

m
;radians= 1/6 cycle= 60°

m
—radians = 1§ cycle= 45°

1
1 radian = — cycle= 57.3°
T
When the conductor in the simple alter-
nator of figure 2 has made one complete revo-
lution it has generated one cycle and has ro-
tated through 2x radians. The expression 2mf

then represents the number of radians in one
cycle multiplied by the number of cycles per
second (the frequency) of the alternating
voltage or current. The expression then repre-
sents the number of radians per second through
which the conductor has rotated. Hence 2nf
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 2xf
is often replaced by o, the lower-case Greck
letter omega. Velocity multiplied by time
gives the distance travelled, so 2#ft (or wt)
represents the angular distance through which
the rotating conductor or the rotating vector
has travelled since the reference time t=0.
In the case of a sine wave the reference time
t=0 represents that instant when the voltage
or the current, whichever is under discussion,
also is equal to zero.

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

angle through which the
rotating vector has travelled since reference
time t=0. Hence, when the peak value of the
a-c wave amplitude (either voltage or cur-
rent amplitude) is known, and the angle
through which the rotating vector has travelled
is established, the amplitude of the wave at
this instant can be determined through use
of the following c¢xpression:

e = Euns sin 2rft,
where ¢ = the instantancous voltage

E = maximum crest value of voltage,

f

t = period of time which has elapsed
since t—0 expressed as a fraction
of one second.

The instantaneous current can be found from
the same expression by substituting 7 for ¢
and lLuax for Euwas.

It is often casier 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:

Il

frequency in cycles per second, and

e = Eunx Sin [
where 8 represents the angle through which
the vector has rotated since time (and ampli-
tude) were zero. As examples:
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when ¢ = 30°

sin & = 0.5

s0 ¢ = 0.5 Eunsx
when ¢ = 60°

sin & = 0.866

SO e = 0-866 Eumex
when 6 = 90°

sin 8 = 1.0

SO ¢ = Eumex
when ¢ = 1 radian

sin & = 0.8415

so e = 0.8415 Euwax

Effective Volue The instantaneous value

of an of an alternating current
Alternoting Current or voltage varies continu-

ously throughout the
cycle. So some value of an a-c wave must be
chosen to establish a relationship between the
effectiveness of an a-c and a d-c voltage or
current. The heating value of an alternating
current has been chosen to establish the refer-
ence between the effective 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.

This cffective value is derived by taking the
instantaneous values of current over a cycle of
alternating current, squaring these values, tak-
ing an average of the squares, and then taking
the square root of the average. By this pro-
cedure, the effective value becomes known as
the root mean square or r.ms. value. This is
the value that is read on a-c voltmeters and
a-c ammeters. The r.m.s. value is 70.7 (for
sine waves only) per cent of the peak or maxi-
mum instantaneous value and is expressed as
follows:

E.tr of Erms. = 0.707 X Euwax. or
Iete of Ieom.. = 0.707 X s,

The following relations are extremely useful
in radio and power work:

Ee. m.v. = 0.707 X Elnux, and
Eunax 1414 X Erun.

It

Rectified Alternating If an alternating current
Current or Pulsot- is passed through a recti-
ing Direct Current fier, it emerges in the

form of a current of
varying amplitude which flows in one direc-
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Figure 6.
FULL-WAVE RECTIFIED
SINE WAVE.

Waveform obtained at the output of a full-
wave rectifier being fed with a sine wave and
having 100 per cent rectitication efficiency.
Each pulse has the same shape as one-halt
cycle of a sine wave. This type of current is
known as pulsating direct current.

tion only. Such a current is known as 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 instantan-
eous maximum value of the pulsating d-c out-
put from the rectifier; they will read only the
average value. This can be explained by assum-
ing that it could be possible to cut off some
of the peaks of the waves, using the cut-off
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 re-
lated to peak value by the following expres-
sion:

E-\'g = 0636 X Enmx

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

Relationship Between To summarize the three
Peak, R.M.S. or most significant  values
Effective, and of an a-c sine wave: the
Avercge Values peak value is equal to
1.41 times the r.m.s. or
effective, and the r.m.s. 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 r.m.s. value.

R.M.S. = 0.707 X Peak
Average = 0.636 X Peak
Average = 0.9 X R.M.S.
RMS. = 111 X Average
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1414 X R.M.S.
1.57 X Average

Peak =
Peak =

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 pure-
ly resistive, that is, circuits which have neither
inductance (coils) nor capacitance (capac-
itors). Problems which involve tube filaments,
drop resistors, electric lamps, heaters or similar
resistive devices can be solved from Ohm'’s
law, regardless of whether the current is direct
or alternating. When a capacitor or coil s
made a part of the circuit, a property common
consideration. Ohm’s law stll applies to a-<c
circuits containing reactance, but additional
considerations are involved; these will be dis-
cussed in a later paragraph.

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

through an inductor a back- or
counter-electromotive force is developed; this
force opposes 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 reactance..
This is expressed as Xu.:

X = 21rfL,

where Xi.. = inductive reactance expressed in
ohms.

r =3.1416 (2= = 6.283),

f = frequency in cycles,

L = inductance in henrys.

Inductive Reactonce It is very often necessary
at R.F. to compute inductive re-

actance at radio frequen-
cies. The same formula may be used, but to
make it less cumbersome the inductance is ex-
pressed in millihenrys and the frequency in
kilocycles. For higher frequencies and smaller
values of inductance, frequency is expressed
in megacycles and inductance in microbenrys.
The basic equation need not be changed, since
the multdiplying factors for inductance and
frequency appear in numerator and denomin-
ator, and hence are cancelled out. However,
it is not possible in the same equation to ex-

press L in millihenrys and f in cycles without
conversion factors.

Capocitive It has been explained that inductive
Reactonce reactance is the measure of the

ability of an inductor to offer im-
pedance 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 capacitor. This property

is called capacitive reactance and is expressed

as follows:
1
X. = .
2#fC
where X. = capacitive reactance in ohms,
m = 3.1416,
f = frequency in cycles,
C = capacitance in farads.

Copacitive Re-
octance ot R. F.

Here again, as in the case
of inductive reactance, the
units of capacitance and fre-
quency can be converted into smaller units for
practical problems encountered in radio work.
The equation may be written:

1,000,000
’ 2afC
where f = frequency in megacycles,
C = capacitance in micro-microfarads.

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

Phose 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 current is said to
be in step or irn phase with the voltage. For
this reason, Ohm’s law will apply equally well
for a.c. or d.c. where pure resistances are con-
cerned, provided that the same values of the
wave (either peak or r.m.s.) for both voliage
and current are used in the calculations.
However, in calculations involving alternat-
ing 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.
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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 containing
pure inductance only. The lag is equal to

one-quarter cycle or 90 degrees.

A\

TIME —&~

CURRENT LEADING VOLTAGE BY 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 capocitance only. The lead is equal to
one-quarter cycle or 90 degrees.

Or the current may reach its maximum value
ahead of the voltage, in which case the cur-
rent is said to have leading phase; a leading
phase angle is caused by capacitive reactance.

In an electrical circuit containing reactance
only, the current will either lead or lag the
voltage by 90°. If the circuit contains inductive
reactance only, the current will lag the voltage
by 90°. If only capacitive reactance is in the
circuit, the current will lead the voltage by
20°.

Reoctances Inductive and capacitive re-
in Combination actance have exactly opposite
effects on the phase relation
between current and voltage in a circuit.
Hence when they are used in combination
their effects tend to neutralize. The combined
effect of a capacitive and an inductive react-
ance is often called the net reactance of a
circuit. The net reactance is found by sub-
tracting the capacitive reactance from the in-
ductive reactance, X = Xi. — X
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 reactance
is greater so that the net reactance is capac-
itive, or zero in which case the circuit is said
to be resomant. The condition of resonance
will be discussed in a later section. Note that
inductive reactance is always taken as being
positive while capacitive reactance is always
taken as being negative.

Impedance; Circuits  Pure reactances intro-
Containing Reactance duce a phase angle of
and Resistance 90° between voltage

and current; pure re-
sistance introduces no phase shift between volt-
age and current. Hence we cannot add a re-
actance and a resistance directly. When a re-
actance and a resistance are used in combina-
tion the resulting phase angle of current flow
with respect to the impressed voltage lies
somewhere between plus or minus 90° and 0°
depending upon the relative magnitudes of the
reactance and the resistance.

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 resistance, a pure
reactance, or a complex combination of both
reactance and resistance. The designation for
impedance is Z. An impedance must be de-
fined in such a manner that both its magnitude
and its phase angle are established. The desig-
nation may be accomplished in either of two
ways — one of which is convertible into the
other by simple mathematical operations.

The first method of designating an imped-
ance is actually to specify both the resistive
and the reactive component in the form
R + jX. In this form R represents the re-
sistive component in ohms and X represents
the reactive component. The “j” merely means
that the X component is reactive and thus
cannot be added directly to the R component.
Plus jX means that the reactance is positive
or inductive, while if minus jX were given it
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Figure 9.
THE IMPEDANCE TRIANGLE.

Showing the graphical construction of o tri-

angle for obtoining the net (scalar) impedance

resulting from the connection of o resistance

and a reactance in series. Shown also along-

side is the alternative mathematical procedure

for obtaining the volues associated with the
triongle.

would mean that the reactive component was
negative or capacitive.

The second method of representing an im-
pedance is to specify its absolute magnitude
and the phase angle of current with respect
to voltage, in the form Z Z6. Figure 9 shows
graphically the relationship between the two
common ways of representing an impedance.

The construction of figure 9 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 result-
ing impedance in the scalar form. With zero
at the origin, resistances are plotted to the
right, positive values of reactance (inductive)
in the upward direction, and negative values
of reactance (capacitive) 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 resultant
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:

Z2=R'+ X

VvV R+ X

or|Z|

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

IMPEDANCE |z|

(=]

FREQUENCY

Figure 10.

IMPEDANCE AGAINST FREQUENCY
FOR R-L AND R-C CIRCUITS.
The impedance of an R-C circuit approaches
infinity os the frequency approaches zero
(d.c.), while the impedance of a series R-L
circuit approaches intinity as the frequency
approaches infinity. The impedance of an R-C
circuit approaches the impedance of the series
resistor as the frequency approaches infinity,
while the impedance of o series R-L circuit
approaches the impedance of the resistor as
the frequency approaches zero (d.c.)

X
sin 6§ = —
|Z]
R
cos 6 = —
|Z|
X
tan 6 = —
R

One common problem is that of determining
the scalar magnitude of the impedance, |Z]|,
and the phase angle 6, when resistance and
reactance are known; hence, of converting
from the Z = R + jX to the |Z| £6 form.
In this case we use two of the expressions just
given:

1Z| =V R+ X

X X
tan § = —, <or0=tan '—)

R R

The inverse problem, that of converting
from the |Z| £6 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 de-
termining the angle 6:
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Figure 11.
SERIES R-L-C CIRCUIT.

R =|Z|
iX=1Z] j sin ¢
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 ¢ + j sin 6)

In the case of impedance, resistance, or re-
actance, the unit of measurement is the ohm;
hence the ohm may be thought of as a unit
of opposition to current flow, without refer-
ence to the relative phase angle between the
applied voltage and the current which flows.

Further, since both capacitive and inductive
reactance are functions of frequency, imped-
ance will vary with frequency. Figure 10
shows the manner in which |Z| will vary
with frequency in an RL series circuit and in
an RC series circuit.

cos 0

Series RLC Circuits In a series circuit contain-

ing R, L, and C, the im-
pedance is determined as discussed before ex-
cept that the reactive component in the ex-
pressions becomes the net reactance — the dif-
ference between Xi. and X¢. Hence (Xi—Xec)
may be substituted for X in the equations.
Thus:

|Z] =V R+ (Xi. — Xe)F
. (X.. - X<')

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 reactances are
equal.

0 = tan—

Addition of The addition of complex
Complex Quontities quantities (for example,
impedances in series) is

920°

VOLTAGE DROP ACROSS

XL=235.4 [138° DROP ACROSS RESISTOR =
.
< 70.8 fas
’\/\LINE VOLTAGE =100 Jo°
11800 oe
4

4

7
( %~-DROP ACROSS XC'IO‘.z‘-‘S'

NET DROP ACROSS XL + XC ¥ 70.8/~43°
90°

Figure 12.
Graphical construction of the voltage drops
associated with the series R-L-C circuit of
figure 11.

quite simple if the quantities are in the rect-
angular 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 ex-
ample of the addition of complex quantities
in the rectangular form, the equation for the
addition of impedances is:

(Ri + iX)) + (R: + jXo) =

(Ri + R:) + (Xs + X2)
For example if we wish to add the imped-
ances (10 + j50) and (20 - j30) we ob-
tain:

(10 + j50) + (20 - j30)
= (10+20) +j(50+ (-30))
= 30 + j(50-30)
= 30 + j20

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

divide two complex quan-
tities. It is 2 much simpler mathematical oper-
ation to multiply or divide complex quantities
if they are expressed in the polar form. Hence
if they are given in the rectangular 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 algebraical-
ly the £6 terms, as:

(|Z|| Aol) (lZ:l 40:) = Ile IZ:, 46, + 6,
For example, suppose that the two impedances

120 £43° and 32| £-23° are to be multi-
plied. Then:
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(]20| £43°) (]32]<4£-23°) =|20-32|
£43°4(-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:

1Z,| 26, |Z:]
[Z:] Zé: | Z: |

For example, suppose that an impedance of
50| £67° is to be divided by an impedance
of |10| £45°. Then:

|50 £67° 150]

— = — £67°-45°
|10] £45° |10]

=|5]<c22°

26, -6,

Ohm'’s Law for The simple form of Ohm’s
Complex Quantities 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:

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 expressed
either as peak, r.m.s., or average; the resulting
current always will be in the same type of
units as 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 involved,
the complex quantities should be expressed
in the polar form. As an example, take the
case of the series circuit shown in figure 11,
with 100 volts applied. The impedance of the
series circuit can best be obtained first in the
rectangular form, as:

200 + j(100-300) = 200-j200

Now, to obtain the current we must convert
this impedance to the polar form.

1Z| = V200' + (-200)*

= V40,000 + 40,000
= V80,000
=282 ¢
X -200
6 = tan "— =tan"' =1tan -1
R 200
= —45°.

Therefore Z = 282 £-45°

Note that in a series circuit the resulting im-
pedance takes the sign of the largest reactance
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 ¢ first, and then using
the trigonometric equation below for obrtain-
ing the impedance. Thus:

X -200
#=tan '— =1tan ' —— = tan '-1

200
= —45°

Then |Z| = cos — 45° = 0.707

cos ¢
200

|Z]| =—— = 282°%
0.707

Since the applied voltage will be the reference
for the currents and voltages within the cir-
cuit, we may define it as having a zero phase
angle: E = 100 £0°.

Then

100 £0°
[ = = 0354 £0°-(-45°)
282 £L-45° .

= 0.354 £45° amperes.

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

E=]R
E=(0.354 £45°) (200 £0°)
=70.8 £45° volts
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The voltage drop across the inductive react-
ance is:

E=1 X.
E=(0.354 £45°) (100 £90°)
=354 Z£135° volts

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

E=1 Xe
E=(0.354 £45°) (300 £-90°)
=106.2 £-45°

Note that the voltage drop across the capacitive
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 reactance is can-
celled to a lesser or greater extent by the drop
across the inductive reactance. It is often de-
sirable in a problem such as the above to
check the validity of the answer by adding
vectorially the voltage drops across the com-
ponents 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 negative, 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 components may be
added directly. Hence:

Ex=70.8 <£45°
=70.8 (cos 45° + j sin 45°)
=70.8 (0.707 4+ j0.707)
=50+ )50

E.=1354 £135°
=35.4 (cos 135° +j sin 135°)
=354 (-0.707 + j0.707)
=-25+j25

Ec=106.2 £45°
=106.2 (cos —45° + j sin —-45°)
=106.2 (0.707 -j0.707)
=75 -j75
En+E|+fc(—7 (50 + iS0) + (=25 +j25)
= (50~ 25+75) + (50 4+ 25-75)
=100 + 0

= 100 40
supply voltage.

which is equal to the

Checking by
Construction on the
Complex Plane

It is frequently desirable
to check computations
involving complex quan-
tities by constructing vec-
tors representing the quantities on the complex
plane. Figure 12 shows such a construction for
the quantities of the problem just completed.
Note that the answer to the problem may be
checked by constructing 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 agre-
braically as they are 180° out of phase) as the
adjacent side. The vector sum of these two volt-
ages, which is represented by the diagonal
of the parallelogram, is equal to the supply
voltage of 100 volts at zero phase angle.

Resistonce ond Re-
actonce in Parollel

In a series circuit, such
as just discussed, the cur-
rent through all the ele-
ments which go to make up the series circuit
is the same. But the voltage drops across each
of the components are, in general, 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 problem
involving paralleled resistance and reactance;
several of these ways will be described. In
general, it may be said that the impedance of
a number of elements in parallel is solved
using the same relations as are used for solving
resistors in parallel, except that complex quan-
tities are employed. The basic relation is:

1 1 1 1
B N ,
Zl!ll Zl 22 Z'l

or when only two impedances are involved:
Z.Z:
Zi+Z.

As an example using the two-impedance
relation, take the simple case, illustrated in
figure 13, of a resistance of 6 ohms in parallel
with a capacitive reactance of 4 ohms. To
simplify the first step in the computation it is
best to put the impedances in the polar form
for the numerator, since multiplication is in-
volved, and in the rectangular form for the
addition in the denominator.

Ziae =




48 A-C Circuits

THE RADIO

55 1.850
L

]\ -jamna

EQUIVALENT SERIES CIRCUIT

PARALLEL CIRCUIT

Figure 13.

THE EQUIVALENT SERIES CIRCUIT.
Showing a parallel R-C circuit and the equiv-
alent series R-C circuit which represents the
same net impedance as the parallel circuit.

(640°) (4£-90°)

tot

6-ij4
_24£4-90°
6-i4

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

-4
6 = tan "' — = tan ' - 0.667 = - 33.7°
6
6
|z = = = 7.21 ohms
cos-33.7° 0.832
6 -i4 = 7.21 £-33.7°
Then:
24 £-90°
Zit = ———— =333 £-563°
7.21 £-33.7°

=3.33 (cos-56.3° + j sin -56.3°)
3.3370.5548 + j (-0.832)]
1.85 - j 2.77

I

Through the series of op-
erations in the previous
paragraph we have convert-
ed a circuit composed of two impedances in
parallel into an equivalent series circust com-
posed of impedances in series. An equivalent
series circuit is one which, as far as the termi-
nals are concerned, acts identically 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
with respect to the original circuit of figure

Equivalent Series
Circuit

15 by assuming that one volt a.c. (at the fre-
quency where the capacitive reactance in the
parallel circuit is 4 ohms) is applied to the
terminals of both.

