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The amateur “shack’ has become a familiar part of the American landscape. That of
WG6JRM is typical of many hundreds throughout the country.
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CHAPTER ONE

Introduction to Radio

RADIO is so large a field that it is sub-
divided into a number of classes of which only
shortwave or high frequency radio is covered
in this book. These frequencies, although not
so well known to the general public as com-
mercial broadcasting frequencies, are by far
the most widely used in present day radio.

The largest group of persons interested in
high frequency radio at the time the United
States entered the present war were the more
than 50,000 radio amateurs; strictly speaking
a radio amateur is anyone interested in radio
non-commercially, but the term is ordinarily
applied only to those hobbyists possessing a
government license and transmitting equipment.

It was for the radio amateur, and particu-
larly for the serious amateur, that most of the
material in this book was originally developed,
particularly the equipment shown; however,
in each equipment group simple items are also
shown for the student and beginner. The prin-
ciples of high frequency radio are of course
identical whether the equipment is used for
commercial or non-commercial purposes; and
the equipment differs little for either purpose,
the principal difference being that commercial
equipment is usually made to be as reliable as
possible with less regard to cost while amateur
equipment must often be constructed for as
little cost as possible.

Amoteur  Amateur Radio—now suspended
Radio for the duration of the war—is a
fascinating hobby with several
phases. So strong is the fascination offered by
this hobby that many executives, engineers,
and operators enjoy amateur radio as an avo-
cation even though they are also engaged in
the radio field commercially. It captures and
holds the interest of many people in all walks
of life, and in all countries of the world where
amateur activities are permitted by law.
Although amateur radio is considered “only
a hobby” by the general public, its history con-
tains countless incidents of technical achieve-
ment, particularly in the now widely used high
frequencies which were developed by amateurs

while engineers still considered them generally
useless. The old adage that necessity is the
mother of invention has been more than true
in amateur radio, for the average amateur has
very limited funds which he can afford to de-
vote to his hobby, and many an attempt to
do something more cheaply has also resulted
in doing it better.

Amateurs are a fraternal lot; their common
interest makes them “brothers under the skin.”
When visiting strange towns an amateur often
looks up friends with whom he has become
acquainted over the air; even if he knows no
amateurs in a given vicinity his amateur call
usually makes him more than welcome. Ama-
teur radio clubs have been formed all over the
country; meetings feature both elementary and
advanced technical talks, study sessions and
code classes, social contacts, and “eats.” Vet-
eran amateurs met at such meetings will “give
a hand” to the newcomer; among those met at
club meetings will usually be found some other
newcomers, one of whom should be selected if
possible as a study companion; such a com-
panion is particularly useful when it comes to
learning the radio code.

Amateurs have rendered much public serv-
ice through furnishing communications to and
from the outside world in cases where disaster
has isolated an area by severing all wire com-
munications. Amateurs have a proud record of
heroism and service in such occasions. Many
expeditions to remote places have been kept in
touch with home by communication with ama-
teur stations on the high frequencies.

Some amateurs revel in contacts with far-
distant countries; these are called “dx” men.
Others specialize in relaying messages. Some
are tireless experimenters, getting as much
pleasure from building, improving, and tearing
down equipment as from actual operation on
the air. Others prefer not to specialize, but sim-
ply to “chew the rag” with any other amateur
whom they may happen to contact on the air.

Amateurs often refer to themselves as
“hams”; the origin of this slang term is ob-
scure, but its use is well-established; it does
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not imply poor ability or worse as in the phrase
“ham actor”’; in fact many hams are also prom-
inent radio engineers in their working hours.

Every radio transmitting station in
the United States 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 con-
structed. And every operator of a transmitting
station must have an operator’s license before
operating a transmitter. There are no excep-
tions. Similar laws apply in practically every
important country.

Before the U.S.A. entered the present war,
it was comparatively simple to obtain both
amateur operator and station licenses, and it
is expected that similar rules will prevail again
after the war's end. To secure an amateur
operator’s license from the Federal Communi-
cations Commission, you must be a citizen of
the U.S.A., master the radio code, know how
amateur transmitters and receivers work and
how they must be adjusted, and be familiar
with the laws and regulations pertaining to
amateur operators and stations. Since amateur
operation is now forbidden, much of the ma-
terial in former editions of this book relative
to obtaining amateur licenses is omitted from
this edition. Examinations usually consist of a
written theoretical examination and a code
test; the required code speed is 13 words per
minute, both sending and receiving.

License

Starting
Your Study

When you start to prepare your-
self for the amateur or other
examination you will find that
the circuit diagrams, tube characteristic curves,
and formulas appear confusing and difficult of

understanding. But after a few study sessions
one becomes sufficiently familiar with the nota-
tion 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 considerable time to become pro-
ficient in sending and receiving 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
fewer number of longer sessions. Alternating
between one study and the other keeps the
student from getting "'stale”” since each type of
study serves as a sort of respite from the other.

When you have practiced the code long
enough you will be able to follow the gist of
the slower sending stations. Many stations
send very slowly when working other 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.

Granted that it is advisable to start in with
learning the code, you will want to know how
to go about mastering it in the shortest amount
of time with the least amount of effort.

The Code The applicant for an amateur
license must be able to send and
receive the Continental Code (sometimes called
the International Morse Code) at a speed of
13 words per minute, with an average of five
characters to the word. Thus 65 characters
must be copied consecutively without error in
one minute. Similarly 65 consecutive characters
must be sent without error in the same time.
Code tests usually last about five minutes; if
65 consecutive characters at the required rate

Figure 1.
Amateur station WORIL, typical
of hundreds of medium-power
“ham” outfits throughout the
U.5.A. and some foreign coun-
tries. As is usually the case, the
receiving equipment is of com-
mercial manufacture, while the
transmitting equipment is home-
made.
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Figure 2.
The receiving position of the
prepossessing and elaborate in-
stallation of W6PMB shows that
equipment may be made to
blend harmoniously with home
furnishings.

are copied correctly anywhere during the five-
minute period, the applicant is usually con-
sidered to have passed the test successfully.

A code speed of 16 words per minute is re-
quired for the lowest class of commercial radio
operator’s license. Higher classes require
greater speeds.

If the code test is failed, the applicant must
wait at least two months before he may again
appear for another test. Approximately 309,
of amateur applicants fail to pass the test. It
should be expected that nervousness and ex-
citement will at least to some degree tempor-
arily 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.”

There is no shortcut to code
proficiency. To memorize the
alphabet 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

Memorizing
the Code

study only two or three letters a day and to
drill with those letters until they become part
of your conscionsness. Mentally translate each
day’s letters into their sound equivalent wher-
ever 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 dahs.”
This is interesting exercise, and for that rea-
son 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, and period,
comma, and interrogation point have been
memorized so thoroughly that any one can be
sounded without the slightest hesitation. Do
not bother with other punctuation or miscel-
laneous signals until later.

Sound
not Sight

Each letter and figure must be
memorized by its sound rather
than its appearance. Code is a sys-
tem of sound communication, the same as is
the spoken word. The letter A, for example, is
one short and one long sound in combination
sounding like dit dah, and it must be remem-
bered as such, and not as “dot dash.”

As you listen to the sound of a letter trans-
mitted slowly by an experienced operator, you
will notice how closely the dots resemble the
sound 4i7 and the dashes dab.

You must learn the individual sounds of
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THE RADIOTELEGRAPH CODE

A oa N e»e

B a»eoe QO -
C oo P oemmee
D @emee Q ooeee
E o R oame

F ooame S oo

GC eawme T =

H eeee U eom

I (1) V eeeem
J oamenes W oeemes
K eapoeem X emoeem
L oeameo Y ea»emme
M e Z emamee

NUMERALS, PUNCTUATION MARKS, ETC.

b} o an an an & 6 aemosee

2 ecommame 7 emamoeee

3 ecoomem 8 eseamemoe
4 oecoeamm QO aoeneamame
5 eeoee 0 eoenenemen

INTERNATIONAL DISTRESS SIGNAL 0 o0 Gm e @b 0 0 ©
PERIOD
COMMA
INTERROGATION
QUOTATION MARK

COLON SReamameoe
SEMICOLON C XY YX X
PARENTHESIS - as an o a»
FRACTION BAR asooam
WAIT SIGN oeaneoe

DOUBLE DASH (BREAK) em e e e am
ERROR (ERASE) SIGN
END OF MESSAGE

END OF TRANSMISSION

Figure 3.
The Continental (or International Morse} Code
is used for all radio communications. DO
NOT memorize from the printed page; code
is a language of SOUND, and must not be
learned visually; learn by listening as explained
in the text. ¢ means zero, being sometimes
so written to distinguish it from letter °0";
it is often sent @s one long dash (equivalent

to 5 dots).

2 eameam

a.) oo @ o &

ch =» o o» e»

é oeoameoo

i o»a>oeew an

) eveanane

ii eoaman
Figure 4.

The above foreign characters may occasion-
ally be encountered, so it is well to know them.

each code signal so that you associate these
instantly with the various specific characters
for which they stand. If you attempt to learn
by visualizing the dots and dashes, you will
never be able to translate them into the char-
acters for which they stand with any degree of
speed, so avoid any visualization right from
the start.
Practice Time, patience, and regularity are
required to learn the code right.
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.

Take it easy; do not become confused or
nervous. Try to ignore the presence of other
persons. If you find that they make you nerv-
ous, it is a good idea to ask some friends to
stand near you and talk with each other while
you are practicing. After a few sessions you
will become used to external sounds and they
will bother you no more.

Each person can learn only so fast; do not
try to exceed your natural rate or you will be-
come overanxious and actually slow down
your progress.

While various automatic code machines,
phonograph records, etc., will give you prac-
tice, by far the best practice is to obtain a
study companion who is also interested in
learning the code. When you have both memo-
rized the alphabet you can start sending to
each other. Practice with a key and oscillator
or key and buzzer generally proves superior to
all automatic equipment. Two such sets oper-
ated between two rooms are fine—or between
your house and his will be just that much bet-
ter. Avoid talking to your partner while prac-
ticing. If you must ask him a question, do it in
code. It makes more interesting practice than
confining yourself to random practice material.
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When two co-learners have memorized the
code and are ready to start sending to each
other for practice, it is 2 good idea to enlist the
aid of an experienced operator for the first
practice session or two so that they will get an
idea of how properly formed characters sound.

When you are practicing with another be-
ginner don’t gloat if you seem to be learning to
receive faster than he. It may be that his send-
ing is better than yours. Remember that the
quality of sending affects the maximum copy-
ing speed of a beginner to a very large degree.
If the sending is bad enough, the newcomer
won't be able to read it at all and even an old-
timer may have trouble getting the general
drift of what you are trying to say.

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 increased
slightly to a point where nearly all of the char-
acters can be caught only through conscious
effort. When the student becomes proficient at
this new speed, another slight increase may be
made, progressing in this manner until a speed
of about 16 words per minute is attained if the
object is to pass the amateur 13-word per min-
ute code test. The margin of 3 w.p.m. is rec-
ommended to overcome a possible excitement
factor at examination time. Then when you
take the test you don’t have to worry about the
“jitters” or an “off day.”

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

After the war’s end it is probable that a
number of amateurs will again send code prac-
tice on the air on schedule once or twice each
week; excellent practice can be obtained after
you have bought or constructed your receiv-
er by taking advantage of these sessions. A
stamped, self-addressed envelope accompany-
ing an inquiry to the American Radio Relay
League, West Hartford, Connecticut, will bring
a list of the stations transmitting code practice
in your vicinity.

If you live in a2 medium or large city, the
chances are that there is an amateur radio club
in your vicinity which will resume free code
practice classes when amateur radio transmis-
sion is again permitted.

Practice
Material

At the start use plain English,
sending from a book, newspaper,
or anything handy. Also practice
disconnected words from the list on page 11,

which is said to contain about half the words
commonly spoken in English.

More detailed instructions on code learning
and practice may be obtained from several
textbooks which are written to cover this sub-
ject exclusively.*

Skil.  When you listen to someone speaking

you do not consciously think how his
words are spelled. This is also true when you
read. In code you must train your ears to read
code just as your eyes were trained in school
to read printed matter. With enough practice
you acquire skill, and from skill, speed. In oth-
er words, it becomes a babit, something which
can be done without conscious effort. Con-
scious effort is fatal to speed; we can’t think
rapidly enough; a speed of 25 words a minute,
which is a2 common one in commercial opera-
tion, means 125 characters per minute or more
than two per second, which leaves no time for
conscious thinking.

Speed comes only through practice, and lots
of it; however, as stated above, this does not
mean long practice sessions, which are actually
harmful.

Perfect Formation
of Characters

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

If you want to get a reputation as having an
excellent “fist” on the air, just remember that
speed alone won’t do the trick. Proper execu-
tion of your letters and spacing will make
much more of an impression. Fortunately, as
you get so that you can send evenly and accu-
rately, your sending speed will automatically
increase. Remember to try to see how evenly
you can send, and how fast you can receive.
Concentrate on making signals properly with
your key. Perfect formation of characters is
paramount to everything else. Make every sig-
nal right no matter if you have to practice it
hundreds or thousands of times. Never allow
yourself to vary the slightest from perfect for-
mation once you have learned it. Never mind
how slowly you must send in order to be accu-
rate. In the long run you will gain speed much
more quickly if you have learned right, and
you will never get much speed if you learn
wrong. Everything else is secondary to perfec-
tion at-this point.

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

*THE Rapio Cope MaNuAL, 174 pages, containing gen-
eral instructions, 20 code lessons with practice material,
how to build code practice equipment, and how to operate
2 code class, may be obtained from our book department
for $2.00 plus six cents postage (add tax in California).
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Figure 5.
Diagram illustrating relative lengths of dashes
and spaces compared to the dot. A dash is
exactly equal in length 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
in the space between two parts of a letter
will make it sound like two different letters.

It is of the utmost importance to
maintain uniform spacing in char-
acters and combinations of characters. Lack of
uniformity at this point probably causes begin-
ners more trouble than any other single factor.
Every dot, every dash, and every space must
be correctly timed. In other words, accurate
timing is absolutely essential to intelligibility,
and timing of the spaces between the dots and
dashes is just as important as the lengths of
the dots and dashes themselves.

The characters are timed with the dot as a
“yardstick.” A standard dash is three times as
long as a dot. The spacing between parts of
the same letter is equal to one dot; the space
between letters is equal to three dots, and that
between words equal to five dots. There is no
such thing as long, medium, or short dashes;
a dash must always equal the length of three
dots, neither more nor less.

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 de-
siring 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 w.p.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 mere-
ly have to learn the identification of the same
sound without taking as long to do so.

Experience has shown that it does not aid a
" student in identifying a letter by sending the
individual components of the letter at a speed
corresponding to less than 10 w.p.m. By send-
ing the letter moderately fast a longer space

Timing

can be left between letters for a given code
speed, thus giving the student more time to
identify the letter.

There are no degrees of readability in sig-
nals. They are either right or wrong, and if
they are wrong, it is usually irregular spacing
or irregular dash lengths which make them so.
If you find that you have a tendency towards °
irregularity, practice those characters which
give you trouble no matter how long you must
do so. Until they can be formed perfectly you
are not ready for speed.

Be particularly careful of letters like B in
which 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 between
other parts of the same letter; otherwise it will
sound like NN.

Sending vs.
Receiving

Once you have memorized the
code thoroughly you should
concentrate on increasing your
receiving 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 guality 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 receive
good code at 13. Most oldtimers remember
their own period of initiation and are only too
glad to be patient and considerate 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 “lightning 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.

Figure 7 shows the proper
position of the hand, fingers and
wrist when manipulating a tele-
graph 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

Using
the Key
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MY OFF SAID DOWN AWAY
AN PAY ONLY OTHER GIVE
OF END WOULD LIKE HIGH
DO AND THEN UNDER INTEREST
T KEY LONG HEAR HIMSELF
UP NOT MANY DONT FACT
AM PER BECAUSE ALSO WITHOUT
NO HIS YOUR DOES ANOTHER
HE OWN KNOW YOURS PURPOSE
OR PUT OVER HALF POWER
IN HER WHEN EACH DONE
0 ARE FROM WHERE NAME
AS OWE SOME TODAY SMALL
ME ALL WERE LAST BELIEVE
GO DIE THERE ONCE STAND
WE NEW WELL SAYS THINK
BE BUY THEY SAME ADVISE
AT HOT AFTER THING NEXT
us ADD BEEN BUSINESS WENT
S0 LIE YEAR AGAIN UNTIL
ON NOR THEIR CAME POSSIBLE
IF FOR ABOUT BACK ALWAYS
BY SAT THAN AGAINST MATTER
GOT NOW COULD NOTHING GOING
DID SEA SUCH THREE FOUND
BIG HAS THOSE PART BEST
LOT ASK VERY RIGHT WATER
HAM DUE MORE JUST LESS
LET OUT BEFORE BETWEEN USED
SHE SEE WHAT GOVERNMENT  HOUSE
WO WAY SHALL PRESENT GENERAL
THE TRY GOOD HOME TAKEN
LOW * TEN EVEN CENT FOUR
HAD TS INTO WHILE SOON
BUT OIL WITH BOTH WHOSE
SAW LAW MUST LEFT SEVERAL
OUR DAY COME TELL HEREWITH
T00 CAN THEM MORNING SITUATION ‘
HOW BID HAVE THOUGHT CONDITIONS
EAT YES THIS CALL LOVE
FEW WAS HERE ALMOST FRONT
WAR YoU WILL ASKED LARGE
HIM CAR FIRST HAND THOUGH
MAY YET WHICH SERVICE MIND
WHO AIR MADE FIVE KEEP
SAY BAD WORLD MIGHT MYSELF
FAR" OLD MUCH AMONG NECESSARY
NET USE UPON DEAR WRONG
WHY ANY TIME WHOLE FULL
GET MAN SHOULD CITY BETTER
BIT THAT MAKE WANT ADVICE

Figure 6.

by their plet , inst

This list of words makes excellent practice material; vary the order in which you use them so that they

will not be unconsciously memorized. These words, with their variations and repetitions, are said to include

more than half the wonls used in every-day English. Practice them until you recognize most of them

d of as o series of letters, especially if you want to receive with ease at
high speeds.
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can rest on the table. Otherwise pressure of
the table edge on the arm will tend to hinder
the circulation of the blood and weaken the
ulnar nerve at a point where it is close to the
surface, which in turn will tend to increase fa-
tigue 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 mus-
cles. Keep your finger muscles just tight
enough to act as a “cushion” for the arm mo-
tion 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
get 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 to-
gether (about 1/32 inch) for faster speeds.
Avoid extremes in either direction.

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

Remember that you are using different mus-
cles from those which you have used previ-
ously. Give them time to become used to the
new demands which you put upon them. Do

Figure 7.

PROPER POSITION OF FINGERS FOR
OPERATING A TELEGRAPH KEY.

The fingers hold the knob and act as o
cushion. The hand rests lightly on the
key. The muscles of the forearm provide the
power, the wrist octing as o fulcrum. The
power should ndt come from the wrist, but
rather from the foreorm muscles.

not attempt to use them too long at any one
time, or you will overstrain them and they
will not function properly for a time. If they
become stiff, stop at once and exercise them
for a few moments before resuming.

Sit upright. Use a straight backed chair. Do
not slump or slouch. Keep your feet on the
floor, not way under the desk or wound around
the chair legs.

Stick to the regular hand key for learning

code. No other key is satisfactory for this pur-
pose. 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-auto-
matic key such as the Vibroplex (“bug”) or
the “'sideswiper.”
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 coordina-
tion 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-commer-
cial purposes and even for most commercial
purposes if you have patience, and refuse to be
discouraged by the fact that others seem to
pick it up more rapidly.

Never write down dots and dashes to be
translated later. If the alphabet has actually
been mastered beforehand, there will be no
hesitation from failure to recognize most of
the characters unless the sending speed is too
great.

When the sending operator is sending just
a bit too fast for you (the best speed for prac-
tice), 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 attention on
the next letter; otherwise you’ll miss more.
Do not ask the sender any questions until the
transmission is finished.

Two or three w.p.m. over your comfortable
speed is sufficient; do not let the sender go
faster, or you will miss so much as to become
discouraged. “Pushing” yourself moderately
develops speed just as pushing your muscles
develops physical strength.

To prevent guessing and get equal practice
on the less common letters, depart occasionally
from plain language material and use a jumble

www.americanradiohistorv.com


www.americanradiohistory.com

HANDBOOK

Difficulties 13

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
that 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 a/ways get them right without
having to stop even an instant to think about it.

Watch particularly the length of your
dashes. They must be equivalent to three dots,
neither more nor less. Avoid dragging them
out or clipping them off. Non-uniform dashes
are a sure sign of a poor operator.

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 transmission
is too fast for you.

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

While a slow learner can ultimately get his
“13 per” by following the same learning meth-
od if he has perseverance, the following system
of auxiliary practice oftentimes proves of great
aid in increasing one’s speed when progress by
the usual method seems to have reached a tem-
porary standstill. All that is required is the
usual practice outfit plus an extra operator.
This last item should be of good quality, guar-
anteed to pay proper attention to spacing.

Suppose we call the fellow at the key the
teacher and the other fellow the student. As-
sume the usual positions but for the moment
lay aside paper and pencil. Instead the student
will read from a duplicate newspaper the same
text that the operator is sending.

The teacher 1s to start sending at a rate just
slower than the student’s top speed judged by
his last test. This will allow the student to fol-
low accurately each letter as it is transmitted.
After a warming-up period of about one min-
ute the sending speed is to be increased grad-
ually but steadily and continued for a period
of five minutes. An equal rest period is bene-
ficial before the second session. Speed for the
second period ought to be started at half-way
between the original starting speed and the
speed used at the end of the first period. Fol-
low the same procedure for the second and
third practice periods.

At the start of the third reading practice
period the student should start copytng imme-
diately, using the same text as before at a speed
just above his previous copying ability. It will
be found that one session of the reading prac-
tice will for the time being increase the stu-
dent’s copying ability from 10 to 20%. The
teacher should watch the student and not in-
crease the sending speed too much above his
copying ability as this brings about a condi-
tion of confusion and is more injurious than
beneficial.

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 difficult,
but after sufficient practice it will be found
actually to be easier than copying close up. It
also results in more accurate copy and enables
the receiving operator to capitalize and punc-
tuate copy as he goes along. It is not recom-
mended 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 sec-
ond column. At first this will be a bit awk-
ward, but you will rapidly gain facility with
practice. Do the same with all the words, and
then reverse columns.

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

After the foregoing can be done easily, try

INﬂN*'\'F ﬁ
VOLUME CONTROL
s

PHONES
170 4
PAIR

THESE PARTS REQUIRED
ONLY IF HEAD!
OPERATION 1S DESIRED

Figure 8.

THE SIMPLEST CODE PRACTICE SET
CONSISTS OF A KEY AND BUZZER.
The buzzer Is adjusted to give a steady, high
pitched “whine.” If desired, the phones may
be omitted, In which cose the buzzer should
be mounted firmly on a sounding board. Either
crystal or magnetic earphones may be used.
Ph hould be cted in parallel, not
series.
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4.9v. KEY PHONCS

Figure 9.

SIMPLEST TYPE V.T. CODE PRACTICE
OSCILLATOR. -
Power is furnished by a dry cell and a 4V,
volt “C” battery. If the .006-ufd. condenser
is omitted, a higher pitched note will result.
The note may have too low a pitch even with
the ) 294 4’ 1 the 1, t,
cheapest audio transformer available is used.
The earphones should be of the magnetic
type, as plate current must flow through the
earphones.

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 rot attempt to catch up. There
is a natural tendency to close up the gap, 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 the first word. After receiving the
third word, write the second word; and so on.
Never mind how slowly you must go, even if
it is only two or three words per minute. Stay
bebind.

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

Handwriting vs.
Typewriting

It is usually preferable to
copy code in longhand while
learning. Do not write with
a cramped finger movement. Your fingers will
soon get tired and will become too tense to
make legible copy. Use a free arm movemest.
Never mind how pretty the writing is; concen-
trate on legibility.

It is not necessary to use a typewriter for
receiving if you are learning merely for the

fun of it or to become an amateur. But if you
intend to go into commercial operation, by all
means learn to copy on a typewriter. No mat-
ter how rapid a handwriter you may be, you
can receive much faster on a "mill.” If you
can already operate a typewriter by the touch
system, it will not be found difficult to copy
on the typewriter once you have mastered
copying by hand. However, if you do not
know touch typing, you have a real job ahead
of you and one which is entirely beyond the
scope of this book. In copying by typewriter
you will feel the same tendency to catch up
that you do in copying by hand, and it will
be necessary to fight this tendency all over
again.

Automatic Code The two practice sets
Machines which are described in this
chapter are of most value
when you have someone with whom to prac-
tice. Automatic code machines are not rec-
ommended to anyone who can possibly ob-
tain 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 receiving practice is by the
use of a tape machine (automatic code send-
ing machine) with several practice tapes. Or
you can use a set of phonograph code practice
records. The records are of use only if you
have a phonograph whose turntable speed is
readily adjustable. The tape machine can be
rented by the month for a reasonable fee.
Once you can copy about 10 w.p.m. you
can also get receiving practice by listening
to slow sending stations on your receiver.
Many amateur stations send slowly particu-
larly when working far distant stations. When
receiving conditions are particularly poor
many commercial stations also send slowly,
sometimes repeating every word. Until you can
copy around 10 w.p.m. your receiver isn't of
much use, and either another operator or a
machine or records is 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 “did-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 con-
junction with a regular telegraph key.

As a good key may be considered an invest-
ment, 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 trans-
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mitter. If you get a good key to begin with,
you won't have to buy another one later.

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

Special types of keys, especially the semi-
automatic “"bug” type, should be left alone by
the beginner. Mastery of the standard type
key should come first. The correct manner of
using such a key was discussed above.

To generate a tone simulating a code signal
as heard on a receiver, either a mechanical
buzzer or an audio oscillator (howler) may be
used. The buzzer may be mounted on a sound-
ing board in order to increase the fullness and
volume of the tone; or it may be mounted in
a cardboard box stuffed with cotton in order to
silence it, and the signal fed into a pair of ear-
phones. The latter method makes it possible to
practice without annoying other people as
much, though the clicking of the key will no
doubt still bother someone in the same room.

A buzzer-type code practice circuit is shown
in Figure 8. The buzzer should be of good
quality or it will change tone during keying;
also the contacts on a cheap buzzer will soon
wear out. The volume control, however (used
only for headphone operation), may be of the
least expensive type available, as it will not be
subjected to constant adjustment as in a radio
receiver. For maximum buzzer and battery
life, use the least amount of voltage that will

Figure 10.

THE CIRCUIT OF FIGURE 9
IS USED IN THIS BATTERY
OPERATED CODE OSCILLA-
TOR.
A tube oand oaudio
former essentially comprise
the oscillator, Fahnestock
clips screwed to the base-
board are used to make con-
nections to  batteries, key,
and phones.

trans-

provide stable operation of the buzzer and
sufficient volume. Some buzzers operate stably
on 115 volts, while others require more.

A vacuum tube audio oscillator makes the
best code practice oscillator, as there is no
sound except that generated in the earphones,
and the note more closely resembles that of a
radio signal. Such a code practice oscillator is
diagrammed schematically in Figure 9. The
parts are all screwed to a2 wood board, and
connections made to the phones and batteries
by means of Fahnestock clips, as illustrated in
Figure 10. A single dry cell supplies filament
power, and a 415-volt C battery supplies plate
voltage. Both filament and plate current are
very low, and long battery life can be ex-
pected. The vacuum tube is the biggest item
from the standpoint of cost, but it can later
be used in a field-strength meter with the same
batteries supplying power. Such a device is
very handy to have around a station, as it can
be used for neutralizing, checking the radiation
characteristics of your antenna, etc.

A 1HA4G, 30, or 1G4G may be used with the
same results. The first two are 2-volt tubes,
but will work satisfactorily on a 1.5-volt fila-
ment battery because of the very small amount
of emission required for the low value of plate
current drawn. Be sure to get a socket that
will accommodate the particular tube you buy.

Oddly, it is important that the audio trans-
former used not be of good quality; if it is, it
may have so much indguctance that it will be

impossible to get a sufficiently high pitched
note. If you buy a new transformer, get the
smallest, cheapest one you can buy. The old
transformers used in moderately priced sets of
12 years ago are fine for the purpose, and can
oftentimes be picked up for a small fraction of
a dollar at the “junk parts” stores. The turns
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Figure 11.
De luxe high power
amateur stations such
as that of W9TJ are
not so nunterous as
are less pretentious
installations, but
nevertheless there are
several hundred
throughout the U.S.A.

ratio is not important; it may be anything be-
tween 1.5/1 and 6/1.

The tone may be varied by substituting a
larger (.025 ufd.) or smaller (.001 ufd.) con-
denser for the .006 ufd. capacitor shown in the
diagram. A lower capacity condenser will raise
the pitch of the note somewhat and vice versa.
The highest pitch that can be obtained with a
given transformer will result when the con-
denser is left out of the circuit altogether.
Lowering the plate voltage to 3 volts will also
have a noticeable effect upon the pitch of the
note. If the particular transformer you use
does not provide a note of a pitch that suits
you, the pitch can be altered in this manner.

Using a 1H4G, a standard no. 6 dry cell for
filament power, and a 4V5-volt C battery for
plate power, the oscillator may be constructed
for about $2.00, exclusive of key and ear-
phones. The filament battery life will be about
700 hours, the plate battery life considerably
more. This set has an advantage over an a.c.
operated practice set in that it can be used
where there is no 110-volt power available;
you can take it on a Sunday picnic if you wish.
Also, there is no danger of electrical shock.

The carrier-operated keying monitor de-
scribed in Chapter 24 also may be used for
code practice, and is recommended where loud
speaker operation is desired, such as for group
practice.

KYKXQ FVTGB 35476 3V3V4 QMWNE PSGRT
LUDHW YHNUJ 00572 B6B67 RBTVY WEDHG
HSUSK MUKIL 72649 4V3B7 UXIZO SGWYF
WKSOD PLOKM 99736 SHSO09 ALSKD AODHR
WOSMF IJNUH 26294 W2ATF JFHGT WEBCX
KJHGF BYGVT 93856 K6BZQ PZ0OXI FOSYT
ZQZYX FCRDX 22557 FABG6 CUVYB WNEYS
OPGJU ESZWA 37495 1oPM4 TNRME WEFFF
ASDFG Wk ' 55100 45XVG WQLAK SUEHT
QWERT AT 10000 86QHK PGOFI SGYOS
ZXCVB & oo 00009 86QHC ISUAT WECEM
POIUY ok 26483 LKJS5 QBWNE GAHEU
LKJHG 12345 27385 WMS7G RNTBY AOEHT
MNBVC 67890 28465 36Y94 OFUXY WEKFQ
QAZWS 05647 37495 117GT YATSR HSGEY
XEDCR 28596 92220 6SQ7G EVRNY SYSGE
The above list of jumbled characters (similor to many cipher codes) will be found handy for accu-
racy practice; no characters can be guessed as when working from straight text. ¢ is used to indi-
cate zero in the groups containing both letters and figures.
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Fundamental Radio and
Electrical Theory

Constitution of
Matter

All matter is made up of
approximately 92 funda-
mental constituents com-
monly called elements. These elements can
exist either in the free state such as iron, oxy-
gen, carbon, copper, tungsten, and aluminum,
or in chemical unions commonly called com-
pounds. 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 ele-
ments helium, neon, argon, krypton, xenon,
and radon are the only gaseous elements that
ever exist in a truly atomic state.
The Atom An atom is an extremely small
unit of matter—there are lit-
erally 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 posi-
tively charged nucleus and a cloud of nega-
tively charged particles that surround the nu-
cleus. 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
that depends the study of electricity and radio,
as well as allied sciences. Actually it is possi-
ble to subdivide the nucleus of the atom into
other particles: the proton, nuclear electron,
negatron, positron, and neutron; but this fur-
ther subdivision can be left to quantum me-
chanics and atomic physics. As far as radio
theory is concerned it is only necessary for the

17

reader to think of the normal atom as being
composed of a nucleus having a net positive
charge that is exactly neutralized by the one
or more orbital electrons surrounding it.

The atoms of different elements differ 1n
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 orbi-
tal electrons. The number of orbital electrons
is called the atomic 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 number
of electrons. In the first shell there is room
for only 2 electrons; in the next, 2; the next,
6; then 2, 6, 10, 2, 6, 10, etc., until a total of
92 electrons can be accommodated in the heav-
iest atom, that of uranium. 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 un-
completed shell is nearly empty, the element
is merallic in character, being most metallic
when there is only one electron in the outer
shell. If the incomplete shell lacks only one or
two electrons, the element is usually non-
metallic. Elements with a shell about half
completed will exhibit both non-metallic and
metallic character; carbon, silicon, 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
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electrons, and it is the ability of these electrons
to drift from atom to atom which makes possi-
ble the electric current.

If the free electrons are numerous and
loosely 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, as a result of the outer shell elec-
trons being tightly held, the element is a good
insulator.

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

As will be explained later, there is an excess
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 become
neutral. The attracting of electrons continues
through the wire, and finally the excess elec-
trons at the negative terminal of the battery
are attracted by the positively charged atoms
at the end of the wire. The same result would
be obtained if the wire were connected between
the terminals of a 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
question. The force or pressure due to a po-
tential difference is termed the electromotive
force, usually abbreviated e.m.f. or E.M.F.
It is expressed in units called rolss.

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 posi-
tive 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 differ-
ence that determines the force with which
electrons are attracted or repulsed, the poten-
tial of the earth being taken as the zero refer-
ence point.

The Electric
Current

The flow of electrons along
a conductor due to the ap-
plication of an electromotive
force constitutes an electric current. This drift

is in-addition to the irregular movement 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 be-
fore colliding with an atom; this collision gen-
erally knocking off one or more electrons from
the atom, which in turn move a short distance
and collide with other atoms, knocking off
other electrons. Thus, in the general drift of
electrons along a wire carrying an electric cur-
rent, 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 e.m.f. When this source is re-
moved 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.

There are two units of measurement asso-
ciated with current, and they are often con-
fused. The rate of flow of electricity is stated
in amperes. The unit of quantity is the cou-
lomb. A coulomb is equal to 6.28 x 10" elec-
trons, and when this quantity of electrons
flows by a given point in every second, a cur-
rent 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, and ampere indicates rate of flow.

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
exceptions 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 safest to refer to the direction of electron
flow rather than to the direction of the “cur-
rent.”

Throughout this book electron flow and
current flow will be considered as one and the
same thing.
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The flow of current in 2 mate-
rial 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 resistance of a
uniform length of a given substance is directly
proportional to its length and specific resist-
ance, and inversely proportional to its cross-
sectional area. A wire with a certain resistance
for a given length will have twice as much
resistance if the length of the wire is doubled.
For a given length, doubling the cross-sectional
area of the wire will halve the resistance.

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 tem-
perature increases. This is also true of electro-
lytes. The temperature may be raised by the
external application of heat, or by the flow of
the current itself. In the latter case, this is due
to the fact that heat is generated when the
electrons and atoms collide. (See Heating
Effect.)

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 mate-
rial one circular mil in area and one foot long.

Resistance

Conductors and In the molecular struc-
Insulators ture of many materials
such as glass, porcelain,
and mica all electrons are tightly held within
their orbits and there are comparatively few
free electrons. This type of substance will con-
duct an electric current only with great diffi-
culty and is known as an insulator. An insula-
tor 1s 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 conductors and are said to have the
greatest conductivity, or lowest resistance to
the flow of an electric current.

These units are the wols,
the ampere, and the obm.
They were mentioned in
the preceding paragraphs, but were not com-
pletely defined.

The fundamental unit of current, 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 column of mercury
at 0° C., 14.4521 grams in mass, of constant
cross-sectional area and 106.300 centimeters
in length. The expression megobm (1,000,000
ohms) is also sometimes used when speaking
of very large values of resistance.

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

Fundamental
Electrical Units

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.

BATTERY ot
-:=+ (— e .W
l— CONDUCTORS — 1 1
R¢ Ra
RESISTANCE — é """ —
Figure 1.

SIMPLE SERIES CIRCUITS.
At A" the battery is in series with a single re-
sistance. At B’ the battery is in series with
two resistors, the resistors th Ives being in

series. The arrows indicate the direction of
electron flow.
A
74N\
Figure 2. L
SIMPLE PARALLEL Ry R2 &
CIRCUIT. \ /

The two resistors, R: and R: are said to be in
parallel, because the current divides between
them. An electron leaving point A goes
through either R: or Rs, but not both, to get
to the positive terminal of the battery.
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Figure 3,
SEVERAL RESISTORS

IN PARALLEL.

Figure 4.

SERIES PARALLEL
CIRCUIT.

In this arrangement, both series and parallel
connections are employed.

This law states that the current in amperes is
equal to the voltage in volts divided by the
resistance in obms. Expressed as an equation:

E

R
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

I

E
equal to 1 When the voltage is the unknown

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

E E

1 == R == E IR

R I
where 1 is the current in amperes,

R is5 the resistance in ohms,

E is the electromotive force in volts.

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

series circuits, parallel cir-
cuits, and series-parallel circuits. A series cir-
cuit is one in which the current flows in a
single continuous path and is of the same
value at every point in the circuit. In a parallel
circuit there are two or more cusrent 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
combines 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 paral-
lel circuit, and in addition there are two resist-

ances 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 /R 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
cutrent flows by the amount of the IR drop in
the source. The voltage measured with no
current flowing is termed the o 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

@
Figure 5.
OTHER COMMON SERIES-PARALLEL
CIRCUITS.
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the total resistance. Expressed as a formula:
Reost = Ri + Re + Rs + .., + Rx

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.

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.

Resistances
in Parallel

[ = E
~ R
E = 10 volts
R = 100 ohms
I = Too — 0O-1 ampere
E = 10 volts
R = 10 ohms
I = 0 . 1.0
=70 = 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.

E
(=
E = 10 volts
I = 1.1 amperes
R= i1 = 9.09 ohms

The resistance of the parallel combination is
9.09 ohms.

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

R, X R,
R, + R.’

where R is the unknown resistance,
Ry is the resistance of the first resistor,
Rz is the resistance of the second resis-
tor.

If the effective value required is known, and
it is desired to connect one unknown resistor
in parallel with one of known value, to obtain
this unknown value the following transposition
of the above formula will simplify the prob-
lem:

R =

R, X R
R=xR—=%

where R is the effective value required,
R is the knoun resistor,
Rz 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 paralle] 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
TRt RT R

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 at the top of this col-
umn is more convenient when only two re-
sistors are being used.

When two or more resistances 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.

3 ERs
1 ER) 3
ERe R
Ra Ra >
2Ry
Figure 6.

RESISTORS IN SERIES-PARALLEL.

Figure 7.

Indicating tlow of elec- 't

trons through a tapped

voltage divider to an ex- t
ternal load. ) LOAD
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Shunts When a voltage is applied to a
circuit consisting of two or more
resistances in parallel the resulting current
divides itself among the paths in inverse pro-
portion to the resistance of each path. With
respect to one of the elements those connected
in parallel with it are said to shunt it.

An example of a shunt'which is of particu-
lar interest is the use of a resistance to shunt
an ammeter or milliammeter (a device for
measuring current) so that part of the current
in the circuit will be bypassed around the
meter. By this means the range of a meter
may be greatly extended. Multiplying the range
by powers of 10 makes it possible to use the
original calibration scale without having to
perform calculations in taking readings.

To calculate the amount of resistance re-
quired in a given case, the basic form of Ohm’s
law can be used. However, the following
formula (derived from Ohm’s law) simplifies
the calculations:

I-I.

where R = resistance of shunt in ohms,
Rm = resistance of meter in ohms,
Im = full scale current for meter,

I = full scale current for new cali-
bration.

To find the total resistance
of several resistors con-
nected in series-parallel, it
is usually easiest to apply either the formula
for series resistors or the parallel resistor
formula first, in order to reduce the original
arrangement to a simpler one. For instance, in
Figure 4 the series resistors should be added in
each branch, then there will be but two resis-
tors in parallel to be calculated. Similarly in
Figure 6, although here there will be three
parallel resistors after adding the series re-
sistors in each branch. In Figure 5 the paral-
leled resistors should be reduced to the equiva-
lent series value, and then the series resistance
values can be added.

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 =

Resistances in
Series-Parallel

1
1 1 1

TR TRFR TR+ +R

Voltage 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 pur-
pose in a radio receiver, transmitter or ampli-
fier, because it offers a simple means of obtain-
ing plate, screen, and bias voltages of different
values from a common power supply source.
It may also be used to obtain very low volt-
ages 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 re-
mains 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 entire re-
sistance), the voltage will likewise be halved
or reduced to 50 volts.

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

+

50 VOLTS DROP

1 > -— -——
104243 MA, { Ry | )
sR3

-— -—_— - |
‘—w 3

m+z+s+zoux{ h |

e 'Ry

130 VOLTS DROP
300 v.

28 VOLTS DROP

1
10+2 MA ®R2 |
s |

1
}
T

' 4 '75v. 2maA. 3
- <
eLeepercumment( |2 | T2
10 MA. =Ry
7% VOLTS DROP t e
—— - —- — r- —
———— POWER SUPPLY ot LOAD
Figure 8.

COMBINED BLEEDER RESISTOR
AND VOLTAGE DIVIDER.
The thod of calculating the values of the
resistors (or resist between taps) is cov-
ered in the text.
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from the tap-on point unless this current is
taken into consideration.

Design of
Voltage Dividers

Proper design of a volt-
age divider for any type
of radio equipment is a
relatively simple matter. The first considera-
tion 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 milliamperes
for the detector tube, 100 volts at 5 milliam-
peres for the screens of the tubes, and 250
volts at 20 milliamperes for the plates of the
tubes. The required voltage drop across R, is
75 volts, across R: 25 volts, across R, 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.
Applying Ohm's law:

R, = £| = %z 7,500 ohms.
R, = —l—li— = ,(;ZTSZ: 2,083 ohms.
R, = —l;:— = %: 8,823 ohms.
R, = —lli— = %= 1,351 ohms.
Rtatas = 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 difh-
culty in securing four separate resistors of the
exact odd values indicated, and because no ad-
justment would be possible to compensate for
any slight error in estimating the probable cur-
rents 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.

One of the serious dis-
advantages of the volt-
age divider becomes evi-
dent when the current drawn from one of the

Disadvantages of
Voltage Dividers

Figure 9.
COMMON TYPES OF RESISTORS

USED [IN RADIO CONSTRUC-

TION.

To the left is a variable resistor (potentio-
meter). The next two are insulated type car-
bon resistors, the larger being rated to dissi-
pate more power safely. The next two are
small wire-wound resistors, while the resistor
to the right is a large (75 watt) resistor of
the voltage divider variety. The turns of the
latter are exposed so as to enable contact to
any portion of the resist ] t by

of one or more “’slider’”’ type connector clamps.

taps changes. It is obvious that the voltage
drops are interdependent and, in turn, the
individual drops are in proportion to the cur-
rent which flows through the respective sec-
tions of the divider resistor. The only remedy
lies in providing a heavy steady bleeder current
in order to 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 because of the excessive values of
bleeder current which would be required.

Kirchhoff's Laws Ohm'’s law is all that is
necessary to calculate
the values in simple circuits, such as the pre-
ceding examples; but in more complex prob-
lems, involving more than one voltage in the
same closed circuit, the use of Kirchboff’s laws
will greatly simplify the calculations. These
laws are merely rules for applying Ohm'’s law.

The first law states that at any point in a
circuit the current flowing toward the point is
equal to the current flowing from it. In other
words, if currents flowing to the point are con-
sidered positive, and those flowing from the
point are considered negative, their sum—tak-
ing signs into account—is zero. Such a sum is
known as an algebraic sum.

Figure 10 illustrates this first law. It is
readily 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 re-
sistor. 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, R, = 10 ohms, R: = 5 ohms, Ra =
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Figure 10.
ILLUSTRATING KIRCHHOFF'S
FIRST LAW.

The current flowing towards point A is equal
to the current flowing away from point “A.’

5 ohms, and E = 20 volts, we can set up the
following equation:

E E E B
R R, R.+R
2 20 20

0. 0

5 10 5+5
4 2 2 0

Kirchhoff’'s second law states that in any
closed path in a network the sum of the IR
drops must equal the sum of the applied
e.m.f.s, or, the algebraic sum of the IR drops
and the applied e.m.f.s in any closed path in a
network is zero. The applied e.m.f.s are consid-
ered positive, while IR drops taken in the di-
rection of current flow (including the internal
drop of the source) are considered negative.

In order to cause elec-
trons to flow through a
conductor, constituting
a current flow, it is necessary to apply an elec-
tromotive force (voltage) across the circuit.
Less power is expended in creating a small
current flow through a given resistance than
in creating a large one; so it is necessary to
have a unit of power as a reference.

The unit of electrical power is the wart,
which is the amount of power used when an
e.m.f. of 1 volt forces a current of 1 ampere
through a circuit. The power in a resistive cir-
cuit is equal to the product of the voltage ap-
plied across, and the current flowing in, a
given circuit. Hence: P (watts) = E (volts)
X I (amperes).

Since it is often convenient to express power
in terms of the resistance of the circuit and
the current flowing through it, a substitution of
IR for E (E = IR) in the above formula
gives: P = IR X [or P = FR. 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 expressions:

P=El, P=TFR, and P = EYR,

Power in
Resistive Circuits

Figure 11.
To dissipate the greatest
amount of power in the
load, R1 (the load resist-
ance) should be equal to Rp
Ri (the internal resist-
ance of the battery).

”1

AMAAAA
—WWWAW—
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where P is the power in watts,
E is the electromotive force in volts,
and
I 1s 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-watt resistor will safely carry the required
current, yet a 10- or 20-watt resistor would
ordinarily be used to provide a safety factot.

In another problem, the conditions being
similar to those above, but with the resistance
and current being the Anown factors, the solu-
tion is obtained as follows: P = 'R .0225
X 33333 = 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 result; the selection of the par-
ticular equation depends only upon the known
factors.
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 ex-
plained earlier, this is due to the fact that heat
is given off when free electrons collide with
the atoms of the material. More heat is gen-
erated in high resistance materials than in
those of low resistance, since the free electrons
must strike the atoms harder to knock off
other electrons. As the heating effect is a func-
tion of the current flowing and the resistance
of the circuit, the power expended in heat is
given by the second formula: P = IR.
Load Matching To develop the maxi-
mum power in the load
upon a source of e.m.f., it is necessary to make
the resistance (or impedance) of the load
equal to the internal resistance (or impedance)
of the source. This can best be illustrated by
Figure 11. Assume R; is the internal resistance
of the source and has a value of 1 ohm, while
the source E has a no-load voltage of 2 volts.
If the load resistance Ry is also 1 ohm, the
current is:
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— E _ 2z _ the observer, the field about the conductor is
U= R + Ro 1 +1 L ETEERe, clockwise; when the flow is away from the ob-

The total power dissipated is:

P=El =2 X 1 = 2 watts,
which is divided equally between the source
and the load.

If Ry is 2 ohms the current is:

2
1+ 2
and the total power dissipated is:

P =2 X 0.67 = 1.34 watts.
The portion dissipated in the load is:

P = 0.67* X 2 = 0.9 watt,

and the remainder, 0.44 watt, is dissipated in
the source. If Ry is 0.5 ohm, the current in the
circuit is:

I

I= = 0.67 ampere,

2
=1TTos5~ 1.33 amperes.

The total power is:

P = 2 X 1.33 = 2.66 watts.
The load dissipation is:

P = 1.33* X 0.5 = 0.88 watt,

while 1.78 watts are dissipated in the source.
Thus, it is seen that, while the total dissipated
power may be greater under other conditions,
the dissipation in the load is greatest when its
resistance equals that of the source.

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 car-
rying a current, but the field exists only while
the current is flowing.
Magnetic Fields Before a potential, or
voltage, is applied to a
conductor there is no external field, because
there is no general movement of the electrons
in one direction. However, the electrons do
progressively move along the conductor when
an e.m.f. is applied, the direction of motion
depending upon the polarity of the e.m.f. Since
each electron has an electric field about it, the
flow of electrons causes these fields to build up
into a resultant external field which acts in a
plane at right angles to the direction in which
the current is flowing. This field is known as
the magnetic field.

The magnetic field around a current-carrying
conductor is illustrated in Figure 12. The di-
rection of this magnetic field depends entirely
upon the direction of electron drift or current
flow in the conductor. When the flow is toward

server, the field is counter-clockwise. 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 conduc-
tor, the stronger will be the resulting field.

One of the fundamental laws of magnetism
is that like poles repel one another and unlike
poles attract one another. This is true of cur-
rent-carrying conductors as well as of perma-
nent 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 conduc-
tors 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 current flow around the turns of the coil,
the thumb then points in the direction of the
north pole of the magnetic field.

The Magnetic
Circuit

In the magnetic circuit, the
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 2’
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-

— =
ELECTRON DRIFT

i — =t —
I
Figure 12,
Magnetic lines of force produced around a
conductor carrying an electric current.

wwWWw.americanradiohistorv.com


www.americanradiohistory.com

26 Fundamental Radio and Electrical Theory

THE "RADIO”

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).

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.

Magnetomotive
Force

The force which produces
a flux in a magnetic cir-
cuit is called magnetomo-
tive force. It is abbreviated m.m.f. and is
designated by the letter F. The unit of mag-
netomotive force is the gilbers, which is
equivalent to 1.26 X NI, where N is the num-
ber of turns and I is the current flowing in the
circuit in amperes.

The m.m.f. necessary to produce a given
flux density is stated in gilberts per centimeter
(H), or in ampere-turns per inch (H).
Reluctance Magnetic reluctance corre-
sponds 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 oersteds or in rels, and the
symbol is the letter R. An oersted is the reluc-
tance of 1 cubic centimeter of vacuum. A mate-
rial has 2 reluctance of 1 rel when an m.m.f.
of 1 ampere-turn (NI) generates a flux of 1
line of force in it. Combinations of reluctances
are treated the same as resistances in finding
the total effective reluctance. The specific re-
luctance of any substance is its reluctance per
unit volume.

Except for iron and its alloys, most common
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.

"Ohm’s Law for The relations between
Magnetic Circuits flux, magnetomotive

force, and reluctance
are exactly the same as the relations between
current, voltage, and resistance in the electrical
circuit. These can be stated as follows:

F _F _
= —R—- R = 7 F = ¢R
where ¢ = flux, F = m.m.f., and R = re-

luctance. If F is in gilberts, R will be expressed
in oersteds, but if F is in ampere-turns, then
R will be in rels.

.

Permeability Permeability expresses the
ease with which a magnetic

field may be set up in a material as compared

with the effort required in the case of air. Iron,
for example, has a permeability of around
2000 times that of air, which means that a
given amount of magnetizing 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
EmHO* = H

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

=-§orﬂ=%-,andB=HyorB=Hy

It can be seen from the foregoing that per-
meability is inversely proportional to the spe-
cific reluctance of a material.

Permeability is similar to elec-
tric conductivity. There is, how-
ever, one important difference: the permeabil-
ity of magnetic materials is not independent of
the magnetic current (flux) flowing through
it, although electrical conductivity is substan-
tially independent of the electric current in a
wire. When the flux density of a magnetic con-
ductor has been increased to the saturation
point, a further increase in the magnetizing
force will not produce a corresponding in-
crease in flux density.

Saturation

Calculations To simplify magnetic circuit
calculations, a magnetization
curve may be drawn for a given unit of mate-
rial. Such a curve is termed a2 B-H curve, and
is arrived at by experiment. B-H curves for
most common magnetic materials are available
in many reference books, so none will be given

here.

Residual Magnetism;
Retentivity

The magnetism re-
maining in a mate-
rial after the mag-
netizing force is removed is called residual
magnetism. Retentivity is the property which
causes a magnetic material to have residual
magnetism after having been magnetized.

Hysteresis;
Coercive Force

Hysteresis is the character-
istic of a2 magnetic system
which causes a loss of
power due to the fact that a negative mag-
netizing force must be applied to reduce
the restdual magnetism to zero. This negative
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Figure 13.
Graphical comparison of unidirectional (di-
rect) current and alternating current.

force is termed coercive force. By “negative”
magnetizing force is meant one which is of the
opposite polarity with respect to the original
magnetizing force. Hysteresis loss is apparent
in transformers and chokes by the heating of
the core.

Alternating Current

To this point in the text, consideration has
been given primarily to a current consisting of
a steady flow of electrons in one direction.
This type of current flow is known as wni-
directional or direct current, abbreviated 4.c.
Equally as important in radio work and more
important in power practice is another and al-
together different type of current, known as
alternating current and abbreviated a.c. Power
distribution from one point to another and into
homes and factories is almost universally a.c.
On the other hand, the plate supply to vacuum
tubes is almost universally d.c.

Generation of
Alternating Current

Faraday discovered that
if 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 cur-
rent will low in the conductor. He also dis-
covered that, if a conductor in a second closed
circuit is brought near the first conductor
and the current in the first one is varied, a2
current will low 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 current 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 mo-
tion 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.

An alternating current is one which period-
ically rises from zero to a maximum in one di-
rection, decreases to zero and changes its
direction, rises to a maximum in the opposite
direction, and decreases to zero again. (Refer
to Figure 13.) This complete process is called
a cycle, and from zero through a maximum
and back to zero is an alternation or half-cycle.
The number of times per second that the cur-
rent goes through a complete cycle is called
the frequency.

A machine that generates alternating current
is termed an alternator or a.c. generator. Such

_ a2 machine in its basic form is shown in Figure

14. 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 somth (S), a magnetic field exists. If a
conductor in the form of C is so suspended
that it can be freely rotated between the two
poles, and if the opposite ends of conductor
C are brought to collector rings, R, which are
contacted by brushes (B), there will be a2 flow
of alternating current when conductor C is

Figure 14.

Sch tic re tation of the si

pr plest form
of the alternator.

FORCE
(UNIFORM DENSITY)

Figure 15.
Graph showing the output voltage of the al-
ternator of figure 14. The output Is called o
“sine wave” for reasons explained in the text.
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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 con-
ductor 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 euts more and more
lines of force for each unit distance of travel,
until it is cutting the maximum number of
lines when opposite the center of the pole.
Therefore, zero current is induced in the con-
ducter at the instant it is midway between the
two poles, and maximum current is induced
when it is opposite the center of the pole face.
After the conductor has rotated through 180°
it can be seen that its position with respect to
the pole pieces will be exactly opposite to that
when it started. Hence, the second 180° of
rotation will produce an alternation of current
in the opposite direction to that of the first
alternation.

The current does 7ot increase directly as the
angle of rotation, but rather as the sine of the
angle; hence, such a current has the mathe-
matical 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 paragraphs concern-
ing alternating current also is applicable to
alternating voltage.

Why the voltage output of a conductor re-
volving in a magnetic field is a sine wave is
made clear by reference to figure 15.

The rotating arrow to the left represents a
conductor rotating in a constant magnetic
field of uniform density. The arrow also can
be taken as a vecfor 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 amgular 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, because in a right triangle
the “side opposite is equal to the sine of the
included angle times the hypotenuse.”

When the arrow has traveled from A to
point E, it has traveled 90 degrees or one quar-
ter 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 an-
other way, and its derivation from the fore-
going is shown in figure 15. The time base is
represented by a straight line rather than by
angular rotation. Points A, B, C, etc, repre-
sent the same units of time as before. When
the voltage corresponding to each point is
projected to the corresponding time unit, the
familiar sine curve is the result.