In the parallel circuit the current through
the resistor will be 1/6 ampere (0.166a.)
while the current through the capacitor will
be j Y4 ampere (+ j 0.25a.). The total cur-
rent will be the sum of these two currents, or
0.166 + j 0.25 a. Adding these vectorially
we obtain:

1] = v0.166* + 0.25' =v/0.09 = 0.3 a.
The dissipation in the resistor will be 1%/6
= 0.166 watts.

In the case of the equivalent series circuit
the current will be:

1
M = — = —— = 03a.

1Z| 3.33

And the dissipation in the resistor will be:

W =TI'R =0.3*X 1.85
=0.9X 1.85
= 0.166 watts

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

Parallel RLC
Circuits

In solving a more complicated
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 admij:-
tance method and the assumed-voltage method.
However, the two methods are equivalent since
both use the sum-of-reciprocals equation:

1 1 1 1

Zew 7. 7. 1z

In the admittance method we use the relation

= 1/Z, where Y = G + jB; Y is called
the admittance, defined above, G is the con-
ductance or R/Z' and B is the susceprance or
-X/Zz. Then Yeu = l/Z(nt =Y + Y: +
Ys . . .. In the assumed-voltage method we
multiply both sides of the equation above by
E, the assumed voltage, and add the currents,
as:

E E E E
+ —+ — .. =latletlan. ..
Zto( Zl Z: Z:'
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Figure 14,
SERIES RESONANT CIRCUIT.

ol

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

Ziot = E/1zeme

Resonant Circuits

A series circuit such as shown in figure 14
is said to be in resonance when the applied
frequency is such that the capacitive reactance
is exactly balanced by the inductive reactance.
At this frequency the two reactances will can-
cel in their effects, and the impedance of the
circuit will be at a minimum so that maxi-
mum current will flow. In fact, as shown in
figure 15, the net impedance of a series circuit
at resonancc is equal to the resistance which
remains in the circuit after the reactances have
been cancelled.

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 frequency
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 reactance will be
equal. This is known as the resonant fre-
quency, and in a series circuit it is the fre-
quency 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 circuit is made to offer
considerable opposition to currents of other
frequencies.

If the values of inductance and capacitance
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 tuned, so that a number of combinations
of inductance and capacitance can resonate at

the same frequency. This can be more easily
understood when one considers that inductive
reactance and capacitive reactance travel in
opposite directions as the frequency is changed.
For example, if the frequency were to remain
constant and the values of inductance and
capacitance were then changed, the following
combinations would have equal reactance:

Frequency is constant at GO cycles.

L is expressed in henrys.
C is expressed in microfarads (.000001
farad.)

L X, C Xe
265 100 26.5 100
2.65 1,000 2.65 1,000
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 formula for reson-

of Resonance ance,

2#fL = , the resonant frequency

2
can readily be solved. In order to isolate f on
one side of the equation, merely multiply both
sides by 2#f, thus giving:

1
47 L = —.
C
Divided by the quantity 4#°L, the result is:
B 1
42’LC
w+
(9
2
<
o
Y
b
1
§ X X -Xe o
«
-
- / FREQUENCY:
&
<
%
'7, -_—
4
Figure 15.

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

14) with changing frequency. The short verti-

cal lines are drawn at the point of resonance
(X, — X. = O) in the series circuit.
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Then, by taking the square root of both
sides:

— 1 :
S 27 \/E
where f = frequency in cycles,
L = inductance in henrys,
C = 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 megacycles or kilocycles. A very useful
group of such formulas is:

25,330 25,330 25,330
=——ol=——or C= —
LC fC fL
where f = frequency in megacycles,

L = inductance in microhenrys,
C = capacitance in micromicrofarads.

Impedance of Series The
Resonant Circuits

impedance across
the terminals of a series
resonant circuit (figure

14)
= Vet (Xu— Xe),
where Z = impedance in ohms,
r = resistance in ohms,
Xe = capacitive reactance in ohms,
Xi. = 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 between
the two reactances. Since at the resonant fre-
quency X equals X, the difference between
them (figure 15) is obviously zero, so that
at resonance the impedance is simply equal
to the resistance of the circuit; therefore, be-
cause 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 a definite quantity and
will add with the resistance to make the im-
pedance higher and higher as the circuit is
tuned off the resonant frequency.

If Xc should be greater than X, then the
term (X1 — Xc) will give a negative number.
However, this is nothing to worry about be-
cause when the difference is squared the prod-
uct is always positive. This means that the

smaller reactance is subtracted from the larger,
regardless of whether it be capacitive or in-
ductive, and the difference squared.

Current ond Voltage
in Series Resonont

Formulas for calculating
currents and voltages in

Circuits a series resonant circuit
are similar to those of
Ohm’s law.
E
I=—- E = 1Z
Z

The complete equations:

E

I =
\/r’ + (Xl. - X(‘)’

E=IV+ (X — Xe)?

Inspection of the above formulas will show
the following to apply to series resonant cir-
cuits: 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 fol-
lows that the current will be a maximum at
this point. If a graph is plotted of the current
against the frequency either side of resonance,
the resultant curve becomes what is known as
a resonance curve. Such a curve is shown in
figure 16, 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 curves B and C in figure
16 show the effect of adding increasing values
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 de-
fined as the ability of a circuit to discriminate
against frequencies adjacent to the resonant
frequency.

Because the a-c or r-f
voltage across a coil and
capacitor is proportional
to the reactance (for a
given current), the actual voltages across the

Voltage Across Coil
and Capacitor in
Series Circuit
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coil and across the capacitor may be many
times greater than the rerminal voltage of the
circuit. Furthermore, since the individual re-
actances can be very high, the voltage across
the capacitor, for example, may be high enough
to cause flashover, even though the applied
voltage is of a value considerably below that
at which the capacitor is rated.

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

o 2#fL \

C T

\ -
where R = total resistance.

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 tend-
ency to travel closer and closer to the surface
of the wire as the frequency is increased. 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 resistance of the
wire, called the resistance ratio, is increased.
The resistance ratio of wires to be used at
frequencies below about 500 kc. may be
materially reduced through the use of lirz wire.
Litz wire, of the type commonly used to wind
the coils of 455-kc. i-f transformers, may con-
sist 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.

Skin Effect

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 reactance 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 relative-
ly broad maximum at some particular fre-

IMPEDANCE — PARALLEL RESONANT CIRCUIT ————e

aesouAuc/:/
A

FR

CURRENT - SERIES RESONANT CIRCUIT ——————a

FREQUENCY

Figure 16.
RESONANCE CURVE.

Showing the increase in impedance at reson-

ance for a parailel-resonant circuit, and simi-

larly, the increase in current ot resonance for

a series-resonant circuit. The shorpness of

resonance is determined by the Q of the cir-

cuit, as Hiustrated by o comparison between
A, B, and C.

quency. Hence, coils normally are designed
in such a manner that the peak in their curve
of Q with frequency will occur at the normal
operating frequency 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 overall 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 simply by
dividing the reactance by the resistance. Ob-
viously the core losses also represent circuit
resistance, just as much so as though the loss
occurred in the wire itself.

Parallel
Resonaence

In radio circuits, parallel reson-
ance (more correctly termed anti-
resonance) is more frequently
encountered than series resonance; in fact, it is
the basic foundation of receiver and transmit-
ter circuit operation. A circuit is shown in
figure 17.

The “Tank’’
Circuit

In this circuit, as contrasted with
a circuit for series resonance, L
(inductance) and C (capaci-
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Figure 17.
PARALLEL-RESONANT CIRCUIT.

The inductance L and capacitance C comprise
the reactive elements of the parallel-resonant
(anti-resonant) tank circuit, and the resistance
R indicates the sum of the r-f resistance of
the coil and capacitor, plus the resistance
coupled " into the circuit from the external
load. In most cases the tuning capacitor has
much lower r-f resistance than the coil and
can therefore be ignored in comparison with
the coil resistance and the coupled-in resist-
ance. The instrument M, indicates the ’line
current’”’ which keeps the circuit in a state of
oscillation — this current is the same as the
fund, tal P t of the plate current
of o Class C amplifier which. might be feeding ..
the tank circult.)The instrument M; indicates
the “tank current’’ which is equal to the line
current multiplied by the operating Q of the
tank circuit.

tance) are connected in parallel, yet the com-
bination can be considered to be in series with
the remainder of the circuit. This combination
of L and C, in conjunction with R, the re-
sistance which is principally included in L, is
sometimes called a tank circuit because it ef-
fectively functions as a storage tank when in-
corporated in vacuum tube circuits.

Contrasted with series resonance, there are
two kinds of current which must be considered
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 L-C-R portion of the circuit. See
figure 17.

At the resonant frequency, the line current
(as read on the meter M:) will drop to a very
low value although the circulating current in the
L-C circuit may be quite large. It is interest-
ing to note that the parallel resonant circuit
acts in a distinctly opposite manner to that of
a series resonant circuit, in which the current
i1s at a maximum and the impedance is mini-
mum at resonance. It is for this reason that in
a parallel resonant circuit the principal con-
sideration is one of impedance rather than
current. It is also significant that the imped-
ance curve for parallel circuits is very nearly
identical to that of the current curve for series

resonance. The impedance at resonance is ex-
pressed as:

(2#fL)*?
ZzZ= —
R
where Z = impedance in ohms,
L = inductance in henrys,
f = frequency in cycles,
R = resistance in ohms.

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

Z = 22fLQ,

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

The curves illustrated in figure 16 can be
applied to parallel resonance. Reference to the
curve will show that the effect of adding re-
sistance to the circuit will result in both a
broadening out and a 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. 1f the curve is broad-topped in
shape, both the desired signal and the inter-
fering signals at close proximity to resonance
will give nearly equal voltages on the grid of
the tube, and the circuit will then be non-
selective; le., it will tune broadly.

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

veloped across a parallel
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, Xi. will equal X« at maximum im-
pedance. There are innumerable ratios of L
and C that will have equal reactance, at a
given resonant frequency, exactly as is 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 and large at the high-frequency end.
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The circuit, therefore, will have unequal gain
and selectivity at the two ends of the band of
frequencies which is being tuned. Increasing
the Q of the circuit (lowering the resistance)
will obviously increase bosh the selectivity and
gain.

Circulating Tank
Current ot Resonance

The Q of a circuit has
a 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 amperes, with a cir-
cuit Q of 100, will give a circulating tank
current of approximately 5 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 a2 minimum.

Because the voltage across the tank at
resonance is determined by the Q, it is possible
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 antenna
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 resistance thus
coupled into the tank circuit can be considered
as being reflected from the output or load
circuit to the driver circuit.

Tonk Circuit When the plate circuit of a
Flywheel Effect Class B or Class C operated

tube (defined in Chapter
Five) is connected to a parallel resonant circuit
tuned to the same frequency as the exciting
voltage for the amplifier, the plate current
serves to maintain this L/C circuit in a state
of oscillation.

The plate current is supplied in short pulses
which do not begin to resemble a sine wave,
even though the grid may be excited by a
sine-wave voltage. These spurts of plate cur-
rent are converted into a sine wave in the
plate tank circuit by virtue of the “Q" or
“flywheel effect” of the tank.

If a tank did not have some resistance losses,

it would, when given a "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 am-
plitude for a time after being given a "kick.”
With such a circuit, almost pure sine-wave
voltage will be developed across the tank cir-
cuit 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 frequency that is the same as the
resonant frequency 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 dis-
torted plate current pulse in a Class C ampli-
fier contains not only the fundamental fre-
quency (that of the grid excitation voltage)
but also higher harmonics. As the tank offers
low impedance to the harmonics and high
impedance to the fundamental (being reson-
ant to the latter), only the fundamental —
a sine-wave voltage — appears across the tank
circuit in substantial magnitude.

Looded 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 radia-
tion, and such factors. The normal value of
loaded Q for an r-f amplifier used for com-
munications service is from perhaps 6 to 20.
The unloaded Q of the tank circuit determines
the efficiency of the output circuit and is de-
termined 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
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Figure 18.
IMPEDANCE-MATCHING TRANSFORMER.
The reflected impedance Z, varies directly in
proportion to the secondary load Z,, ond
directly in proportion to the square of the
primary-to-secondary turns ratio.

load in addition to the internal losses in the
tank circuit, the relationship between the two
Q values determines the operating efficiency
of the tank circuit. Expressed in the form of
an equation, the loaded efficiency of a tank
circuit is:

Q.
Tank efficiency =<l - —Q—- X 100
1
where Qu = unloaded Q of the tank circuit
Q: = loaded Q of the tank circuit

As an example, if the unloaded Q of the
tank circuit for a class C r-f power amplifier
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 efficiency will be:
eff. = (1 — 400/20) X 100, or (1 — 0.05)
X 100, or 95 per cent. Hence 5 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.

Transformers

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 and induce a current in so doing, the
combination can be called a transformer. The
name is derived from the fact that energy is
transformed from one winding to another.
The inductance in which the original flux is
produced is called the primary; the inductance
which receives the induced current is called
the secondary. In a radio receiver power trans-
former, for example, the coil through which
the 110-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 upon whether they are
to be operated at radio or audio frequencies.
The reader should thoroughly impress upon
his mind the fact that current can be trans-
ferred from one circuit to another only if
the primary current is changing or alternating.
From this it can be seen that a power trans-
former cannot possibly function as such when
the primary is supplied with non-pulsating d.c.

A power transformer usually has a magnetic
core which consists of laminations of iron,
built up into a square or rectangular form,
with a 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 number of turns and to the primary voltage.

Types of Transformers are used in alter-
Transformers nating-current circuits to trans-

fer power at one voltage and im-
pedance to another circuit at another voltage
and impedance. There are three main classifi-
cations of transformers: those made for use in
power-frequency circuits, those made for audio-
frequency applications, and those made for
radio frequencies. Power-frequency transform-
ers are discussed in Chapter 25, Power Sup-
plies; design and application data on power
transformers is given in this chapter. The
application of audio-frequency transformers is
given in Chapter 5, particularly in the section
devoted to Audio Frequency Power Amplifiers.
Radio frequency transformers are also dis-
cussed in Chapter 5 in the section devoted to
Tuned R-F Voltage Amplifiers.

e Q
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QUTPUT
VOLTAGE VOLTAGE

Figure 19.
THE AUTO-TRANSFORMER.

Schematic diogram of an auto-transformer
showing the method of connecting it to the
line and to the load. When only a small
amount of step up or step down is required,
the auto-transformer may be much smaller
physically than would be a transformer with o
separate secondary winding. Continuously
variable auto-transformers (Variac’s and
Powerstat’'s) are widely used commercially.
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The Auto  The type of transformer in figure
Transformer 19, when wound with heavy wire
over an iron core, is a common
device in primary power circuits for the pur-
pose of increasing or decreasing the line volt-
age. In effect, it is merely a continuous wind-
ing with taps taken at various points along
the winding, the input voltage being applied
to the bottom and also to one tap on the wind-
ing. 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 toward the common termi-
nal, there will be a step-down in the turns
ratio with a consequent step-down in voltage.
The opposite holds true if the output termi-
nal is moved upward from the middle input
terminal; there will be a voltage step-up in
this case. The initial setting of the middle
input tap is chosen so that the number of
turns will have sufficient reactance to keep the

no-load primary current at a reasonably low
value.

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 attenuating all
others, or to pass only a certain band or bands
of frequencies while attenuating all others.

All of these things can be done by suitable
combinations of inductance, capacitance 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
upon them superficially in a general coverage
book.

A filter acts by virtue of its property of
offering very high impedance to the undesired
frequencies, while offering but little impedance
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Figure 20.

Through the use of the curves and equations which accompany the diagrams in the illustration
above it is possible to determine the correct values af inductance and capacitance for the usual
types of pi-section filters,
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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 current
of zero frequency so far as filter discussion goes.

Types of Filters Sometimes a shunt or series

element of an L-C flter is
resonated with a reactance of opposite sign.
When this is done, the section is known as an
M-derived section. If the complementary re-
actance is added to a series arm, the section is
said to be shunt derived; if added to the shunt
arm, series derived.

A derived flter has sharper cut off than a
regular constant K filter, but has less attenua-
tion than the constant K section at frequencies
far removed from cut off. The effect of reso-
nating the series inductance of a & section
filter to form an M-derived filter is shown in
figure 20. The "notch” frequency is determined
by the resonant frequency of the filter element
which is tuned. The closer the resonant fre-
quency is made to cut off, the sharper will be
the cut off attenuation, but the less will be the
attenuation at several times the cut off fre-
quency.

The amount of attenuation obtained at the
“notch” when a derived section is used is de-
termined by the effective Q of the resonant arm.

Oftentimes constant-K sections and derived
sections are cascaded to obtain the combined

characteristic of sharp cut off and good remote-
frequency attenuation. Such a filter is known
as a composite flter.

All filters have some insertion loss. This is
the attenuation (substantially uniform) pro-
vided to frequencies within the pass band. The
insertion loss varies with the kind of filter,
the Q of capacitors and inductors used, and the
type termination employed.

Electric Filter Elcctric wave filters have long
Design been used in some amateur sta-
tions in the audio channel to re-
duce the transmission of unwanted high fre-
quencies and hence to reduce the bandwidth
occupied by a radiophone signal. The effec-
tiveness of a properly designed and properly
used filter circuit in reducing QRM and side-
band splatter should not be underestimated.

The chart of figure 20 gives design data and
procedure on the pi-section type of filter. 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 pass band of the filter
section.

Simple filters may use either L, T, or = sec-
tions. Since the = section is the more com-
monly used type figure 20 gives design data
and characteristics for this type of filter.



CHAPTER FOUR

Vacuum Tube Principles

In the previous chapters we have seen the
manner in which an electric current flows
through a merallic 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 addi-
tion to the normal random eclectron motion
between the molecules of the conductor.

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. Further, it was shown
at about the turn of the century that an clec-
tric 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
clectron 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 e¢lectron tube
takes place in an evacuated chamber, there
must be located within the enclosure both a
source of clectrons and a collector for the
electrons which have been emitted. The elec-
tron source is called the cathode, 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
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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 emission.
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.

Emission of electrons from the
cathode of a thermionic electron
tube takes place when the cath-
ode of the tube is heated to a temperature
sufficiently high that the free clectrons 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 various temper-
atures to obtain adequate quantitics of electron
cmission. The several types of emitters found
in common types of transmitting and receiv-
ing tubes will be described in the following
paragraphs.

Thermionic
Emission

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 filament type
and the indirectly-heated or heater-cathode
type. Directly-hcated emitters may be further
subdivided into three important groups, all
of which are commonly used in modern
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Figure 1.
CONVENTIONAL ELECTRON-TUBE TYPES.

vacuum tubes. These classifications are: the
pure-tungsten filament, the thoriated-tungsten
filament, and the oxide-coated filament.