The instantaneous value of voltage at any
given instant can be calculated as follows:

¢ = Euax sin 27ft,

where ¢ = the instantaneous voltage,
E = maximum crest value of voltage,
f = frequency in cycles per second, and
t = time in seconds.

The instantaneous current can be found from
the same formula by substituting 7/ for e and
Imax for Emax. The formula then becomes:

i = Imax Sin 27 ft,

where / = the instantaneous current,
I = maximum crest value of current,
f = frequency in cycles per second, and
t = time in seconds.

The term 2%f in the preceding
equation should be thoroughly un-
derstood because it is of basic importance.
Returning again to the rotating point of Figure
15, it can be seen that when this point leaves
its horizontal position and begins its rotation
in a counter-clockwise direction, through a
complete revolution back to its initial starting
point, it will have traveled through 360 elec-
trical degrees. In electrical work, instead of
referring to this movement in terms of de-
rees, it is customary to express the movement
in terms of radians. Mathematically, a radian
is an arc of the circle equal in length to the
radius of the circle. There are 27 radians in
360 degrees, so that one radian is equivalent
to 57.32 degrees. (See Figure 17.)

When the conductor in the simple alternator
has moved through 2% radians it has gener-
ated one cycle. 27f then represents one cycle,
multiplied by the number of cycles per second
(the frequency) of the alternating voltage or
current, and is, therefore, the angular velocity.

Radians
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WHERE F ® FREQUENCY IN CYCLES PER SECOND
Figure 16.
Illustrating one cycle of sine wave alternation.
For an understanding of the “degrees” of time
along the linear time base, refer to the left
hand (rotating) representation of figure 15. As
one cycle represents one revolution of the al-
ternator, one cycle is said to constitute 360
electrical degrees.

In technical literature 2 f is often replaced by
, the Greek letter omega. Velocity multiplied
by time gives the distance traveled, so 2wft
represents the angular distance through which
the conductor has traveled, and since the in-
stantaneous voltage or current is proportional
to the sine of this angle, it is possible to calcu-
late these quantities at any instant of time,
provided that the wave very closely approxi-
mates a sine curve.
Frequency The frequency of an alternat-
ing current or voltage may be
any value greater than zero up to millions of
cycles per second. Up to about 20,000 cycles
per second are considered audio frequencies,
since all except those from zero to about 16
c.p.s. are audible to the human ear. The a.c.
power which is supplied to homes and fac-
tories is generally 25, 50, or 60 c.p.s. Fre-
quencies above 20,000 c.p.s. are known as
radio frequencies. But they are usually spoken
of in terms of kilocycles, rather than cycles,
because the numbers become too large. When
the frequency gets above a few thousand kilo-
cycles, the term megacycle is used. A kilo-
cycle is equal to 1000 cycles, and a megacycle
equals 1,000,000 cycles. A conversion table for
simplifying this terminology is given here:
1,000 cycles = 1 kilocycle. The abbreviation
for kilocycle is k.
1 cycle = 1/1,000 of a kilocycle, .001 kc. or
107 ke.
1 megacycle = 1,000 kilocycles, or 1,000,000
cycles, 10° kc. or 10° cycles.
1 kilocycle = 1/1000 megacycle, .001 mega-
cycle, or 107 Mc. The abbreviation for meg-
acycles is Me.

WHERE:

© (TMETA) * PHASE ANGLE *2TTFT
a =T nanians on eo°

@ ® 77 RADIANS OR 180°

¢ = 3 RADIANS OR 270°

D® 277 RADIANS OR 360°

¢ RADIAN * §7.324 DEGREES

Figure 17.

Hlustrating system of notation employed in
alternating current or voltage calculations.

The instantaneous
value of an alternat-
ing current or volt-
age varies throughout the cycle, so that the
effective value of this current or voltage must
be determined by comparing the a.c. heating
effect with that of d.c. Thus, an alternating
current will have an effective value of 1 am-
pere when it produces the same heat in a con-
ductor as does 1 ampere of direct current.
This effective value is derived by taking the

instantaneous values of current over a cycle
of alternating current, squaring these values,
taking an average of the squares, and then
taking the square root of the average. By this
procedure, the effective value becomes known
as the root mean square or 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:

Eett of Ecm.o. = 0.707 X Em-x, or

Ieﬂ’ or Ir.m... = 0.707 X lm.x.

The following relations are extremely useful

in radio and power work:

Ecms. = 0.707 X Emes, and

Emar = 1.414 X Er.moa.

Effective Value of
Voltage and Current

Rectified Alternating
Current or Pulsat-
ing Direct Current

If an alternating
current is passed
through a full-
wave rectifier, it
emerges in the form of a current of varying
amplitude which flows in one direction only.
Such a current is known as rectified a.c. or
pulsating d.c. A typical wave form of a pul-
sating direct current as would be obtained
from the output of a full-wave rectifier is
shown in Figure 18.

Measuring instruments designed for d.c. op-
eration will not read the peak or instantaneous
maximum value of the pulsating d.c. output
from the rectifier; it will read only the average
value. This can be explained by assuming that
it could be possible to cut off some of the
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Figure 18,
Waveform obtained at output of a full wave
rectifier having 100 per cent rectification effi-
clency. Each pulse has the same shape as one
half-cycle of a sine wave. This kind of cur-
rent is known as pulsating d.c.

peaks of the waves, using the cut-off portions
to fill in the spaces that are open, thereby ob-
taining an average d.c. value. A milliammeter
and voltmeter connected to the adjoining cir-
cuit, or across the output of the rectifier, will
read this average value. It is related to peak
value by the following expression:

Esvi = 0.636 X Emax

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

To summarize the
three most signifi-
cant values of an

Relaotionship Between
Peak, R.M.S. or
Effective, and
Averoge Values
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 recti-
fied a.c. wave is 0.636 times the peak yalue,
and the average value of a rectified wave is
equal to 0.9 times the r.m.s. value. This latter
factor is of value in determining the voltage
output from a power supply which operates
with a choke-input filter system. If the input
choke is of ample inductance, the d.c. voltage
output of a full wave power supply will be 0.9
times the r.m.s. a.c. output of the used second-
ary of the transformer (one-half secondary

voltage in the case of a full-wave rectifier and .
the full secondary voltage in the case of bridge -

rectification) less the drop in the rectifier tubes
and the resistance drop in the filter induct-
ances.

Inductance

In the section titled "Generation of Alter-
nating Current” a brief explanation of induc-
tion was given, and it would be well for the
reader to review it at this point.

If a switch is inserted in the circuit shown
in Figure 11, a pulsating direct current can be
produced by closing and opening the switch.
When it is first closed, the current does not
instantaneously rise to its maximum value, but
builds up to it. While it is building up, the
magnetic field is expanding around the con-
ductor. Of course, this happens in a small

a.c. wave: the peak

fraction of a second. If the switch is then
opened, the current dies down and the mag-
netic field contracts. This expanding and con-
tracting field will induce a current in any
other conductor that is part of a continuous
circuit which it cuts. Such a field can be ob-
tained in the way just mentioned by means of
a vibrator interruptor, 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 induction.

Self-induction If an alternating current
flows through a coil the
varying magnetic field around each turn cuts
itself and the adjacent turn and induces a
voltage in the coil of opposite polarity to the
applied 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 num-
ber of lines of force threading the coil. The
voltage so induced is known as a counter-
e.m.f. or back-e.m.f., and the effect is termed
self-induction. When the applied voltage is
building up, the counter-e.m.t{)opposes the rise;
when the applied 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 (LF)/2.
(A joule is equal to 1 watt-second. L is de-
fined immediately following.)

The Unit of Inductance is usually de-
Inductance; noted by the letter L, and is
The Henry expressed in henrys. A coil

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

1 henry = 1,000 millibenrys, or 10° milli-
benrys.

1 millihenry = 1/1,000 of a henry, .001
henry, 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 millibenrys.

1,000 microbenrys = 1 millibenry.

When one coil is near
another, a varying cur-

Mutual Induction
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rent 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 an-
other current in the first coil. This reaction
between two coupled circuits is called mutual
induction, 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
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 inductances are coupled is
expressed by a relation known as coefficient of
coupling. This is the ratio of the mutual in-
ductance 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 2 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 inductance of
the two coils when coupled measured either 6
or 8 henrys, then the mutual inductance
would be (from the formula) 15 henry.

Inductances in
Parallel

Inductances in parallel are
combined exactly as are re-
sistors in parallel, provid-
ed that they are far enough apart so that the
mutual inductance is entirely negligible.

Inductances in series are ad-

ditive, just as are resistors in

series, again provided that no

mutual inductance exists. In this case, the total

inductance L is:
L=L+L+

Where mutual inductance does exist:
L=L,+ L, 4+ 2M,

where M is the mutual inductance.

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=1L + L — 2M,

where M is the mutual inductance.

Inductances in
Series

.etc.

Ordinary magnetic cores
cannot be used for radio
frequencies because the eddy current losses in
the core material become enormous as the fre-
quency is increased. The principal use for
magnetic cores is in the audio-frequency range
below approximately 15,000 cycles, whereas at
very low frequencies (50 to 6O cycles) their
use is mandatory if an appreciable value of in-
ductance is desired.

An air core inductor of only 1 henry induc-
tance would be quite large in size, yet values
as high as 500 henrys are commonly available
in small iron core chokes. The inductance of a
coil with a magnetic core will vary with the
amount of current (both a.c. and d.c.) which
passes through the coil. For this reason, iron
core chokes that are used in power supplies
have a certain inductance rating at a predeter-
mined 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 nec-
essary in many applications of iron core coils,
particularly where the coil carries a consider-
able 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.

One exception to the statement that metal
core inductances are highly inefficient at radio
frequencies is in the use of poudered iron cores
in some types of intermediate frequency trans-
formers. These cores are made of very fine
particles of powdered iron, which are first
treated with an insulating compound so that
each particle is insulated from the other. These
particles are then molded into a solid core
around which the wire is wound. Eddy current
losses are greatly reduced, with the result that

Core Material

Figure 19.
Common types of inductors employed in radio
equipment. The smallest is a radio frequency
choke coil; the largest is a power amplifier
tank colil.
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these special iron cores are entirely practical
in circuits which operate up to 1500 kc. in fre-

quency.

Inductive
Reactance

As was previously stated, when
an alternating current flows
through an inductance, a back-
or counter-electromotive force is developed;
this force opposes any change in the initial
e.m.f. This property of an inductance causes it
to offer opposition or impedance to a change
in current. The measure of impedance offered
by an inductance to an alternating current of
a given frequency is known as its inductive
reactance. This is expressed as Xu:
X1 = 2«fL,

where X1 = inductive reactance expressed in
ohms.

7 = 3.1416 (27 = 6.283),

f = frequency in cycles,

L = inductance in henrys.

It is very often nec-
essary to compute in-
ductive reactance at
radio frequencies. The same formula may be
used, but to make it less cumbersome the
inductance is expressed in millibenrys and the
frequency in kilocycles. For higher frequencies
and smaller values of inductance, frequency is
expressed in megacycles and inductance in mi-
crobenrys. The basic equation need not be
changed, since the multiplying factors for in-
ductance and frequency appear in numerator
and denominator, and hence are cancelled out.
However, it is not possible in the same equa-
tion to express L in millihenrys and f in cycles
without conversion factors.

Should it become desirable to know the val-
ue of inductance necessary to give a certain
reactance at some definite frequency, a trans-

osition of the original formula gives the fol-
owing:

Inductive Reactance
at R.F.

L = X, + (2«f),
or when X1 and L are known,
X1

= 2aqL°

Electrostatic Storage of Energy

So far we have dealt only with the storage
of energy in an electromagnetic field in the
form of an inductance.

Electrical energy can also be stored in an
electrostatic field. A device capable of storing
energy in such a field is called a condenser and
is said to have a certain capacitance. The en-
ergy stored in an electrostatic field is expressed
in joules and is equal to CE*/2, where C is the
capacity in farads (a unit of capacity to be
discussed) and E is the potential in volts. The

charge is equal to CE, the charge being ex-
pressed in coulombs.

Two metallic plates sep-
arated from each other
by a thin layer of in-
sulating material (called a dielectric, in this
case), become a condenser. When a source of
d.c. potential is momentarily applied across
these plates, they may be said to become
charged. If the same two plates are then joined
together momentarily by means of a wire, the
condenser will discharge.

When the potential was first applied, elec-
trons immediately flowed from one plate to
the other through the battery or such source of
d.c. potential as was applied to the condenser
plates. However, the circuit from plate to plate
in the condenser 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 condenser
herein discussed, the surplus quantity of elec-
trons on one of the condenser plates cannot
movec to the other plate because the circuit has
been broken; that is, the battery or d.c. poten-
tial was removed. This leaves the condenser in
a charged condition; the condenser 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 condenser plates, due to the
mutual attraction of two unlike potentials on
the plates. This stress is known as electrostatic
energy, as contrasted with electromagnetic en-
ergy in the case of an inductance. This chatge
can also be called potential energy because it

Capacitance and
Condensers

Figure 20.
Common types of fixed capacitors employed in

radio equipment. The two to the left are of

the mica dielectric type, the next is a ceram-

ic dielectric "'zero coefficient”” type, the next

a tubular paper type, the next a midget elec-

trolytic, the next a large electrolytic (wet),

and the last an oil-tilled paper-dielectric filter
. condenser.
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’ .
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
condensers to standpipes, a 1 pfd. condenser to
a standpipe having a cross section of 1 square
foot and a 2 ufd. condenser to a standpipe
having a cross section of 2 square feet. The
charge will represent a given volume of water,
as the “charge” simply indicates a certain num-
ber of electrons. Suppose the water is equal to
5 gallons.

Now the potentiai energy, or capacity for
doing work, of the 5 gallons of water will be
twice as great when confined to the 1 sq. ft.
standpipe as when confined to the 2 sq. ft.
standpipe. Yet the volume of water, or
“charge” is the same in either case.

Likewise a 1 ufd. condenser charged to 1000
volts possesses twice as much potential energy
as does a 2 ufd. condenser charged to 500
volts, though the charge is the same in either
case.

The Unit of Capac-
itance: The Farad
9 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 cir-
cuit and establish a state of equilibrium. This

latter phenomenon explains the discharge of a

condenser. The amount of stored energy in a

charged condenser is dependent upon the

charging potential, as well as a factor which
takes into account the size of the plates, dielec-
tric thickness, nature of the dielectric, and the
number of plates. This factor, which is deter-
mined by the foregoing, is called the capacity
of a condenser and is expressed in farads.

The farad is such a large unit of capacity
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 107 farads.

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

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

If the capacity is to be expressed in micro-

farads in the equation given under energy stor-

If the external circuit

of the two condenser

age, the factor C would then have to be di-
vided by 1,000,000, thus:
CxFE

2 X 1,000,000

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

Stored energy in joules =

Dielectric
Constant

The capacity of a condenser is
greatly affected by the thickness
and nature of the dielectric sep-
aration between plates. Certain materials of-
fer a greater capacity than others, depending
upon their physical makeup and chemical con-
stitution. This property is expressed by a con-
stant K, called the dielectric constant. A table
for some of the commonly used dielectrics is

given here:

Material Dielectric Constant
Alr ... .. 1.00
MICR s 5.75
Hard rubber ..o 2.50 to 3.00
Glass 4.90 to 9.00
Bakelite derivatives ..............co........ 3.50 to 6.00
Celluloid . 4.10
Fiber ... 4t06
Wood (without special prepara-

tion):

Oak ... 3.3

Maple ....... 4.4

Birch .o 5.2
Transformer oil 2.5
Castor oil ....... . 5.0
Porcelain, steatite ...................... 6.5
Lucite .25 to 3.0
Quartz ..o 4.75
Victron, Trolitul ................ 2.6

Dielectric

If the charge becomes too
Breakdown

great for a given thickness of
a certain dielectric, the con-
denser will break down, i.e, the dielectric will
puncture. It is for this reason that condensers
are rated in the manner of the amount of volt-
age they will safely withstand as well as the
capacity in microfarads. This rating is com-
monly expressed as the d.c. working voltage.

Calculation of

The capacity of two par-
Capacity

allel plates is given with
good accuracy by the fol-

C = 02248 X K xAT,

lowing formula:

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

This formula indicates that the capacity is
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Figure 21.
llustrating the effect of plate area and spac-
ing upon the capacity of a d having
two flat, circular electrodes. The capacity giv-
en is for a dielectric of air.

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 capacity will be dou-
bled. Also, if the area of the plates remains
constant, and the plate spacing is doubled, the
capacity will be reduced to half.

The above equation also shows that capacity
is directly proportional to the dielectric con-
stant of the spacing material. A condenser that
has a capacity of 100 wufd. in air would have
a capacity of 500 uufd. when immersed in cas-
tor oil, because the dielectric constant of castor
oil is 5.0, or five times as great as the dielectric
constant of air.

Where the area of the plates is definitely set,
and when it is desired -to know the spacing
needed to secure a required capacity,

_ A x 02248 x K

€= C
where all units are expressed just as in the pre-
ceding formula. This formula is not confined
to condensers having only square or rectangu-
lar plates, but also applies when the plates are
circular in shape. The only change will be the
calculation of the area of such circular plates;
this area can be computed by squaring the
radius of the plate, then multiplying by 3.1416,
or “pi.”" Expressed as an equation:
A = 31416 X 1,

where r = radius in inches.

The capacity of a multi-plate condenser can
be calculated by taking the capacity of one
section and multiplying this by the number of
dielectric spaces. In such cases, however, the
formula gives no consideration to the effects of

edge capacity; so the capacity as calculated
will not be entirely accurate. These additional
capacities will be but a small part of the ef-
fective total capacity, particularly when the
plates are reasonably large and thin, and the
final result will, therefore, be within practical
limits of accuracy.

Equations for calculating capacities of con-
densers in parallel connections are the same as
those for resistors in series:

C =G + G, etc.

Condensers in series connection are calcu-
lated in the same manner as are resistors in
parallel connection.

The formulas are repeated: (1) For two or
more condensers of unequal capacity in series:

1
C= e
1 1 1
—
Cl Cﬂ CJ
1 1 1 1
or—=—+ —+ —

C CI C! Cl
(2) Two condensers of wnequal capacity in
series: Cxc
1 ¢
c= C.+G )
(3) Three condensers of equal capacity in
series:

C = %, where C, is the common capacity.
(4) Three or more condensers of equal capac-

ity in series:
Value of common capacity

&= Number of condensers in series
(5) Six condensers in series parallel:
1 1 1
@ = + +
1 71 1 1 1 1
—+ - —+ -+

G G G C G C

It has been explained that in-
ductive reactance is the meas-
ure of the ability of an induc-
tance to offer impedance to the flow of an
alternating current. Condensers have a similar
property although in this case the opposition
is to the voltage which acts to charge the con-
denser. This property is called capacitive react-
ance and is expressed as follows:

Capacitive
Reactance

1
2o & 27£C?
where X. = capacitive reactance in ohms,
o = 3.1416,
f = frequency in cycles,

C capacity in farads.
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Figure 22.

CONDENSERS IN SERIES—PARALLEL

Figure 23.

Capacitive Re- Here again, as in the case
actance at R. F. of inductive reactance,

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

1,000,000
oo = 2w fC>

frequency in megacycles,
capacity in micro-microfarads.

where f

In the design of filter circuits, it is often con-
venient to express frequency (f) in cycles and
capacity (C) in microfarads. in which event
the same formula applies.

When a condenser is
connected into a di-
rect current circuit,
it will block the d.c, or stop the flow of
current. Beyond the initial movement of elec-
trons during the period when the condenser
is being charged, there will be no flow of
current because the circuit is effectively brok-
en by the dielectric of the condenser.

Strictly speaking, a very small current may
actually flow because the dielectric of the con-
denser 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 condenser.
This leakage current is usually quite notice-
able in most types of electrolytic condensers.

When an alternating current is applied to a
condenser, the condenser 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
and discharge of a condenser when an a.c. po-
tential is applied constitutes an alternating
current, in effect. It is for this reason that a
condenser 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.

Condensers in A. C.
and D. C. Circuits

Yoltage Rating Any
of Condensers
in Series

good paper di-
electric  filter condenser
has such a high internal
resistance  (indicating a
good dielectric) that the exact resistance

will vary considerably from condenser to
condenser even though they are made by
the same manufacturer and are of the same
rating. Thus, when 1000 volts, d.c. is con-
nected across two 1-ufd. 500-volt condens-
ers in series, the chances are that the voltage
will divide unevenly and one condenser will
receive more than 500 volts and the other less
than 500 volts. o

Voltage Equalizing
Resistors

By connecting a half-
megohm 1-watt car-
bon resistor across
each condenser, the voltage will be equalized
because the resistors act as a voltage divider,
and the internal resistances of the condensers
are so much higher (many megohms) that
they have but little effect in disturbing the volt-
age divider balance.

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

Condensers in
Series on A.C.

When two condensers are
connected in series, alfer-
nating voltage pays no
heed to the relatively high internal resistance
of each condenser, but divides across the con-
densers in inverse proportion to the capacity.
Because, in addition to the d.c. across a capac-
itor in a filter or audio amplifier circuit there
is usually an a.c. or a.f. voltage component, it
is inadvisable to series-connect condensers of
unequal capacitance even if dividers are pro-
vided to keep the d.c. within the ratings of the
individual capacitors.

For instance, if a 500-volt 1-ufd. condenser
is used in series with a 4-ufd. 500-volt con-
denser across a 250-volt a.c. supply, the 1-pfd.
condenser will have 200 volts a.c. across it and
the 4-pfd. condenser 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 con-
densers o0 a.c. Such a divider would draw ex-
cessive current and be impracticable.

The safest rule to follow is to use only con-
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el - )
POLARIZED CONDENSERS (ELECTROLYTIC) IN SERIES

Figure 24.

densers of the same capacity and voltage rat-
ing and to install matched high resistance pro-
portioning resistors across the various condens-
ers to equalize the d.c. voltage drop across
each condenser. This holds regardless of how
many capacitors are series-connected.

Electrolytic condensers use a
very thin film of oxide as the
dielectric, and are polarized;
that is, they have a positive and a negative
terminal which must be properly connected in
a circuit; otherwise, the oxide will boil, and
the condenser will no longer be of service.
When electrolytic condensers are connected in
series, the positive terminal is always con-
nected to the positive lead of the power sup-
ply; the negative terminal of the condenser
connects to the positive terminal of the next
condenser in the series combination. The meth-
od of connection for condensers in series is
shown in Figure 24.

Similar electrolytic capacitors, of the same
capacity and made by the same manufacturer,
have more nearly uniform (and much lower)
internal resistance, though it still will vary
considerably. However, the variation is not
nearly as great as encountered in paper con-
densers, and the lowest d.c. voltage is across
the weakest (leakiest) electrolytic condenser
of a series group.

As an electrolytic capacitor begins to show
signs of breaking down from excessive voltage,
the leakage current goes up, which tends to
heat the condenser and aggravate the condi-
tion. However, when used in series with one or
more others, the lower resistance (higher leak-
age current) tends to put less d.c. voltage on
the weakening condenser and more on the re-
maining 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.

Electrolytic
Condensers

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 in phase with the voltage. For
this reason, Ohm’s law will apply equally well

Phase

for a.c. or d.c. where pure resistances are con-
cerned, provided that the effective values of
a.c. are used in the calculations.

If a circuit has capacity or inductance or
both, in addition to resistance, the current does
not reach a maximum at the same instant as
the voltage; therefore Ohm's law will nor ap-
ply. It has been stated that inductance tends
to resist any change in current; when an in-
ductance is present in a circuit through which
an alternating current is flowing, it will be
found that the current will reach its maximum
bebind or later than the voltage. In electrical
terms, the current will /ag behind the voltage,
or, conversely, the voltage will /ead the cur-
rent.

If the circuit is paurely inductive, ie., if it
contains neither resistance nor capacitance, the
current Jags the voltage by 90 degrees as in
Figure 25. The angle will be less than 90 de-
grees if resistance is in the circuit.

When pure capacity alone is present in an
a.c. circuit (no inductance or resistance of any
kind), the opposite effect will be encountered;
the current will Jead the voltage by 90 de-
grees. The presence of resistance in the circuit
will tend to decrease this angle.

From the equa-
tion for inductive
reactance, it is
seen that as the
frequency becomes greater the reactance in-
creases in a corresponding manner. The re-
actance is doubled when the frequency is
doubled. If the reactance is to be very large
when the frequency is low, the value of induc-
tance must be very large.

The equation for capacitive reactance shows
that the reactance varies inversely with fre-
quency and capacity. With a fixed value of ca-
pacity, the reactance will become less as the

Comparison of Inductive
to Capacitive Reactance
with Changing Frequency

/ CURRENT LAGGING VOLTAGE BY 90°
TIME

(CIRCUIT CONTAINING PURE
INDUCTANCE ONLY)

90 '3

1
CURRENT LEADING VOLTAGE BY 90° /7<\ /
i TIME
(CIRCUIT CONTAINING PURE ]
CAPACITY ONLY) i
A
|

oo
Figure 25.

The above two illustrations show the manner

in which a pure inductance or a pure capaci-

tance (no resistance component in either) will

cause the current in the circuit either to lead
or to lag the voltage by 90 degrees.

N

L.

--
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frequency increases. When the frequency is
fixed, the reactance will be greater as the ca-
pacity is lowered.

A comparison of the two types of reactance,
inductive and capacitive, shows that in one
case (inductive) the reactance increases with
frequency, whereas in the other (capacitive)
the reactance decreases with frequency.

When a circuit in-
cludes a capacity
or an inductance or
both, in addition to a resistance, the simple
calculations of Ohm’s law will not apply when
the total impedance to alternating current is
to be determined. Reference is here made to
the passage of an alternating current through
the circuit; the reactance must be considered
in addition to the d.c. resistance because re-
actance offers an opposition to the flow of
alternating current.

When alternating current passes through a
circuit which contains only a condenser, the
voltage and current relations are as follows:

Reactance and Resist-
ance in Combinatian

E
E = Ixc, and I _Tc'
where E = voltage,
I = current in amperes,
o 1
X. = capacitive reactance or S7C

(expressed in ohms).

it should now be apparent
to the reader that in such
circuits that have reactance as well as re-
sistance, it will not be possible to calculate
the power as in a d.c. circuit or as in an a.c.
circuit in which current and voltage are in-
phase. The reactive components cause the
voltage and current to reach their maximums
at different times, as was explained under
Phase, and to calculate the power in such
a circuit we must use a value called the
power factor in our computations.

The power factor in a resistive-reactive a.c.
circuit may be expressed as the actual watts
(as measured by a watt-meter) divided by
the product of voltage and current or:

Power Factor

W
E X I
where W = watts as measured,
E = voltage (r.m.s.)
I = current in amperes (r.m.s.)
Stated in another manner:
w
m = cosé

The character 6 is the angle of phase dif-
ference between current and voltage. The
product of volts times amperes gives the
apparent power of the circuit, and this must

be multiplied by the cosé to give the actual
power. This factor cose is called the power
factor of the circuit.

When the current and voltage are in-phase,
this factor is equal to 1. Resonant or purely
resistive circuits are then said to have unity
power factor, in which case: .

W =E X[, W=FR, W=T§—.
Ohm’s law applies
equally to direct or
alternating current,
provided the circuits
under consideration are purely resistive, that
is, circuits which have neither inductance
(coils) nor capacitance (condensers). Prob-
lems which involve tube filaments, drop re-
sistors, 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 condenser or
coil is made a part of the circuit, a property
common to either, called reactance, must be
taken into consideration.

When the circuit contains inductance only,
yet with the same conditions as above, the
formula is as follows:

Applying Ohm’s Low
ta Alternating
Current

E = IXL, and | =%,
L

where E = voltage,
I = current in amperes,
X: = inductive reactance or 2wfL

(expressed in ohms).

When a circuit has resistance, capacitive
reactance, and inductive reactance in series,
the effective total opposition to the alternat-
ing current flow is known as the impedance
of the circuit. Stated otherwise, impedance
of a circuit is the vector sum of the resistance
and the difference between the two reactances,

Figure 26.

VYariable d: ] ly employed in

radio equipment. The smallest is a mica di-

electric “‘compression trimmer,”’ the largest an

air dielectric, split stator tank condenser for a
radio frequency power amplifier.
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the latter being designated as the net re-
actance.

Z=VPEF (X — X or

2

where Z = impedance in ohms,
r = resistance in ohms,
X1 = inductive reactance

(27fL) in ohms,

" 1
X. = capacitive reactance (W)

in ohms.

An example will serve to clarify the rela-
tionship of resistance and reactance to the
total impedance. If a 10-henry choke, a 2-pfd.
condenser, and a resistance of 10 ohms (which
is represented by the d.c. resistance of the
choke) are all connected in series across a
60-cycle source of voltage:
for reactance X;, = 6.28 X 60 X 10 = 3,750

ohms (approx.),

1,000,000
X, = = 1,300 ohms
6.28 X 60 X 2 (approx.).

r = 10 ohms

Substituting these values in the impedance
equation:

= V 10" + (3750 — 1300)* = 2450 ohms.

This is nearly 250 times the value of the
d.c. resistance of 10 ohms. The subject of im-
pedance is more fully covered under Resonant
Circuits.

In actual practice the iron core choke
would act as though the resistance were
somewhat more than 10 ohms (the value
as read on an ohmmeter) because on a.c.
there would also be core losses, which
show up (produce the same effect as) addi-
tional d.c. resistance in the winding. However,
to simplify the foregoing problem the effect
of core losses was ignored.

Resonant Circuits

The reader is advised to review at this point
the subject matter on inductance, capacity,
and alternating current, in order that he may

R

TC

Figure 27,

Schematic circuit of a series resonant circuit

g r

be able to gain a complete understanding of
the action of resonant circuits. Once the basic
conception of the foregoing has been mastered,
the more complex circuits in which they ap-
pear in combination will present no great
problem.

Figure 27 shows an inductance, a capaci-
tance, and a resistance arranged in series,
with a variable frequency source, E, of a.c.
applied across the combination.

Some resistance is always present in a cir-
cuit because 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 re-
actance will be equal. This is known as the
resonant frequency, and in a series circuit it
is the frequency at which the circuit current
will be a2 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 capacity
both are fixed, there will be only one resonant
frequency.

For mechanical reasons, it is more common
to change the capacitance rather than the in-
ductance when a circuit is tuned, yet the in-
ductance can be made variable if desired.

In the following table there are five radical-
ly different ratios of L to C (inductance to
capacitance) each of which satisfies the res-
onant condition, Xi. = Xec. When the fre-
quency is constant, L must increase and C
must decrease in order to give equal reactance.
Figure 28 shows how the two reactances
change with frequency; this illustration will
greatly aid in clarifying this discussion.

+

[«

RESISTANCE-REACTANCE-IMPEDANCE

{

Figure 28.
Variation in react and imped of @
series resonant circuit with changing frequency.
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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 reacrance:

Frequency is constant at 60 cycles.

L is expressed in henrys.

C is expressed in microfarads (.000001
farad.)

L X C Xo
.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

From the formula for reso-
nance,

Frequency
of Resonance

1
27fL = 3o the resonant frequency

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
L = —
47 'L c

Divided by the quantity 47°L, the result is:

1
= 47°LC”
Then, by taking the square root of both
sides:
1

27 VLC

where f = frequency in cycles,
L = inductance in henrys,
C = capacity 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
= oo L = orC =
LC f'c L
where f frequency in megacycles,

L=
C

inductance in microhenrys,
capacity in micromicrofarads.

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

] ! series resonant cir-
cuit (Figure 27) is:

Z=Vr+ (Xu— Xo)
where Z = impedance in ohms,
r = resistance in ohms,
Xo = capacitive reactance in ohms,
X, = 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 28) is obviously zero, so that at
resonance the impedance is simply equal to
the resistance of the circuit; therefore, because
the resistance of most normal radio-frequency
circuits is of 2 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 imped-
ance higher and higher as the circuit is tuned
off the resonant frequency.

If Xo should be greater than Xi, then the
term (Xi.—Xec) 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.

Formulas for cal-
culating currents
and voltages in a
series resonant circuit are similar to those of
Ohm’s law.

Current ond Voltage in
Series Resonant Circuits

The complete equations:
I= E
V fz + (XL - }(0)2
E:'I\/l'z'*'()(ll—‘)(o)2

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 follows
that the current will be 2 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 29, 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 resist-
ance and L-to-C ratio are the important con-

www.americanradiohistorv.com


www.americanradiohistory.com

40 Fundamental Radio and Electrical Theory THE “"RADIO"

20

’A
il
I
A
[11

A
SN\

L -~
|t TN
2000 2100 2200 2300
Figure 29.
R curve showing the effect of resist-

ance upon the selectivity of a tuned circuit.

The curves apply to voltage in a paraliel reson-

ant circuit or to current in a series resonant
circuit.

siderations. The curves B and C in Figure 29
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 de-
creased. Selectivity in this case can be defined
as the ability of a circuit to discriminate
against frequencies adjacent to the resonant
frequency.

Because the a.c. or
ond Condenser in r.f. voltage across a
Series Circuit coil and condenser

is proportional to the
reactance (for a given current), the actual
voltages across the coil and across the con-
denser may be many times greater than
the terminal voltage of the circuit. Further-
more, since the individual reactances can be
very high, the voltage across the condenser,
for example, may be high enough to cause
flashover, even though the applied voltage is
of a value considerably below that at which
the condenser is rated.

Cireuit Q—Sharp-
ness of Resonamce

Voltage Across Coil

An extremely impor-
tant property of a ca-
pacitance or an induc-
tance is its factor-of-merit, more generally
called its Q. It is this factor, Q, which pri-
marily 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:
27fL

Q=7

where R = total resistance.
The actual resistance in a wire or inductance
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 conduc-
tor, but has a tendency to travel closer and
closer to the surface of the wire as the fre-
quency is increased. This is known as the
skin effect. .

The actual current-carrying portion of the
wire is decreased, therefore, and the resistance
is increased. This effect becomes even more
pronounced in square or rectangular conduc-
tors because the principal path of current flow
tends to work outwardly toward the four
edges of the wire.

Examination of the equation for Q may give
rise to the thought that even though the re-
sistance becomes greater with frequency, the
inductive reactance does likewise, and that the
Q might be a constant. In actual practice,
however, this is true only at very low fre-
quencies; the resistance usually increases more
rapidly with frequency than does the reactance,
with the result that Q normally decreases with
increasing frequency.

The Q of a condenser 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 inductance greatly reduce the Q
from the value that would be obtained simply
by dividing the reactance by the resistance.
Obviously the core losses also represent circuit
resistance, just as much so as though the loss
occurred in the wire itself.

In radio circuits, parallel res.
onance (more correctly termed
antiresonance) is more fre-
quently encountered than series resonance; in
fact, it is the basic foundation of receiver and
transmitter circuit operation. A circuit is shown
in Figure 30.

Parallel
Resonance

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

Contrasted with series resonance, there are
two kinds of current which must be considered
in a parallel resonant circuit: (1) the line cur-
rent, as read on the indicating meter M,, (2)
the circulating current which flows within the
parallel L-C-R portion of the circuit. See Fig-
ure 30.

The “Tank”
Circuit
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Figure 30.

THE PARALLEL RESONANT (ANTI-
RESONANT) TANK CIRCUIT.

L and C comprise the reactive elements of
the tank and R indicates the r.f. resistance of
the coil. (A good condenser has such low r.f.
resistance that it is small in proportion to that
of a coil, and therefore can be ignored.)

M: indicates what is called the “line cur-
rent”’ or the current that keeps the tank in a
state of oscillation.

M; indicates the “tank current,” which is
many times greater than the line current if
the circuit Q is high (resistance low).

Ma

el
T

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 inter-
esting to note that the parallel resonant circuit
acts in a distinctly opposite manner to that of a
series resonant circuit, in which the current is
at 2 maximum and the impedance is minimum
at resonance. It is for this reason that in a
parallel resonant circuit the principal consider-
ation is one of impedance rather than current.
It is also significant that the impedance curve
for parallel circuits is very nearly identical to
that of the current curve for series resonance.
The impedance at resonance is expressed as:
_ (2wfL)?
= -
where Z = impedance in ohms,

L = inductance in henrys,
f = frequency in cycles,
R = resistance in ohms.

Z

Or, impedance can be expressed as a fu..c-

tion of Q as:
Z = 27wfLQ,

showing that the impedance of a circuit is di-
rectly proportional to its Q at resonance.

The curves illustrated in Figure 29 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 am-
plifier circuit, the impedance curve must have
a sharp peak in order for the circuit to be
selective. If the curve is broad-topped in shape,

both the desired signal and the interfering sig-
nals at close proximity to resonance will give
nearly equal voltages on the grid of the tube,
and the circuit will then be non-selective; i.e.,
it will tune broadly.

Effect of L/C Rotio  In order that the high-
in Parallel Circuits est possible voltage

can be developed across
a parallel resonant circuit, the impedance
of this circuit must be very high. The im-
pedance will be greater 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, X
will equal Xo at maximum impedance. There
are innumerable ratios of L and C that will
have equal reactance, at a given resonant fre-
quency, exactly as is the case in a series reso-
nant circuit.

In practice, where a certain value of induc-
tance is tuned by a variable capacitance over a
fairly wide range in frequency, the L/C ratio
will be small at the lowest frequency and large
at the high-frequency end. The circuit, there-
fore, 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 in-
crease both the selectivity and gain.

Circuloting Tank
Current ot Resonance

The Q of a circuit
has a definite bear-
ing on the circulat-
ing tank current at resonance. This tank cur-
rent is very nearly the value of the line current
multiplied by the 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 the inductance and connect-
ing 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 reso-
nance 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
on Impedance

circuit is coupled to
another circuit, such
as an antenna output circuit, the impedance of
the parallel circuit is decreased as the coupling
becomes closer. The effect of closer (tighter)
coupling is the same as though an actual re-
sistance. were added to the parallel circuit. The
resistance thus coupled into the tank circuit
can be considered as being reflecred from the
output or load circuit to the driver circuit,

wWwWWwW.americanradiohistorv.com


www.americanradiohistory.com

42 Fundamental Radio and Electrical Theory

THE "RADIO"”

When the plate circuit
of a class B or class C
operated tube (defined
in the following chapter) is connected to a
parallel resonant circuit, 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 current
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 amplitude
for a time after being given a “kick.” With
such a circuit, almost pure sine-wave voltage
will be developed across the tank circuit even
though power is supplied to the tank in short
kicks or spurts, so long as the spurts are evenly
spaced with respect to time and have a fre-
quency that is the same as the resonant fre-
quency of the tank.

Another way to visualize the action of the
tank is to recall that a resonant tank with
moderate Q will discriminate strongly against
harmonics of the resonant frequency. The dis-
torted plate current pulse in 2 class C amplifier
contains not only the fundamental frequency
(that of the grid excitation voltage) but also
higher harmonics. As the tank offers low im.
pedance to the harmonics and high impedance
to the fundamental (being resonant to the
latter), only the fundamental—or sine-wave
voltage—appears across the tank circuit in sub.-
stantial magnitude.

Tonk Circuit
Flywheel Effect

Transformers

When two coils are placed in such inductive
relation to each other that the lines of force
from one cut across the turns of the other and
induce a voltage in so doing, the combination
can be called a transformer. The name is de-
rived from the fact that energy is transformed
from one voltage into another. The inductance
in which the original flux is produced is called
the primary; the inductance which receives the
induced voltage is called the secondary. In a
radio receiver power transformer, 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 po-
tential 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 second-
ary 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.

If a primary winding has an a.c.” potential
of 110 volts applied to 220 turns of wire on
the primary, it is evident that this winding
will have 2 turns per volt. A secondary wind-
ing of 10 turns, wound on the transformer
core, would have a potential of 5 volts. If the
secondary winding has 500 turns, the potential
would be 250 volts, etc. Thus, a transformer
can be designed to have either a step-up or
step-down ratio, or both simultaneously. The
same applies to air core transformers for radio-
frequency circuits.

Transformers are used in al-
ternating current circuits to
transfer power at one voltage
and impedance to another circuit at another
voltage and impedance. There are three .main
classifications of transformers: those made for
use in power-frequency circuits (25, 50, and 60
cycles), those made for use at radio fre-
quencies, and those made for audio-frequency
applications. Power transformers will be dis-
cussed in the section devoted to Power Sup-
blies, and r.f. transformers are analyzed later
on in this chapter; a few of the pertinent facts
concerning audio transformers will be covered
in the following paragraphs.

Tronsformer
Action

In most audio appli-
cations it will be the
function of the audio
transformer to match the impedance of the
plate circuit of a vacuum-tube amplifier to a
load circuit of a different impedance.

In all audio-frequency circuit applications,
it is only necessary to refer to the tuwbe tables
in this book in order to find the recommended
load impedance for a given tube and a given
set of operating conditions. For example, the
tables show that a type 42 pentode tube re-
quires a load impedance of 7000 ohms. Audio
transformers are always rated for both their
primary and secondary impedance, which
means that the primary impedance will be of
the rated value only when the secondary is
terminated in its rated impedance.

It a 7000-ohm plate load is to work into a

Impedance Matching
in Audio Circuits
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Figure 31.
The reflected impedance Z, varies directly in
proportion to Z. and in proportion to the
square of the turns ratio.

7-ohm loudspeaker voice coil, the impedance
7000
7

1000-to-1. Hence, the turns-ratio will be the
square root of 1000, or 31.6. This does not
mean that the primary will have only 31.6
turns of wire and only 1 turn on the second-
ary. The primary must have a certain induc-
tance in order to offer a high impedance to
the lower audio frequencies. Consequently, it
must have a large number of turns of wire in
the primary winding.

To summarize, a certain transformer will
have a certain impedance ratio (determined
by the square of the turns ratio) which will
remain constant. If the transformer is termi-
nated with an impedance or resistance Jower
than the original rated value, the reflected im-
pedance on the primary will also be lower
than the rated value. If the transformer is
terminated in an impedance higher than rated,
the reflected primary impedance will be higher.

For push-pull amplifiers the recommended
primary impedance is stated as some certain
value, plate to plate; this refers to the imped-
ance of the total winding without considera-
tion of the center tap. The reflected impedance
across the total primary will follow the same
rules as previously given for single-ended
stages.

The voltage relationship in primary and
secondary is the same as the turns ratio. For
a step-down turns ratio of 10-to-1, the corre-
sponding voltage step-down ratio would be
10-to-1 though the impedance ratio would be
100-to-1. This information is useful when it is
desired to convert the turns ratios given on
certain types of driver transformers into im-
pedance ratios.

The same type of reasoning and subsequent
calculation would be used in determining the
turns ratio for a modulation transformer to
couple a certain pair of class B modulators to
a class C final amplifier. The recommended
plate-to-plate load impedance for the modula-
tor tubes can be obtained from the tube tables
given later on. The final amplifier load resist-
ance is then determined by dividing its plate
voltage by the plate current at which it is to
operate. The turns ratio of the modulation

ratio of the transformer would be

x>
STEP-UP g—?
ST[PEMN &—J
P W - S g
Figure 32.

Schematic diagram 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 to be employed, the
auto transformer may be much smaller physi-
cally for a given power than would be a trans-
former with isolated primary and secondary.

transformer is then equal to the square root
of the ratio between the modulator load im-
pedance and the amplifier load resistance; the
transformer may be either step-up or step-
down, as the case may be.

The Auto
Transformer

The type of transformer in
Figure 32, when wound
with heavy wire over an
iron core, is a common device in primary
power circuits for the purpose of increasing or
decreasing the line voltage. In effect, it is
merely a continuous winding with taps taken
at various points along the winding, the input
voltage being applied to the bottom and also
to one tap on the winding. If the output is
taken from this same tap, the voltage ratio will
be 1-to-1; i.e, the input voltage will be the
same as the output voltage. On the other hand,
if the output tap is moved down toward the
common terminal, 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.

In the same manner as voltage is stepped up
and down by changing the number of turns in
a winding, so can impedance be stepped up or
down. Figure 33A shows an application of this
principle as applied to a vacuum tube circuit
which couples one circuit to another.

Assuming that the grid impedance may be of
a lower value than the desired load impedance
on the preceding stage, a step-down ratio will
be necessary in order to give maximum transfer
of energy. In B of Figure 33 the grid impedance
is very high as compared with the tank imped-
ance of the driver stage, and thus there is re-
quired a step-up ratio to the grid. The driver
plate is tapped down on its plate tank coil in
order to make this impedance step-up possible.
A driver tube with very low plate impedance
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Figure 33.
Impedance step up and step down may be
obtained by utilizing the plate tank circuit of
a vacuum tube as an auto-transformer. |n
this manner the dynamic plate load on the tube
can be made any desired value.

must be used if a good order of plate efficiency
is to be realized,

In C of Figure 33, the grid impedance very
closely approximates the desired plate load im-
pedance, and this connection is used when no
transformation is required.

Inductive coupling
is often used when
two circuits are to
be coupled. This
method of coupling is shown in Figures 34A
and 34B.

The two inductances are placed in such in-
ductive relation to each other that the lines of
force from the primary coil cut across the
turns of the secondary coil, thereby inducing
a voltage in the secondary. As in the case of
capacitive coupling, impedance transformation
here again becomes of importance. If two
parallel tuned circuits are coupled very closely
together, the circuits can in reality be over-
coupled. This is illustrated by the curve in
Figure 35,

The dotted line, curve A, is the original
curve or that of the primary coil alone. Curve
B shows what takes place when two circuits
are overcoupled; the resonance curve will have
a definite dip on the peak, or a double hump.
This principle of overcoupling is advantage-
ously utilized in bandpass circuits where, as

Inductive Coupling—
The Radio-Frequency
Transformer

M
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Figuré 34,

Two commonly used types of inductive cou-

pling between radio frequency circuits. With

the arrangement at "’A,” the coupling between
L: and Ls is made quite close.

shown in C, the coupling is adjusted to such a
value as to reduce the peak of the curve to a
virtual flat top, with no dip in the center as
in B,

Some undesirable capacitive coupling may
result when circuits are closely or tightly
coupled; if this capacitive coupling is appre-
ciable, the tuning of the circuits will be af-
fected. The amount of capacitive coupling can
be reduced by so arranging the physical shape
of the inductances as to enable only a mini-
mum surface of one to be presented to the
other.

Another method of accomplishing the same
purpose is by electrical means. A curtain of
closely-spaced parallel wires or bars, connected
together only at one end, and with this end
connected to ground, will allow electromag-
netic coupling but not electrostatic coupling.
Such a device is called a Faraday screen.

Still another method of
decreasing capacitive cou-
gling is by means of a cowupling link circuit
etween two parallel resonant circuits. The
capacity of the courling link, which has but
few turns, is so small as to be negligible. Also,
one side of the link is often grounded to re-
duce further any capacitive coupling that may
exist.

Link coupling is widely used in transmitter
circuits because it adapts itself so universally
and eliminates the need of a radio-frequency
choke. Link coupling is very simple; it is dia-
grammed in A and B of Figure 36.

In A of Figure 36, there is an impedance
step-down from the primary coil to the link
circuit. This means that the line which con-
nects the two links or loops will have a low
impedance and therefore can be carried over

Link Coupling
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a considerable distance without introduction
of appreciable loss. A similar link or loop is
at the output end of the line; this loop is cou-
pled to the grid tank of the driven stage.
Still another link coupling method is shown
in B of Figure 36. It is similar to that of A,
with the exception that the primary line is
tapped on the coil, rather than being termi-
nated in a link or loop.
Unity Coupling Another commonly used
type of coupling is that
known as unity coupling, by reason of the fact
that the turns ratio between primary and sec-
ondary is 1-to-1 and the coupling is the closest
possible. This method of coupling is illustrated
in C of Figure 36. Only one of the windings is
tuned, although the interwinding of the two
coils gives an effect in the untuned winding as
though it were actually tuned with a con-
denser.

Coefficient of
Coupling

The term coefficient of cou-
pling is used to indicate the
degree of coupling between
two circuits, and in the case of inductively
coupled circuits is the ratio of the mutual
inductance actually present to the maximum
mutual inductance theoretically obtainable
with the two coils. It can be seen that the
coefficient of coupling, often designated as K,
cannot have a vaﬁxe greater than 1. The coefh-
cient is the ratio of the mutual inductance to
the geometric mean of the two inductances, as
follows:

M

VL L.
where M is the mutual inductance and
L, and L. are the individual inductances
A coefficient of coupling of, say, 0.23 some-
times is expressed as a coefhicient of 23 per
cent.

K=

AMPLITUDE

FREQUENCY

Figure 35. -

EFFECT OF COUPLING BETWEEN CiR-
CUITS UPON THE RESONANCE CURVE.

Curve A indicates the curve when the cir-
cuits are under coupled, B is the curve ree
sulting from over coupling, and C is the curve
resulting from a critical value of intermedi-
ate coupling, called “critical coupling.”

Critical
Coupling

As the coupling between two
resonant tank circuits is in-
creased, a point is reached where
closer couplmg will not mcrease the current
flowing in the secondary or “load tank.” As
the coupling coefficient is increased appreciably
beyond this value, which is called critical cou-
pling, two resonance peaks appear, as illus-
trated by curve B in Figure 35.

The coupling coefficient which gives critical
coupling is dependent upon the Q of each tank
circuit. As either tank is more heavily loaded,
a higher value of coupling coefficient is re-
quired to reach critical coupling.

Critical coupling = L
v Qp QI

In using this formula it should be borne in
mind that the effective Q of a tank is deter-
mined not just by the losses in the coil and
condenser, but also by the order of resistance
coupled into the tank by an antenna, the plate
resistance of a tube, or any other resistance
that is either in series with the tank or in
shunt with any part of it.

It is interesting and important to note that
maximum power may be delivered to the sec-
ondary of a tuned transformer with very loose
coupling between the two coils if both circuits
have a high Q.

Resonant circuits also can be coupled by
means of mutual resistance or capacitance, as

@ 3
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Figure 36.

Two types of link (inductive) coupling and (C)
unity coupling.
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well as by mutual inductance. The only re-
quirement is that there be mutual impedance,
which means an impedance common to both
tanks. Most of the remarks that have been
made pertaining to inductive coupling also
apply (at least substantially so) to other forms

of impedance coupling between resonant cir-

cuits, However, as inductive coupling is by
far the most common method of coupling two
tuned circuits, the others will not be given spe-
cial treatment.
Electric Filters Broadly speaking, any com-
bination of inductance and
capacity in a circuit, or a combination of re-
sistance with either inductance or capacitance,
is termed a filter, as it will favor certain fre-
quencies and discriminate against certain
frequencies.

There are many applications where it is de-
sirable to pass a d.c. component without pass-
ing a superimposed a.c. component, or to pass
all frequencies above or below a certain fre-
quency 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, capacity, and re-
sistance. 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 book which covers
general radio theory in a single chapter.

A filter acts by virtue of its property of
offering very high impedance to the undesired
frequencies, while offering but little impedance
to the desired frequencies. This will also apply

HIGH PASS
T SECTION T SECTION L SECTION R-C
OR *PROTOTYPE®  OR “CONSTANT K*

LOW PASS

‘:M LOAD SLOAD
kil

T SECTION 77 SECTION L SECTION
I, TGJIL.
R-C M-DERIVED

Figure 37,
- Severol types of filter circuits commonly em-
* ployed in rodio equipment. A high-pass filter
ond o low-pass fliter moy be used in combina-
tion to form a “band pass” ftiiter.

to d.c. with a superimposed a.c. component, as
d.c. can be considered as an alternating cur-
rent of zero frequency so far as filter discussion
goes.

When it is desired to reject or pass only a
single frequency or else 2 very:narrow band
of frequencies, a resonant circuit often is used
as a filter. To reject a certain frequency a
series resonant circuit may be placed across the
load or a parallel resonant (anti-resonant) cir-
cuit placed in series with the load. To pass a
certain frequency while rejecting others, the
series circuit is placed in series with the load
or the parallel circuit across the load. The
attenuation will be determined by the effective
Q of the L-C resonant circuit. When greater
attenuation than is obtained with one high Q
circuit is required, two or more such reso-
nant circuits are employed, each circuit con-
tributing additional attenuation.

When it is desired to pass or reject a slightly
wider band of frequencies, overcoupled tank
circuits often are employed. (Refer to Figure
35.) This increases the bandwidth somewhat,
at the same time maintaining good attenua-
tion of the unwanted frequencies.

If the band of frequencies to be passed ex-
ceeds one octave (2/1), or if it is desired to
pass all frequencies above or below a certain
cut off frequency, then it is more common
practice to use L, T, or = section filters. Such
filters are shown in Figure 37. Sometimes the
filter is comprised of several sections, and is
best analyzed by breaking it down into its
individual component sections. A properly de-
signed filter is designed to work into a load of
a certain impedance, usually a pure resistance.
For a given cut off frequency, the higher the
load resistance the higher will be the proper
value of inductance and the lower the correct
value of capacity.

Even the best filter that can be built will not
pass frequencies immediately adjacent to the
cut off frequency on one side while completely
rejecting frequencies immediately adjacent on
the other side of the cut off frequency. Instead
there is an attenuation of the unwanted fre-
quencies, which in the simpler filters increases
steadily as the frequency is removed from cut-
off. The rapidity of attenuation (usually ex-
pressed in decibels, which are explained in
Chapter 28) also is expressed as sharpness of
cut off. A filter which exhibits high attenua-
tion to frequencies only slightly removed from
the cut off frequency is said to have sharp cut
off.
ﬁBand-pass filters designed to pass a wide
band of frequencies most often are made up of
cascaded high-pass sections and low-pass sec-
tions.

Where great attenuation is not required,
and where some attenuation within the pass
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Figure 38.

TYPICAL RESPONSE CURVES OF COM-
MON LOW-PASS FILTER CIRCUITS.

band is not objectionable, then either the in-
ductive components or the capacitive compo-
nents sometimes are replaced by resistors of
suitable rating. The most common filter of this
type is the low pass “R-C filter” consisting of
series resistance and shunt capacitance, widely
dsed for decoupling between circuits and for
filtering power supply ripple out of direct cur-
rent voltages. Such filters are practicable only
where the direct current is comparatively low,
or where considerable d.c. voltage drop can be
tolerated or is desired. g

Sometimes a shunt or series element of an
L-C filter is resonated with a reactance of
opposite sign. When this is done, the section is
known as an M-derived section. If the comple-
mentary reactance is added to a series arm,
the section is said to be shunt derived; if added
to the shunt arm, series derived.

A derived filter 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 38. The “notch’” frequency is deter-
mined by the resonant frequency of the filter
element which is tuned. The closer the reso-
nant frequency 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
frequency.

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 a K section and a derived section
are cascaded to obtain the combined character-
istic of sharp cut off and good remote-fre-
quency attenuation. Such a filter is known as a
composite filter.

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.

A properly terminated filter section acts, at

frequencies within the pass band, very much
like a section of transmission line (described
in Chapter 20), However, the phase shift
through the filter is not proportional to fre-
quency, while with a terminated transmission
line it very nearly is so. Because a filter can be
made to simulate a section of transmission
line, filters sometimes are termed artificial
lines.

A section of transmission line, on the other
hand, when either shorted or open circuited at
the ends will act very much like a resonant
tank circuit. A detailed discussion is given in
Chapter 17.

Conduction of an Electric Current

So far this chapter has dealt only with the
conduction of current by a stream of electrons
through a conductor or by electrostatic cou-
pling through a capacitor. While this is the
most common method of transmission, there
are other types of conduction which are
equally important in their respective branches
of the field. An electric current may also be
transmitted by the motion of minute particles
of matter, by the motion of charged atoms
called jons. and by a stream of electrons in a
vacuum.