The Pure Tung-
sten Filament

Pure tungsten wire was used
as the filament in nearly all
(platinum was used occas-
ionally) 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 be-
come fragile after use, their life is rather
short, and they are susceptible to burnout at
any time. Pure tungsten filaments must be
run at bright white heat (about 2500° Kel-
vin). For these reasons, tungsten filaments
have been replaced in all applications where
another type of filament could be used. They
are, however, still universally employed in
large water-cooled tubes and in certain large,
high-power air-cooled triodes where another
filament type would be unsuitable. Tungsten
filaments are the most satisfactory for high-
power, high-voltage tubes where the emitter
is subjected to positive ion bombardment due
to the residual gas content of the tubes. Tung-
sten is not adversely affected by such bom-
bardment.

The Thoriated-
Tungsten Filoment

In the course of experi-
ments made upon tung-
sten emitters, it was
found that filaments made from tungsten hav-
ing a small amount of thoria (thorium oxide)
as an impurity had much greater emission

than those made from the pure metal. Subse-
quent development has resulted in the highly
efhicient carburized thoriated-tungsten filament
as used in virtually all 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
outgassed; (2) the filament is burned for a
short period at about 2800° Kelvin to clean
the surface and reduce some of the thoria
within the filament to metallic thorium; (3)
the filament is burned for a longer period at
about 2100° Kelvin to form a layer of thor-
ium on the surface of the tungsten: (4) the
temperature is reduced to about 1600° Kelvin
and some pure hydrocarbon gas is admitted
to form a layer of tungsten carbide on the
surface of the tungsten. This layer of tungsten
carbide reduces the rate of thorium evapora-
tion from the surface at the normal operating
temperature of the filament and thus increases
the operating life of the vacuum tube. Thor-
ium cvaporation from the surface is a natural
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 evapora-
tion. This new thorium continually diffuses to
the surface during the normal operation of
the filament. The last process, (5), in the
activation of a thoriated tungsten filament con-
sists of re-evacuating the envelope and then
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burning or ageing the new filament for a con-
siderable period of time at the normal operat-
ing 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 current) as it
does with any normal amount of emission
load. Also, a thoriated filament may be either
temporarily or permanently damaged by a
heavy overload which may strip the surface
layer of thorium from the filament.

Reactivating Thoriated-tungsten fila-
Thorioted-Tungsten ments (and only thor-
Filoments iated-tungsten filaments)

which have lost emission
as a result of insufficient filament voltage, a
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 success-
fully reactivated. The filament found in cer-
tain makes of tubes may be reactivated three
or four times before it will cease to operate
as a thoriated emitter.

The actual process of reactivation is relative-
ly simple. The tube which has gone flac is
placed in a socket to which only the two fila-
ment wires have been connected. The filament
is then "flashed” for about 20 to 40 seconds
at about 114 times normal rated voltage. The
filament will become extremely bright during
this cime and, if there is still some thoria left
in the tungsten and if the tube didn't originally
fail as a result of an air leak, some of this
thoria will be reduced to metallic chorium.
The filament is cthen burned at 15 to 25 per
cent overvoltage for from 30 minutes to 3 to
4 hours to bring this new thorium to the sur-
face.

The tube should then be tested to see if it
shows signs of renewed life. 1f it does, but is
still weak, the burning process should be con-
tinued at about 10 to 15 per cent overvoltage
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.

As has been mentioned above, thoriated-
tungsten filaments are operated at about 1900°
K or at a bright yellow heat. A burnout at
normal filament voltage is almost an unheard
of occurrence. The ratings placed upon tubes
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Figure 2.
V-H-F oand U-H-F TUBE TYPES.

The tube to the left in this photograph is a 955 ““acorn’ triode. The 6F4 acorn triode is very
similar in appearance to the 955 but has two leads brought out each for the grid and for the
plate connection. The second tube is a 446A “lighthouse” triode. The 2C40, 2C43, and 2C44 are
more recent examples of the same type tube and are essentially the same in external appearance.
The third tube from the left Is a 2C39 “oilcan” tube. This tube type is essentially the inverse
of the lighthouse variety since the cathode and heater connections come out the small end and
the plate is the large finned radiator on the large end. The use of the finned vlate radiator
makes the oilcon tube capable of approximately 10 times as much plate dissipation as the light-
hausc type. The tube to thn IigM is the 4X150A beam tetrode. This tube, a comparatively recent

, Is capable of hat greater power output than any of the other tube types shown, and
h rated for full output at 500 Mc. and at reduced output ot frequencies greater than 1000 Mc.
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Figure 3.
CUT-AWAY DRAWING OF A 6C4 TRIODE.

by the manufacturers are figured for a life
expectancy of 1000 hours. Certain types may
give much longer life than this but the aver-
age transmitting tube will give from 1000 to
5000 hours of useful life.

The Oxide-
Coated Filament

The most efficient of all
modern filaments is the
oxide-coated type which
consists of a mixture of barium and strontium
oxides coated upon a wire or strip usually of
a nickel alloy. 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 manu-
facture. For this reason all receiving tubes and
quite a number of the low-powered transmit-
ting tubes use the oxide-coated filament. An-
other 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
high continuous plate voltages because: (1)
their activity is seriously impaired by the high
temperature necessary to de-gas the high-
voltage tubes and, (2) the positive ion bom-
bardment which takes place even in the best
evacuated high-voltage tube causes destruction
of the oxide layer on the surface of the fila-
ment.

Oxide-coated emitters have been found cap-

able 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 upon to deliver 25 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 be restored in time for the next
pulse of current. If the cathode were to be
subjected to a continuous current drain of this
magnitude, it would be destroyed in an ex-
ceedingly short period of time.

The activation of oxide-coated filaments
also varies with tube manufacturers but con-

. sists 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 to limit the emission current.
This process reduces the carbonates to oxides
thermally, 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
sufhicient reduction of the oxides and diffusion
of the metals to the surface of the filament to
mceet the emission needs of the cathode.

The Heater
Cathode

The heater type cathode was de-
veloped as a result of the re-
quirement for a type of emitter
which could be operated from alternating cur-
rent 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 bar-
ium oxides on its surface similar to the coat-
ing used on the oxide-coated filament. Inside
the cylinder is an insulated heater element
consisting nsually of a double spiral of tung-
sten wire. The heater may operate on any volt-
age from 2 to 117 volts, although 6.3 is by
far the most common value. The heater is
operated at quite a high temperature so that
the cathode itself usually may be brought to
operating temperature in a matter of 15 to
30 seconds. Heat coupling between the heater
and the cathode is mainly by radiation, al-
though there is some thermal conduction



HANDBOOK

Thermionic Emission 61

through the insulating coating on the heater
wire, as 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, 6VG6, GF6, and 6KG-GT) as
do some of the low-power transmitter tubes
(802, 807, 815, 3E29, 2E26, 5763, etc.).
Heater cathodes are employed almost ex-
clusively 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 uni-potential
cathode because there is no voltage drop
along its length as there is in the directly-
heated or filament cathode.

The Emission
Equotion

The emission of electrons from
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 aver-
age velocity of the molecules is increased, and
a greater number of molecules will acquire
sufficient energy to be evaporated. The evapor-
ation of eclectrons from the surface of a ther-
mionic emitter is similarly a function of aver-
age electron velocity, and hence is a function
of the temperature of the emitter.

Electron emission per unit area of emitting
surface is a function of the temperature T
in degrees Kelvin, the work function of the
emitting surface 4 (which is a measure of the
surface forces of the material and hence of
the energy required of the clectron before it
may escape), and of the constant A4 which
also varies with the emitting surface. The re-
lationship between emission current in am-
peres per square centimeter, I, and the above
quantities can be expressed as:

= ATYT (1

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

will result in the emission of other
clectrons 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
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Figure 4,
CUT-AWAY DRAWING OF A 6CB6 PENTODE.

electrons emitted per primary electron varies
from a very small percentage 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 advantage in
certain types of electron tubes such as the
image orthicon (TV camera twbe) and the
electron-multiplier type of photo-clectric cell.
In types of electron tubes which make use of
sccondary emission, such as the type 931 photo
cell, 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-
multiplier section of the tube is obtained.

As a cathode is heated so that
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 electrons
around the cathode is called the spuce charge.
The clectrons comprising the charge are con-
tinuously changing, since those clectrons mak-
ing up the original charge fall back into the
cathode and are replaced by others emitted
by it

The Spoce
Chorge Effect

The Diode If a cathode capable of being
heated either indirectly or direct-
ly is placed in an evacuated 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; hence,
the diode and its characteristics will be dis-
cussed first.
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AVERAGE PLATE CHARACTERISTICS
OF A POWER DIODE.

When the cathode within a
diode is heated, it will be
found that a few of the elec-
trons leaving the cathode will leave with suffi-
cient velocity to reach the plate. If the plate
is electrically connected back to the cathode,
the electrons which have had sufficient velocity
to arrive at the plate will flow back to the
cathode through the external circuit. This small
amount of initial plate current is an effect
found in all two-element vacuum tubes.

If a battery or other source of d-c voltage is
placed in the external circuit between the plate
and cathode so that it places a positive poten-
tial on the plate, the flow of current from the
cathode to plate will be increased. This is due
to the strong attraction offered by the posi-
tively charged plate for any negatively charged
particles.

Characteristics
of the Diode

At moderate values of
plate voltage the cur-
rent flow from cathode
to anode is limited by the space charge of elec-
trons around the cathode. Increased values of
plate voltage will tend to neutralize a greater
portion of the cathode space charge and hence
will cause a greater current to flow.

Under these conditions, with plate current
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 increases as
the three-halves power of the plate voltage.

Space-Charge-Limited
Current
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TYPICAL CHARACTERISTICS OF A
* CRYSTAL DIODE.

The relationship between plate voltage, E,
and plate current, I, can be expressed as:

I=K E'! (2)

where K is a constant determined by the
geometry of the element structure within the
clectron tube.

Plate Current
Saturation

As plate voltage is raised to
the potential where the cath-
ode space charge is neutral-
ized, all the electrons that the cathode is cap-
able of emitting are being attracted to the
plate. The electron tube is said then to have
reached saturation plate current. Further in-
crease in plate voltage will cause only a
relatively small increase in plate current. The
initial point of plate current saturation is
somectimes called the point of Maximum Space-
Charge-Limited Emission (MSCLE).

The degree of flattening in the plate-voltage
plate-current curve after the MSCLE point will
vary with different types of cathodes. This ef-
fect is shown in figure 7. The flattening is
quite sharp with a pure tungsten emitter. With
thoriated tungsten the flattening is smoothed
somewhat, while with an oxide-coated cathode
the Hattening is quite gradual. The gradual
saturation in cmission with an oxide-coated
emitter is generally considered to result from
a lowering of the surface work function by the
field at the cathode resulting from the plate
potential.
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Figure 7.
MAXIMUM SPACE-CHARGE-LIMITED
EMISSION FOR DIFFERENT TYPES
OF EMITTERS.

Another effect encountered with oxide-coat-
ed cathodes is a relatively enormous short-
term emission capability. The cathodes used
in radar magnetrons are capable of emission
current density up to 100 amperes per square
centimeter for a period of the order of one
microsecond. After the emission of a large
current pulse the cathode must be permitted
to rest for several hundred microseconds be-
fore it is capable of emitting the next pulse.

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.
The Triode If an element consisting of a
mesh or spiral of wire is in-
serted 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 current of the tube. The
new element is called a grid, and a vacuum
tube containing a cathode, grid, and plate is
commonly called a triode.
If this new element through which the elec-
trons must pass in their course from cathode
to plate is made negative with respect to the
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ACTION OF THE GRID IN A TRIODE.

(A) shows the triode tube with cutoff bios on
the grid. Note that all the electrons emitted
by the cathode remain inside the grid mesh.
(B) shows the same tube with an intermediate
value of bias on the grid. Note the medium
value of plote current and the fact that there
is a reserve of electrons remaining within the
grid mesh. (C) shows the operation with a
relatively small amount of bias which with
certain tube types will allow substantiolly all
the electrons emitted by the cathode to reach
the plote. Emission is said to be saturoted in
this case. In @ majority of tube types a high
value of positive grid voltage is required be-
fore plate-current saturation taokes place.

cathode, the negative charge on this grid will
effectively repel the negatively charged elec-
trons (like charges repel; unlike charges at-
tract) 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 accordingly. As
a mauter of fact, if the charge on the grid is
made sufficiently negative, all the electrons
leaving the cathode will be repelled back to it
and the plate current will be reduced to zero.
Any d-c voltage placed upon a grid is called a
bias (especially so when speaking of a control
grid). The smallest negative voltage which
will cause cutoff of plate current at a par-
ticular plate voltage is called the value of
cutoff bias.

The amount of plate current 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 voltage.
Hence, both grid bias and plate voltage affect
the plate current. In all normal tubes a small
change in grid bias has a considerably greater
effect than a similar change in plate voliage.
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
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NEGATIVE-GRID CHARACTERISTICS
OF A TYPICAL TRIODE.
Average plate characteristics of this type are
most commonly used in determining the Class
A operating characteristics of a triode ampli-
fier stage.

called the amplification factor or u of the
electron tube. Expressed as an equation:

_ 3k
Y o)

with i, constant (3 represents a small change).

The # 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 voltage. The
ratio of the change in plate voltage to the
change in grid voltage is the # of the tube
under the operating conditions chosen for the
test.

In a diode it was shown that
the electrostatic field at the
cathode was proportional to
the plate potential, E,, and that the total cath-
ode current was proportional to the three-
halves power of the plate voltage. Similarly,
in a triode it can be shown that the field at
the cathode space charge is proportional to
the equivalent voltage (E. + Eu/x), where
the amplification factor, #, actually represents
the relative efficacy of grid potential and plate
potential in producing a field at the cathode.

It would then be expected that the cathode
current in a triode would be proportional to
the three-halves power of (E: + E,/u). This

Current Flow
in o Triode

PLATE CURRENT, MA.

! 6J5 ! i ]
o o e

T u LA
== dE
.—j—j A
P AR
T : _'__.//*, . T B I
—F PV TR T
P T
‘T/.‘/—}* ot

-eTa-d0 10 20 30 e 30 60 6 80 %0 100
GRID VOLTAGE

Figure 10.

POSITIVE-GRID CHARACTERISTICS
OF A TYPICAL TRIODE.

Plate characteristics of this type are most
commonly used in determining the pulse-
signal operating characteristics of a triode
amplifier stage. Note the large emission capa-
bility of the oxide-coated heater cathode in
tubes of the general type of the 6J5.

has been proved to be true. The cathode cur-
rent of a triode can be represented with fair
accuracy by the expression:

afz
(3)

Cathode current = K(Eg-l'- E—"

where K is a constant determined by element
geometry within the triode.
Plote Resistance The piate 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 volt-
age produces. To be accurate, the changes
should be very small with respect to the oper-
ating values. Expressed as an equation:

3K,

R, = Al

E.=constant A=small change
The plate resistance can also be determined
by the experiment mentioned above. By noting
the change in plate current as it occurs 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 expressed in ohms.
Transconductance  The murtual conductance,
also referred to as trans-
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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 constant. Expressed
as an equation:

Al
AF.

Gm =

E.=constant A=small change

The transconductance is also numerically
equal to the amplification factor divided by the
plate resistance. Gu = u/Ro.

Transconductance is most commonly ex-
pressed in microreciprocal-ohms or microm-
hos. However, since transconductance expresses
change in plate current as a function of a
change in grid voltage, a2 tube is often said
to have a transconductance of so many mil-
liamperes-per-volt. If the transconductance in
milliamperes-per-volt is multiplied by 1000 it
will then be expressed in micromhos. Thus
the transconductance of 2 6A3 could be called
either 5.25 ma./volt or 5250 micromhos.

Tetrode or  In the preceding chapter it was
Screen-Grid mentioned that two conductors
Tube separated by a dielectric form

a capacitor, or that there is
capacitance between them. Since the electrodes
in a vacuum tube are conductors and they are
separated by a dielectric, vacuum, there is
capacitance between them. Although the inter-
electrode capacitances are so small as to be of
little consequence in audio-frequency work,
they are large enough to be of considerable
importance when triodes are operated at radio
frequencies.

The quest for a simple and easily usable
method of eliminating the effects of the grid-
to-plate capacitance of the triode led to the
development 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 shield-
ing 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 main-
tained at ground potential with respect to r.f.
by means of a by-pass capacitor of very low
reactance at the frequency of operation.

In addition to the shielding effect, the
screen grid serves another very useful purpose.
Since the screen is maintained at a positive
potential, it serves to increase or accelerate the
flow of electrons to the plate. There being
large openings in the screen mesh, most of
the electrons pass through it and on to the
plate. Due also to the screen, the plate current
is largely independent of plate voltage, thus
making for high amplification. When the
screen voltage is held at a constant value, it is
possible to make large changes in plate volt-
age without appreciably affecting the plate
current.

When the electrons from the cathode ap-
proach the plate with sufficient velocity, they
dislodge electrons upon striking the plate. This
effect of bombarding the plate with high
velocity electrons, with the consequent dis-
lodgement of other electrons from the plate,
gives rise to the condition of secondary emis-
sion 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, how-
ever, the screen is close to the plate and is
maintained at a positive potential. Thus, the
screen will attract these electrons which have
been knocked from the plate, particularly when
the plate voltage falls to a lower value than
the screen voltage, with the result that the
plate current is lowered and the amplification
is decreased.
The Pentode The undesirable effects of sec-
ondary emission from the plate
can be greatly reduced if another element is
added between the screen and plate. This addi-
tional element is called a suppressor, and tubes
in which it is used are called pentodes. The
suppressor grid is sometimes connected to
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 electrons 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
possibilities are increased.

Pentodes for audio applications are designed
so that the suppressor increases the limits to
which the plate voltage may swing; therefore
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the consequent power output and gain can be
very great. Pentodes for radio-frequency ser-
vice function in such a manner that the sup-
pressor allows high voltage gain, at the same
time permicting fairly high gain at low plate
voltage. This holds true even if the plate volt-
age is the same or slightly lower than the
screen voltage.

Beam Power
Tubes

A beam power tube makes use
of another method for sup-
pressing 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. Because
of the manner in which the electrodes 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, a 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 sup-
pressed.

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 alignment 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 strike the screen
itself. This forming of the electron stream into
sheets or beams increases the charge density
in the screen-plate region and assists in the
formation 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 higch power
output, high power sensitivity, and high
efficiency. The 6LG is such a beam power tube,
designed for use in the power amplifier stages
of receivers and speech amplifiers or modulat-
ors. Larger tubes employing the bcam-power
principle are being made by various manu-
facturers for use in the radio-frequency stages
of transmitters. These tubes feature cxtremely
high power sensitivity (a very small amount
of driving power is required for a large out-
put), good plate efficiency, and low grid-to-
plate capacitance.