The carrying of current by charged parti-
cles, such as bits of dust, is only of academic
interest in radio. However, there is a com-
mercial process (called the Cottrell process)
which uses this type of conduction in indus-
trial dust precipitation. A highly charged wire
inside a grounded metal chamber is placed so
that the dust-laden flue gases from certain
industrial processes (usually metallurgic refin-
ing) must pass through the chamber. The dust
particles are first attracted to the wire; there
they attain a high electric charge which causes
them to be attracted to the sides of the cham-
ber where they are precipitated and subse-
quently collected. A small electric current be-
tween the center electrode and the chamber is
the result of the carrying of the charges by the
dust particles.

Conduction

When a high enough voltage
by lons

is placed between two termi-
‘nals in air or any other gas,
that gas will break down suddenly, the re-
sistance between the two points will drop from
an extremely high value to a very low value,
and a comparatively large electric current will
flow to the accompaniment of an amount of
visible light either as a flash, an arc, a spark,
or a colored discharge such as is found in the
“neon”” sign. This type of conduction is due to
gas ions which are generated when the electric
stress between the two points becomes so great
that electrons are torn from the molecules of
the gas with the production of a quantity of
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positively charged gas ions and negative elec-
trons. The breakdown voltage for a particular
gas is dependent upon the pressure, the spacing
of the efectrodes, and the type of electrodes.

Lightning, tank condenser flashovers, and
ignition sparks in an automobile are such dis-
charges that occur at atmospheric pressure or
above. However, the pressure of the gas is
usually reduced to facilitate the ease of break-
down of the gas, as in the “neon” sign,
mercury-vapor lamp, or voltage regulator tubes
such as the VR-150-30. If a heated filament is
used as one electrode in the discharge chamber,
the breakdown voltage is further reduced to a
value called the jonization potential of the gas.
This principle is used in the 866, the 83, and
other mercury-vapor rectifiers. Through the use
of the heated cathode, the break-down poten-
tial is reduced from about 10,000 volts to
approximately 15 volts and the conduction of
electric current is made unidirectional, en-
abling the discharge chamber to be used as a
rectifier. The applications of the principle
of ionic conduction in vacuum tubes (along
with discussion of electronic conduction) will
be covered in more detail in the chapter de-
voted to Vacuum Tube Theory.

The emission of colored light which accom-
panies an electric discharge through a gas is
due to the re-combination of the ionized gas
molecules and the free electrons to form neu-
tral gas molecules. There is a’ definite color
spectrum which is characteristic of every gas
—and for that matter for every element when
it is in the gaseous state. For neon this color
is orange-red, for mercury it is blue-violet,
for sodium, almost pure yellow—and so on
through the list of the elements. This prin-
ciple is used in the spectroscopic identifica-
tion of elements by their characteristic lines
in the spectrum (called Fraunhofer lines).

Nearly all inorganic chemical
compounds (and a few or-
ganic ones of certain molecu-
lar structure) when dissolved in water un-
dergo a chemical-electrical change known as
electrolytic disassociation which results in the
production of ions similar in certain properties
to those formed as a result of the electric
breakdown of 2 gas. For example, when sodi-
um chloride or table salt is dissolved in water
a certain percentage of it ionizes or breaks
down into positively charged sodium ions, or
sodium atoms with a deficiency of one elec-
tron, and negatively charged chloride ions, or
chlorine atoms with one excess electron. Sim-
ilarly, sodium hydroxide disassociates into pos-
itive sodium ions and negative hydroxyl ions
—sulfuric acid into positive hydrogen ions and
negative sulfate ions.

This solution of an ionized compound and

Electrolytic
Conduction

water renders the aqueous solution a conduc-
tor of electricity. (Water in the pure form is
a good insulator.) The conductivity of the
solution is proportional to the mobility of the
ions and to the quantity of them available in
the solution. Maximum conductivity is had
not when there is a maximum of the com-
pound in solution but rather when there is a
maximum of ions in solution; this condition is
ordinarily obtained when neither concentrated
nor dilute but about midway between. Maxi-
mum conductivity in a sulfuric acid solution
as used in storage batteries is obtained when
there is about 30 per cent by weight of the
acid in solution in the water. It is for this
reason that acid of about 30 per cent concen-
tration is used as an electrolyte in storage
batteries.

Conduction of electricity through an elec-
trolyte, as a conducting solution is called, is
made possible by the mobility of the charged
ions in solution. When a positively and a
negatively charged wire are placed in an elec-
trolyte the negative ions are attracted to the
positive wire and the positive ions are at-
tracted to the negative wire. As the ions reach
the wire carrying the charge opposite to their
own, their excess or their deficiency of elec-
trons is neutralized by the respective deficiency
or excess of electrons on the wire, and the ion
changes from the ionic to the atomic or mo-
lecular state. If the ion happened to be that of
a metal such as copper, copper will be plated
upon the negative electrode that had been
placed into the solution; if the negative ion
was that of chlorine (the chloride ion), then
chlorine in the gaseous form will appear at
the positive electrode. The conduction of an
electric current through an electrolyte always
results in a chemical change in the electrolyte.
This fact is employed commercially in electro-
plating and electrolytic refining processes.

The Primary If two dissimilar metals are
Cell placed in an electrolyte a

potential difference will ap-
pear between the two materials. This postulate
is emcrloyed commercially in the primary cell,
or "dry cell” as it is somewhat incorrectly
called.

The operation of the primary cell depends
upon the differences in the two electro-chem-
ical constants for the materials used as the
electrodes. With the zinc and carbon used in
the dry cell (with a paste containing ammoni-
um chloride as the electrolyte) the potential
is 1.53 volts. With other electrolytes and elec-
trodes the potential output of the cell varies
from 0.7 to 2.5 volts.

When current is taken from a primary cell,
the negative electrode (usually the zinc con-
tainer) dissolves in the electrolyte with the
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production of hydrogen gas. If only the posi-
tive and the negative electrodes and the elec-
trolyte were contained in the cell, this hydro-
gen gas would collect as a film on the surface
of the negative electrode. When this film does
form, the internal resistance of the cell in-
creases due to the insulating properties of the
film of gas. A cell is said to have become
“polarized” when this has taken place. To
reduce this effect, an oxidizing agent called a
“depolarizer” (manganese dioxide, in the case
of the dry cell) is incorporated into the elec-
trolyte. If current is taken from the cell at a
reasonable rate the depolarizer oxidizes the
hydrogen into water as fast as it is formed.
This formation of water as a result of the
normal operation of the cell is one of the rea-
sons that a dry cell “sweats” when it is ap-
proaching the end of its useful life.

Dry cells and batteries of them are very
commonly employed in portable radio equip-
ment as both filament and plate supply, and
frequently as plate supply at locations where
there is no source of alternating current.

The Secondary Cell—
Storage Batteries

The primary cell, as
described in the pre-
ceding paragraphs,
produces its voltage as a result of chemical
action of the electrolyte on one of the ele-
ments. When the material comprising the ac-

tive element is used up, the cell is no longer
useful and must be discarded. The secondary
cell, on the other hand, is capable of being re-
charged to its original energy content when it
has been depleted.

There are two common types of secondary
cells: the Edison cell, which uses iron as the
negative pole and nickel oxide as the positive
in a 20 per cent solution of potassium hy-
droxide as the electrolyte; and the lead cell,
which uses lead as the negative pole and lead
dioxide as the positive pole in an electrolyte
of 30 per cent sulfuric acid.

The Edison cell battery has longer life, and
generally will stand more abuse than a lead-
acid type battery. However, the lower cost of
the latter type battery makes it much more
widely used. The common automobile battery
is a lead-acid type battery. The lead-acid type
battery has a much lower internal resistance,
which makes it much more suitable where
heavy current must be delivered for a short
time.

When a storage battery is being discharged,
chemical energy is being converted into elec-
trical energy. When the battery is being
charged, by causing a reverse current to flow
between electrodes, electrical energy is being
converted to chemical energy. Actually, a bat-
tery cannot “store” electricity; only a con-
denser can do that.
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CHAPTER THREE

Vacuum-Tube Theory

THE science of radio is based upon one of
the most versatile developments of the twenti-
eth century—the electron tube, or as it is more
commonly named, the vacuum tube. It is the
utilization of the unique characteristics of the
vacuum tube in various circuit arrangements
which makes possible modern radio communi-
cation; for that matter, long distance wire com-
munication also owes its efficiency to the ver-
satility of the vacuum tube.

This chapter is divided into two main sec-
tions. The first is devoted to the basic theory
of the vacuum tube and to a discussion of the
various types which have been developed up
to the present time. The second part discusses
the application of the vacuum tube to the va-
rious circuit arrangements which have been
developed to utilize its characteristics.

Thomas Edison is credited
with the discovery that an ad-
ditional wire or plate placed
inside a lighted incandescent
lamp would acquire a negative charge of elec-
tricity. J. A. Fleming undertook the study of
the Edison Effect in 1895, and as a result of
his findings in 1904 he patented the two-
electrode tube or diode which became known
as the Fleming valve. Then, in 1906, Lee de
Forest discovered that a third element could
be placed between the cathode and plate to
control the flow of electrons from one to
the other. This third element was called a
grid from its physical resemblance to the grid
or grate of a stove. The insertion of the grid
into the space between the cathode and plate
in the diode resulted in the most versatile of
vacuum tubes, the triode.

In recent times other elements or grids have
been added to the original triode to augment
the electron flow in a particular manner, or to
give a particular characteristic to the vacuum
tube. These later types have been called multi-
element tubes. The names for these multi-ele-
ment tubes are obtained by adding the Greek
prefix for the number of elements to the root

Brief History
of the
Vacuum Tube
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-ode: diode, triode, tetrode, pentode, hexode,
and heptode respectively for tubes having two,
three, four, five, six, and seven elements.

MECHANICS OF THE
VACUUM TUBE

The original Edison discovery was that a
heated filament would give off electrons to a
cold plate in the same evacuated chamber. It
was later discovered that if the plate were
charged positively with respect to the filament,
a much larger proportion of the emitted elec-
trons would be attracted to the plate. But, if
the plate were charged negatively with respect
to the filament, the electron flow would stop.
This valve action meant that the vacuum tube
could be used as a rectifier since it would pass
current only in one direction. It is this rectify-
ing action of the diode which is used for the
production of direct current from alternating
current as supplied by the a.c. mains.

The discovery that additional elements could
be placed between the cathode and plate to
control the electron flow in any desired manner
resulted in the simultaneous development of
the vacuum tube and improvement of the ra-
dio art to make use of the greater capabilities
of the improved tubes. In recent years, how-
ever, the improvement of the art has common-
ly come first, with improved types of tubes
being developed as the need for them arose.

The free electrons in any metal
are continually in motion at all
temperatures. But at ordinary
atmospheric temperatures, these electrons do
not have sufficient energy to penetrate the sur-
face of the material. It is necessary that some
form of external energy be supplied to the
surface for emission to take place. When this
energy supply is in the form of heat, the result
is called thermionic emission; when the energy
is in the form of light it is called photo-emis-
sion. The phenomena of photo-emission is ap-
plied in the photo-electric tube, while thermi-

Thermionic
Emission
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onic emission supplies the electrons for the op-
eration of the vacuum tube.

In order that thermionic emission may take
place, it is necessary that the cathode or fila-
ment of the vacuum tube be heated to the point
where the free electrons in the emitter have
sufficient velocity to penetrate the surface. The
degree of temperature to which the emitter
must be heated varies greatly with the type of
emitter. Since there are several types of emit-
ters commonly found in present day transmit-
ting and receiving tubes, these will be de-
scribed separately.

Types of Emitters

Emitters as used in present-day vacuum
tubes may be classed into two groups: the di-
rectly heated or filament type, and the indi-
rectly heated or heater-cathode type.

Directly heated emitters may be further sub-
divided into three important groups, all of
which are important and commonly used in
modern 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 the earlier trans-
mitting and receiving tubes. However, the
thermionic efficiency of tungsten wire as an
emitter (the number of milliamperes emission
per watt of filament heating power) is quite
low, the filaments become fragile after use,
their life is rather short, and they are suscep-
tible to burnout at any time. Pure tungsten fil-
aments must be run at bright white heat
(about 2500° Kelvin). For these reasons, tung-
sten filaments have been replaced in all appli-
cations where another type of filament could
be used. They are, however, still universally
employed in most water-cooled tubes and in
certain large, high-power air-cooled triodes
where another filament type would be unsuit-
able. Tungsten filaments are the most satis-
factory for high-power, high-voltage tubes
where the emitter is subjected to positive jon
bombardment due to the residual gas content
of the tubes. Tungsten is not adversely affected
by such bombardment.

The Thoriated-

In the course of experi-
Tungsten Filament

ments made upon tung-
sten emitters, it was
found that filaments made from tungsten hav-
ing a small amount of thoria (thorium oxide)
as an impurity had much greater emission
than those made from the pure mefal. Subse-
quent improvements have resulted in the high-
ly efficient carburized thoriated-tungsten fila-

ment as used in virtually all medium-power
transmitting tubes today.

Thoriated-tungsten emitters consist of a
tungsten wire containing about 19 thoria. The
new filament is first carburized by heating it
to a high temperature in an atmosphere con-
taining a hydrocarbon at reduced pressure.
Then the envelope is highly evacuated and the
filament is flashed for a minute or two at about
2600° K before being burned at 2200° K for
a longer period of time. The flashing causes
some of the thoria to be reduced by the carbon
to metallic thorium. The activating at a lower
temperature allows the thorium to diffuse to
the surface of the wire to form a layer of the
metal one molecule thick. It is this single-mol-
ecule layer of thorium which reduces the work
function of the tungsten filament to such a
value that the electrons will be emitted from
a thoriated filament thousands of times more
rapidly than from a pure tungsten filament
operated at the same temperalure.

The carburization of the tungsten surface
seems to form a layer of tungsten carbide
which holds the thorium layer much more
firmly than the plain tungsten surface. This
allows the filament to be operated at a higher
temperature, with consequent greater emission,
for the same amount of thorium evaporation.
Thorium evaporation 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 evaporation. This new thorium continually
diffuses to the surface during the normal op-
eration of the filament.

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 fil-
Thoriated-Tungsten  aments (and only tho-
Filaments riated-tungsten fila-

ments) which have
gone “flat” as a -‘result of insufficient fila-
ment voltage, a severe temporary overload, a
less severe extended overload, or even normal
operation may quite frequently be reactivated
to their original characteristics by a process
similar to that of the original activation. How-
ever, only filaments which have been made by
a reputable manufacturer and which have not
approached too close to the end of their useful
life may be successfully reactivated. The fila-
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ment found in certain 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 simple
enough and only requires a filament trans-
former with taps allowing voltage up to about
25 volts or so. The tube which has gone flat
is placed in a socket to which only the two
filament wires have been connected. The fila-
ment is then “flashed” for about 20 to 40 sec-
onds at from 115 to 2 times normal rated volt-
age. The filament will become extremely bright
during this time 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 thorium. The filament is then burned
at 15 to 25 per cent overvoltage for from 30
minutes to 3 to 4 hours to bring this new
thorium to the surface.

The tube should then be tested to see if it
shows signs of renewed life. If it does, but is
still weak, the burning process should be 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.

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 by the manufacturers are figured
for a life expectancy of 1000 hours. Certain
types may give much longer life than this but
the average 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
consisting 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 some-
what more efficient than the thoriated-tungsten
type in small sizes and it is considerably less
expensive to manufacture. For this reason all
receiving tubes and quite a2 number of the low-
powered transmitting tubes use the oxide-
coated filament. Another advantage of the ox-
ide-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 charac-
teristics changed to any great extent.

The oxide-coated filament does have the dis-

—

advantage, however, that it is unsuitable for
use in tubes which must withstand more than
about 600 volts of plate potential. Some years
back, transmitting tubes for operation up to
2000 volts were made with oxide-coated fila-
ments but they have been discontinued. More
satisfactory operation is obtainable at medium
plate potentials with thoriated filaments.

Oxide filaments are unsatisfactory for use
at high plate voltages because: (1) their ac-
tivity is seriously impaired by the high tem-
perature necessary to de-gas the high-voltage
tubes and, (2) the positive ion bombardment
which takes place even in the best evacuated
high-voltage tube causes destruction of the ox-
ide layer on the surface of the filament.

Oxide-coated filaments operate by virtue of
a mono-molecular layer of alkaline-earth met-
al (barium and strontium) which forms on
the surface of the oxide coating. Such fila-
ments do not require reactivation since there is
always more than sufficient reduction of the
oxides and diffusion of the metals to the sur-
face of the filament to meet the emission needs
of the cathode.

Indirectly Heated Filaments
The Heater Cathode

The heater type cathode was developed as
a result of the requirement for a type of emit-
ter which could be operated from alternating
current and yet would not introduce a.c. ripple
modulation even when used in low-level stages.
It consists essentially of a small nickel-alloy
cylinder with a coating of strontium and ba-
rium oxides on its surface similar to that used
on the oxide-coated filament. Inside the cylin-
der is an insulated heater element consisting
usually of a double spiral of tungsten wire.
The heater may operate on any voltage from 2
to 117 volts, although 6.3 is by far the most
common value. The heater is operated at quite
a high temperature so that the cathode itself
may be brought to operating temperature in a
matter of 15 to 30 seconds. Heat coupling be-
tween the heater and the cathode is mainly by
radiation, although there is some thermal con-
duction 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, 6V6, 6F6, and 6B4G) as
do  some of the low-power transmitter tubes
(802, 807, T21, and RK39). Heater cathodes
are employed exclusively when a number of
tubes are to be operated in series as in an a.c.-
d.c. receiver. A heater cathode is often called
a uni-potential cathode because there is no
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voltage drop along its length as there is in the
filament-type cathode.

Types of Vacuum Tubes

If a cathode capable of being heated either
indirectly or directly is placed in an evacuated
envelope along with a plate, such a two-ele-
ment 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 character-
istics will be discussed first.

When the cathode within
a diode is heated, it will
be found that a few of-the
electrons leaving the cathode will leave with
sufficient velocity to reach the plate. If the
plate is electrically connected back to the ca-
thode, the electrons which have had sufficient
velocity to arrive at the plate will low back to
the cathode through the external circuit. This
small amount of initial plate current is an ef-
fect 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
potential 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 pos-
tively charged plate for any negatively charged
particles. If the positive potential on the plate
is increased, the flow of electrons between the
cathode and plate will also increase up to the

Characteristics
of the Diode
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Figure 1.

CURVE SHOWING NUMBER OF ELEC-

TRONS REACHING THE PLATE OF A

DIODE PLOTTED AS A FUNCTION OF
THE PLATE VOLTAGE.

It will be noticed that there is a small flow
of plate current even with zero voltage. This
initial flow can be stopped by a small
negative plate potential. As the plate volt-
age is increased in a positive direction, the
plate current increases approximately as the
3/2 power of the plate voltage until the sat-
uration point is reached. At this point all the
eiectrons being emitted from the cathode are
being ottracted to the anode.

point of saturation. Saturation current flows
when all of the electrons leaving the cathode
are attracted to the plate, and no increase in
plate voltage can increase the number of elec-
trons being attracted.

As a cathode is heated so
that it begins to emit, those
electrons which have been
discharged into the surrounding space form in
the immediate vicinity of the cathode a nega-
tive charge which acts to repel those electrons
which normally would be emitted were the
charge not present. This cloud of electrons
around the cathode is called the space charge.
The electrons comprising the charge are con-
tinuously changing, since those electrons mak-
ing up the original charge fall back into the
cathode and are replaced by others emitted by
it

The effect of the space charge is to make the
current through the tube variable with respect
to the plate-to-cathode drop across it. As the
plate voltage is increased, the positive charge
of the plate tends to neutralize the negative
space charge in the vicinity of the cathode.
This neutralizing action upon the space charge
by the increased plate voltage allows a greater
number of electrons to be emitted from the
cathode which, obviously, causes a greater
plate current to flow. When the point is
reached at which the space charge around the
cathode is neutralized completely, all the elec-
trons that the cathode is capable of emitting
are being attracted to the plate and the tube
is said to have reached saturation plate current
as mentioned above.

The Space
Charge Effect

Insertion of Grid—
The Triode

If an element consist-
ing of a mesh or spiral
of wire is inserted con-
centric 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 2 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
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 matter of fact, if the charge on the grid is
made sufhciently negative, all the electrons
leaving the cathode will be repelled back to it
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Figure 2.
ILLUSTRATING THE SPACE CHARGE
EFFECT IN A DIODE.

(A) shows the space charge existing in the vi-
cinity of the cathode with zero or a small

amount of plate voltage. A few high-velocity
electrons will reach the plate to give a small
plate current even with no plate voltage.
(B) shows how the space charge is neutralized
and all the electrons emitted by the cathode
are attracted to the plate with a battery suffi-
cient to cause saturation plate current.

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 particu-
lar plate voltage is called the value of catoff
bias.

Figure 3 illustrates an analogy of the method
in which the number of electrons flowing to
the plate is controlled by the grid bias. Figure
4 graphically shows essentially the same infor-
mation as shown in Figure 3; i.e., the manner
in which the plate current of a typical triode
will vary with different values of grid bias.
Figure 4 also shows graphically the cut-off
point, the approximately linear relation be-
tween grid bias and plate current over the op-
erating range of the tube, and the point of
plate current saturation. However, the point of
plate current saturation comes at a different

position with a triode as compared to a diode.
Plate current non-linearity or saturation may
begin either at the point where the full emis-
sion capabilities of the filament have been
reached, or at the point where the positive grid
voltage approaches the positive plate voltage.
This latter point is commonly referred to as
the diode bend and is caused by the positive
voltage of the grid allowing it to rob from the
current stream electrons that would normally
go to the plate. When the plate voltage is low
with respect to that required for full current
from the cathode, the diode bend is reached
before plate current saturation. When the plate
voltage is high, saturation is reached first.
From the above it can be seen that the grid
acts as a valve in controlling the electron flow
from the cathode to the plate. As long as the
grid is kept negative with respect to the cath-
ode, only an extremely small amount of grid
energy is required to control a comparatively
large amount of plate power. Even if the grid
is operated in the positive region a portion of
the time, so that it will draw current, the grid
energy requirements are still very much less
than the energy controlled in the plate circuit.
It is for this reason that a vacuum tube is
commonly called a valve in British countries.

Interelectrode
Capacitance

In the preceding chapter it
was mentioned that two con-
ductors separated by a dielec-
tric form a condenser. or that there is capac-
itance between them. Since the electrodes in
a vacuum tube are conductors and they are
separated by a dielectric, vacuum, there is ca-
pacitance 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 the tubes are operated at
radio frequencies.

I

Figure 3.
ANALOGY OF THE ACTION OF THE GRID IN A TRIODE.
(A) shows the tube with cutoff bias 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 plate current and the fact that there is a reserve of electrons remaining within the

grid mesh.

(C) shows the tube with a value of grid bias (positive or negative) which allows virtually all

the electrons emitted by the cathode to be attracted to the plate. Saturation plate current is attained
in this case.
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Figure 4. screen-grid tube or tetrode. When another grid

PLATE CURRENT PLOTTED AGAINST
GRID VOLTAGE, WITH CONSTANT
PLATE VOLTAGE.

For values of grid bias between those which

give plate current cutoff ond plate current

saturation, the value of plate current varies

more or less |i ly with respect to chang
in grid voltage.

Figure 5 shows the interelectrode capaci-
tances of a triode as they appear to a circuit
in which the tube is operating. The static ca-
pacitances are simply as shown in the drawing,
but when a vacuum tube is actually operating
as an amplifier there is another consideration
known as the Miller effect which causes the
dynamic input capacitance to be different from
the static value. The output capacitance of an
amplifier is essentially the same as the static
value such as is given in the tube tables. The
grid-to-plate capacity is also the same as the
static value, but since the C,, acts as a small
condenser, coupling energy back from the plate
to the grid circuit, the dynamic input capaci-
tance is equal to the static value plus an
amount determined by the gain of the stage
and the grid-to-plate feedback capacity. Ex-
pressed as an equation:

Cer (dynamic) = Cge(static) + (M+1)Cqp
where Cqgr is the grid-to-filament capacitance,
Ce is the grid-to-plate capacitance, and M is
the stage gain.

In addition to the undesirable Miller effect,
whereby the input capacity of an amplifier is
increased by the grid-to-plate capacity, this C,,
can also cause uncontrollable regeneration or
oscillation in radio frequency amplifiers. How-
ever, all the undesirable effects of the grid-to-
plate capacity can be balanced out by means
of a neutralizing circuit. These circuits are dis-
cussed under Neutralization in the chapter
devoted to Transmitter Theory.

Tetrode or

The quest for a simpler
Screen-Grid Tube

and more easily usable
method of eliminating
the effects of the grid-to-plate capacity of
the triode led to the development of the

is added between the grid and plate of a
vacuum tube the tube is called a tetrode, and
because the new grid is called a screen, as a
result of its screening or shielding action, the
tube is often called a screen-grid tube. The in-
terposed screen grid acts as an electrostatic
shield between the grid and plate, with the
consequence that the grid-to-plate capacity is
reduced. Although the screen grid is main-
tained at a positive voltage with respect to
the cathode of the tube, it is maintained at
ground potential with respect to r.f. by means
of a by-pass condenser 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 open-
ings 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 inde-
pendent 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 voltage without appreciably
affecting the plate current.

When the electrons from
the cathode approach 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,
is known as secondary emission. This effect

Secondary Emis-
sion; Pentodes

.€an cause no particular difficulty in a triode

because the secondary electrons so emitted are
eventually attracted back to the plate. In the
screen-grid tube, however, the screen is close
to the plate and is maintained at a positive
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.

This effect is eliminated when still another
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element is added between the screen and plate.
This additional element is called a suppressor,
and tubes in which it is used are called pen-
todes. The suppressor grid is sometimes con-
nected 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 neg-
ative with respect to the minimum plate volt-
age. 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 radio applications are designed
so that the suppressor increases the limits to
which the plate voltage may swing; therefore
the consequent power output and gain can be
very great. Pentodes for radio-frequency serv-
ice function in such a manner that the sup-
pressor allows high voltage gain, at the same
time permitting fairly high gain at low plate
voltage. This holds true even if the plate volt-
age i1s the same or slightly lower than the
screen voltage.

Beam Power
Tubes

A beam power tube makes use
of a new method for suppres-
sing secondary emission. In this
tube there are four electrodes: a cathode, a
grid, a screen, and a plate, so spaced and
placed that secondary emission from the plate
is suppressed without actual power. 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 re-
gion between screen and plate. For this reason
the electrons form a stationary cloud, a space
charge. The effect of this space charge is to
repeig 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 it-
self. Because of the effective suppressor action
provided by the space charge, and because of
the low current drawn by the screen, the beam
power tube has the advantages of high power
output, high power sensitivity, and high effi-
ciency. The 6L6 is such a beam power tube,
designed for use in the power amplifier stages
of receivers and speech amplifiers or modula-
tors. Larger tubes employing the beam-power
principle are being made by various manufac-
turers for use in the radio-frequency stages of

transmitters. These tubes feature extremely
high power sensitivity (a very small amount of
driving power is required for a large output),
good plate efficiency, and freedom from the
requirement ‘for neutralization. Among these
transmitting beam power tubes are the T21 of
Taylor, the 807, 814, and 813 of RCA and
G.E., and the HY-65, HY-67, and HY-69 of
Hytron.

Television There was a need in television
Amplifier work, where extremely wide
Pentodes bands of frequencies must be

passed by an amplifier, for
vacuum tubes which would give extremely
high amplification and still have comparative-
ly low plate impedance and shunt capaci-
tances. This need led to the development of
the 1851, GAB7, GAC7, 1231, etc—all of
which answer this requirement with slight in-
dividual variations. Through the use of a large
cathode and a very fine mesh grid spaced very
close to the cathode, it has been possible to
obtain in these pentodes amplification factors
of 6000 and above with transconductances of
5000 to 12,000. The true significance of these
figures can be grasped after the material in the
latter part of this chapter has been studied.