Grid-Screen
Mu Factor

The grid-screen mu factor (p.«)
is analogous to the amplification
factor in a triode, except that
the screen of a pentode or tetrode is substituted
for the plate of a triode. . denotes the ratio
of a change in grid voltage to a change in
screen voltage, each of which will produce
the same change in screen current. Expressed
as an equation:

AE..
AE:

Mag = I..=constant A=small change

The grid-screen mu factor is important in
determining the operating bias of a tetrode
or pentode tube. The relationship between con-
trol-grid potential and screen potential deter-
mines 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 deter-
mined by the screen voltage and the grid-
screen mu factor (determined in the same way
as with a triode, by dividing the operating
voltage by the mu factor) the plate current
will be substantially at cutoff as will be the
screen current. The grid-screen mu factor is
numerically equal to the amplification factor
of the same tetrode or pentode tube when
triode connected.

Current Flow
in Tetrodes
ond Pentodes

Equation (3) is the expres-
sion for total cathode current
in a triode tube. The expres-
sion for the total cathode cur-
rent of tetrode and pentode tubes is the same,
except that the screen-grid voltage and the
grid-screen u factor are used in place of the
plate voltage and « of the triode. The equation
is:

Cathode current = K( E,,.--l—%)“/2 (4)
"

Cathode current, of course, is the sum of the
screen and plate current, plus control grid cur-
rent in the event that the control grid is
positive with respect to the cathode. It will be
noted that total cathode current is independent
of plate voltage in a tetrode or pentode. Also,
in the usual tetrode or pentode the plate cur-
rent also is substantially independent of plate
voltage over the usual operating range—which
means simply that the effective plate resistance
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of such tubes is relatively high. However, when
the plate voltage falls below the normal oper-
ating range the plate current falls sharply
while the screen current rises to such a value
that the total cathode current remains sub-
stantially 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
Grid Current

Equations (3) and (4) have
shown how the total cathode
current in triodes, tetrodes,
and pentodes is a function of the potentials
applied to the various electrodes. Hence, if
only one electrode 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 current goes to the plate. But when
both screen and plate are positive in a tetrode
or pentode, the cathode current divides be-
tween the two elements. Hence the screen
current is taken from the total cathode cur-
rent, 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 berween all
three elements which have a positive potential.
Hence, in a tube which is receiving a large
excitation voltage, it may be said that the
control grid robs electrons from rhe output
electrode during the period that the grid

positive. Hence it always is 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 transcon-
ductance is the most important coefficient of
pentode and tetrode tubes. Gain per stage can
be computed directly when the Gu is known.
The grid-plate transconductance of a tetrode
or pentode tube can be calculated through use
of the expression:

al,
A

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 upon the im-
pedance in its plate circuit. Plate resistance is
calculated from:

Gw=

AE,
1
Al

R, =
with E: and E.. constant.

Mixer and
Converter Tubes

The superheterodyne re-
ceiver will be described
in detail in Chapter Six,
but suffice to say here that such a receiver
always includes at least one stage for changing
the frequency of the incoming signal to the
fixed frequency of the main intermediate
amplifier in the receiver. The frequency chang-
ing process is accomplished by selecting the
beat-note difference frequency between a
locally generated oscillation and the incoming
signal frequency. If the oscillator signal is sup-
plied by a separate tube, the frequency chang-
ing 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 common-
ly called a converter tube.

conversion conductance
(G.) is a coefficient of inter-
est in the case of mixer or
converter tubes, or of conventional triodes, tet-
rodes, or pentodes operating as frequency
changers. The conversion conductance is the
ratio of a change in the signal-grid voltage
at the input frequency to a change in the out-
put current at the converted frequency. Hence
G- in a mixer is essentially the same as trans-
conductance in amplifier with the exception
that the input signal and the output current
are on different frequencies. The value of Ge
in conventional mixer tubes is from 300 to
1000 micromhos. The value of G. in an am-
plifier tube operated as a mixer is approxi-
mately 0.3 times the Gu of the tube operated
as an amplifier. The voltage gain of a mixer
stage is equal to G.Zi. where Z. is the im-
pedance of the plate load into which the mixer
tube operates.

Conversion The
Conductance
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Figure 11,

SHOWING THE EFFECT OF CATHODE
LEAD INDUCTANCE.

The degenerative action of cathode lead in-

ductance tends to reduce tne effective grid-to-

cathode voltage with respect to the voltage

available across the input tuned circuit. Cath-

ode lead inductance also introduces undesir-

able coupling between the input and the out-
put circuits,
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Figure 12.
TWO-CAVITY KLYSTRON OSCILLATOR.

A conventional two-cavity klystron is shown

with a feedbock loop connected between the

two cavities so that the tube may be used
as an oscillator,

Electron Tubes ot
Very High Frequencies

As the frequency of
operation of the us-
ual type of electron
tube is increased above about 20 Mc., certain
assumptions which are valid for operation at
lower frequencies must be re-examined. First,
we find that lead inductances from the socket
connkctions to the actual elements within the
envelope no longer are ncgligible. Second, we
find that electron transit time no longer may
be ignored; 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.

Effects of
Lead Inductance

The effect of lead induct-
ance is two-fold. First, as
shown in figure 11, the
combination of grid-lead inductance, grid-
cathode capacitance, and cathode lead induct-
ance tends to reduce the effective grid-cathode
signal voltage for a constant voltage at the
tube terminals as the frequency is increased.
Second, cathode lead inductance tends to intro-
duce undesired coupling between the various
clements within the tube.

Tubes especially designed for v-h-f and
u-h-f use have had their lead inductances
minimized. The usual procedures for reducing
lead inductance are: (1) using heavy lead
conductors or several leads in parallel (ex-
amples are the 6SH7 and 6AKS5), (2) scal-
ing down the tube in all dimensions to reduce
both lead inductances and interelectrode capac-

itances (examples are the 6AKS, 6F4, and
other acorn and miniature tubes), and (3)
the use of very low inductance extensions of
the elements themselves as external connec-
tions (examples are lighthouse tubes such as
the 2C40, oilcan tubes such as the 2C29, and
many types of v-h-f transmitting tubes).

Effects of
Transit Time

When an electron tube is
operated at a frequency high
enough so that electron tran-
sit time between cathode and plate is an ap-
preciable fraction of a cycle at the input fre-
quency, 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 mov-
ing 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 frequency
high enough so that transit time is appre-
ciable:

(a) Is difficult to excite as a result of grid
loss from the equivalent inpur grid resistance,

(b) Is capable of less output since trans-
conductance is reduced and plate current is
not in phase with grid voltage.
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The effects of transit time increase with the
square of the operating frequency — hence
they increase rapidly as frequency is increased
above the value where they become just ap-
preciable. These effects may be reduced by
scaling down tube dimensions—a procedure
which also reduces lead inductance. Further,
transit-time effects may be reduced by the
obvious procedure of increasing electrode po-
tentials so that electron velocity will be in-
creased. 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 potential increase; hence this
expedient is of limited value due to other
limitations upon operating voltages of small
electron tubes.

Special Microwave
Electron Tubes

Due primarily to the
limitation imposed by
transit time, convention-
al negative-grid electron tubes are capable of
affording worthwhile amplification and power
output only to a definite upper frequency.
This upper frequency limit varies from per-
haps 100 Mc. for conventional tube types to
about 4000 Mc. for specialized types such as
the lighthouse tube. Above the limiting fre-
quency 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 limita-
tion to operation. Three of the most import-
ant of such microwave tube types are the
klystron, the magnetron, and the travelling-
wave tube.

The Power Klystron The klystron is a type
of electron tube in
which electron transit time is used to ad-
vantage. Such tubes comprise, as shown in
figure 12, a cathode, a focussing clectrode, a
resonator connected to a pair of grids which
afford wvelocity modulation of the clectron
beam (called the “buncher™), a drift space.
and another resonator connected to a pair of
grids (called the “catcher™). A collector for
the expended celectrons may be included at the
end of the tube, or the catcher may also per-
form the function of clectron collection.

The tube operates in the following manncr:
The cathode emits a stream of clectrons which
is focussed into a bceam by the focussing
clectrode. The stream passes through the
buncher where it is acted upon by any field
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Figure 13.
REFLEX KLYSTRON OSCILLATOR.

A conventional reflex klystron oscillator of
the type commonly used as a local oscillator
in superheterodyne receivers operating above
about 2000 Mc. is shown above. Frequency
modulation of the output frequency of the
oscillator, or a-f-c operation in a receiver, may
be obtained by varying the negative voltage
on the repeller electrode.

existing between the two grids of the buncher
cavity. When the potential between the two
grids is zero, the stream passes through with-
out change in velocity. But when the potential
between the two grids of the buncher is in-
creasingly positive in the direction of electron
motion, the velocity of the electrons in the
beam is increased. Conversely, when the field
becomes increasingly negative in the direction
of the beam (corresponding 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
rcaches the drift space, where there is no field,
those electrons which have been sped up on
one half-cycle overtake those immediately
ahcad which were slowed down on the other
half-cycle. In this way, the beam clectrons be-
come 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 clectron
bunches, and a corresponding oscillating field
is sct 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
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Figure 14.
TUNABLE KLYSTRON OSCILLATOR.

Showing a two-cavity klystron oscillator tube
with its tuning mechanism (Sperry).

by the buncher to the catcher grids is greater
than that applied to the buncher cavity by the
input signal. In the klystron oscillator (figure
12), a feedback loop connects the two cavities.
Coupling to either buncher or catcher is pro-
vided by small loops which enter the cavities
by way of concentric lines, as shown in fig-
ure 12.

The klystron is an electron-coupled device.
When used as an oscillator, its output voltage
is rich in harmonics. Klystron oscillators of
various types afford power outputs ranging
from less than 1 watt to many thousand watts.
Operating efficiency varies between 5 and 30
per cent. Frequency may be shifted to some
extent by varying the beam voltage. Tuning is
carried on mechanically in some klystrons by
altering (by means of knob settings) the shape
of the resonant cavity.
The Reflex Klystron  The two-cavity klystron
as described in the pre-
ceding paragraphs is primarily used as a trans-
mitting device since quite reasonable amounts
of power are made available in its output cir-
cuit. However, for applications where a much
smaller amount of power is required—power
levels in the milliwatt range—for low-power
transmitters, receiver local oscillators, etc., an-
other type of klystron having only a single
cavity is more frequently used.

The theory of operation of the single-cavity

Figure 15.

CUT-AWAY VIEW OF A TUNABLE
KLYSTRON.

The tuning mechanism has been removed in

this cut-away view of a tunable klystron tube.

The flexible diaphragms which serve as the

top enclosure of the top cavity and the bot-

tom ! e of the bott cavity allow the

volumes of the two cavities to be varied by
the tuning mechanism.

klystron is essentially the same as the mulei-
cavity type with the exception that the velocity-
modulated electron beam, after having left the
“buncher” cavity is reflected back into the
area of the buncher again by a repeller elec-
trode as illustrated in figure 13. The potentials
on the various electrodes are adjusted to the
value such that proper bunching of the elec-
tron beam will take 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
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Figure 16.
SIMPLE MAGNETRON OSCILLATOR.

An externol tank circuit is used with this
type of magnetron oscillotor for operation in
the lower u-h-f range.

can be used only as an oscillator and not as an
amplifier. Effective modulation of the fre-
quency of a single-cavity klystron for FM
work can be obtained by modulating the re-
peller electrode voltage.

The Magnetron The magnetron is an s-h-f
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 Mc.
to 30,000 Mc. Special magnetrons were de-
veloped for wartime use in radar equipments
which had peak power capabilities of several
million watts (megawatts) output at frequen-
cies in the vicinity of 3000 Mc. The normal
duty cycle of operation of these radar equip-
ments was approximately 1/10 of one per
cent (the tube operated about 1/1000 of the
time and rested for the balance of the operat-
ing period) so that the average power output
of these magnetrons was in the vicinity of
1000 watts.

In its simplest form the magnetron tube is a
filament-type diode with two half-cylindrical
plates or anodes situated coaxially with respect
to the filament. The construction is illustrated

in figure 16A. The anodes of the magnetron
are connected to a resonant circuit as illustrat-
ed on figure 16B. The tube is surrounded by
an electromagnet coil which, in turn, is con-
nected 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 magnetic
field, electrons leaving the filament are de-
flected 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 figure 16B. In other magnetron circuits,
the frequency may be governed by the electron
rotation, no external tuned circuits being em-
ployed. Wavelengths of less than 1 centi-
meter 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 integral
with the anode structure. Figure 17 shows a
magnetron of this type having a multi-cellular
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 efhiciency and stability of high-
power radar magnetrons. In most radar appli-
cations of magnetron oscillators a powerful|
permanent magnet of controlled characteristics
is employed to supply the magnetic field rather
than to use an electromagnet.
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Figure 17.
MODERN MULTI-CAVITY MAGNETRON.

Hlustrated is an external-anode strapped mag-
netron of the type commonly used in radar
equipment for the 10-cm. ronge. A perma-
nent magnet of the general type used with
such @ magnetron is shaown in the right-hond
portion of the drawing, with the magnetron in
place betwecn the pole pieces of the magnet.
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The Cothode-Ray Tube The cathode-ray tube
is a special type of
electron tube which permits the visual observa-
tion of electrical signals. It may be incorpo-
rated into an oscilloscope for use as a test
instrument or it may be the display device for
a radar equipment or a television receiver.

A cathode-ray tube always includes an elec-
tron gun for producing 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 visi-
ble light. Such a tube always operates in con-
junction with either a built-in or an external
means for focussing the electron stream into a
narrow beam, and a means for deflecting the
electron beam in accordance with an electrical
signal.

The main electrical difference between types
of cathode-ray tubes lies in the means em-
ployed for focussing and deflecting the electron
beam. The beam may be tocussed and/or de-
flected either electrostatically or magnetically,
since a stream of electrons can be acted upon
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 ficld. In a magnetic field the stream
tends to be deflected at right angles to the
field. Further, 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 parallel 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 c-r tubes used in oscilloscopes
and small television receivers usually are both
focussed and deflected electrostatically. But c-r
tubes for special applications may be focussed
magnetically and deflected electrostatically or
vice versa.

There are advantages and disadvantages to
both types of focussing and deflection. How-
ever, it may be stated that electrostatic deflec-
tion is much better than magnetic deflection
when high-frequency waves are to be displayed
on the screen; hence the almost universal use
of this type of deflection for oscillographic
work. But when a tube is operated at a high
value of accelerating potential so as to obtain
a bright display on the face of the twbe for
television or radar work, the use of magnetic

Figure 18.
TYPICAL CATHODE-RAY TUBE.

The tube illustrated is of the electrostatic-
deflection electrostatic-focus type usually used
in oscilloscopes. Most current oscilloscope tubes
have all the electrodes brought out through
the base of the tube. Television tubes, which
almost always are of the magnetic-focus
magnetic-deflection type, do not include the
focussing electrode or the deflecting plates,
and the high-voltage accelerating anode usu-
ally is connected to a conducting coating on
the inside of the glass envelope.

deflection becomes desirable since it is rela-
tively much easier to deflect a high-velocity
electron beam magnetically than electrostatical-
ly. However, an ion trap is required with mag-
netic deflection since the heavy negative ions
emitted by the cathode are not materially de-
flected by the magnetic field and hence would
burn an “ion spot” in the center of the lumi-
nescent 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.

The construction of a typical electrostatic-
focus, electrostatic-deflection cathode-ray tube
is illustrated in the pictorial diagram of figure
18. The indirectly heated cathode K releases
free electrons when heated by the enclosed
filament. The cathode is surrounded by a cyl-
inder G, which has a small hole in its front
for the passage of the electron stream. 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 accelerating
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 accelerate the electrons
towards the far end of the tube.

The focussing electrode, F, is a sleeve which
usually contains two small disks, each with a
small hole.

After leaving the focussing electrode, the
electrons pass through another accelerating
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anode, A, which is operated at a high positive
potential. In some tubes this electrode is oper-
ated at a higher potential than the first acceler-
ating 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 focusses
them into a slender, concentrated, rapidly-
traveling stream for projecting onto the view-
ing screen.

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
deflection 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 18.

Standard oscilloscope practice with small
cathode-ray tubes calls for connecting one of
the B plates and one of the C plates together
and to the high voltage accelerating anode.
With the newer three-inch tubes and with
five-inch tubes and larger all four deflecting
plates are commonly used for deflection. The
positive high voltage is grounded, instead of the
negative as is common practice in amplifiers,
etc., in order to permit operation of the deflect-
ing plates at a d-c potential at or near ground.

In the average electrostatic-deflection c-r
tube the spot will be fairly well centered if all
four deflection plates are returned to the po-
tential of the second anode (ground). How-
ever, for accurate centering and to permit mov-
ing the entire trace either horizontally or
vertically to permit display of a particular
waveform, horizontal and vertical centering
controls usually are provided on the front of
the oscilloscope.

After the spot is once centered, it is neces-
sary only to apply a positive or negative volt-
age (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, while if
negative the beam and spot will be repulsed.
The amount of deflection is directly propor-
tional 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 voltage
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 with-
out distortion. By using push-pull deflection
with two tubes feeding the deflection plates,
the necessary plate supply voltage for the de-
flection amplifier is halved. Second, a certain
amount of de-focussing of the electron stream
is always present on the extreme excursions in
deflection 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 de-
focussing because the average voltage acting on
the electron stream is zero, even though the
net voltage (which causes the deflection)
acting on the stream is twice that on either
plate.

The fact that the beam is deflected by a mag-
netic field is important even in an oscillo-
scope which employs a tube using electro-
static deflection, because it means that precau-
tions must be taken to protect the tube from
the transformer fields and sometimes even the
earth’s magnetic field. This normally is done
by incorporating a magnetic shield around the
tube and by placing any transformers as far
from the tube as possible, oriented to the posi-
tion which produces minimum effect upon the
clectron stream.

Screen Materials —
“Phosphors’’

At least five types of
{uminescent screen ma-
terials are commonly
available on the various types of c-r tubes
commercially available. These screen materials
are called phosphors; each of the five phosphors
is best suited to a particular type of applica-
cation. 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 phosphor, with white
fluorescence and medium  persistence, is used
on television viewing tubes ("Kinescopes™).
The P-5 and P-11 phosphors, with blue fluo-
rescence and 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 greenish-yellow persistence, is
used primarily for radar displays where reten-
tion of the image for several seconds after the
initial signal display is required.
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Gos Tubes The space charge of electrons in
the vicinity of the cathode in a
diode causes the plate-to-cathode voltage drop
to be a function 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 dissipa-
tion. However, this negative space charge can
be neutralized by the presence of the proper
density of positive ions in the space between
the cathode and anode. The positive ions may
be obtained by the introduction of the proper
amount of gas or a small amount of mercury
into the envelope of the tube. When the volt-
age drop across the tube reaches the ionization
potential of the gas or mercury vapor, the gas
molecules will become ionized to form posi-
tive ions. The positive ions then tend to neu-
tralize the space charge in the 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 emission capability of the cathode.
The voltage drop varies between 10 and 20
volts, depending upon the particular gas em-
ployed, up to the maximum current rating
of the tube.

Mercury-vapor tubes, although very widely
used, have the disadvantage that they must be
operated within a specified 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 elements. If the temperature is
too high, the vapor pressure is too high, and
the voltage at which the tube will "flash back”
is lowered to the point where destruction of
the tube may take place. Since the ambient
temperature range specified above is within
the normal room temperature range, no trouble
will be encountered under normal operating
conditions. However, by the substitution of
xenon gas for mercury it is possible to produce
a rectifier with characteristics comparable to
those of the mercury-vapor tube except that the
tube is capable of operating over the range from
approximately -70° to 90° C. The 3B25
rectifier is an example of this type of tube.

Thyratron If a grid is inserted between the ca-
Tubes thode and plate of a mercury-vapor
gaseous-conduction rectifier, a nega-
tive potential placed upon the added element
will increase the plate-to-cathode voltage drop
required before the tube will ionize or “fire.”
The potential upon 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 conduc-
tion will take place only over the desired
portion of the cycle of the a-c voltage being
impressed upon the plate of the rectifier.



CHAPTER FIVE

Vacuum Tube Amplifiers

The ability of the control grid of a vacuum
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 elec-
tronics and communication.

Symbols for As an assistance in simplify-
Vocuum-Tube ing and shortening expres-
Parometers sions involving vacuum-tube

parameters, the following sym-
bols will be used throughout this book:

Tube Constants

u—amplification factor

R,—plate resistance
Guw—transconductance

uw—grid-screen mu factor
G.—conversion transconductance (mixer

tube)

Interelectrode Capacitances
Cuw—_grid-cathode capacitance
Cuy—grid-plate capacitance
Cm—plate-cathode capacitance
Cin—Input capacitance (tetrode or pentode)
Cuni—output capacitance (tetrode or pen-

tode)

Electrode Potentials

Ewv—d-c plate supply voltage (a positive
quantity)

75

Ece—d-c grid supply voltage (a negative
quantity )

E.n—peak grid excitation voltage (1% total
peak-to-peak grid swing)

Erw—peak plate voltage (V4 total peak-to-
peak plate swing)

ep—instantaneous plate potential

e~—instantaneous grid potential

epmis—minimum instantaneous plate voltage

exwp—maximum positive instantaneous grid
voltage

E,—static plate voltage

E.—static grid voltage

e.o—cut off bias

Electrode Currents
Ir—average plate current
I.—average grid current
Iomw—peak fundamental plate current
ismsx—maximum instantaneous plate current
Ivwax—maximum instantaneous grid current
I,—static plate current
l.—static grid current

Other Symbols
Pi—plate power input
P.—plate power output
Pi—plate dissipation
Pi—grid driving power
losses )
P.—grid dissipation
Ni—oplate efficiency (expressed as a deci-
mal)
6,—one-half angle of plate current flow
6,—one-half angle of grid current flow
Ri—load resistance
Z:—load impedance

(grid plus bias
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Yacuum-Tube The relationships between cer-
Constants tain of the electrode potentials

and currents within a 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 manufacturers of
vacuum tubes. The defining equations for the
basic vacuum-tube constants are given in
Chapter Four.

The values of interelectrode
capacitance  published in
vacuum-tube tables are the
static values measured, in the case of triode for
example, as shown in figure 1. The static
capacitances are simply as shown in the draw-
ing, but when a tube is operating as amplifier
there is another consideration known as Méller
Effect which causes the dynamic input capaci-
tance to be different from the static value. The
output capacitance of an amplifier is essentially
the same as the static value such as is given in
the published tube tables. The grid-to-plate
capacitance is also the same as the published
static value, but since the Cs acts as a small
capacitance 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:

Interelectrode
Capacitances

Cax (dynamic) = (C,, (static) -+ (A + 1) Cen

where C.« is the grid-to-cathode capacitance,
C:r is the grid-to-plate capacitance, and 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 input
admirttance (vector sum of capacitance and
resistance) of an amplifier operating into any
type of plate load is as follows:

Input capacitance = Ca + (1 + A cos 6) Cup

1
Input resistance = - <—— )
w CRI‘

A sin ¢

==
[of-1 3+ I
! s
; S Cpk
Conc=2 r 0
) |
[ "
TRIODE PENTODE OR TETRODE
Figure 1.

Static Interelectrade Coapacitances Within o
Triode, Pentode, or Tetrode.

Where: Cu = grid-to-cathode capacitance
C.r = grid-to-plate capacitance
A = voltage amplification of the tube
alone

6 = phase angle of the plate load im-
pedance, positive for inductive
loads, negative for capacitive

It can be seen from the above that if the
plate load impedance of the stage is capacitive
or inductive, there will be a resistive com-
ponent in the input admittance of the stage.
The resistive component of the input admit-
tance will be positive (tending to load the
circuit feeding the grid) if the load imped-
ance 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 of the effects
of interelectrode capacitance
is employed most frequent-
ly in the case of radio fre-
quency power amplifiers. Before the introduc-
tion of the tetrode and pentode tube, triodes
were employed as neutralized Class A ampli-
fiers in receivers. This practice has been largely
superseded in the present state of the art
through the use of tetrode and pentode tubes
in which the Cir or feedback capacitance has
been reduced to such a low value that neutrali-
zation of its effects is not necessary to prevent
oscillation and instability.

Neutralization
of Interelectrode
Capacitance

5-1 Classes and Types of
Yacuum-Tube Amplifiers

Vacuum-tube amplifiers are grouped into
various classes and sub-classes according to the
type of work they are intended to perform.
The difference between the various classes is
determined primarily by the value of average
grid bias employed and the maximum value of
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the exciting signal to be impressed upon
the grid.

Class A
Amplifier

A Class A amplifier is an amplifier
biased and supplied with excitation
of such amplitude that plate cur-
rent flows continuously (360° of the ex-
citing 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 characteristic and
gives an output waveshape which is a sub-
stantial replica of the input waveshape.

Class A,
Amplifier

This is another term applied to the
Class A amplifier in which grid
current does not flow over any
portion of the input wave cycle.

Class A.
Amplifier

This is a Class A amplifier oper-
ated under such conditions that the
grid is driven positive over a por-
tion of the input voltage cycle, but plate cur-
rent still flows over the entire cycle.

Class AB, This is an amplifier operated under
Amplifier 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 cur-
rent flow is appreciably greater than 180° but
less than 360°. The suffix 1 indicates that grid
current does not flow over any portion of the
input cycle.

Class AB.
Amplifier

A Class AB: amplifier is operated
under essentially the same condi-
tions of grid bias as the Class
AB: amplifier mentioned above, but the excit-
ing voltage is of such amplitude that grid cur-
rent flows over an appreciable portion of the
input wave cycle.

Class B
Amplifier

A Class B amplifier is biased sub-
stantially to cutoff of plate current
(without exciting voltage) so

AUDIO -FREQUENCY

Audio-frequency voltage amplifiers are most
frequently employed in two general applica-
tions: First, to build up the voltage output of

that plate current flows essentially over one-
half the input voltage cycle. The operating
angle of plate current flow is essentially 180°.
The Class B amplifier is almost always excited
to such an extent that grid current flows.

Class C
Amplifier

A Class C amplifier is biased to a
value greater than the value re-
quired for plate current cutoff
and is excited with a signal of such amplitude
that grid current flows over an appreciable
period of the input voltage waveshape. The
angle of plate current flow in a Class C am-
plifier is appreciably less than 180°, or in
other words, plate current flows appreciably
less than one-half the time. Actually, the con-
ventional operating conditions for a Class C
amplifier are such that plate current flows for
120° to 150° of the exciting voltage wave-
shape.

Types of
Amplifiers

There are three general types of
amplifier circuits in use. These
types are classified on the basis
of the return for the input and output circuits.
Conventional amplifiers are called cathode re-
turn amplifiers since the cathode is effccrively
grounded and acts as the common return for
both the input and output circuits. The second
type is known as a plate return amplifier or
cathode follower since the plate circuit is ef-
fectively at ground for the input and output
signal voltages and the output voltage or
power is taken between cathode and plate. The
third type is called a grid-return or grounded-
grid amplifier since the grid is effectively at
ground potential for input and output signals
and output is taken between grid and plate.

Chapter Organization

As an assistance to the reader, the balance
of this chapter has been subdivided into six
main sections: Audio-Frequency Voltage Am-
plifiers, Audio-Frequency Power Amplifiers,
Radio-Frequency Voltage Amplifiers, Radio-
Frequency Power Amplifiers, Feedback Ampli-
fiers, Video-Frequency Amplifiers.

VOLTAGE AMPLIFIERS

the detector or demodulator in a receiver to a
level sufficient to excite the grid of the audio-
frequency power amplifier which drives the
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loudspeaker; and second, to increase the volt-
age output of a microphone or other type of
pickup to a level sufficient to excite the grid
of an audio-frequency power amplifier.

5-2 Resistance-

Capacitance Coupled
Audio-Frequency Amplifiers

Present practice in the design of audio-fre-
quency voltage amplifiers is almost exclusively
to use resistance-capacitance coupling between
the low-level stages. Both triodes and pentodes
are used; triode amplifier stages will be dis-
cussed first.

R-C Coupled
Triode Stages

Figure 2 illustrates the stand-
ard circuit for a resistance-
capacitance coupled amplifier
stage utilizing a triode tube with cathode bias.

— .

+B

Figure 2.
Standard circuit for ¢ P
coupled triode amplitier stage. Values for
components can be determined with the aid
of Table |.

[y

In conventional audio-frequency amplifier de-
sign such stages are used at medium voltage
levels (from 0.01 to 5 volts peak on the grid
of the tube) and use medium-u triodes such
as the 6J5 or high-u triodes such as the 6SF5
or GSL7-GT. Normal voltage gain for a single
stage of this type is from 10 to 70, depending
upon the tube chosen and its operating con-

E=-UEec

MID FREQUENCY RANGE

=Cpx E;RL 2Re =< Cok
M=-DEe

HIGH FREQUENCY RANGE

AL
Cc

E=-UEc

LOW FREQUENCY RANGE

(DYNAMIC,
NEXT STAGE)

M RL Re
Re (RL+RG)+RLRG

A HIGH FREQ. 1
A miD FREQ. V 1+ (Reasxs)?

Xs =
277F (Cer+CeK (OYNAMIC)

A LowFREQ. _ 1
MID FREQ. W—
1

Xe = —Z7rrce

RL_Re
R =Re+ —RFRe

Figure 3.
Equivalent circuits and gain equations for a triode R-C coupled amplifier stage. In using
these equations, be sure to select the values of mu and R, which are proper for the static
current and voltages with which the tube will operate. These values may be obtained from
curves published in the RCA Tube Handbook HB-3.
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TABLE1
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ditions. Triode tubes are normally used in the
last voltage amplifier stage of an R-C amplifier
since their harmonic distortion with large out-
put voltage (25 to 75 volts) is less than with
a pentode tube.

The voltage gain per stage of
a resistance-capacitance cou-
pled triode amplifier can be
calculated with the aid of the equivalent cir-
cuits and expressions for the mid-frequency,
high-frequency, and low-frequency range given
in figure 3.

A triode R-C 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 pub-
lished in the RCA Tube Handbook HB-3. It

Voltage Gain
per Stage

is assumed, in the case of the gain equations of
figure 3, that the cathode by-pass capacitor, Cx,
has a reactance that is low with respect to the
cathode resistor at the lowest frequency to be
passed by the amplifier stage.

R-C Coupled
Pentode Stages

Figure 4 illustrates the stand-
ard circuit for a resistance-
capacitance coupled pentode
amplifier stage. Cathode bias is used and the
screen voltage is supplied through a dropping
resistor from the plate voltage supply. In con-
ventional audio-frequency amplifier design such
stages are normally used at low voliage levels
(from 0.00001 to 0.1 volts peak on the grid
of the tube) and use moderate-G.. pentodes
such as the 6S]J7. Normal voltage gain for a
stage of this type is from 60 to 250, depend-
ing upon the tube chosen and its operating
conditions. Pentode tubes are ordinarily used in
the first stage of an R-C amplifier where the
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Figure 4.

1o, 29

Stondord circuit for ¢

coupled pentode omplifier stoge. Values of

circuit constants may be determined with the
aid of Table Il.

high gain which they afford is of greatest ad-
vantage 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 range given
in figure 5.

To assist the designer of such stages, data
on operating conditions for commonly used
types of tubes is published in the RCA Tube
Handbook HB-3. It is assumed, in the case of

the gain equations of figure 5, that the cathode
by-pass capacitor, Cs, has a reactance that is
low with respect to the cathode resistor at the
lowest frequency to be passed by the stage. It
is additionally assumed that the reactance of
the screen by-pass capacitor, C4, is low with
respect to the screen dropping resistor, Ru, at
the lowest frequency to be passed by the am-
plifier stage.

Cascade Voltage
Amplifier Stages

When voltage amplifier
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 cascaded
amplifier stages is obtained by taking the prod-
uct of the voltage gains of each of the suc-
cessive stages.

Sometimes the voltage gain of an amplifier
stage is rated in decibels. Voltage gain is con-
verted into decibels gain through the use of
the following expression: db = 20 loge A,
where A is the voltage gain of the stage. The
total gain of cascaded voltage amplifier stages
can be obtained by adding the number of
decibels gain in each of the cascaded stages.
This subject is covered in Chapter Twenty-
seven, Reference Data.

TABLE I
RESISTANCE-CAPACITANCE COUPLED PENTODE AUDIO VOLTAGE AMPLIFIER
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5-3 Other Interstage
Coupling Methods

Figure 6 illustrates, in addition to resistance-
capacitance interstage coupling, seven addi-
tional methods in which coupling between two
successive stages of an audio-frequency ampli-
fier may be accomplished. Although resistance-
capacitance coupling is most commonly used,
there are certain circuit conditions wherein
coupling methods other than resistance capaci-
tance are more effective.

Tronsformer
Coupling

Transformer coupling, as illus-
trated in figure 6B, 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 transformer having
frequency characteristics comparable with a
properly designed R-C 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 characteristics of step-up interstage
transformers are very poor, making very difh-
cult the inclusion of a transformer of this type

within a feedback 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 conditions it is
possible to obtain a peak voltage on the
secondary of the transformer of a value some-
what greater than the d-c¢ plate supply voltage
of the tube supplying the primary of the
transformer.

Push-Pull Transformer
Interstage Coupling

Push-pull transformer
coupling between two
stages is illustrated in
figure 6C. 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 fairly
high voltage to excite the grids of a high-
power audio stage. The arrangement is also
very good when it is desired to apply feed-
back 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.
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Figure 6.
Interstage coupling methods for audio-frequency voltage amplifiers.

Impedance
Coupling

Impedance coupling between two
stages is shown in figure GD.
This circuit arrangement is sel-
dom used, but, it offers one strong advantage
over R-C interstage coupling. This advantage
is the face that, since the operating voltage on
the tube with the impedance in the plate cir-
cuit is the plate supply voltage, it is possible
to obtain approximately twice the peak volt-
age output that it is possible to obtain with

R-C coupling. This is because, as has been
mentioned before, the d-c plate voltage on an
R-C stage is approximately one-half the plate
supply voltage.

Impedance-Transformer These two circuit ar-

and Resistance-Trans- rangements, illus-
former Coupling trated in figures GE
and GF, are em-

ployed when it is desired to use transformer
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Figure 7.
Equivalent factors for a pair of similar triodes
operating as a cothode-coupled audio-fre-
quency voltage amplitier.

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-response transform-
ers it is necessary that there be no direct-cur-
rent flow through the windings of the trans-
former. The impedance-transformer arrange-
ment of figure 6E will give a higher voltage
output from the stage but is not often used
since the plate coupling impedance (choke)
must have very high inductance 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
arrangement of figure GF is ordinarily quite
satisfactory where it is desired to feed a trans-
former from a voltage amplifier stage with no
d-c in the transformer primary.

Cathode
Coupling

The cathode coupling arrangement
of figure 6G 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 7 gives the expressions for determin-
ing the appropriate factors for an equivalent
triode obtained through the use of a pair of
similar triodes connected in the cathode-cou-
pled circuit shown. With these equivalent tri-

ode factors it is possible to use the expressions
shown in figure 3 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 neutralization), and the out-
put capacitance is approximately equal to the
grid-to-plate capacitance of one of the triode
sections. This circuit is particularly. effective
with tubes such as the 6J6, 6N7, and 6SN7-
GT which have two similar triodes in one en-
velope. An appropriate value of cathode re-
sistor to use for such a stage is the value which
would be used for the cathode resistor of a
conventional amplifier using one of the same
type tubes with the values of plate voltage and
load resistance to be used for the cathode-
coupled stage.

Inspection of the equations in figure 7
shows that as the cathode resistor is made
smaller, to approach zero, the Ga approaches
zero, the plate resistance approaches the R, of
one tube, and the mu approaches zero. As 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 mu approaches
the same value as one tube. But since the G
of each tube decreases as the cathode resistor
is made larger (since 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
successive 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 poten-
tial with respect to the cathode of that stage.
However, if the cathode of the second ampli-
fier stage can be operated at a potential 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 GH
illustrates an application of this principle in
the coupling of a pentode amplifier stage to
the grid of a "hot-cathode” phase inverter. In
this arrangement the values of cathode, screen,
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Figure 8.

Three popular phase-inverter circuits with
recommended values for circuit components.

and plate resistor in the pentode stage are
chosen such that the plate of the pentode is at
approximately 0.3 times the plate supply po-
tential. The succeeding phase-inverter stage
then operates with conventional values of
cathode and plate resistor (same value of re-
sistance) in its normal manner. This type of
phase inverter is described in more detail in
the section to follow.

54 Phase Inverters

It is necessary in order to excite the grids of
a push-pull stage that voltages equal in ampli-
tude and opposite in polarity be applied to the
two grids. These voltages may be obtained
through the use of a push-pull input trans-
former such as is shown in figure 6C. It is
possible also, without the attendant bulk and
expense of a push-pull input transformer, to
obtain voltages of the proper polarity and

phase through the use of a so-called phase-
inverter stage. There are a large number of
phase inversion circuits which have been de-
veloped and applied but the three shown in
figure 8 have been found over a period of time
to be the most satisfactory from the point of
view of the number 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 changes in supply
voltage and changes in tubes.

‘“Hot-Cathode’’
Phase Inverter

Figure 8A illustrates the hot-
cathode type of phase in-
verter. This type of phase in-
verter is the simplest of the three types since
it requires only one tube and a minimum of
circuit components. It is particularly simple
when directly coupled from the plate of a
pentode amplifier stage as shown in figure GH.
The circuit does, however, possess the follow-
ing two disadvantages: (1) the cathode of the
tube must run at a potential of approximately
0.3 times the plate supply voltage above the
heater when a grounded common heater wind-
ing is used for this tube as well as the other
heater-cathode tubes in a receiver or ampli-
fier; (2) the circuit accually has a loss in volt-
age 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 rotal
voltage output with respect to input (grid-to-
grid output voltage) buc it is still small with
respect to the other two phase inverter circuits
shown.