A pentagrid converter is a mul-
tiple grid tube so designed that
the functions of superhetero-
dyne oscillator and mixer are combined in one
tube. One of the principal advantages of this
type of tube in superheterodyne circuits is that
the coupling between oscillator and mixer is
automaticalfy accomplished; the oscillator ele-
ments effectively modulate the electron stream
and, in so doing, the conversion conductance is
high. The principal disadvantage of these tubes
lies in the fact that they are not particularly
suited for operation at frequencies much above
20 Mc.

Pentagrid
Converters

Notable among the spe-
cial purpose multiple grid
tubes is the 6L7 heptode,
used principally as a mixer in superhetero-
dyne circuits. This tube has five grids: con-
trol grid, screens, suppressor and special in-
jection grid for oscillator input. Oscillator
coupling to control grid and screen grid cir-
cuits of ordinary pentodes is effective as far as
mixing is concerned, but has the disadvantage
of considerable interaction between oscillator
and mixer.

The 6L7 has a special injection grid so
placed that it has reasonable effect on the elec-
tron stream without the disadvantage of in-
teraction between the screen and control grid.
The principal disadvantage is that it requires
fairly high oscillator input in order to realize

Special Purpose
Mixer Tubes
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its high conversion conductance. It may also
be used as an r.f. pentode amplifier.

The 6J8G and 6K8 are two tubes specifi-
cally designed for converter service. They con-
sist of a heptode mixer unit and a triode unit
in the same envelope, internally connected to
provide the proper injection for conversion
work. While both tubes function as a triode
oscillator feeding a heptode mixer, the method
of injection is different. In the 6J8G, the con-
trol grid of the oscillator is connected inter-
nally to a special shielded injector grid in the
heptode section. In the 6K8, the number one
grid of the heptode is connected internally to
the control grid of the oscillator triode.

From the introduction of the
screen-grid tube to the pres-
ent time, it has been stand-
ard practice to bring the control grid (or the
no. 1 grid as it is called) of all pentodes and
tetrodes designed for radio frequency amplifier
use in receivers through the rop of the enve-
lope. This practice was started because it was
much easier to shield the input from the out-
put circuit when one was at the top and the
other at the bottom of the envelope. This was
true both of the elements and of their associ-
ated circuits.

With the introduction of the octal-based
metal tube it became feasible to design and
manufacture high-gain r.f. amplifier and mixer
tubes with all the terminals grought out the
base. The metal envelope gives excellent shield-
ing of the elements from external fields, and
through the use of a small additional shield
inside the locating pin of the octal socket, the
diametrically opposite grid and plate pins of
the tubes are well shielded from each other A
more or less complete line of tubes for ordi-
nary receiving service has been made available
in the single-ended type. The type numbers of
these tubes contain an § between the filament
voltage and the rating classification letter as:
6SA7, 65Q7, 12SK7, etc.

Another type of single-ended tube which has
come into prominent usage is the Joctal group.
These loctal tubes are all glass with a metal
base and metal locating pin; the tube prongs
extend through the bottom of the glass enve-
lope and make direct connection to the ele-
ments of the tube. Due to the shortness and
directness of the leads to the elements, loctal
tubes are generally conceded to be the most
satisfactory type for high-frequency work. A
quite complete line for all ordinary receiving
purposes is now being manufactured in the
loctal type. The distinguishing feature of the
loctal tube numbers is the fact that these num-
bers start out with a 7 or a 14 instead of the
6 or 12 used in conventional receiving types,
as: 7A7, 7C5, 14A7, etc. The heater voltage

Single-Ended
Tubes

ratings, however, are 6.3 or 12.6 volts as in the
other conventional types. Loctal tubes are also
made in the 1.4-volt series; these have a char-
acteristic number beginning with 1L such as:
1LA4, 1LAG, etc.

Dual Tubes Some of the commonly known
vacuum tubes are in reality
two tubes in one, ie, in a single glass or
metal envelope. Twin triodes, such as the
types 53, 6A6, 6SC7, and 6N7, are examples.
A disadvantage of these twin-triode tubes for
certain applications is the fact that the cath-
odes of both tubes are brought out to the
same base pin.

Of a different nature are the 6H6 and 7A6
twin diodes and the 6F8G, 6SN7-GT, 7F7, and
6C8G twin triodes. The cathodes of each of
these tubes are brought to a separate base pin
on the socket, thus making them true twin
tubes. Other types combine the functions of
a double diode and either low or high u triode
in the same envelope, as well as a similar com-
bination with a pentode instead of a triode.
Still other types combine a pentode and a tri-
ode, a pentode and a power supply rectifier,
and electron-ray indicating tubes (magic eyes)
with their self-contained triode d.c. voltage
amplifier.

Manufacturer’s
Tube Manuals

The larger tube manufac- |
turers offer at a nominal
cost, tube manuals which
are very complete and give much valuable
data which, because of space limitations, can-
not be included in this handbook. Those
especially interested in vacuum tubes are urged
to purchase one of these books as a supple-
mentary reference.

APPLICATION AND OPERATION
OF THE VACUUM TUBE

The preceding section of this chapter has
been devoted to the general theory of vacuum
tubes and to the various forms in which they
commonly appear. The succeeding section will
be devoted to the application of the character-
istics and abilities of the vacuum tube to the
problems of amplification, oscillation, rectifica-
tion, detection, g’equency conversion, and elec-
trical measurements.

The Vacuum Tube as an Amplifier

The ability of a grid of a vacuum tube to
control large amounts of plate power with a
small amount of input energy allows the vac-
uum tube to be used as an amplifier. It is the
ability of the vacuum tube to amplify an ex-
tremely small amount of energy up to almost
any amount without change in anything except
amplitude which makes the vacuum tube such
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an extremely useful adjunct to modern indus-
try and communication.

The most important considerations of a
vacuum tube, aside from its power handling
ability (which will be treated later on), are
amplification factor, plate resistance, and mu-
tual conductance or transconductance.

Amplification
Factor or Mu

The amplification factor or
mu (x) of a vacuum tube
is the ratio of a change in
plate voltage to a change in grid voltage, either
of which will cause the same change in plate
current. Expressed as a differential equation:
= e | - tant
’ dE, » = constan

The u can be determined experimentally by
making a slight change in the plate voltage,
thus slightly changing the plate current. The
plate current is then returned to its original
value by a change in grid voltage. The ratio
of the increment in plate voltage to the incre-
ment in grid voltage is the u of the tube. The
foregoing assumes that the experiment is con-
ducted on the basis of rated voltages as shown
in the manufacturer’s tube tables.
Plote Resistance  The plate resistance of a
vacuum tube is the ratio
of a change in plate voltage to the change
in plate current which the voltage change
produces. To be accurate, the changes should
be very small with respect to the operating
values. Expressed as an equation:

dE,
Rp = '—-JE'

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, and by dividing
the latter by the former, the plate resistance
can then be determined. Plate resistance is ex-
pressed in ohms.
Tronsconductance  The mutual conductance,
also referred to as trans-
conductance, is the ratio of the amplification
factor (z) to the plate resistance:

dE,
u dE, dl,
Gx = =] =]
R, dE, dE;
d1,

Transconductance is most commonly ex-
pressed in micro-reciprocal-ohms or microm-
hos. However, since transconductance expresses
change in plate current as a function of a
change in grid voltage, a tube is often said to

have a transconductance of so many milli-
amperes-per-volt. If the transconductance in
milliamperes-per-volt is multiplied by 1000 it
will then be expressed in micromhos. Thus the
transconductance of a2 6A3 could be called
either 5.25ma./volt or 5250 micromhos.

The transconductance is probably the most
important single characteristic of a vacuum
tube. It is often called the figure of merit be-
cause the Gy is an excellent indication of the
effectiveness of a tube as an amplifier and of
its power sensitivity—the greater the trans-
conductance, the greater will be the gain of an
r.f. amplifier, and the greater will be the power
ou:iput with a given grid voltage of a power
audio amplifier.

When a vacuum tube is
used as a resistance-coupled
audio amplifier, it is important to know in
advance just how much gain will be obtained
from a particular stage. The stage gain of
a large number of common vacuum tubes
under various circuit conditions is given in
the RCA Receiving Tube Manual (25¢ from
RCA) and in other vacuum-tube manuals.
However, when it is desired to know what a
specific tube will do under certain specified op-
erating conditions, the following two formu-
las will be of assistance—in either case they
will indicate the gain in voltage to be expected
from a stage at a medium audio frequency in
the vicinity of 1000 cycles. The stage gain at
extremely high and low frequencies will be
determined by the values of resistance and
capacitance making up the circuit.

uRu

Gain, triode amplifier = X +R,

where: g is the amplification factor of the tube

R., is the plate load resistance of the
stage

R, is the plate resistance of the tube.

Gain, pentode amplifier = Gy Ru.

where: Gu is the tube transconductance in
mbos (micromhos/10%)

Ry is the load resistance of the stage
and where the plate resistance of
the tube is large compared to the
load resistance.

As a practical example of the method of de-
termining the gain of a triode amplifier, sup-
pose we take the case of a GF5 tube with a
plate resistance of 66,000 ohms and an ampli-
fication factor of 100 operating into a load
resistance of 50,000 ohms. The voltage ampli-
fication of the stage as calculated from the
above equation would be:

100 X 50,000
50,000 -+ 66,000
From the foregoing it is seen that an input

Gain per Stage

= 43
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of 1 volt to the grid of the tube will give an
output of 43 volts (a.c.).

The calculation of the approximate gain of
a resistance-coupled pentode audio stage is
even more simple. Suppose the amplifier tube
is a 6SJ7 with a transconductance of 1600
micromhos (from the tube tables). This tube’s
transconductance in mhbos would be (taking
off 6 decimal places) 0.0016 mhos. If the load
resistance of the tube is 100,000 ohms, the gain
would be (pointing ahead 5 places to multiply
0.0016 by 100,000) 160.

AUDIO-FREQUENCY AMPLIFIERS

Amplifiers designed to operate at a low level
at radio, intermediate, and audio frequencies
are almost invariably of the class A type. High-
er level audio amplifiers can be of the class
A, class AB, or class B type; these classifica-
tions and their considerations will be consid-
ered first. The class B and class C amplifiers
as used for medium and high-level radio-fre-
quency work will be considered under Radio-
Frequency Amplifiers.

The Class A
Amplifier

A class A amplifier is, by defi-
nition, an amplifier in which
the grid bias and alternating
grid voltages are such that plate current in
a specific tube flows at all times. The out-
put waveform from a class A amplifier is
a faithful reproduction of the exciting a.c.
voltage upon the grid. For the above condi-
tions to be the case it is necessary that the grid
bias, or the operating point, of the amplifier
be chosen with care to allow maximum output
with minimum distortion.

Figure 6 shows the operating characteristic
of a typical triode. It will be noticed that the
curve of plate current with varying grid volt-
age is quite linear within certain limits—out-
side these limits it is no longer a straight line.
For an amplifier to be able to put out a voltage
waveform which is a faithful reproduction of
the input waveform, it is necessary that the
range over which the grid voltage will be va-
ried shall give a linear variation in plate cur-
rent. Also, a class A amplifier must not draw
grid current; so the operating point must be
midway between the point of zero grid bias
and the point on the operating characteristic
where the curvature becomes noticeable. Such
a point has been chosen graphically in Figure 6.

When the grid bias is varied around this
operating point, the fluctuation in grid poten-
tial results in a corresponding fluctuation in
plate current. When this current flows through
a suitable load device, it produces a varying
voltage drop which is a replica of the original
input voltage, although greater in amplitude.

Should the signal voltage on the grid be per-

mitted to go too far negative, the negative half
cycle in the plate output will not be the same
as. the positive half cycle. In other words, the
output wave shape will not be a duplicate of
the input, and distertion in the output will
therefore result. The fundamental property of
class A amplification is that the bias voltage
and input signal level must not advance be-
yond the point of zero grid potential; other-
wise, the grid itself will become positive. Elec-
trons will then flow into the grid and through
its external circuit in much the same manner
as if the grid were actually the plate. The re-
sult of such a flow of grid current is a lowering
of the input impedance of the tube so that
power is required to drive it.

Since class A amplifiers are never designed
to draw grid current, they do not realize the
optimum capabilities of any individual tube.

Inspection of the operating characteristic of
Figure 6 reveals that there is a long stretch of
linear characteristic far into the positive grid
region. As only the small portion of the oper-
ating characteristic below the zero grid bias
line can be used, the plate circuit efficiency of
a class A amplifier is low. However, they are
used because they have very little distortion
and, since only an infinitesimal amount of
power is required on the grid, a large amount
of power amplification may be obtained. Low-
level audio and radio frequency amplifying
stages in receivers and audio amplifiers are in-
variably operated class A. The correct values
of bias for the operation of tubes as class A
amplifiers are given in the Tube Tables.

Figure 6.
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The Class A class AB amplifier is one in
AB Amplifier which the grid bias and alternat-

ing grid voltages are such that
plate current in a specific tube flows for ap-
preciably more than half but less than the en-
tire electrical cycle when delivering maximum
output.

In a class AB amplifier, the fixed grid bias is
made higher than would be the case for a
push-pull class A amplifier. The resting plate
current is thereby reduced and higher values
of plate voltage can be used without exceed-
ing the rated plate dissipation of the tube. The
result is an increase in power output.

Class AB amplifiers can be subdivided into
class AB: and class AB.. There is no flow of
grid current in a class AB, amplifier; that is,
the peak signal voltage applied to each grid
does not exceed the negative grid bias voltage.
In a class AB, amplifier, the grid signal is
greater than the bias voltage on the peaks, and
grid current flows.

The class AB amplifier should be operated
in push-pull if distortion is to be held to a min-
imum. Class AB: will furnish more power out-
put for a given pair of tubes than will class
AB.. The grids of a class AB, amplifier draw
current, which calls for a power driver stage.

The Class B
Amplifier

A class B amplifier is one in
which the grid bias is approxi-
mately equal to the cutoff value
50 that the plate current is very low (almost
zero) when no exciting grid voltage is ap-
plied and so that plate current in a specific
tube flows for approximately one half of each
cycle when an a/femating grid voliage is ap-
plied.

Figure 7.
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A class B audio amplifier always operates
with two tubes in push-pull. The bias voltage -
is increased to the point where but very little
plate current flows. This point is called the
cutoff point. When the grids are fed with volt-
age 180 degrees out of phase, that is, one grid
swinging in a positive direction and the other
in a negative direction, the two tubes will al-
ternately supply current to the load.

When the grid of tube no. I swings in a pos-
itive direction, plate current flows in this tube.
During this J)rocess, grid no. 2 swings nega-
tively beyond the point of cutoff; hence, no
current flows in tube no. 2. On the other half-
cycle, tube no 1 is idle, and tube no. 2 fur-
nishes current. Each tube operates on one-half
cycle of the input voltage so that the complete
input wave is reproduced in the plate circuit.
Since the plate current rests at a very low value
when no signal is applied, the plate efficiency
is much higher than in a class A amplifier.

There is a much higher, steady value of
plate current flow in a class A amplifier, re-
gardless of whether or not a signal is present.
The average plate dissipation or plate loss is
much greater than in a class B amplifier of the
same power output capability.

Because the plate current rises from a very
low to a very high peak value on input swings
in a class B audio amplifier, the demands upon
the power supply are quite severe; a power
supply for class B amplifier service must have
good regulation. A high-capacity output con-
denser must be used in the filter circuit to give
sufficient storage to supply power for the
stronger audio peaks, and a choke-input filter
system is required for good regulation.

The plate current in an
amplifier increases and de-
creases in proportion to
the value of applied input signal. If useful
power is to be realized from such an amplifier,
the plate circuit must be terminated in a suit-
able resistance or impedance across which the
power can be developed. When increasing and
decreasing plate current flows through a re-
sistor or impedance, the voltage drop across
this load will constantly change because the
plate current is constantly changing. The ac-
tual value of voltage on the plate will vary in
accordance with the IZ drop across the load,
even though a steady value of direct current
may be applied to the load impedance; hence,
for an alternating voltage on the grid of the
tube, there will be a constant change in the
voltage at the anode.

The static characteristic curves give an indi-
cation of the performance of the tube for only
one value of plate voltage. If the plate voltage
is changed, the characteristic curve will shift.
This sequence of change can be plotted in a

Load Impedance
for Amplifiers
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form that permits a2 determination of tube per-
formance; it is customary to plot the plate cur-
rent for a series of permissible values of plate
voltage at some fixed value of grid voltage.

The process is repeated for a sufficient num-
ber of grid voltagevalues in order that ade-
quate data will be available. A group or family
of plate voltage—plate current curves, each
for a different grid potential, makes possible
the calculation of the correct load impedance
for the tube. Dynamic characteristics include
curves for variations in amplification factor,
plate resistance, transconductance and detector
characteristics.

The correct value of load impedance for a
rated power output is always specified by the
tube manufacturer. The plate coupling device
generally reflects this impedance to the tube.

Tubes in Two or more tubes can be
Parallel and connected in parallel in order
Push-Pull to secure greater power out-

put; two tubes in parallel will
give approximately twice the output of a sin-
gle tube. Since their plate resistances are in
parallel, the required load impedance will be
half that for a single tube.

When power is to be increased by the use of
two tubes, it is generally advisable to connect
them in push-pul%; in this connection the power
output is doubled and the barmonic content, or
distortion. is reduced. The input voltage ap-
plied to the grids of two tubes is 180 degrees
out of phase, the voltage usually being secured
from a center-tapped secondary windging with
the center tap connected to the source of bias
and the outer ends of the winding connected
to each grid. The plates are similarly fed into
a center-tapped winding and plate voltage is
introduced at the center tap. The signal voltage
supplied to one grid must always swing in a
positive direction when the other grid swings
negatively. The result is an increase in plate

current in one tube with a decrease in plate_

current in the other at any given instant; one
tube pushes as the other pulls.

Distortion exists when the
output wave shape of an
amplifier differs from the
shape of the input voltage wave. There are
three main types of distortion which can exist
in an audio amplifier. These are: frequency
distortion, where the gain of the amplifier is
not the same for all frequencies which are to
be passed; non-linear distortion, which results
in cross modulation of the various audio fre-
quencies fed into the amplifier and which also
results in the production of harmonics of these
tones; and phase distortion, which is the result
of the amplifier’s having different delay char-
acteristics for various audio frequencies.

Distortion in
Audio Amplifiers

Frequency distortion can be kept to a mini-
mum through the use of high-quality audio
transformers wherever transformers are needed
and through the use of the proper values of
coupling and by-pass condensers and feed re-
sistors in the resistance coupled stages. Careful
choice of components can result in an audio
amplifier which is “flat within 1 db from 25 to
15,000 cycles”; such an amplifier would give
high quality reproduction, provided non-linear
and phase distortion were also at 2 minimum.

Non-linear distortion is usually caused by
the overloading of some vacuum tube within
the amplifier—usually the output stage. The
presence of non-linear distortion is usually ex-
pressed by the rating of the amplifier at a cer-
tain percentage of r.m.s. harmonic distortion
at a certain amount of output power. The
amount of non-linear distortion almost in-
variably increases with increasing power out-
put from the amplifier. Non-linear distortion
1s peculiar in that it always results in the pro-
duction of frequencies in the output wave-
shape of the amplifier which were not present
in the input. Since these spurious frequencies
resulting from non-linear distortion are mainly
in the form of harmonics of the input fre-
quency (integral multiples: second harmonic,
twice frequency; third harmonic, three times
frequency, etc.), non-linear distortion is usual-
ly called barmonic distortion.

The presence of strong harmonics in an
audio frequency amplifier gives rise to speech
and music distortion which is plainly apparent
to the human ear. Triode amplifiers give rise
to distortion which is mainly second harmonic,
pentodes and tetrodes give rise to more third
harmonic distortion than second, while a bal-
anced push-pull amplifier produces only odd
harmonic distortion (third, fifth, seventh, etc.).
Third harmonic distortion is much more ap-
parent to the ear than second harmonic. Since
the harmonic distortion naturally falls in the
higher frequency region of reproduction (har-
monics are multiples of their generating wave
frequencies), the upper frequency limit of the
reproducing system determines the maximum
amount of harmonic distortion which can be
permitted. In a conventional reproducing sys-
tem such as is found in the average good qual-
ity receiver, the value of 5 per cent is generally
accepted as the maximum permissible total
harmonic distortion; of this total value not
more than 2 per cent should be attributable to
third and higher order harmonics for good re-
produced quality.

Phase distortion is not generally considered
to be of great importance in a single audio or
speech amplifier. However, when a large num-
ber of audio amplifiers are cascaded, as in long
wire line repeater amplifiers, the cumulative
phase distortion can become serious; properly
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designed delay circuits and other measures are
taken to correct the normal delay under these
conditions. Phase distortion must also be kept
to a minimum for proper operation of tele-
vision video amplifiers and of audio amplifiers
with degenerative feedback.

Practically all ampli-
fiers can be divided in-
to two classifications:
voltage amplifiers and power amplifiers. In
a voltage amplifier, it is desirable to increase
the voltage to a maximum possible value,
consistent with allowable distortion. The tube
is not required to furnish power because the
succeeding tube is always biased to the point
where no grid current flows. The selection
of a tube for voltage amplifier service de-
pends upon the voltage amplification it must
provide, upon the load that is to be used and
upon the available value of plate voltage. The
varying signal current in the plate circuit of a
voltage amplifier is employed in the plate load
solely in the production of voltage to be ap-
plied to the grid of the following stage. The
plate voltage is always relatively high, the
plate current small.

A power amplifier, in contrast, must be ca-
pable of supplying a heavy current into a load
impedance that usually lies between 2000 and
20,000 ohms. Power amplifiers normally fur-
nish excitation to power-consuming devices
such as loud-speakers and modulated class C
amplifiers. They also serve as drivers for other
larger amplifier stages whose grids require
power from the preceding stage. Power ampli-
fiers are common in transmitters.

The difference between the plate power in-
put and output is dissipated in the tube in the
form of heat, and is known as the plate dissi-
pation. Tubes for power amplifier service have
larger plates and heavier filaments than those
for a voltage amplifier. High-power audio cir-
cuits for commercial broadcast transmitters
call for tubes of such proportions that it be-
comes necessary to cool their plates by means
of water or forced-air cooling systems.

Yoltage and
Power Amplification

Common methods of
coupling one stage
to another in an audio amplifier are shown in
Figure 8.

Transformer coupling for a single-ended
stage is shown in A; coupling to a push-pull
stage in B; resistance coupling in C; impedance
coupling in D. A combination impedance-
transformer coupling system is shown in E;
this arrangement is generally chosen for high
permeability audio transformers of small size
and where it is necessary to prevent the plate
current from flowing through the transformer
primary. The plate circuit in the latter is

Interstage Coupling

+8

— it

=TH COUPL

Figure 8.
FIVE COMMON METHODS OF AUDIO-
FREQUENCY INTERSTAGE COUPLING.

shunt-fed. A resistor of appropriate value is
often substituted for the impedance in the
circuit shown in E.

Radio-frequency Amplifiers

Radio-frequency amplifiers, as used in trans-
mitters, invariably fall into the “power” classi-
fication. Also, since they operate into sharply
tuned tank circuits which tend to take out
irregularities in the plate current waveform
and give a comparatively pure sine-wave out-
put, more efficient conditions of operation may,
be used than for an audio amplifier in which
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the output waveform must be the same as the
input over a wide band of frequencies. Class
B and class C r.f. amplifiers come in this

group.

The Class B
R.F. Amplifier

The definition of a class B
r.f. amplifier is the same
as that of a class B ampli-
fier for audio use. However, the r.f. amplifier
operates into a tuned circuit and covers only
a very small range of frequencies, while the
audio type works into an untuned load and
may cover a range of 500 or 1000 to 1 in fre-
quency.

Class B radio-frequency amplifiers are used
primarily as linear amplifiers whose function
1s to increase the output from a modulated
class C stage. The bias is adjusted to the cutoff
value. In a single-ended stage, the r.f. plate
current flows on alternate half cycles. The
power output in class B r.f. amplifiers is pro-
portional to the square of the grid excitation
voltage. The grid voltage excitation is doubled
in a linear amplifier at 100 per cent modula-
tion, the grid excitation voltage being supplied
by the modulated stage; hence, the power out-
put on modulation peaks in a linear stage is in-
creased four times in value. In spite of the fact
that power is supplied to the tank circuit only
on alternate half cycles by a single-ended class
B r.f. amplifier, the flywheel effect of the tuned
tank circuit supplies the missing half cycle of
radio frequency, and the complete waveform
is reproduced in the output to the antenna.

The Class C
R.F. Amplifier

A class C amplifier is de-
fined as an amplifier in
which the grid bias is ap-
preciably greater than the cutoff value so that
the plate current in each tube is zero when no
alternating grid voltage is applied, and so that
plate current in a specific tube flows for appre-
ciably less than one half of each cycle when
an alternating grid voltage is applied.

Angle of Plate
Current Flow

The class C amplifier dif-
fers from others in that
the bias voltage is in-
creased to a point well beyond cutoff. When
a tube is biased to cutoff, as in a class B ampli-
fier, it draws plate current for a half cycle or
180°. As this point of operation is carried be-
yond cutoff, that is, when the grid bias becomes
more negative, the angle of plate current flow
decreases. Under normal conditions, the opti-
mum value for class C amplifier operation is
approximately 120°. The plate current is at
zero value during the first 30° because the grid
voltage is still approaching cutoff. From 30°
to 90°, the grid voltage has advanced beyond
cutoff and swings to a maximum in a region
which allows plate current to flow. From 90°

to 150°, the grid voltage returns to cutoff, and
the plate current decreases to zero. From 150°
to 180°, no plate current flows, since the grid
voltage is beyond cutoff.

The plate current in a class C amplifier
flows in pulses of high amplitude, but of short
duration. Efficiencies up to 75 per cent are
realized under these conditions. It is possible to
convert nearly all of the plate input power into
r.f. output power (approximately 90 per cent
efficiency) by increasing the excitation, plate
voltage, and bias to extreme values.

Linearity of
Class C
Amplifiers

The r.f. plate current is pro-
portional to the plate voltage;
hence the power output is pro-
portional to the square of the
plate voltage. Class C amplifiers are invariably
used for plate modulation because of their
high efficiency and because they reflect a
pure resistance load into the modulator. The
plate voltage of the class C stage is doubled on
the peaks at 100 per cent modulation; since
the plate current is also doubled, the power
output at this point is consequently increased
four times.

Figure 9 illustrates graphically the operation
of a class C amplifier with twice cut-off bias
and with the peak grid swing of such a value
as just to approach the diode bend in the plate
characteristic. When the excitation voltage is
increased beyond this point, the plate current
waveform will have a dip at the crest due to
the taking of electrons from the plate current
stream by the grid on its highly positive peaks.

The Vacuum Tube as an Oscillator

The ability of an amplifier tube to control
power enables it to function as an oscillator or
a generator of alternating current in a suitable
circuit. When part of the amplified output is
coupled back into the input circuit, sustained
oscillations will be generated provided the in-

Figure 9.
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put voltage to the grid is of the proper magni-
tude and phase with respect to the plate.

The voltage that is fed back and applied to
the grid must be 180° out of phase with the
voltage across the load impedance in the plate
circutt. The voltage swings are of a frequency
depending upon circuit constants.

If a parallel resonant circuit consisting of an
inductance and capacitance is inserted in series
with the plate circuit of an amplifier tube and
a connection is made so that part of the poten-
tial drop is impressed 180° out of phase on the
grid of the same tube, amplificatio. of the
potential across the L/C circuit will res.:dt. The
potential would increase to an unrestricted
value were it not for the limited plate voltage
and the limited range of linearity of the tube
characteristic, which causes a reversal of the
process beyond a certain point. The rate of
reversal is determined by the time constant or
resonant frequency of the tank circuit.

The frequency range of an oscillator can be
made very great; thus, by varying the circuit
constants, oscillations from a few cycles per
second up to many millions can be generated.
A number of different types of oscillators are
treated in detail under the section devoted to
Transmitter Theory.

The Vacuum Tube as a Rectifier

It was stated at the first of this chapter that
when the potential of the plate of a two-
element vacuum tube or diode is made positive
with respect to the cathode, electrons emitted
by the cathode will be attracted to the plate
and a current will flow in the external circuit
that returns the electrons to the cathode. If, on
the other hand, the plate is made negative with
respect to the cathode the electron flow in the
external circuit will cease, due to the repulsion
of the electronic stream within the tube back
to the cathode. From this is derived a valuable
property, namely, the ability of a vacuum tube
to pass current in one direction only and hence
to function as a rectifier or a device to convert
alternating current into pulsating d.c.

The Half-Wave
Rectifier

Figure 10A shows a half-
wave rectifier circuit. For
convenience of explana-
tion, a conventional power rectifier has been
chosen, although the same diagram and ex-
planation would apply to diode rectification
as employed in the detector circuits of many
receivers.

When a sine-wave voltage is induced in the
secondary of the transformer, the rectifier
plate is made alternately positive and negative
as the polarity of the alternating current
changes. Electrons are attracted to the plate
frem the cathode when the plate is positive,
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Figure 10.

and current then flows in the external circuit.
On the succeeding half cycle, the plate be-
comes negative with respect to the cathode,
and no current flows. Thus, there will be an
interval before the succeeding half cycle occurs
when the plate again becomes positive. Under
these conditions, plate current once more be-
gins to flow, and there is another pulsation in
the output circuit.

Because one half of the complete wave is
absent in the output, the result is what is
known as half-wave rectification. The output
power is the average value of these pulsations;
it will, therefore, be of a low value because of
the interval between pulsations.

Full-Wave
Rectification

In a full-wave circuit (Figure
10B), the plate of one tube is
positive when the other plate
is negative; although the current changes its
polarity, one of the plates is always positive.
One tube, therefore, operates effectively on
each half cycle, but the output current is in
the same direction. In this type of circuit the
rectification is complete and there is no gap
between plate current pulsations. This output
is known as rectified a.c. or pulsating d.c.

If a two-element electron
tube is evacuated and then
filled with a gas such as
mercury vapor, its ~haracteristics and per-
formance will differ radically from those of
an ordinary high-vacuum diode tube.

The principle upon which the operation of
a gas-filled rectifier depends is known as the
phenomenon of gaseous ionization, which was
discussed under Fundamental Theory. Investi-
gation has shown that the electrons emitted by
a hot cathode in a mercury-vapor tube are
accelerated tov ard the anode (plate) with
great velocity. These electrons move in the

Mercury Yapor
Rectifiers
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electrical field between the hot cathode and the
anode. In this space they collide with the
mercury-vapor molecules which are present.

If the moving electrons attain sufficient ve-
locity to enable them to break through a poten-
tial difference of more than 10.4 volts (for
mercury), they literally knock the electrons
out of the atoms with which they collide.

As more and more atoms are broken up by
collision with electrons, the mercury vapor
within the tube becomes jonized and transmits
a considerable amount of current. The ions
are repelled from the anode when it is posi-
tive; they are then attracted to the cathode,
thus tending to neutralize the negative space
charge as long as saturation current is not
drawn, This effect neutralizes the negative
space charge to such a degree that the voltage
drop across the tube is reduced to a very low
and constant value. Furthermore, a consider-
able reduction in heating of the diode plate, as
well as an improvement in the voltage regula-
tion of the load current, is achieved. The effi-
ciency of rectification is thereby increased be-
cause the voltage drop across any rectifier tube
represents a waste of power.

Detection or Demodulation

Detection is the process by which the audio
component is separated from the modulated
radio-frequency signal carrier at the receiver.
Detection always involves either rectification
or nonlinear amplification of an alternating
current.

Two general types of amplifying detectors
are used in radio circuits.

Plate Detector  The plate detector or bias de-
tector (sometimes called a
pouwer detector) amplifies the radio-frequency
wave and then rectifies it, and passes the re-
sultant audio signal component to the suc-
ceeding audio amplifier. The detector oper-
ates on the lower bend in the plate current
characteristic, because it is biased close to the
cutoff point and therefore could be called a
single-ended class B amplifier. The plate cur-
rent is low in the absence of a signal, and the
audio component is evidenced by an increase
in the average unmodulated plate current. See
Figure 11.

Grid Detector  The grid detector differs from
the plate detector in that it
rectifies in the grid circuit and then amplifies
the resultant audio signal. The only source
of grid bias is the grid leak so that the plate
current is maximum when no signal is pres-
ent. This form of detector operates on the
upper or saturated bend of its characteristic
curve and the demodulated signal appears as
an audio-frequency decrease in the average

plate current. However, at /ow plate voltage,
most of the rectification takes place as the
result of the curvature in the grid character-
istic. By proper choice of grid leak and plate
voltage, distortion can be held to a reasonably
small value. In extreme cases the distortion
can reach a very high value, particularly when
the carrier signal is modulated to a high per-
centage. In such cases the distortion can reach
25 per cent.

The grid detector will absorb some power
from the preceding stage because it draws grid
current. It is significant to relate that the higher
gain through the grid detector does not neces-
sarily indicate that it is more sensitive, Detec-
tor sensitivity is a matter of rectification eff-
ciency and amplification, not of amplification
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alone. Grid leak detectors are often used in
regenerative detector circuits because smoother
control of regeneration is possible than in other
forms of plate and bias detectors.

Non-Amplifying
Detectors

In addition to the two pre-
vious types of amplifying
detectors, both of which
have a certain inherent amount of harmonic
distortion, there are two main types of non-
amplifying detectors which have, of late, been
more widely used because of their lowered
harmonic distortion and other advantages.

Diode Detector In this type of detector the
input r.f. signal (almost in-
variably at the intermediate frequency of the
receiver) is simply rectified by the diode and
the modulation component appears as an alter-
nating voltage, in addition to the d.c. compo-
nent, across the diode load resistor. This type
of detection, although it gives no gain and has
a loading effect on the circuit that feeds it, is
frequently used in high-quality receivers be-
cause of the relatively distortionless detection
or demodulation that is obtained. Figure 12A
shows a combined detector-a.v.c. rectifier cir-
cuit commonly used in high-quality receivers.
It will be noticed that a separate diode and
rectifier circuit is used to obtain the a.v.c. volt-
age. This is done to eliminate the a.c. shunt
loading of the a.v.c. bus upon the detector
circuit. If the a.v.c. voltage is taken from the
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Figure 12.

(A) DIODE DETECTOR WITH SEP-
ARATE A.V.C. RECTIFIER. (B) INFI-
NITE IMPEDANCE DETECTOR.

detector diode load resistor, the effect of the
a.c. shunt loading of the a.v.c. circuit can be
serious enough to cause as high as 25 per
cent harmonic distortion of a 100 per cent
modulated input signal. However, inexpensive
midget receivers in which the high-frequency
response is limited, frequently take the a.v.c.
voltage from the detector load resistor and
rely upon the limited high-frequency response
to make the distortion unnoticeable.

Certain circuits are available for compen-
sating for the a.c. shunt loading effect of the
a.v.c. circuit upon the detector load resistor,
but the most satisfactory arrangement is that
shown in 12A in which a separate rectifier
taking its r.f. voltage from the plate of the
last i.f. amplifier is used to supply the a.v.c.
voltage. It is also best that the lead marked
“to audio” in Figure 12A connect directly to
the first audio grid, and thus that diode biasing
be used upon this grid. If an additional con-
denser and potentiometer is used between the
diode load resistor and the first audio stage,
the shunt loading effect of the additional vol-
ume control resistor can be as serious as the
a.c. loading of the a.v.c. circuit.

Infinite Impedance  Figure 12B illustrates
Detector this comparatively re-

cently popularized type
of detector circuit which has advantages over
previous types where distortion-free detec-
tion is required. The circuit is essentially the
same as that for plate or power-detection, ex-
cept that the output voltage is taken from the
cathode circuit instead of from the plate. This
gives the advantage that practically 100 per
cent degenerative feedback is incorporated inito
the circuit with a consequent great reduction
in harmonic distortion as compared to the
simple plate detector. The circuit gives no
loading to the circuit from which it obtains its
voltage—hence the name, infinite-impedance
detection. Also, due to the 100 per cent degen-
erative feedback, the circuit has a gain of one.
Essentially the same output voltage will be
obtained from this detector as will be obtained
from a diode detector.

When automatic volume control is to be
used in a receiver which employs an infinite
impedance detector, the a.v.c. rectifier circuit
shown using the right hand diode of Figure
12A can be used. It is common practice to use
a combination tube such as the 6B8 as a com-
bined last i.f. amplifier and a.v.c. rectifier, with
a separate tube such as a 6J5 as the infinite
impedance detector.

Another common usage of
the vacuum tube is as a
frequency changer or mix-
er tube. This is the operation performed by

Frequency Con-
verters or Mixers
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the first detector or mixer in a super-hetero-
dyne, and consists of changing (most fre-
quently). a particular high-frequency signal
(bearing the desired modulation) to a fixed
intermediate frequency. In this service, the
high-frequency signal and another signal from
a local oscillator, whose frequency is either
lower or higher than the h.f. signal by an
amount equal to the intermediate frequency
(the frequency to which it is desired to con-
vert), are fed to appropriate grids of the con-
verter tube. The resultant intermodulation of
the two signals in the converter tube produces
one frequency which is the sum of the two,
and another frequency which is equal to the
difference between their frequencies. It is this
latter frequency which is selected by the out-
put circuit of the mixer tube, and which is
subsequently fed to the intermediate frequency
amplifier.

Conversion
Conductance

The relative efficiency of a con-
verter tube in changing one
frequency to another is called
its conversion conductance or transconduc-
tance. Recent improvements in mixer tubes
have allowed sizeable improvements to be
made in the efficiency of mixer stages. With
the latest types of mixer tubes it is possible to
obtain nearly as much gain from a frequency
changing stage as from an amplifier stage with
its input and output circuits on the same fre-
quency. Discussion of mixer characteristics will
be found in the chapter, Receiver Theory. and
under the section Special Purpose Mixer Tubes
earlier in this chapter.

The characteristics of the
vacuum tube make it
very well suited for use
as a measuring device in
electrical circuits, especially when no power
may be taken from the circuit under measure-
ment. Vacuum tube voltmeters are the most
common application of this principle. V.t.
voltmeters of the peak-indicating and r.m.s.
types will be found in the chapter Test and
Measurement Equipment.

Particular types of vacuum tube voltmeters
utilizing the action of an electron stream upon
a fluorescent material to give a visual indica-
tion are the electron-ray or “"magic-eye” tubes,
and the cathode-ray oscilloscope. In the elec-
tron-ray tube a small knife whose charge
varies with the voltage under measurement
(usually the amplified d.c. voltage of an a.v.c.
circuit) deflects the electron stream to produce
a varying angle of fluorescence on the visible
screen at the end of the tube.

In the cathode-ray tube an electron gun con-
sisting of cathode, grid, and accelerating anode
or plate (the “electron gun™) shoots a fine
beam of electrons between two sets of deflect-
ing plates separated by 90° to a fluorescent
viewing screen at the end of the tube. One set
of deflecting plates is most commonly set up
so that it will deflect the stream of electrons
back and forth in the horizontal plane. The
other set of deflecting plates is oriented so that
it will deflect the same stream up and down in
the vertical plane. The practical design, con-
struction, and application of the cathode-ray
oscilloscope to the problems of the amateur
station is covered in Chapter 25.

The Vacuum Tube
as a Measuring
Device
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Radio Receiver Theory

A RADIO receiver may be defined as a
device for reproducing in the form of useful
output the intelligence conveyed by " radio
waves applied to it. Usually an antenna is a
necessary adjunct to the receiver. Antennas
will not be discussed in this chapter, however,
as their function and design is thoroughly
covered in later chapters.

All receivers use some sort of de-
tector to make audible the intelli-
gence impressed on the radiated carrier wave
at the transmitter. The process of impressing
the intelligence on the carrier wave is known
as modulation, and as the detector separates
this modulation from the carrier, it is often
known as a demodulator. One of the sim-
plest practical receivers consists of a tuned
circuit for selecting the desired radio signal
and a detector for separating the modulation
from the carrier. The detector may be either a
mineral such as galena or carborundum, or
else a2 vacuum tube. Figure 1 shows such a
receiver using a diode vacuum tube as a detec-
tor. The sensitivity of this receiver, or in other
words its ability to make audible weak signals,
would be very low, but it is useful to illustrate
the basic action of all receivers.

Energy from a passing radio wave will in-
duce a voltage in the antenna and cause a
radio-frequency current to flow from antenna
to ground through coil L. The alternating
magnetic field set up around L, links with the
turns of L. and causes an r.f. current to flow
through the parallel-tuned circuit, L.-C. When
variable condenser C is adjusted so that the
tuned circuit is resonant at the frequency of
the applied signal, the r.f. voltage is maximum,
as explained in Chapter 2. This r.f. voltage is
applied to the diode detector where it is recti-
fied into a pulsating direct current and passed
through the earphones. The pulsations in this
voltage correspond to the modulation placed
on the signal at the transmitter. As the ear-
phone diaphragms vibrate back and forth fol-
lowing the pulsating current they audibly re-
produce the original modulation.

Detection

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 represents

68

the same carrier, increased in amplitude, as it
appears across the tuned circuit. In C the pul-
sating d.c. output from the detector is seen.

The receiver shown in Figure 1 would be an
extremely poor one, being suitable only for
use in the immediate vicinity of a transmitting
station. By adding an audio amplifier, however,
as shown in Figure 2A, the output of the re-
ceiver may be increased greatly. In 2A, the ear-
phones of Figure 1 have been replaced by a
resistor, R, and an r.f. by-pass condenser, C.
The audio voltage across R and C, is coupled
to the grid of a class A audio amplifier by
means of a coupling condenser C., and the
headphones are placed in the plate circuit of
the amplifier stage. Grid bias is supplied by a
C battery, which is connected to the amplifier
grid through a high resistance, R..

To simplify the circuit shown at 2A, the
load resistor, R, and its by-pass condenser may
be moved around the circuit until they are in
series with the diode plate, instead of its
cathode. The voltage across R and G, is still
pulsating d.c., with the pulsation corresponding
to the modulation on the signal, but the d.c.
voltage at the diode plate is now always nega-
tive in respect to ground. Having a negative
voltage at the diode plate allows the amplifier
stage grid to be directly connected to this point,
thus dispensing with the bias battery, the grid
return resistor R,, and coupling condenser C,.

Still further simplification of the circuit is
shown at 2C, where the triode grid has entirely
reglaced the diode plate, thus eliminating one
tube from the circuit. An r.f. by-pass condenser
Cs has been added in 2C to remove any r.f.
which finds its way into the plate circuit. The
circuit shown at 2C is known as a grid leak
detector, and as the above discussion has
shown, it is simply a diode detector plus an
audio amplifier, both combined in a single
tube. The grid-leak detector is not limited to
triodes; tetrodes or pentodes may also be used,
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Figure 1.
DIODE DETECTOR RECEIVER.

This circuit would make a very poor receiver,

but it is useful in Hlustrating the process of

detection. The operation of the circuit is de-
scribed in the text.

these generally having greater sensitivity than
the triodes.

Since the grid-leak detector shown in Figure
2C produces an audio output that corresponds
only to the modulation on a signal, it is use-
less for the reception of unmodulated radio-
telegraph (c.w.) signals. Such signals may be
made audible, however, by applying another
radio-frequency signal to the detector along
with the desired signal. If the difference in
frequency between the two signals falls in the
audio-frequency range, a heterodyne or “beat
note” at the difference frequency will be heard
in the 'phones. The beat note will, of course,
start and stop to conform with the code char-
acters of the distant signal.

The 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 pur-
pose of detector and oscillator. A detector
which self-oscillates to provide a beat note is
known as an awrodyne detector, and the proc-
ess of obtaining feedback between the detector
plate and grid is called regeneration. A typical
regenerative detector is shown in Figure 3.

In the circuit shown in Figure 3, radio-
frequency energy from the detector plate is
coupled back to the grid by means of the
tickler coil, L.. This coil is closely coupled to
the grid winding, L, and when the phasing
between the two coils is correct, the energy
from the plate circuit adds to that in the gnid
circuit, thus increasing the amplification. When
the energy fed back is sufficient to overcome
the losses in the grid circuit, oscillation takes
place and autodyne reception occurs.

The autodyne dstector is most sensitive
when it is barely oscillating, and for this rea-
son a regeneration control is always included
in the circuit to adjust the feedback to the
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Figure 2.
GRID-LEAK DETECTOR DEVELOP-
MENT.

Showing the development of a grid-leak de-
tector from a diode detector plus audio
amplifier.

proper amount. Condenser C; in Figure 3 is
the regeneration control. This condenser serves
as a variable plate by-pass condenser, and is
commonly called a “throttle condenser.”
With the detector regenerative, that is, with
feedback taking place, but not enough to cause
oscillation, it is also extremely sensitive. When
the circuit is adjusted to operate in this man-
ner, modulated signals may be received with
considerably greater strength than when the
detector is in a2 non-regenerative condition.

Other Regen-
erative Detectors

The circuit shown in Fig-
ure 3 is by no means the
only one which will give
satisfactory results as a regenerative detec-
tor. There are several methods by which re-
generation may be obtained, and also several
alternative methods of controlling the regen-
eration. In tubes with an indirectly-heated
cathode, regeneration may be obtained by tap-
ping the cathode onto the grid coil a few turns
up from the ground end, or by returning the
cathode to ground through a coil coupled to
the grid winding. With tetrode or pentode
tubes, feedback is sometimes provided by con-
necting the screen, rather than the plate, to the
tickler coil.

Alternative methods of controlling regener-
ation consist of providing means for varying
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Figure 3.
TRIODE REGENERATIVE DETECTOR.
The reg tive detect k the simplest

practical high-frequency receiver.

the voltage on one of the tube elements, usu-
ally the plate or screen. Examples of some of
the possible variations in regeneration and
control methods are shown in Figure 4.

Amplifier Stages

The sensitivity and selectivity of the re-
ceiver may be increased by adding a tuned
radio-frequency amplifier between the detector
and the antenna. The radio-frequency (r.f.)
amplifier stage increases the strength of the
signal applied to the detector, and thus the
receiver with an r.f. stage is capable of giving
a useful audio output on signals much weaker
than those which represent the minimum use-
ful level of signal strength for the detector
alone. The addition of the tuned circuits re-
quired in the r.f. amplifier also improves the
selectivity of the receiver.

Audio frequency amplifiers may be added
after the detector to enable weak signals which
have been detected to be amplified sufficiently
to actuate the sound-producing mechanism in
the headphones or speaker.

Radio Fre-
quency Amplifiers

A typical tuned radio-
frequency amplifier con-
nected ahead of a regen-
erative detector is shown in Figure 5. A
pentode tube is used in the r.f. stage with a
tuned grid circuit and inductive coupling from
the antenna and to the detector. Capacitive
coupling could be used in both instances; but
in the case of the coupling between stages, a
high-impedance radio-frequency choke would
ordinarily have to be connected to the plate of
the r.f. stage to allow plate voltage to be ap-
plied to the tube though there is a capacity-
coupling system which allows the r.f. choke to
be dispensed with as shown in Figure 6. This
circuit is often used at ultra-high frequencies
where 2 high-impedance resonant circuit in the
plate of the r.f. tube is desired in order to
obtain greater amplification.
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Figure 4.
REGENERATIVE DETECTOR CIRCUITS.

These circuits illustrate some of the more pop-
ular regenerative detectors. Values of 1 to 3
megohms for grid leaks are common. The grid
d lly has a capacity of .0001 ufd.,
while the screen by-pass is 0.1 ufd. Pentode
detectors operate best when the feedback is
adjusted so that they start to oscillate with
from 30 to 50 volts on the screen grid.

The dotted line running between condensers
C, and C; in Figure 5 indicates that their rotor
shafts are mechanically connected (or ganged)
together so that both tuned circuits may be
resonated to the desired signal with but a sin-
gle dial. When the r.f. stage is separate from
the receiver, and its tuning control is not
ganged with that of the receiver proper, it is
commonly known as a preselector. A prese-
lector may be added to any receiver, but it is
most often used with the superheterodyne type.

The amplificition obtained in an r.f. stage
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Figure 5. REGENERATIVE R.F. AMPLIFIER.

R.F. AMPLIFIER CIRCUIT.

An r.f. amplifier ahead of the regenerative de-
tector will increase the receiver’'s selectivity
and sensitivity.
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Figure 6.
CAPACITY COUPLING BETWEEN
STAGES.

This type of coupling circuit is often used at

ultra-high frequencies when it is desired to

have a high impedance plate load for the
r.f. stage.

depends upon the type of circuit which is used;
if the plate load impedance can be made very
high, the gain may be as much as 200 or 300
times. Normal values of gain in the broadcast
band are in the vicinity of 50 times. A gain of
30 per r.f. stage is considered excellent for
shortwave receivers which have a range of
from 30 to 100 meters. Radio-frequency ampli-
fiers for the very short wavelengths, such as
from 5 to 20 meters, seldom provide a gain
of more than 10 times, because of the difficulty
in obtaining high load impedances and the
shunt effect of the rather high input capacities
of most screen-grid tubes.

In low cost receivers, and in
those where maximum per-
formance with a minimum
number of stages is desired, controlled regen-
eration in an r.f. stage is often used. The
regenerative r.f. amplifier increases amplifica-
tion and selectivity in a manner similar to that
of the regenerative detector. The regenerative
r.f. amplifier is never allowed to oscillate, how-
ever; the greatest amplification is obtained with
the circuit operating just below the point of
oscillation. Figure 7 shows a regenerative r.f.
stage of the type generally used on the higher
frequencies.

One minor disadvantage of the regenerative
r.f. stage is the need for an additional control
for regeneration. A more important disadvan-

Regenerative
R.F. Stages

The use of regeneration in the r.f. amplifier

allows greater liticati to be obtai

but the increased gain is accompanied by cm
increase in tube noise.

tage is that, due to the high degree of selec-
tivity obtainable with the regenerative stage,
it is usually impossible to secure accurate
enough tracking between its tuning circuit and
the other tuning circuits in the receiver to
make single-dial control feasible. Where single-
dial control is desired, a small “trimmer” con-
denser is usually provided across the main
r.f.-stage tuning condenser. By making this
condenser controllable from the front panel, it
is possible to compensate manually for slight
inaccuracies in the tracking. A further discus-
sion of regenerative r.f. stages will be found
in the section on superheterodyne receivers, in
which they are most often used.

Audio Amplifiers Audio amplifiers are em-
ployed in nearly all radio
receivers. The audio amplifier stage or stages
are usually of the class A type, although
small class B stages are used in some re-
ceivers. The operation of both of these types
of amplitiers was described in Chapter 3. The
purpose of the audio amplifier is to bring the
relatively weak signal from the detector up to
a strength sufficient to operate a pair of head-
phones or a loud speaker. Either triodes, pen-
todes, or beam tetrodes may be used, the
pentodes and beam tetrodes usually giving
greater output. In some receivers it is possible
to operate the headphones directly from the
detector, without audio amplification. In such
receivers, a single audio stage with a beam
tetrode or pentode tube is ordinarily used to
drive the loud speaker. Representative audio
amplifier arrangements will be found in Chap-
ter 6.

Superregenerative Receivers

At ultra-high frequencies, when it is desired
to keep weight and cost at 2 minimum, a spe-
cial form of the regenerative receiver known
as the superregenerator is often used. The
superregenerator is essentially a regenerative
receiver with a means provided to throw the
detector rapidly in and out of oscillation. The
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frequency at which the detector is made to
go in and out of oscillation varies in different
receivers, but is usually between 20,000 and
100,000 times a second. This considerably in-
creases the sensitivity of the oscillating detec-
tor so that the usual “regeneration hiss” is
greatly amplified when no signal is being re-
ceived. This hiss diminishes in proportion to
the strength of the received signal, loud signals
eliminating the hiss entirely.

Detector
Operation

There are two systems in com-
mon use for causing the de-
tector to break in and out of
oscillation rapidly. In one, a separate interrup-
tion-frequency oscillator is arranged so as to
vary the voltage rapidly on one of the detector
tube elements (usually the plate, sometimes
the screen) at the high rate necessary. The in-
terruption-frequency oscillator commonly uses
a conventional tickler-feedback circuit with
coils appropriate for its operating frequency.

The second, and simplest, type of super-
regenerative detector circuit is arranged so
as to produce its own' interruption frequency
oscillation, without the aid of a separate tube.
The detector tube damps (or ‘“quenches’)
itself out of signal-frequency oscillation at a
high rate by virtue of the use of a high value
of grid leak and proper size plate-blocking
and grid condensers. In this type of “self-
quenched” detector, the grid leak is quite often
returned to the positive side of the power
supply (through the coil) rather than to the
cathode. A representative self-quenched super-
regenerative detector circuit is shown in Fig-
ure 8.

Both types of superregenerative detectors
act as small transmitters and radiate broad,
rough signals unless they are well shielded
and preceded by an r.f. stage. For this reason
they are not too highly recommended for use
on frequencies below 60 Mc. However, there

are occasionally cases where their use is justi-
fied on the 56-to-60 Mc. band. The super-
regenerative receiver tunes very broadly, re-
cetving a band at least 100 kc. wide. For this
reason it is widely popular for the reception of
unstable, modulated oscillators at ultra-high
frequencies.

Frequency modulation reception is possible
with superregenerative receivers, although
with the amount of “swing” ordinarily used
in frequency-modulated transmitters, the audio
output of the receiver is comparable to that
obtained when the signal is amplitude modu-
lated at a rather low percentage. If a wide
swing is used in the transmitter, however, the
receiver’s audio output will compare favor-
ably with that obtained from a fully ampli-
tude modulated carrier of equivalent strength.

Practical superregenerative receiver circuits,
along with a further discussion of their opera-
tion, will be found in Chapter 18.

Superheterodyne Receivers

Because of its superiority and nearly uni-
versal use in all fields of radio reception except
at the extremely high “micro wave” frequen-
cies, the theory of operation of the super-
heterodyne should be familiar to every radio
experimenter, whether or not he contemplates
building a receiver of this type. The follow-
ing discussion concerns superheterodynes for
amplitude-modulation reception. It is, however,
applicable in part to receivers for frequency
modulation. The points of difference between
the two types of receivers, together with cir-
cuits required for f.m. reception, will be found
in Chapter 9.

In the superheterodyne, a radio-
frequency circuit is tuned to
the frequency of the incoming
signal, and the signal across this circuit ap-

Principle of
Operation

Y

INTE RMEDIATE
MIXER —— FARML}I:%Y F— OETECTOR p——i

AUDIO
AMPLIZIER
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Figure 8.
SUPERREGENERATIVE DETECTOR.

This extremely sensitive self-quenched detec-
tor arrangement is often used at ultra-high
frequencies. The plate blocking condenser
must have low reactance at the quench fre-
quency; a value of .006 pfd. is common,

o)

osciLLator | BLOCK DIAGRAM OF SUPERHETERODYNE

Figure 9.

THE ESSENTIAL PARTS OF A SUPER-
HETERODYNE RECEIVER.

There are several possible variations of this
arrangement. R.f. amplifier stages often are
used ahead of the mixer. Occasionally the
i.f. amplifier stages are omitted in simple
superheterodynes.
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plied to a vacuum-tube mixer stage. In the
mixer stage, the signal is mixed with a steady
signal generated in the oscillator stage with
the result that a signal bearing all the modula-
tion applied to the original but of a frequency
equal to the difference between the local oscil-
lator and incoming signal frequencies appears
in the mixer output circuit. The output from
the mixer stage is fed into a fixed-tune inter-
mediate-frequency amplifier, where it is ampli-
fied and detected in the usual manner, and
passed on to the audio amplifier. Figure 9
shows a block diagram of the fundamental
superheterodyne arrangement.