Recommended component values for use
with a 6J5 tube in this circuit are shown in
figure 8A. If it is desired to use another tube
in this circuit, appropriate values for the oper-
ation of that tube as a conventional amplifier
can be obtained from manufacturer’s tube data.
The value of Ru. obtained should be divided by
two, and this new value of resistance placed
in the circuit as Ri. The value of R« from
Table 1 should then be used as Rw in this
circuit, and then the total of R and R« should
be made to equal Ru.

’Floating Paraphrase’’
Phase Inverter

An alternate type of
phase inverter some-
times called the “float-
ing paraphrase” is illustrated in figure 8B.
This circuit is quite often used with a 6N7
tube, and appropriate values for the 6N7 tube



HANDBOOK

A-F Power Amplifiers 85

in this application are shown. The circuit
shown with the values given will give a volt-
age gain of approximately 21 from the input
grid to each of the grids of the succeeding
stage. It is capable of approximately 70 volts
peak output to each grid.

The circuit inherently has a small unbalance
in output voltage. This unbalance can be elim-
inated, if it is required for some special appli-
cation, by making the resistor Rg: a few per
cent lower in resistance value than Rga.

Cathode-Coupled The circuit shown in figure
Phase Inverter 8C gives approximately
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 R-C amplifier stage. Thus,
with a 6SN7-GT tube as shown (two 6J5's in
one envelope) the voltage gain from the input
grid to either of the output grids will be ap-
proximately 7—the gain is, of course, 14 from
the input to both output grids. The phase
characteristics are such that the circuit is com-
monly used in deriving push-pull deflection
voltage for a cathode-ray tube from a single-
ended input signal. However, the frequency re-
sponse of such a circuit is not good enough for
broad-band television work.

AUDIO FREQUENCY POWER AMPLIFIERS

5-5 Single-Ended Triode
Amplifiers

Figure 9 illustrates five circuits for the oper-
ation of Class A triode amplifier stages. Since
the cathode current of a triode Class A: (no
grid current) amplifier stage is constant with
and without excitation, it is common practice
to operate the tube with cathode bias. Recom-
mended operating conditions in regard to plate
voltage, grid bias, and load impedance for con-
ventional triode amplifier stages are given in
the RCA Tube Manual, HB-3.

It is possible, under certain conditions to oper-
ate single-ended triode amplifier stages (and
pentode and tetrode stages as well) with grid
excitation of sufficient amplitude that grid cur-
rent is taken by the tube on peaks. This type
of operation is called Class A: and is character-
ized by increased plate-circuit efficiency over
straight Class A amplification without grid
current. The normal Class A, amplifier power
stage will operate with a plate circuit efhciency
of from 20 per cent to perhaps 35 per cent.
Through the use of Class A: operation it is
possible to increase this plate circuit efficiency
to approximately 38 to 45 per cent. 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 moderate power capability to
excite the grid of the Class A: tube.

Figures 9D and 9E illustrate two methods
of connection for such stages. Tubes such as
the 845, 849, and 304TL (and also the 813
beam tetrode with appropriate screen supply)
are suitable for such a stage. 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 correct value
of plate load impedance will be increased
about 40 per cent over the value recommended
by the tube manufacturer for Class A: opera-
tion of the tube.

Both Class A: and Class A: power output,
load impedance, and second harmonic distor-
tion can be calculated with the aid of the pub-
lished average plate characteristic curves of the
tube under consideration and the three equa-
tions given in figure 10. It is simply necessary
to draw a trial load line on the tube character-
istics, take the values of voltage and current
from the points of intersection between the
load line and the tube curves, and substitute
these values in the equations given. A sample
load line for a type 2A3 tube is included in
figure 10.

The correct values for Re in figure 9 can be
obtained from the RCA Receiving Tube Hand-
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Formulas for determining the operating con-

ditions for @ Class A triode single-ended audio-

freq y power output stage. A typical load

line has been drawn on the average plate

characteristics of a type 2A3 tube to illustrate
the procedure.

book, or they may be obtained by dividing the
value of grid bias listed for the tube by the
operating plate current of the tube. The value
of C: should be such that at the lowest audio
frequency it is desired to pass with the stage
the reactance of Ci is somewhat less than the
resistance of Ri. Similarly, when an inductor
is used for a plate feed choke as shown in
figures 9A and 9C, the reactance of L, should
be somewhat greater than the correct value of
load resistance for the tube at the lowest audio
frequency to be passed. The coupling capacitor
C., where used, should be low with respect to

Ru at the lowest frequency to be passed.

Where a transformer is employed as shown
in figure 9 to couple the energy from the plate
of the output tube to the load circuit, the turns
ratio of the transformer, between primary and
secondary, should be equal to the square root
of the impedance ratio. Thus, for example, if
the recommended plate load impedance of the
tube is 10,000 ohms and the load impedance
to be fed is 500 ohms, the impedance ratio is
20, and the turns ratio between primary and
secondary should be equal to the square root
of 20 or 4.47.
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Normal single-ended pentode or beom tetrode
audio-frequency power output stage.

5-6 Single-Ended Tetrode
or Pentode Power
Audio Amplifier Stages

Figure 11 illustrates the conventional circuit
for a single-ended tetrode or pentode amplifier
stage. Tubes of this type have largely replaced
triodes in the output audio stages of receivers
and low-power amplifiers due to the higher
power efficiency of such stages and the greater
plate circuit efficiency with which they operate.
As an example, a type 45 tube operating at a
plate voltage of 250 volts requires a peak grid
swing of 50 volts and operates at a plate cir-
cuit efficiency of about 20 per cent, while a
type GVG6 tetrode operating at the same plate
and screen voltage as the type 45 requires a
peak grid swing of only 12.5 volts and de-
livers about 35 per cent of its total input pow-
er in the form of useful output.

Tetrode and pentode tubes do, however, in-
troduce a considerably greater amount of har-
monic distortion into their output, and their
plate circuit impedance (which acts in a re-
ceiver to damp loudspeaker overshoot and ring-
ing, and acts in a driver stage to give good
regulation) is many times higher than that of

an equivalent triode. The application of neg-
ative feedback to an amplifier employing tet-
rode and pentode tubes acts both to reduce
distortion and to reduce the effective plate
circuit impedance of the stage. The application
of negative feedback to such amplifiers is dis-
cussed in Section 5-15 of this chapter.

5-7 Push-Pull Class A
and Class AB
Audio Amplifier Stages

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 12. The
two main advantages of the push-pull circuit
arrangement are: (1) the magnetizing effect
of the plate currents of the output tubes is
cancelled in the windings of the output trans-
former; (2) even harmonics of the input
signal (second and fourth harmonics primar-
ily) generated in the push-pull stage are can-
celled when the tubes are balanced.

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 portion of the
input voltage cycle. If a tube were operated in
such a manner in a single-ended amplifier the
second harmonic amplitude generated would
be prohibitively high.

Push-pull Class AB operation allows a plate
circuit efficiency of from 45 to 60 per cent to
be obtained in an amplifier stage depending
upon whether or not the exciting voltage is

AL
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PUSH-PULL TRIODE AND TETRODE

Figure 12.
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Class B audio-frequency power amplifier.

of such amplitude that grid current is drawn
by the tubes. If grid current is taken on input
voltage peaks the amplifier is said to be oper-
ating Class AB: and the plate circuit efficiency
can be as high as the upper value just men-
tioned. 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 the range just quoted. In all Class
AB amplifiers the plate current will increase
from 40 to 150 per cent over the no-signal
value when full signal is applied.

5-8 Class B Audio-
Frequency Power Amplifiers

The Class B audio-frequency power ampli-
fier operates at a higher plate-circuit efficiency
than any of the previously described types of
audio power amplifiers. Full-signal plate-cir-
cuit efficiencies of 60 to 70 per cent are read-
ily obtainable with the tube types at present
available for this type of work. Since the plate
circuit efficiency is higher, smaller tubes of
lower plate dissipation may be used in a Class
B power amplifier 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 in the gencration of
audio-frequency power levels from perhaps
100 watts on up to levels of approximately
150,000 watts as required for large short-wave
broadcast stations.

There are attendant disadvantageous features
to the operation of a power amplifier of this
type; bur all these disadvantages can be over-

come by proper design of the circuits asso-
ciated with the power amplifier stage. These
disadvantages are: (1) The Class B audio am-
plifier requires driving power in its grid cir-
cuirt; this disadvantage 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 regula-
tion under the varying load presented by the
Class B grids. (2) The Class B stage requires
a constant value of average grid bias to be
supplied in spite of the fact that the grid cur-
rent on the stage is zero over most of the
cycle but rises to values as high as one-third
of the peak plate current on 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
amplifiers have been developed which require
zero average grid bias for their operation. The
811A, 838, 805, 203Z, 809, HY-5514, and
TZ-40 are examples of this type of tube. All
these so-called “zero-bias™ tubes have rated
operating conditions up to moderate plate volt-
ages wherein they can be operated without
grid bias. As the plate voltage is increased to
their maximum ratings, however, a small
amount of grid bias, such as could be obtained
from several 4145-volt C batteries, is required.

And (3), a Class B audio-frequency power
amplifier or modulator requires a source of
plate supply voltage having reasonably good
regulation. This requirement led to the devel-
opment of the “swinging choke.” The swing-
ing choke is essentially a conventional filter
choke in which the core air gap has been re-
duced. This reduction in the air gap allows
the choke to have a 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 2 much lower
value. With a swinging choke of this type,
having adequate current rating, as the input
inductor in the filter system for a rectifier
power supply, the regulation will be improved
to a point which is normally adequate for a
power supply for a Class B amplifier or mod-
ulator stage. Swinging-choke power supplies
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are discussed in detail in the Power Supply
chapter.

Recommended Table IIl lists recommended
Operating operating conditions for a
Conditions number of tube types that

find frequent application as
Class B a-f power amplifiers and modulators.
Certain additional operating conditions are
also given for other tube types as Class AB:
and Class AB: power amplifiers and modu-
lators.

It is often desirable to operate a pair of
tubes as a Class B power amplifier at plate
voltages somewhat different from the condi-
tions listed in Table III or given as standard
by the vacuum-tube manufacturers. The pro-
cedure given in the following paragraphs can
be used to determine proper operating condi-
tions for non-standard applications.

Calculation of Operating
Conditions of Class B
Power Amplifiers

The following pro-
cedure can be used
for the calculation
of the operating
conditions of Class B power amplifiers when
they are to operate into a resistive load such
as the type of load presented by a Class C

effectiveness for the calculation of the operat-
ing ‘conditions of beam tetrodes as Class AB,
amplifiers or modulators when the resting plate
current on the tubes (no signal condition) is
less than 25 or 30 per cent of the maximum-
signal plate current.

First, with the average plate characteristics
of the tube as published by the manufacturer
before you, select a point on the E,.=E. (diode
bend) line at about twice the plate current you
expect the tubes to kick to under modulation.
If beam tetrode tubes are concerned, select a
point at about the same amount of plate cur-
rent mentioned above, just to the right of the
region where the Iv 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 per cent of
the d-c voltage applied to the tubes if good
plate-circuit efficiency is desired.

Second, note down the value of immax and
epmin at this point.

Third, subtract the value of epmin from the
d-c plate voltage on the tubes.

Fourth, substitute the values obtained in the
following equations:

power amplifier. This procedure will be found _dvmax (Ewe = €pmin) T I
quite satisfactory for the application of vacuum b= 2 ~ from 2 tubes
tubes as Class B modulators when it is desired
to operate the tubes under conditions which (Esb — €pmin)
are not specified in the tube operating char- Ri. = 4 -
acteristics published by the tube manufacturer.
The same procedure can be used with equal = Plate-to-plate load for 2 tubes
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Cpmin
N, = 785 (1 - . )
Ew

= Full signal plate efficiency

All the above equations are true for sine-
wave operating conditions on the tubes con-
cerned. However, if a speech clipper is being
used in the speech amplifier, or if it is desired
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 approxi-
mately 4-to-1 as contrasted to the ratio of
2-to-1 in a sine wave — in other words, when
non-sinusoidal 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 ampli-
fier is concerned; we are concerned with its
peak-power-output capability.

Under these conditions we call upon other,
more general relationships. The first of these
is: It requires a pesk power output equal to
the Class-C stage input to modulate that input
fully.

The second one is: The average power out-
put required of the modulator is equal to the
shape factor of the modulating wave muldi-
plied by the input to the Class-C stage. The
shape factor of unclipped speech is approxi-
mately 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 ar-
rangement is somewhere between 0.25 and 0.9
depending upon 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 per cent modulation as contrasted to per-
haps 250 watts for unclipped speech modula-
tion of 100 per cent.

Sample Coalculation
for 811A Tubes

Figure 14 shows a set of
plate characteristics for
a type 811A tube with
a load line for Class B operation. Figure 15
lists a sample calculation for determining the
proper operating conditions for obtaining ap-
proximately 185 watts output from a pair of
the tubes with 1000 volts d-c plate potential.

SAMPLE CALCULATION

CONDITION: 2 TvPE 811 TUBES, Ebb, * 1000
INPUT TO FINAL STAGE, 350 W.
PEAK POWER OUTPUT NEEDED= 350 + 6% * 370 W.
FINAL AMPLIFIER Ebb = 2000 V.
FINAL AMPLIFIER Lb = .175 A
FINAL AMPLIFIER ZL = _z'g?sn_ 311400 0

EXAMPLE: CHOSE POINT ON 811 CHARACTERISTICS JUST
TO RiGHT OF Ebb=EcC.
Ip MAX, 2,410 A, £p MIN, = +100
I Max. =.100 A. EG MAX. = + 80

PEAK P0 =.410 x (1000-100) * .410 X 900 * 369 W.

200
Ru= ax S = eso0on

Ne = 78.5 (1~ i“o% )= 78.5(9)=70.5%

WO (AVERAGE WITH SINE WAVE) = m‘gﬁﬂ’nww

WiN = -‘-gg.—'g- = 280 W.

Ib (MAXIMUM WITH SINE WAVE) = 280 MA

WG PEAK =.100 X 60 ® 8 W.

DRIVING POWER 3 _\atg.m 24w
TRANSFORMER:

11400
p " “se0o " '-2¢

TURNS RATIO * v/.él. = Jtas s1iasteErur
P

Figure 15.
Typical calculation of operating conditions
for a Class B a-f power amplifier using a pair
of type 811 or 811A tubes. Plate charocter-
istics and load line shown in figure 14.

Also shown in figure 15 is the method of de-
termining the proper ratio for the modulation
transformer to couple between the 811's or
811A's and the anticipated final amplifier
which is to operate at 2000 plate volts and
175 ma. plate current.

The method illus-
trated in figure 15
can be used in gen-
eral for the determination of the proper trans-
former ratio to couple between the modulator
tube and the amplifier to be modulated. The
procedure can be stated as follows: (1) De-
termine the proper plate-to-plate load imped-
ance for the modulator tubes either by the use
of the type of calculation shown in figure 15,
by reference to Table 111, or by referenec to the
published characteristics on the tubes to be
used. (2) Determine the load impedance
which will be presented by the Class C ampli-
fier stage to be modulated by dividing the
operating plate voltage on that stage by the
operating value of plate current in amperes.
(3) Divide the Class C load impedance de-
termined in (2) above by the plate-to-plate

Modulation Transformer
Calculation
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load impedance for the modulator tubes de-
termined in (1) above. The ratio determined
in this way is the secondary-to-primary fm-
pedance ratio. (4) Take the square root of
this ratio to determine the secondary-to-pri-
mary turns ratio. If the turns ratio is greater
than one the use of a step-up transformer is
required. If the turns ratio as determined in
this way is less than one a step-down trans-
former is called for.

If the procedure shown in figure 15 has
been used to calculate the operating conditions
for the modulator tubes, the transformer ratio
calculation can be checked in the following
manner: Divide the plate voltage on the mod-
ulated amplifier by the total voltage swing on
the modulator tubes: 2 (Ew —€wiu). This ratio
should be quite close numerically to the trans-
former turns ratio as previously determined.
The reason for this condition is quite obvious;
the ratio between the total primary voltage
and the d-c plate supply voltage on the modu-
lated 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 required to modulate this stage 100
per cent.

Note Concerning Use of When a clipper
Clipper Speech Amplifier speech amplifier is
with Tetrode Modulator used in conjunc-
Tubes tion with a Class

B modulator stage,
the plate current on that stage will kick to a
higher value with modulation (due to the
greater average power output and input) but
the plate dissipation on the tubes will ordinar-
ily be less than with sine-wave modulation.
However, when tetrode tubes are used as mod-
ulators, the screen dissipation will be much
greater than with sine-wave modulation. Care
must be taken to insure that the screen dissipa-
tion rating on the modulator tubes is not ex-
ceeded under full modulation conditions with
a clipper speech amplifier. The screen dissipa-
tion is equal to screen voltage times screen
current.

5-9 Cathode-Follower
Power Amplifiers

The cathode-follower amplifier was men-
tioned briefly at the beginning of this chapter
under “Classes and Types of Amplifiers.” The
cathode-follower is essentially a power output
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Figure 16.

Cathode-follower output circuits for audio or
video amplifiers.

stage in which the exciting signal is applied
between grid and ground, the plate is main-
tained at ground potential with respect to in-
put and output signals, and the output signal
is taken between cathode and ground. Figure
16 illustrates four types of cathode-follower
power amplifiers in common usage and figure
17 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 one, that
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the output impedance of the stage is much less
than the same stage operated as a conventional
cathode-return amplifier. The output imped-
ance for conventional tubes will be somewhere
between 100 and 1000 ohms, depending pri-
marily on the transconductance of the tube.
This reduction in gain and output imped-

ance for the cathode-follower comes about since -

the stage operates as though it had 100 per
cent degenerative feedback applied between its
output and input circuit. Even though the volt-
age gain of the stage is reduced to a value less
than one by the action 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 amplifier 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.

Although the cathode-follower 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 particularly effective as a
driver for the grids of a Class B modulator
stage.

The circuit of figure 16A is the type of am-
plifier, either single-ended or push-pull, which
may be used as a driver for a Class B modu-
lator or which may be used for other applica-
tions such as feeding a loudspeaker where un-
usually good damping of the speaker is de-
sired. If the d-c resistance of the primary of
the transformer T: is approximately the correct
value for the cathode bias resistor for the am-
plifier tube, the components R« and C« need
not be used. Figure 16B shows an arrangement
which may be used to feed directly a value of
load impedance which is equal to or higher
than the cathode impedance of the amplifier
tube. The value of C. must be quite high,
somewhat higher than would be used in a con-
ventional circuit, if the frequency response of
the circuit when operating into a low-imped-
ance load is to be preserved.

Figures 16C and 16D show cathode-follow-
er circuits for use with tetrode or pentode
tubes. Figure 16C is a circuit similar to that
shown in 16A and essentially the same com-
ments apply in regard to the components R«
and C« and the primary resistance of the trans-
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Figure 17.

Equivalent factors for pentode (or tetrode)
cathode-follower power amplifiers.

former T. Notice also that the screen of the
tube is maintained at the same signai potential
as the cathode by means of coupling capacitor
Cu. 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 Re. T: in this stage
as well as in the circuit of figure 16A should
have the proper turns (or impedance) ratio
to give the desired step-down or step-up frem
the cathode circuit to the load. Figure 16D is
an arrangement frequently used in video sys-
tems for feeding a coaxial cable of relatively
low impedance from a vacuum-tube amplifier.
A pentode or tetrode tube with a cathode im-
pedance as a cathode follower (1/Gw) ap-
proximately the same as the cable impedance
should be chosen. The 6AG7 and GAC7 have
cathode impedances of the same order as the
surge impedances of certain types of low-
capacitance coaxial cable. An arrangement such
as 16D 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 R« is added to the cir-
cuit as shown if the cathode impedance of the
tube used is lower than the characteristic im-
pedance 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 Ci and Ra should be
chosen with the same considerations in mind
as mentioned in the discussion of the circuit
of figure 16C above.

The cathode follower 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
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should be used to carry the r-f or i-f energy.
One such application would be for carrying
the output of a v-f-o to a transmitter located
a considerable distance from the operating
position. Another application would be where
it is desired to feed a single-sideband demodu-
lator, an FM adaptor, or another accessory with
intermediate-frequency signal from a com-

munications receiver. A tube such as a 6CB6
connected in a manner such as is shown in
figure 16D would be adequate for the i-f am-
plifier coupler, while a 6L6 or a 6AG7 could
be used in the output stage of a v-f-o as a
cathode follower to feed the coaxial line which
carries the v-f-o signal from the control unit
to the transmitter proper.

TUNED R-F VOLTAGE AMPLIFIERS

Tuned r-f voltage amplifiers are used in
receivers for the amplification of the incoming
r-f signal and for the amplification of inter-
mediate frequency signals after the incoming
frequency has been converted to the intermed-
iate frequency by the mixer stage. Signal fre-
quency stages are normally called tuned r-f
amplifiers and intermediate-frequency 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.

5-10 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 greatest importance in determining the
signal-to-noise ratio of the receiver on weak
signals.

First Tuned
Circuit

It is obviously of great import-
ance that the highest ratio of
signal-to-noise be impressed on
the grid of the first r-f amplifier tube. Atrain-
ing the optimum ratio is a complex problem
since noisc will be generated in the antenna
due to its equivalent 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 ex-
pressed by the following equation:

E ' = 4£TRAf
Where: E» = r-m-s value of noise voltage
over the interval Af
£ = Boltzman's constant = 1.374

X 10™ joule per °K.
T = Absolute temperature °K.
R = Resistive component of im-

pedance across which thermal
noise is developed.

Af = Frequency band across which
voltage is measured.

In the above equation A is essentially the
frequency band passed by the intermediate fre-
quency amplifier of the receiver under consid-
eration. This equation can be greatly simplified
for the conditions normally encountered in
communications work. If we assume the fol-
lowing conditions: T = 300° K or 27° C or
80.5° F, room temperature; M = 8000 cycles
(the average pass band of a communications
receiver or spcech amplifier), the equation re-
duces to: Erw.. = 0.0115 VR microvolts.
Accordingly, the thermal-agitation voltage ap-
pearing in the center of half-wave antenna (as-
suming effective temperature to be 300° K)
having a radiation resistance of 73 ohms is
approximately 0.096 microvolts. Also, the ther-
mal agitation voltage appearing across a S00,-
000-ohm grid resistor in the first stage of a
specch amplifier is approximately 8 microvolts
under the conditions cited above. Further, the
voltage due to thermal agitation being im-
pressed 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 agitation voltage appearing
across the first tuned circuit when the antenna
is properly coupled to this circuit will be very
much less than this value.
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It is common practice to match the imped-
ance 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 con-
dition of antenna coupling which gives maxi-
mum gain in the receiver. However, when
u-h-f tubes such as acorns and miniatures are
used at frequencies somewhat less than their
maximum capabilities, a significant improve-
ment in signal-to-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 some-
what improved signal-to-noise ratio by in-
creasing 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 v-h-f 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. Unforeunately, though,
the major noise contribution in a properly de-
signed 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 6SK7, 65G7, etc., runs from 5000 to 10,-
000 ohms. Very high G. tubes such as the
6AC7 and 6AKS5 have equivalent noise re-
sistances as low as 700 to 1500 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 signal-
to-noise ratio in an amplifier the input load-
ing resistance should be as high as possible so
that the amount of voltage that can be de-

veloped from grid to ground by the antenna
energy will be as high as possible, the equival-
ent noise resistance should be as low as possible
so that the noise generated by this resistance
will be lower than that attributable to the an-
tenna and first tuned circuit, and the losses in
the first tuned circuit 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 dimension-
less 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 a dummy antenna matched to its
input, to the noise output of the receiver
under measurement having the same amount
of gain with the dummy antenna matched to
its input. Although a perfect receiver is not a
physically realizable thing, the noise factor of
a receiver under measurement can be deter-
mined by calculation from the amount of addi-
tional noise (from a temperature-limited diode
or other calibrated noise generator) required
to increase the noise power output of a re-
ceiver by a predetermined amount.

Tube Input  As has been mentioned in a
Loading previous 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
overall receiver. The input resistance of a tube
is very high at frequencies in the broadcast
band and gradually decreases as the frequency
increases. Tube input resistance on conven-
tional tube types begins to become an import-
ant factor at frequencies of about 25 Mc. and
above. At frequencies above about 100 Mc.
the use of conventional tube types becomes
impracticable 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
v-h-f tube types such as the 6AKS, 6AGS, and
GCBG6 must be used.
The lowering of the effective input resist-
ance of a vacuum tube at higher frequencies
is brought about by a number of factors. The
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Gain equations for pentode r-f amplifier stages
operating into a tuned load.

frst, and most obvious, is the fact that che
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 chat
the electrostatic effect of the grid on the mov-
ing electron acts over an appreciable portion
of a cycle at these high frequencies causes a
current flow in the grid circuit which appears
to the input circuit feeding the grid as a re-

sistance. The decrease in input resistance of a
tube due to electron transit time varies as the
square of the frequency. The undesirable effects
of transit time can be reduced in certain cases
by the use of higher plate voltages. Transit
time varies inversely as the square root of the
applied plate voleage.

Cathode lead inductance is an additional
cause of reduced input resistance at high fre-
quencies. This effect has been reduced in cer-
tain tubes such as the 6SH7 and the 6AKS 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 by-pass capacitor
for the plate return of the tube.

5-11 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 “equivalent noise
resistance” discussed in the preceding para-
graphs.

So, for the purpose of this section, it will
be considered that the function of the plate
load circuit of a2 tuned vacuum-tube amplifier
is to deliver energy to the next stage with the
greatest efficiency over the required band of
frequencies. Three methods of interstage cou-
pling for tuned r-f voltage amplifiers are shown
in figure 18. In figure 18A omega (w) 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 18B the notation is the same and M is
the mutual inductance between the primary
coil and the secondary coil. In figure 18C the
notation is again the same and £ is the co-
efficient of coupling between the two tuned
circuits. As the coefficient of coupling between
the circuits is increased the bandwidth becomes
greater but the response over the band becomes
progressively more double-humped. The re-
sponse over the band is the most flat when the
Q's of primary and secondary are approximate-
ly the same and the value of each Q is equal
to 1.75/&.
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Variable-Mu
Tubes

It is common practice to con-
trol 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 oper-
ating value on a conventional sharp-cutoff tube
the tube becomes increasingly non-linear in
operation as cutoff of plate current is ap-
proached. The effect of such non-linearity is
to cause cross modulation between strong sig-
nals 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 num-
ber of signals are appearing on its grid simul-
taneously 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-mu tube in all stages which have a-v-c
voltage or other large negative bias applied to
their grids. The variable-mu tube has a char-
acteristic which causes the cutoff of plate cur-
rent to be gradual with an increase in grid
bias, and the reduction in plate current is ac-
companied by a decrease in the effective ampli-
fication factor of the tube. Variable-mu tubes
ordinarily have somewhat reduced Gw as com-
pared to a sharp-cutoff tube of the same group.
Hence the sharp-cutoff tube will perform best
in stages to which a-v-c voltage is not applied.

RADIO-FREQUENCY POWER AMPLIFIERS

All modern transmitters in the medium-fre-
quency range and an increasing percentage of
those in the v-hi-f and u-h-f ranges consist of
a comparatively low-level source of radio-
frequency energy which is multiplied in fre-
quency and successively amplified to the de-
sired power level. Microwave transmitters are
still predominately of the self-excited oscilla-
tor type, but when it is possible to use r-f
amplifiers in s-h-f transmitters the flexibility
of their application will be increased. The fol-
lowing portion of this chapter will be devorted,
however, to the method of operation and cal-
culation of operating characteristics of r-f pow-
er amplifiers for operation in the range of
approximately 3.5 to 500 Mc.

Class C R-F
Power Amplifiers

5-12

The majority of r-f power amplifiers fall
into the Class C category 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 amplifier 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 portion 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 volt-
age is very low. This, in fact, is the funda-
mental 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 ampli-
fiers 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 frequencies.
Figure 19 shows the relationships 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
19 and in the discussion to follow is the same
as given at the first of this chapter under
“Symbols for Vacuum-Tube Parameters.”
The various manufacturers of vacuum tubes
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Figure 19.
Instantaneous electrode and tank circuit volt-
ages and currents for a Class C r-f power
amplifier.

publish bookiets listing in adequate detail altes-
native Class C operating conditions for the
tubes which they manufacture. In addition,
operating condition sheets for any particular
type of vacuum tube are available for the ask-
ing from the different vacuum-tube manu-
facturers. It is, nevertheless, often desirable to
determine optimum operating conditions for
a tube under a particular set of circumstances.
To assist in such calculations the following
paragraphs are devoted to a method of cal-
culating Class C operating conditions which is
moderately simple and yet sufficiently accurate
for all practical purposes.

Calculation of Class
C Amoplifier Operating
Characteristics *

Although Class C op-
erating conditions can
be determined with
the aid of the more
conventional grid voltage-plate current operat-
ing curves, the calculation is considerably sim-
plified if the alternative “constant-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 constant-current curves
on the 250TH tube with a sample load line
drawn thereon is shown in figure 22.

In calculating and predicting the operation
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, maximum allowable
plate voltage and maximum allowable plate
current. The values chosen for these factors
will depend both upon the demands of a par-
ticular application and upon the tube chosen.

The plate and grid currents of a Class C
amplifier tube are periodic pulses, the durations
of which are always less than 180 degrees. For
this reason the average grid current, average
plate current, power outpurt, driving power,
ctc., cannot be directly calculated but must be
determined by a Fourier analysis from points
selected at proper intervals along the line of
operation as plotted upon the constant-current
characteristics. This may be done either an-
alytically or graphically. While the Fourier
analysis has the advantage of accuracy, it also
has the disadvantage of being tedious and in-
volved.

* Adapted from a procedure given in the Mar.-April
1945, Eimac News.
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The approximate analysis which follows has
proved to be sufficiently accurate for most ap-
plications. This type of analysis also has the
advantage of giving the desired information 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 be-
ginning.

Method of
Calculation

The first step in the method to
be described is to determine the
power which must be delivered
by the Class C amplifier. In making this deter-
mination it is well to remember that ordinarily
from 5 to 10 per cent of the power delivered
by the amplifier tube or tubes will be lost in
well-designed tank and coupling circuits at
frequencies below 20 Mc. Above 20 Mc. the
tank and circuit losses are ordinarily somewhat
above 10 per cent.

The plate power input necessary to produce
the desired output is determined by the plate
efficiency: Pin = Poud/Np.

For most applications it is desirable to oper-
ate at the highest practicable efficiency. High-
efficiency operation usually requires less ex-
pensive tubes and power supplies, and the

amount of artificial cooling required is fre-
quently less than for low-efficiency operation.
On the other hand, high-efficiency operation
usually requires more driving power and in-
volves the use of higher plate voltages and
higher peak tube voltages. The better types of
triodes will ordinarily operate at a plate effi-
ciency of 75 to 85 per cent at the highest
rated plate voltage, and at a plate efficiency
of 65 to 75 per cent at intermediate values of
plate voltage.

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 dissipa-
tion rating for the tube or tubes to be used in
the stage must be equal to or greater than chat
calculated from: Py = Pin — Pout.

After selecting a tube or tubes to meet the
power output and plate dissipation require-
ments it becomes necessary to determine from
the tube characteristics whether the tube se-
lected is capable of the desired operation and,
if so, to determine the driving power, grid
bias, and grid dissipation.

The complete procedure necessary to deter-
mine a set of Class C amplifier operating con-
ditions is given in the following steps:*
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10.

11.

12.

Select the plate voltage, power output,
and efficiency.

Determine plate input from: Pin =
Pout/No.

Determine plate dissipation from:

Py = Pin — Puu. Pp» must not exceed
maximum rated plate dissipation for
tube or tubes selected.

Determine average plate current from:
In = Piw/Em.
Determine approximate inmns from:

i]llllll = 4.9 In fOr N]l = 0.85
tomax = 4.5 In for N, = 0.80
ipmax = 4.0 In for N» = 0.75
illumx = 3.5 In fOr Np = 0.70

Locate the point on constant-current
characteristics where the constant plate
current line corresponding to the ap-
proximate ipux determined in step 5
crosses the line of equal plate and grid
voltages (diode line). Read emnin at this
point. In a few cases the lines of con-
stant plate current will inflect sharply
upward before reaching the diode line.
In these cases eymin should not be read
at the diode line but at the point where
the plate current line intersects a line
drawn from the origin through these
points of inflection.

Calculate Epm from: Enw = Ew — epmin.

Calculate the ratio Inw/Is from:
) _ 2 Np Em

Ib Epm

From the ratio of Ism/Is calculated in
step 8 determine the ratio ipmss/In from
figure 20.

Calculate a new value for ipmex from the
ratio found in step 9.
ipmax = (ratio from step 9) Iv

Read esnr and icwnx from the constant-
current characteristics for the values of
€rmin and ipmax determined in steps 6
and 10.

Calculate the cosine of one-half the
angle of plate current flow from:

Ipm
cos Bp = 2.32( = 1.57)
Iv

13. Calculate the grid bias voltage from:

1
Ee = — X

1 — cos 6

Emu Ehh
[COS 0!' ( - e:mp) - ]
M M

14. Calculate the peak fundamental grid ex-
citation voltage from:

Eon = €emp — Ece

15. Calculate the ratio Exm/E.« for the values
of E.. and E:w found in steps 13 and 14.

16. Read icwns/I. from figure 21 for the
ratio E:n/E.. found in step 15.

17. Calculate the average grid current from
the ratio found in step 16, and the value
of icmax found in step 11:

iL'llllI
e —
Ratio from step 16
18. Calculate approximate grid driving pow-
er from:

P-l = 09 Eum]r
19. Calculate grid dissipation from:
PL’ = P-l + Ea-c]r

P: must not exceed the maximum rated
grid dissipation for the tube selected.

Sample A typical example of a Class C
Colculotion  amplifier calculation is shown in

the example below. Reference is
made to figures 20, 21 and 22 in the calcula-
tion.

1. Desired power output—800 watts.
Desired plate voltage—3500 volts.
Desired plate efficiency—80 per cent
(N» = 0.80)

2. P = 800/0.80 = 1000 warts

3. Pu = 1000 — 800 = 200 watts
Use 250TH; max. P, = 250w.; « = 37.

4. I = 1000/3500 = 0.285 ampere (285
ma.)
Max. In for 250TH is 350 ma.

5. Approximate immax = 0.285 X 4.5
= 1.28 ampere
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FIRST TRIAL POINT

/——FINAL POINT
i HH T

GRID VOLTAGE~-VOLTS

i3 iadailated sihands

" EIMAC 250TH

500 I!!ﬁ..;

Ecc=—240  LOAD LINE

PLATE VOLTAGE —VOLTS
FIGURE 22

Epb=+3500

Active portion of the operating load line for an Eimac 250TH triode Class C r-f power
amplifier, showing first trial point and the final operating point,

6.

9.
10.
11.

emmin — 260 volts (see figure 22, first
trial point)

Emv = 3500 — 260 = 3240 volts

Lew/In = 2X0.80X3500/3240 =
5600/3240 = 1.73

fpmax/In = 4.1 (from figure 20)
imax = 0.285X4.1 = 1.17

exnp = 240 volts

lemnx = 0.430 amperes

(Both above from final point on figure
22)

. cos 8, = 232 (1.73 — 1.57) = 0.37
(8, = 683°)
1
Eee = —— X
1 — 0.37

3240 3500
[0.37 —— = 240)—
37 37

= — 240 volts

]

14.

15.
16.
17.

18.

19.

Ecn = 240 — (—240) = 480 volts
grid swing

Enm/Evc = 480/ — 240 = — 2
temax/Ie = 5.75 (from figure 21)

I, = 0.430/5.75 = 0.075 amp. (75
ma. grid current)

Py = 0.9X480X0.075 = 32.5 waus
driving power

P. = 325 — (-240X0.75)= 14.5

watts grid dissipation

Max. P, for 250TH is 40 watts

The power output of any type of r-f ampli-
fier is equal to:

IswEwi/2 = P.

Imwm can be determined, of course, from the
ratio determined in step 8 above (in this type
of calculation) by multiplying this ratio times

I,
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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 Ri. =
Eow/Ipn. In the case of the operating condi-
tions just determined for a 250TH amplifier
stage the value of load impedance is:

Eon 3240
R. = — = —— = 6600 ohms
I[IIII -495
Ipnl
Iy = — Iv
Iv
Q of Amplifier In order to obtain good 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 giving com-
promise values of Q for Class C amplifiers are
given in Chapter Seven, Generation of R-F
Energy. However, the amount of inductance
required for a specified tank circuit Q under
specified operating conditions can be calculated

from the following expression:

R
wlL = —
Q
w = 2 = X operating frequency
L = Tank inductance
Ri.. = Required tube load impedance

Q = Effective tank circuit Q

A tank circuit Q of 12 to 20 is recommend-
ed 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
Plote Efficiency

The plate circuit efh-
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, Fi, which is equal to the ratio of
Eww to Ew (Fi = Epw/Ew) and F., which is
proportional to the one-half angle of plate
current flow, 6,. A graph of F: against both
6, and cos 6, is given in figure 23. Either
6, or cos 9, may be used to determine F.. Cos
6, may be determined either from the pro-
cedure previously given for making Class C

. T~
0. r\ ~J
0.92 N
N
R N
(-]
o
0.
o)
0.8 \\
o
[-] 10 .- 0 -0 0 L " 0 L
Op IN ELECTRICAL DEGREES
10 o s (-1 13 O 0ee o.res 0.643 0.50 0.242 017a [-1- .3
COS 6y
Figure 23.