Superheterodyne
Advantages

The advantages of super-
heterodyne reception are di-
rectly attributable to the use
of the fixed-tune intermediate-frequency (i.f.)
amplifier. Since all signals are converted to the
intermediate frequency, this section of the re-
ceiver may be designed for optimum selectivity
and amplification without going into the ex-
tremely complicated tunable band pass ai-
rangements or the number of stages which
would be necessary if the signal-frequency tun-
ing circuits were designed to have a com-
parable degree of selectivity and gain. High
amplification is easily obtained in the inter-
mediate-frequency amplifier, since it operates
at a relatively low frequency, where conven-
tional pentode-type tubes give a great deal of
voltage gain. A typical i.f. amplifier stage is
shown in Figure 10.

From the diagram it may be seen that both
the grid and plate circuits are tuned. Tuning
both circuits in this way is advantageous in
two ways; it increases the selectivity, and it al-
lows the tubes to work into a high-impedance
resonant plate load, a very desirable condition
where high gain is desired. The tuned cir-
cuits used for coupling between i.f. stages are
known as i.f. transformers. These will be more
fully discussed later in this chapter.

The choice of a fre-
quency for the if.
amplifier involves sev-
eral considerations. One of these considera-
tions is in the matter of selectivity; as a general
rule, the lower the intermediate frequency the
better the selectivity. On the other hand, a
rather high intermediate frequency is desirable
from the standpoint of image elimination, and
also for the reception of signals from television
and f.m. transmitters and modulated self-con-
trolled oscillators, all of which occupy a rather
wide band of frequencies, making a broad se-
lectivity characteristic desirable. Images are a
peculiarity common to all superheterodyne re-
ceivers, and for this reason they are given a
detailed discussion later in this chapter.

Choice of Inter-
mediate Frequency

Figure 10.

TYPICAL |I.F. AMPLIFIER STAGE.
Variable-y pentodes are ordinarily used as
i.f. amplitier tubes. Most of the ordinary
tubes require a cathode resistor of around 300
ohms and a 100,000-ohm screen dropping re-
sistor. The  high-tr duct tele-
vision” type pentodes usually need less cath-
ode resistance, and values as low as 100 ohms
are common. The screen resistor for the
“television’” types may have a value between
50,000 and 75,000 ohms. By-pass condens-
ers are usually .05 or 0.1-ufd.

While intermediate frequencies as low as
30 kc. were common at one time, and fre-
quencies as high as 20,000 kc. are used in some
specialized forms of receivers, most present-
day communications superheterodynes nearly
always use intermediate frequencies around
either 455 kc. or 1600 kc. Two other fre-
quencies sometimes encountered in broadcast-
band receivers are 175 kc. and 262 kc.

Generally speaking, it may be said that for
maximum selectivity consistent with a reason-
able amount of image rejection for signal fre-
quencies up to 30 Mc., intermediate frequen-
cies in the 450-470 kc. range are used, while
for a good compromise between image rejec-
tion and selectivity the i.f. amplifier will often
operate at 1600 kc. For the reception of both
amplitude and frequency modulated signals
above 30 Mc., intermediate frequencies near
2100, 4300 and 5000 kc. are most often used.
The intermediate amplifiers in television re-
ceivers will usually be found to operate in the
region between 8000 and 15,000 kc.

Arithmetical
Selectivity

Aside from allowing the use
of fixed-tune band pass am-
plifier stages, the superhetero-
dyne has an overwhelming advantage over the
t.r.f. type of receiver because of what is com-
monly known as arithmetical selectivity.

This can best be illustrated by considering
two receivers, one of the t.r.f. type and one
of the superheterodyne type, both attemptin
to receive a desired signal at 10,000 kc. ang
eliminate a strong interfering signal at 10,010
kc. In the t.r.f. receiver, separating these two
signals in the tuning circuits is practically im-
possible, since they differ in frequency by only
0.1 per cent. However, in a superheterodyne

www americanradiohistorv. com


www.americanradiohistory.com

74 Radio Receiver Theory

THE "RADIO"

with an intermediate frequency of, for exam-
ple, 1000 kc., the desired signal will be con-
verted to a frequency of 1000 kc. and the inter-
fering signal will be converted to a frequency
of 1010 kc., both signals appearing at the
input of the i.f. amplifier. In this case, the two
signals may be separated much more readily,
since they differ by 1 per cent, or 10 times as
much as in the first case.

Mixer Circuits The most important single
section of the superhetero-
dyne is the mixer. No matter how much signal
is applied to the mixer, if the signal is not
converted to the intermediate frequency and
passed on to the i.f. amplifier with a strength
greater than the noise level at the i.f. input, it
is lost. The tube manufacturers have released
a variety of special tubes for mixer applica-
tions, and these, as well as improved circuits
with older type tubes, have resulted in highly
effective mixer arrangements in present-day
receivers.

Figure 11 shows several representative
mixer-oscillator circuits. At “A” is illustrated
control-grid injection from an electron-coupled
oscillator to the mixer. The mixer tube for this
type of circuit is usually a remote-cut-off pen-
tode of the 57—6J7 type. The coupling con-
denser, C, between the oscillator and mixer is
quite small, usually 1 or 2 uufd. Often suffi-
cient coupling will be obtained by simply
twisting a turn or two of hook-up wire around
the mixer grid lead, and using the capacity
between the two wires as a coupling condenser.

This same circuit may be used with the
oscillator output being taken from the oscilla-
tor grid or cathode. The only disadvantage to
this method is that interlocking, or “pulling,”
between the mixer and oscillator tuning con-
trols is likely to take place. A rather high value
of cathode resistor (10,000 to 50,000 ohms) is
usually used with this circuit.

Injection of oscillator voltage into mixer
elements other than the control grid, is illus-
trated by Figures 11B, C, D and E. The circuit
of 11B shows injection into the suppressor
grid of the mixer tube. The suppressor is biased
negatively by connecting it directly to the grid
of the oscillator.

An alternative method of obtaining bias for
the suppressor, and one which is less prone to
cause interlocking between the oscillator and
mixer, is shown in Figure 11C. In this cir-
cuit, the suppressor bias is obtained by allow-
ing the rectified suppressor-grid current to
flow through a 50,000- or 100,000-ohm re-
sistor to ground. The coupling condenser be-
tween oscillator and mixer may be 50 or 100
pufd. with this circuit, depending upon the
frequency. Output from the oscillator may be
taken from the cathode instead of the grid

end of the coil, as shown, if sufficient oscillator
output is available. Mixer cathode resistors
having values between 500 and 5000 ohms are
ordinarily used with the circuits of 11B and C.

The mixer circuit shown in 11D is similar in
appearance to that of 11B. The difference in
the two lies in the type of tube used as a
mixer. The 6L7 shown in 11D is especially
designed for mixer service. It has a separate
shielded injector grid, by means of which volt-
age from the oscillator may be injected. This
circuit permits the same variations as the sup-
pressor-injection system in regard to the
method of connection into the oscillator cir-
cuit. The 6L7 requires rather high screen volt-
age and draws considerable screen current,
and, for these reasons, the screen-dropping re-
sistor is usually made around 10,000 or 15,000
ohms, which is considerably less than the val-
ues of 50,000 to 100,000 ohms used with most
other mixer tubes.

Figure 11E shows injection into the mixer
screen grid. When connected in the manner
shown, a rather large (.01 to 0.1 ufd.) cou-
pling condenser may be used. This circuit is
likely to cause rather bad pulling at high fre-
quencies, as there is no electrostatic shielding
within the mixer tube between the screen grid
and the control grid. A variation of this cir-
cuit, in which the pulling effect is reduced con-
siderably, consists of using an electron-coupled
oscillator circuit similar to that shown in 11A
and connecting the plate of the oscillator and
the screen of the mixer directly together. A
voltage of about 100 volts is then applied to
both the oscillator plate and the mixer screen.

E.C.O.
Harmonics

One disadvantage to the use of
an electron-coupled type oscil-
lator with the ouput taken
from the plate which should be borne in mind
is that the untuned plate circuit of the e.c.
oscillator contains a large amount of harmonic
output. Therefore, considerable selectivity must
be used ahead of the mixer to prevent the har-
monics of the oscillator from beating with
undesired signals at higher frequencies and
bringing them in along with the desired signal.
If it is desired to use an e.c. type oscillator to
secure receiver stabilization in regard to volt-
age changes, it will usually be found best to
take the oscillator output from the tuned grid
circuit, where the harmonic content is low.
The plate of the oscillator tube may be by-
passed directly to ground with this arrange-
ment.

Improved Control-
Grid Injection

In Figure 11F an im-
proved control-grid in-
jection type mixer
circuit is shown. This circuit allows peak mixer
conversion transconductance under wide varia-
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Figure 11,
MIXER-OSCILLATOR COMBINATIONS.

The various oscillators do not have to be used with the mixers with which they happen to be shown.
The triode oscillator shown at E could replace the pentode circuit shown ot B, for instance.

tions in oscillator output. The bias on the
mixer is automatically maintained at the cor-
rect value through the use of grid-leak bias,
rather than by the more common cathode bias
arrangement. The mixer grid leak should have
a value of from 3 to 5 megohms. As in the
circuit shown at 11A, the coupling condenser
should be quite small—on the order of 1 or 2
pufd. It is absolutely essential that a rather
high value of series screen dropping resistor

be used with this circuit to limit the current
drawn by the mixer tube in case the oscillator
injection voltage, and consequently the mixer
bias, is inadvertently removed. The value of
the screen resistor will probably lie around
100,000 ohms or above, depending upon the
type of mixer tube and the available plate
voltage. The resistor value should be deter-
mined experimentally by using a value which
limits the mixer cathode current when the
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osciilator is not operating to the maximum
permissible current specified by the tube manu-
facturer.

The different oscillator ¢ircuits shown in
Figure 11 are not necessarily limited to use
with the mixers with which they happen to be
shown. Almost any oscillator arrangement may
be used with a particular mixer circuit. Exam-
ples of some of the possible combinations will
be found in Chapter 6.

Converter Tubes  There is a series of penta-

grid converter tubes avail-
able in which the functions of the oscilla-
tor and mixer are combined in a single tube.
Typical of these tubes are the G6A7, GAS,
and 6SA7. The term pentagrid has been ap-
plied to these tubes because they have 5 grids,
one of the extra grids being used as grid and
the other as the anode for the oscillator section
of the circuit. Suitable circuits for use with
these tubes are shown in Figures 12A and 12B.

Dual Unit  Another set of combination tubes
Converters  known as /riode-heprodes and

triode-hexodes is also available
for use as combination mixers and oscillators.
These tubes are exemplified by the 6J8G and
the 6K8; they get their name from the fact
that they contain two separate sets of elements
—a triode and a heptode in one case, and a
triode and a hexode in the other. Representa-
tive circuits for both types are shown at 12C
and 12D.

Separate Certain of the combination
Oscillator mixer-oscillator tubes make ex-

ceptionally good high fre-
quency mixers when their oscillator section is
left unused and the oscillator section grid is
connected to a separate oscillator capable of
high output. The 6K8, 6J8G and 6SA7 per-
form particularly well when used in this man-
ner. A circuit of this type for use with a 6K8
is shown in Figure 13. The points marked “X"
in Figure 12 show the proper place to inject
r.f. from a separate oscillator with the otlier
combination type converter tubes. When the
6A7 and 6A8 types are used with a separate
oscillator, the unused oscillator anode-grid is
connected directly to the screen.

Mixer Noise and Images
The effects of mixer noise and images are

Figure 12.

CONVERTER CIRCUITS.
A and B are for “pentagrid’’ tubes, and C and
D are for “triode-heptode’” and ‘‘triode-hex-
ode’” tubes. The points marked *’X' show
where injection from a separate oscillator may
be introduced.
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troubles common to all superheterodynes; since
both these effects can largely be obviated by
the same remedy, they will be considered to-
gether.

Mixer noise of the shot-effect
type, which is evidenced by a
hiss in the audio output of the receiver, is
caused by exceedingly small irregularities in
the plate current in the mixer stage. Noise
of an identical natdre is generated in the am-
plifier stages of the receiver, but due to a
certain extent to the fact that the gain in the
mixer stage is considerably lower than in an
amplifier stage using the same tube, the pro-
portion of inherent noise present in a mixer
usually is considerably greater than in an am-
plifier stage.

Although this noise cannot be eliminated,
its effects can be greatly minimized by placing
sufhcient signal-frequency amplification having
a high signal-to-noise ratio ahead of the mixer.
This remedy causes the signal output from the
mixer to be large in proportion to the noise.
Increasing the gain after the mixer will be of
little advantage in eliminating mixer noise
difhculties; greater selectivity after the mixer
will help to a certain extent, but cannot be
carried too far, since this type of selectivity
decreases the i.f. bandpass and reduces the
strength of the high-frequency components of
modulated signals.

Mixer Noise

Images  Images are a result of frequency
conversion. They are a consequence
of the fact that there are two signal fre-
quencies which will combine with a single
oscillator frequency to produce the same dif-
ference frequency. For example: a superhetero-
dyne with its oscillator operating on a higher
frequency than the signal, which is common
practice in present superheterodynes, is tuned
to receive a signal at 14,100 kc. Assuming an
if.-amplifier frequency of 450 kc., the mixer
input circuit will be tuned to 14,100 kc.,, and
the oscillator to 14,100 plus 450, or 14,550 kc.
Now, a strong signal at the oscillator plus the
intermediate frequency (14,550 plus 450, or
15,000 kc.) will also give a difference fre-
quency of 450 kc. in the mixer output and will
be received just as though it were actually on
14,100 kc., the frequency of the desired signal.
The image is always fwice the intermediate
frequency away from the desired signal.

The only way that the image could be elim-
inated in this particular case would be to make
the selectivity of the mixer input circuit, and
any circuits préceding it, great enough so that
the 15,000-kc. signal would be eliminated with
these circuits tuned to 14,100 kc.

For any particular intermediate frequency,
image interference troubles become increas-

UNUSED [ T

=4 7.

e T AmB.
| —

._.'
_.l
aHH

Figure 13.

USING A SEPARATE OSCILLATOR
WITH A DUAL-PURPOSE CONVERTER
TUBE.

Certain of the better dual-purpose converter

tubes make excellent mixers when used with

a separate oscillator. The points marked "X

in Figure 12 show where a separate oscillator

may be connected with each of the tubes
shown.

ingly greater as the frequency to which the
signal-frequency portion of the receiver is
tuned is increased. This is due to the fact that
the percentage difference between the desired
frequency and the image frequency decreases
as the receiver is tuned to a higher frequency.
The ratio of strength between a signal at the
image frequency and a signal at the frequency
to which the receiver is tuned (for equal out-
put) is known as the /mage ratio. The higher
this ratio, the better the receiver in regard to
image-interference troubles.

With but a single tuned circuit between the
mixer grid and the antenna, and with 400-500
kc. i.f. amplifiers, image ratios of one hundred
and over are easily obtainable up to frequen-
cies around 5000 kc. Above this frequency,
greater selectivity in the mixer grid circuit
(through the use of regeneration) or addi-
tional tuned circuits between the mixer and
the antenna, are necessary if a good image
ratio is to be maintained.

R.F. Stages  Since the necessary tuned cir-
cuits between the mixer and the
antenna can be combined with tubes to form
r.f. amplifier stages, the reduction of the ef-
fects of mixer noise and the increasing of the
image ratio can be accomplished in a sin-
gle section of the receiver. When incorpor-
ated in the receiver, this section is known
simply as an r.f. ampiifier; when it is a sepa-
rate unit with a separate tuning control it is
often known as a preselector. Either one or two
stages are commonly used in the preselector or
r.f. amplifier. Some single-stage preselectors
and a few 2-stage units use regeneration to
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o. .. still greater amplification and selec-
tivity.

As previously mentioned,
the use of a higher in-
termediate frequency will also improve the
image ratio, at the expense of i.f. selectivity,
by placing the desired signal and the image
farther apart. To give both good image ratio
at the higher frequencies and good selectivity
in the i.f. amplifier, a system known as dou-
ble conversion is sometimes employed. In this
system, the incoming signal is first converted
to a rather high intermediate frequency, such
as 1600 kc., and then amplified and again
converted, this time to a much lower fre-
quency, such as 175 kc. The first i.f. frequency
supplies the necessary wide separation between
the image and the desired signal, while the
second one supplies the bulk of the i.f. selec-
tivity.

Double Conversion

Regenerative R.f. amplifiers for wave-
Preselectors lengths down to 20 meters

can be made to operate effi-
ciently in a nonregenerative condition. The
amplification and selectivity are ample over
this range. For higher frequencies, on the other
hand (wave-lengths below 20 meters), con-
trolled regeneration in the r.f. amplifier is
often desirable for the purpose of increasing
the gain and selectivity.

As previously discussed, a disadvantage of
the regenerative r.f. amplifier is the need for
an additional regeneration control, and the
difficulty of maintaining alignment between
this circuit and the following tuned circuits.
Resonant effects of antenna systems usually
must be taken into account; a variable antenna
coupling device can sometimes be used to com-
pensate for this effect, however.

The reason for using regeneration at the
higher frequencies and not at the medium and
low frequencies can be explained as follows:
The signal-to-noise ratio (output signal) of
the average r.f. amplifier is not made higher
by the incorporation of regencration, but the
signal-to-noise ratio of the receiver as a whole
is improved at the very high frequencies be-
cause of the extra gain provided ahead of the
mixer, this extra gain tending to make, the
signal output a larger portion of the total
signal-plus-noise output of the receiver. At low
frequencies an r.f. stage has sufficient gain to
do this without resorting to regeneration.

Signal-Frequency Tuned Circuits

Tke signal-frequency tuned circuits in su-
perheterodynes and tuned radio frequency
types of receivers consist of coils of either the
solenoid or universal-wound types shunted by

variable condensers. It is in these tuned circuits
that the causes of success or failure of a re-
ceiver often lie. The universal-wound type
coils usually are used at frequencies below
2000 kc.; above this frequency the single-layer
solenoid type of coil is more satisfactory.

The two factors most affecting
the tuned circuits are imped-
ance and Q. As explained in
Chapter 2, Q is the ratio of reactance to resist-
ance in the circuit. Since the resistance of
modern condensers is low at ordinary fre-
quencies, the resistance usually can be consid-
ered to be concentrated in the coil. The resist-
ance to be considered in making Q determina-
tions is the r.f. resistance, not the d.c. resistance
of the wire in the coil. The latter ordinarily is
low enough that it may be neglected. This r.f.
resistance is influenced by such factors as wire
size and type, and the proximity of metallic
objects or poor insulators, such as coil forms
with high losses. It may be seen from the
curves shown in Chapter 2 that higher values
of Q lead to better selectivity and increased
r.f. voltage across the tuned circuit. The in-
crease in voltage is due to an increase in the
circuit impedance with the higher values of Q.
Frequently it is possible to secure an in-
crease in impedance in a resonant circuit, and
consequently an increase in gain from an
amplifier stage, by increasing the reactance
through the use of larger coils and smaller
tuning condensers (higher L/C ratio). In spite
of the fact that the Q of the coil probably will
be lowered by this process, the impedance,
which is a function of both reactance and Q,
will be greater because for small increases in
reactances the reactance will increase faster
than the Q decreases. The selectivity will be
poorer, but in superheterodyne receivers selec-
tivity in the signal-frequency circuits is of
minor importance where signals on adjacent
channels are concerned. On the other hand,
the t.r.f. type of receiver requires good selec-
tivity in the tuned circuits, and a compromise
between impedance and Q must be made.

Impedance

and Q

Another factor which in-
fluences the operation of
tuned circuits is the input resistance of the
tubes placed across these circuits. At broadcast
frequencies, the input resistance of most con-
ventional r.f. amplifier tubes is high enough
so that it is not bothersome. But as the fre-
quency is increased, the input resistance be-
comes lower and lower, until it ultimately
reaches a value so low that no amplification
can be obtained from the r.f. stage. The two
contributing factors to the decrease in input
resistance with increasing frequency are the
transit time required by an electron traveling

Input Resistance
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between the cathode and grid, and the induct-
ance of the cathode lead common to both the
plate and grid circuits. As the frequency be-
comes higher, the transit time can become
an appreciable portion of the time required by
an r.f. cycle of the signal voltage, and current
will actually flow into the grid even though
it is biased negatively. The result of this effect
is similar to that which would be obtained by
placing a resistance between the tube’s grid
and cathode.

. Since the input resistance of conventional
tubes can reach rather low values at frequen-
cies above 10 Mc. or thereabouts, there is often
no practical advantage to be realized by going
to great pains to design a very high impedance
tuned circuit for these frequencies, and then
shunting it with the tube’s input resistance.
At any given frequency the tube input resist-
ance remains constant, regardless of what is
done to the tuned circuit, and increasing the
tuned circuit impedance beyond three or four
times the input resistance will have but little
effect on the net grid-to-ground impedance of
the amplifier stage.

The limiting factor in r.f. stage gain is the
ratio of input conductance to the tube trans-
conductance. When the input conductance
becomes so great that it equals the transcon-
ductance, the tube no longer can act as an
amplifier. One of the ways of increasing the
ratio of transconductance to input conductance
is exemplified by the “acorn” and “miniature”
type tubes, in which the input conductance is
reduced through the use of a smaller element
structure while the transconductance remains
nearly the same as that of tubes ordinarily
used at lower frequencies. Another method of
accomplishing an increase in transconductance-
input conductance ratio is by greatly increas-

R.F. INPUT 9 %

= Q
TO AV.C. +8

Figure 14.

IN HIGH-FREQUENCY
STAGES.

To reduce the detrimental c"ecf: o! common
cathode induct at the high q

all by-pass condensers should be refumod di-
rectly to the socket cathode terminal. Cer-
tain of the newer type tubes have two cathode
terminals, and with these types the plate and
screen by-passes should be returned to one
terminal and the grid by-poss to the other.

BY-PASSING

ing the transconductance at the expense of a
proportionately small increase in input con-
ductance. The latter method is exemplified by
the so-called “television pentodes,” which have
extremely high transconductance and an input
conductance several times that of the acorn
tubes.

A recently-released tube, which will prob-
ably be followed by others of the same general
type, gives an increase in transconductance-
input conductance ratio by the use of separate
cathode leads for the grid and plate returns in
conjunction with a design which gives fairly
.high transconductance. By using separate leads
to the cathode for the input-output circuit re-
turn connections, the inductance common to
both circuits may be held to a minimum, and
the input conductance thus decreased.

With conventional tubes having a single
cathode terminal, the only control the con-
structor has over the input resistance is
through eliminating, so far as possible, the
cathode lead inductance common to the input
and output circuits. This means that all by-
pass condensers associated with a tube should
be connected separately and directly to the
socket cathode terminal. The ground connec-
tion for the stage may be made by a single
condenser from the cathode to chassis. A
typical circuit is shown in Figure 14.

Some of the difficulties presented by input-
resistance effects may be obviated by tapping
the grid down on the coil, as shown in Figure
15. Although this circuit does not actually
cause any reduction in the tube’s input con-
ductance, it does remove some of the loading
from the tuned circuit, and thus will improve
the selectivity. With a tuned circuit, which by
itself has a high impedance, there will be no
loss in r.f. voltage applied to the grid, and the
net result of tapping the grid down on the coil
will be an improvement in selectivity without
a loss in stage gain. This circuit is commonly
employed with high-transconductance tubes
when operating on the 28-30 Mc. amateur
band, and nearly always with such tubes on
the 56-60 Mc. band. Acorn and u.h.f. “minia-

GRID TAPPED Y5 TO % way
DOWN FROM “HOT™ END

Figure 15.
REDUCING GRID-LOADING EFFECTS.
By tapping the grid down on the coil, as shown,
the selectivity may be increased when high-
transconductance tubes are used at high fre-
quencies.
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ture” tubes, due to their smaller dimensions
and lower capacities, are considerably better
than the conventional types at ultra-high fre-
qlt:cncies, and it usually is not necessary to tap
their grids down on the tuned circuit until
frequencies around 200 Mc. are reached.

Superheterodyne
Tracking

Because the mixer (and
r.f. stages, if any) and the
oscillator operate on dif-
ferent frequencies in superheterodynes, in some
cases it IS necessary to make special pro-
visions to allow the oscillator to track with

the other tuned circuits when similar tuning,

condensers are used. The usual method of
obtaining good tracking is to operate the oscil-
lator on the high-frequency side of the mixer
and use a series “tracking condenser” to slow
down the tuning rate of the oscillator. The
oscillator tuning rate must be slower because
it covers a smaller range than does the mixer
when both are expressed as a percentage of
frequency. At frequencies above 7000 kc. and
with ordinary intermediate frequencies, the
difference in percentage between the two tun-
ing ranges is so small that it may be disre-
garded in receivers designed to cover only a
small range, such as an amateur band.

A mixer and oscillator tuning arrangement
in which a series tracking condenser is pro-
vided is shown in Figure 16. The value of the
tracking condenser varies considerably with
different intermediate frequencies and tuning
ranges, capacities as low as .0001 ufd. being
used at the lower tuning-range frequencies,
and values up to .01 gfd. being used at the
higher frequencies.

Bandspread
Tuning

The frequency to which a re-
ceiver responds may be varied
by changing the size of either
the coils or the condensers in the tuning cir-
cuits, or both. In short-wave receivers 2 com-
bination of both methods is usually employed,

LT ¢ e

OSCILLATOR
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SERIES TRACKING
CONDENSEZR

Figure 16.
OSCILLATOR SERIES TRACKING CON-
DENSER ARRANGEMENT.
The series condenser allows the oscillator to
have a slower rate of capacity change than
the mixer.

the coils being changed from one band to an-
other, and variable condensers being used to
tune the receiver across each band. In practical
receivers, coils may be changed by one of two
methods: a switch, controllable from the panel,
may be used to switch coils of different sizes
into the tuning circuits or, alternatively, coils
of different sizes may be plugged manually
into the receiver, the connection tnto the tuning
circuits being made by suitable plugs on the
coils. Where there are several “plug-in" coils
for each band, they are sometimes arranged on
a single mounting strip, allowing them all to
be plugged in simultaneously.

In receivers using large tuning condensers
to cover the short-wave spectrum with a mini-
mum of coils, tuning is likely to be quite dif-
ficult, owing to the large frequency range
covered by a small rotation of the variable
condensers. To alleviate this condition, some
method of slowing down the tuning rate, or
bandspreading, must be used.

Quantitatively, bandspread is usually desig-
nated as being inversely proportional to the
range covered. Thus, a /arge amount of band-
spread indicates that a small frequency range
is covered by the bandspread control. Con-
versely, a small amount of bandspread is taken
to mean that a /arge frequency range is cov-

- ered by the bandspread dial.

Types of
Bandspread

Bandspreading systems are
of two general types: elec-
trical and mechanical. Me-
chanical systems are exemplified by high-ratio
dials in which the tuning condensers rotate
much more slowly than the dial knob. In this
system there is often a separate scale or point-
er either connected or geared to the dial knob
to facilitate accurate dial readings. However,
there is a limit to the amount of mechanical
bandspread which can be obtained in an inex-
pensive dial before the speed-reduction unit
develops backlash, which makes tuning diffi-
cult. To overcome this, most receivers employ
a combination of electrical and mechanical
bandspread. In this system, a2 moderate reduc-
tion in the tuning rate is obtained in the dial,
and the rest of the reduction obtained by elec-
trical bandspreading.

In one form of electrical band-
spread, two tuning condens-
ers are used in parallel across
each coil, one of rather high capacity to cover
a large tuning range, and another of small
capacity to cover a small range around the
frequency to which the large condenser is set.
These condensers are usually controlled by
separate dials or knobs, the large condenser
being known as the bandsetting condenser,
and the smaller one being the bandspread con-

Parallel
Bandspread
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