Relationship between Factor F, and the half-
angle of plate current flow in an amplifier with
sine-wave input and output voltage, operating
at a grid-bias voltage greater than cut-off.

amplifier computations or it may be deter-
mined from the following expression:

# Ece + Ewm

os b = 7 —0—
I E;:m - Epm

It is desired to know the one-
half angle of plate current flow
and the plate circuit efficiency
for an 812 tube operating under the following
conditions which have been assumed from in-

spection of the data and curves given in the
RCA Transmitting Tube Handbook HB-3:

Example of
Method

1. Eu 1100 volts
Ec.e = -40 volts
u =29
Econ = 120 volts
Epw = 1000 volts
2. Fi = Ew/Ew = 091
— 29 X 40 4+ 1100
3. cos 8, = =
29 X 120 — 1000
60
— = 0.025
248

4. F: = 0.79 (by reference to figure 23)

5. No = F. X F: = 091 X 0.79 = 0.72
(72 per cent efficiency)

Fi could be called the plate-voltage-swing
efficiency factor, and F: can be called the oper-
ating-angle efficiency factor or the maximum
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possible efficiency of any stage running with
that value of half-angle of plate current flow.

N, is, of course, only the ratio between
power output and power input. If it is desired
to determine the power input, exciting power,
and grid current of the stage, these can be
obtained through use of steps 7, 8, 9, and 10
of the previously given method for power in-
put and output; and knowing that icuex is
0.095 ampere the grid circuit conditions can
be determined through the use of steps 15, 16,
17, 18 and 19.

5-13 Class B Radio
Frequency Power Amplifiers

Radio frequency power amplifiers operating
under Class B conditions of grid bias and ex-
citation voltage are used in two general types
of applications in transmitters. The first
general application is as a buffer amplifier
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 excita-
tion power when operated as a Class B ampli-
fier than when operated as a Class C amplifier.
Calculation of the operating conditions for this
type of Class B r-f amplifier can be carried
out in a manner similar to that described in
the previous paragraphs, except that the grid
bias voltage is set on the tube before calcula-
tion at the value: E.. = — Ew/u. Since the
grid bias is set at cutoff the one-half angle of
plate current flow is 90°; hence cos 9, is fixed
at 0.00. The plate circuit efhciency for a Class
B r-f amplifier operated in this manner can be
determined in the following manner:

_ Eoun )
N[I 78-5 (—Ehh

The second type of Class B r-f amplifier is
the so-called "“Class B linear amplifier” which
is often used in transmitters for the amplifica-
tion of a single-sideband signal or a conven-
tional amplitude-modulated wave. Calculation
of operating conditions is 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 per cent positive modulation peak of the
modulated exciting wave. The plate circuit and
grid circuit peak voltages 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-modula-
tion condition ot the exciting wave, and with
the same value of load resistance reflected on
the tube, the plate input and plate efhiciency
will drop to approximately 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, efh-
ciency, and output all drop to zero.

5-14 Special R-F Power
Amplifier Circuits

The r-f power amplifier discussions of Sec-
tions 5-12 and 5-13 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 amplifier are
effective in certain circuit applications as tuned
r-f power amplifiers.

Grounded-Grid An undesirable aspect of the
R-F Power operation of cathode-return r-f
Amplifiers power amplifiers using triode

tubes is that such amplifiers
must be neutralized. Principles and methods
of neutralizing r-f power amplifiers are dis-
cussed in Chapter Seven, Generation of R-F
Energy. As the frequency of operation of
an amplifier is increased the stage becomes
more and more dificult to neutralize due to
inductance in the grid and plate leads of the
tubes and in the leads to the neutralizing
capacitors. In other words the bandwidth of
neutralization decreases as the frequency is in-
creased. In addition the very presence of the
neutralizing capacitors adds additional unde-
sirable capacitive loading 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 perfectly neutralized at a frequency of
30 Mc. may be completely out of neutraliza-
tion at a frequency of 120 Mc. Hence, if there
are circuits in both the grid and plate circuits
which offer appreciable impedance at this high
frequency it is quite possible that the stage
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may develop a “parasitic oscillation” in the
vicinity of 120 Mc.

This condition of restricted-range neutraliza-
tion of r-f power amplifiers can be greatly
alleviated through the use of a cathode-return
or grounded-grid r-f stage. The grounded-grid
amplifier has the following advantages:

1. The output capacitance of a stage is re-
duced 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 oscillations
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 capacitance 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:

I. A large amount of excitation encrgy is
required. However, only the normal
amount of energy is lost in the grid cir-
cuit of the amplifier tube; all additional
energy over this amount is delivered to
the load circuit as useful output.

2. The cathode of a grounded-grid amplifier
stage is "hot" to r.f. This means that the
cathode must be fed through a suitable
impedance from the filament supply, or
the secondary of the filament transformer
must be of the low-capacitance type and
adequately insulated for the r-f voltage
which will be present.

3. A grounded-grid r-f amplifier cannot be
plate modulated 100 per cent unless the
output of the exciting stage is modulated
also. Approximately 70 per cent modula-
tion of the exciter stage as the final stage
is being modulated 100 per cent is recom-
mended. However, the grounded-grid r-f

amplifier is quite satisfactory as a Class B
linear r-f amplifier for single sideband or
conventional amplitude modulated waves
or as an amplifier for a straight c-w or
FM signal.

Figure 24 shows a simplified representation
of a grounded-grid triode r-f power amplifier
stage. The relationships between input and out-
put power and the peak fundamental com-
ponents of electrode voltages and currents are
given below the drawing. The calculation of
the complete operating conditions for a
grounded-grid amplifier stage is somewhat
more complex than that for a conventional
amplifier because the input circuit 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 before, that considerably
more power is required from the driver stage.
The normal power gain for a g-g stage is from
3 to 15 depending upon the grid circuit con-
ditions 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.

Colculation of Operating
Conditions of Grounded
Grid R-F Amplifiers

It is most convenient
to determine the op-
erating conditions
for a Class B or Class
C grounded-grid r-f power amplificr in a two-
step process. The first step is to determine the
plate-circuit and grid-circuit operating condi-
tions 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 conditions imposed upon the oper-
ating conditions by the fact that the stage is
to operate as a grounded-grid amplifier.

For the first step in the calculation the pro-
cedure given in Section 5-12 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. Following
through the procedure previously given:

1. Desired power output—850 watts
Desired Plate voltage—2700 volts
Desired plate efficiency—85 per cent
(N, = 0.85)

2. Pin = 850/0.85 = 1000 watts



HANDBOOK

Grounded-Grid Amplifiers 105

3. P» = 1000 — 850 = 150 watts
Type 304TL chosen; max. P. = 300
watts, ¢ — 12.

4. In = 100072700 = 0.370 ampere
(370 ma.)

5. Approximate iwmss = 4.9 X 0.370 = 1.81
ampere

6. Chmin 140 volts (from 304TL con-
stant-current curves)

7. Ewn = 2700 — 140 = 2560 volts

8. Lnw/In = 2 X 0.85 X 2700/2560 = 1.79
9. iwmae/In = 4.65 (from figure 20)

10. iwmax = 4.65 X 0.370 = 1.72 amperes

11. ewnr = 140 volts
femax — 0.480 amperes

12. Cos 6, = 2.32 (1.79-1.57) = 0.51
6, = 59°

1
13. E.. =
1-0.51
2560 2700
051 —— —~ 140) - —
12 12
= —385 volts

14. Eewo = 140—(—385) = 525 volts
15. Ez/Ee = -1.36

16. iemax/I. = approx. 8.25 (extrapolated
from figure 21)

17. I. = 0.480/8.25 = 0.058 (58 ma. d-c
grid current)

18. Pu = 0.9 X 525 X 0.058 = 27.5 watts
19. P. = 27.5 —(—385 X 0058) = 5.2

watts

Max. P. for 304TL is 50 watts

We can check the operating plate efficiency
of the stage by the method described in Sec-
tion 5-12 as follows:

Fi = Ewn/Em = 2560/2700 = 0.95

F: for 6, of 59° (from figure 23) = 0.90

Ny = FFXF = 0.95X090 =
0.85 (85 per cent plate efficiency)

Now, to determine the operating conditions

approx.
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Figure 24.
GROUNDED-GRID CLASS B OR
CLASS C AMPLIFIER.

The equations in the above figure give the
relationships between the fundamental com-
ponents of grid and plate potential and cur-
rent, and the power input and power output
of the stage. An expression for the approxi-
mate cathode impedance is given.

as a grounded-grid amplifier we must also
know the peak value of the fundamental com-
ponents of plate current. This is simply equal
to (Isn/In) In, or:

Le = 1.79X0.370 = 0.660 amperes (from
4 and 8 above)

The total average power required of the
driver (from figure 24) is equal to Eculpn/2
(since the grid is grounded and the grid swing
appears also as cathode swing) plus Pa which
is 27.5 watts from 18 above. The total is:

525X0.660

Total drive = ——M =
%)

172.5 watts

plus 27.5 watts or 200 watts

Therefore the total power output of the
stage is cqual to 850 wats (contributed by
the 304TL) plus 172.5 waus (contributed by
the driver) or 1022.5 watts. The cathode driv-
ing impedance of the 304TL (again referring
to figure 24) is approximately:

Zx = 525/(0.6604-0.116) = approximately
675 ohms.
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Figure 25.
CATHODE-FOLLOWER
R-F POWER AMPLIFIER.
Showing the relationships between the tube
potentials and currents and the input and
output power of the stage. The approximate
grid impedance also is given,

Plote-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 25. This circuit can be used, in addi-
tion to the grounded-grid circuit just discussed,
as an r-f amplifier with a triode tube and no
additional neutralization circuit. However, the
circuit will oscillate if the impedance from
cathode to ground is allowed to become capac-
itive rather than inductive or resistive with
respect to the operating frequency. The circuit
is not recommended except for v-h-f or u-h-f
work with coaxial lines as tuned circuits since
the peak grid swing required on the r-f ampli-
fier stage is approximately equal to the plate
voltage on the amplifier tube if high-efficiency
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 un-
less the driver stage is modulated the same
percentage as the final amplifier. However, such
a stage may be used as an amplifier or modu-
lated waves (Class B linear) or as a c-w or
FM amplifier.

The design of such an amplifier stage is
essentially the same as the design of a ground-
ed-grid amplifier stage as far as the first step
is concerned. Then, for the second step the
operating conditions given in figure 29 are
applied to the data obtained in the first step.
As an example, take the 304TL stage previ-
ously described. The total power required of
the driver will be (from figure 25) approxi-
mately (2700X0.058X1.8)/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 out-
put. The total output of the stage will then be
approximately 963 watts.

Cathode Tonk for  The cathode tank circuit
G-G or C-F for either a grounded-
Power Amplifier grid or cathode-follower

r-f power amplifier may
be a conventional tank circuit if the filament
transformer for the stage is of the low-capac-
itance high-voltage type. Conventional filament
transformers, however, will not operate with
the high values of r-f voltage present in such
a circuit. If a conventional filament trans-
former is to be used the cathode tank coil may
consist of two parallel heavy conductors (to
carry the high filament current) by-passed at
both the ground end and at the tube socker.
The tuning capacitor is then placed between
filament and ground. It is possible in certain
cases to use two r-f chokes of special design
to feed the filament current to the tubes, with
a conventional 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 v-h-f and u-h-f work.

35-15 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 inserted are said to be
included within the feedback loop. An ampli-
fier containing a feedback loop is said to be a
feedback amplifier. One stage or any number
of stages may be included within the feedback
loop. However, the difhiculty of obtaining
proper operation of a feedback amplifier in-
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Figure 26.
FEEDBACK AMPLIFIER RELATIONSHIPS.

creases with the bandwidth of the amplifier,
and with the number of stages and circuit
elements included within the feedback loop.

The gain and phase shift of any amplifier
are functions of frequency. For any amplifier
containing a feedback loop to be completely
stable the gain of such an amplifier, as
measured from the input back to the point
where the feedback circuit connects to the in-
put, must be less than one at the frequency
where the feedback voltage is in phase with
the input voltage of the amplifier. If the gain
is equal to or more than one at the frequency
where the fed back voltage is in phase with
the input the amplifier will oscillate. This fact
imposes a limitation upon the amount of
feedback which may be employed in an ampli-
fier which is to remain stable. If the reader is
desirous of designing amplifiers in which a
large amount of feedback is to be employed
he is referred to a paper and a book on the
subject by H. W. Bode.*

Feedback may be either negative or positive,
and the feedback voltage 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 pro-
portional to output voltage. Figure 26 gives

*H. W. Bode, '‘Relations Between Attenvation and
Phase in Feedback Amplifiers,”” Bell System Technical
Joumcl July, 1940, pge. 421.

H. W. Bodo Network Analysis and Feedback Ampli-
fier Design,’’ D Vcn Nostrand Co., Inc., 250 Fourth Ave.,
New York 3,
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Figure 27.
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 introduced by the output stage are
materially reduced.

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 that the reduction in the
output impedance of the amplifier is some-
what greater than the reduction in the gain by
an amount which is a function of the ratio
of the output impedance of the amplifier with-
out feedback to the load impedance. The re-
duction in noise and hum in those stages in-
cluded within the feedback loop is propor-
tional to the reduction in gain. However, due
to the reduction in gain of the output section
of the amplifier somewhat increased gain is
required of the stages preceding the stages in-
cluded within the feedback loop. Therefore the
noise and hum output of the entire amplifier
may or may not be reduced dependent upon
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 amplifiers
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that hum and distortion come from the latter
stages, hence these will be reduced by feed-
back, but thermal agitation and microphonic
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 27 illustrates a very simple and effec-
tive application of negative voltage feedback
to an output pentode or tetrode amplifier stage.
The reduction in hum and distortion may
amount to 15 to 20 db. The reduction in the
effective plate impedance of the stage will be
by a factor of 20 to 100 dependent upon the
operating conditions. The circuit is commonly
used in commercial equipment with tubes such
as the 6S]7 for V. and the 6V6 or 6L6 for V..

5-16 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
cycles) to the middle r-f range (upper limit
perhaps 4 10 6 megacycles). Such amplifiers,
in addition to passing such an extremely wide
frequency range, must be capable of amplify-
ing this range with a2 minimum of amplitude,
phase, and frequency distortion. Video ampli-
fiers are commonly used in television, pulse
communication, and radar work.

Tubes used in video amplifiers must have
a high ratio of Gu 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:
6AUG, 6AGS, GAKS, 6CB6, 6AC7, 6AG7, and
6KG6-GT. Since, at the upper frequency limits
of a video amplifier the input and output
shunting capacitances of the amplifier tubes
have rather low values of reactance, low values
of coupling resistance along with peaking coils
or other special interstage coupling impedances
are usually used to flatten out the gain/fre-
quency and hence the phase/frequency charac-
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Figure 28.
SIMPLE COMPENSATED VIDEO
AMPLIFIER CIRCUIT.

Resistor R, in conjunction 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
amplitier stage.

teristic of the amplifier. Recommended oper-
ating conditions along with expressions for
calculation of gain and circuit values are given
in figure 28. 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
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. A cathode follower is
usually employed where it is desired to feed
a video-frequency amplifier into a low-imped-
ance load such as a coaxial cable. Cathode fol-
lowers are discussed in Section 5-9.



CHAPTER SIX

Radio Receiver

Fundamentals

A conventional reproducing device such as
a loudspeaker 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
loudspeaker or headphones.

Radio receivers vary widely in their com-
plexity and basic design, depending upon 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 sig-
nificant discrimination between two signals in
the same portion of the spectrum.

On the other hand, a dual-diversity receiver
designed for single-sideband reception and
employing double or triple detection might
occupy several relay racks and would cost
many thousands of “dollars. However, conven-
tional communications receivers are interme-
diate in complexity and performance between
the two extremes. This chapter is devoted to
the principles underlying the operation of
such conventional communications receivers.

6-1 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
Demodulation

Figure 1 illustrates an ele-
mentary form of radiotele-
phony 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 Li. The alter-
nating 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--Ci.
When variable capacitor C: is adjusted so that
the tuned circuit is resonant at the frequency
of the applied signal, the :-f voltage is maxi-
mum, as explained in Chapter 3. This r-f volt-
age is applied to the diode detector where it
is rectified into a varying direct current and
passed through the earphones. The variations
in this current correspond to the voice modu-
lation placed on the signal at the transmitter.
As the earphone diaphragms vibrate back and
forth in accordance with the pulsating current
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Figure 1.

ELEMENTARY FORM OF RECEIVER.
This is the basis of the "crystal set” type of
receiver, although a vacuum diode may be
used in place of the crystal diode. The tank
circuit L,-C, is tuned to the frequency it is
desired to receive. The by-pass capacitor across
the phones should have a low reactance to the
carrier frequency being received, but a high
reactance to the modulation on the received

signal.

they audibly reproduce the modulation which
was placed upon 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 amplitude,
as it appears across the tuned circuit. In C
the varying d-c output from the detector is
seen.

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 apparent
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
for hand keying speeds. Some means must be
provided whereby an audible tone is heard
while the unmodulated carrier is being re-
ceived, 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
slighdy 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 heterodyne as the
beat note is known, will of course stop and
start in accordance with the incoming c-w
radiotelegraph signal, because the audible
heterodyne can exist only when both the in-

coming and the locally generated carriers are
present.

The Autodyne The
Detector

local signal which is
used 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 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 awtodyne detector, and
the process of obtaining feedback between 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 included in
the circuit to adjust the feedback to the
proper amount. The regeneration control may
be either a variable capacitor or a variable re-
sistor, as shown in figure 2.

With the detector regenerative but not os-
cillating, it is also quite sensitive. When the
circuit is adjusted to operate in this manner,
modulated signals may be received with con-
siderably greater strength than with a non-
regenerative detector.

6-2 Superregenerative

Receivers

At ultra-high frequencies, when it is de-
sired to keep weight and cost at a minimum,
a special form of the regenerative receiver
known as the superregenerator is often used
for radiotelephony reception. The superregen-
erator is essentially a regenerative receiver
with a 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
superregenerative action considerably increases
the sensitivity of the oscillating detector so
that the usual "background hiss" 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-
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Figure 2.
REGENERATIVE DETECTOR CIRCUITS.
Regenerotive detectors are seldom used at the
present time due to their poor selectivity, but
they do illustrate the simplest type of receiver
which may be used either for radiophone or

[ graph recep

quency oscillator is arranged so as to vary the
voltage rapidly on one of the detector tube ele-
ments (usually the plate, sometimes the
screen) at the high rate necessary. The inter-
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Figure 3.
SUPERREGENERATIVE DETECTOR CIRCUIT.
A selt-quenched superregenerative detector
such as illustrated above is capable of giving
good sensitivity in the v-h-f range. However,
the circuit has the disadvantage that i