PO . - o=y ' N ) -

The radio

amateurs
han(lbook

THE STANDARD MANUAL OF AMATEUR
RADIO ' COMMUNICATION

1946

EDITION

$'| IN CONTINEN- °
TAL U.S.A ,

“ad
20

PUBLISHED BY

 THE AMERICAN RADIO RELAY LEAGUJE/

’ 1

Yo

__'\N\‘*:‘ LY World Rad _. il
e —_ e U —" e i M e SRR Sy e Do ] .__A_.-—_.



Ned H., Hockensmith



{

Ned Hockensmith

The Radio
Amateur’s
Handbook

Ned H, Hockensmith




STANDARD SCHEMATIC SYMBOLS USED IN CIRCUIT DIAGRAMS

Py

Antenna

1

Ground

L 1=
T 7T

Fixed Condenser
(See footnote 1)

e
A O

Fixed resistor

_m T =g =q .
Variable resistor, potentiometer, E ﬂéﬂ
i] :(a 1 ®
3 F F >+'

wltage divider, rheostal etc.
% Microphones
A- Single-button
8- Double-button

¢ eater eleme
Electrical heater element oo G
k 0- Oynamic
E- Velocity
A ' 3 £-Crystal
Wirtng diagram devices
A -'71 rel:yammtcd
8- Wires not connected
\/
IOAOOAT Phono pick-ups
Twisted -pair cable electromagnetic and crystal

— S—

Variable or adjustable
A-Single-section
B-Spitt-stator

(label T if trimmer type)
(See footnote 2)

Bk

Air-core tnductor
A- Fixed coil or rf choke
B-Cotl with fixed tap
C-Coil with variable tap
@mall circles indicote plug-and.
Jack or binding post terminals)

—000000—

lron-core inductor or choke

A
A-Air-core transformeror in-
ductively-coupled coils (Arrow
used only if coupling us vartable
8- Link coupled corls

i1

Iron-core transformers
A-laminated core
8- Powdered-iron core
(Arrows indicate varwable core
or permeabilt ty tuning)

Coaxial cable [5 t
Double Single
Shielded wire or cable Headphones
Shielding
l l l Loudspeoker
Terminals
with appropriate labels Eﬁ f

! 1J1 LL |1 G

\ -

(4 3]
Switches
A-Spst ’("1“!‘/s
B-Spdt A- Normally-open
C- Dot 8- Normallyclosed
0= Rotary Multipoint -
"T: -CTQ-
A -]
) Vibrators
Ke A- Non-rectifyi
el B- Self- rectifzinnz

=1
Jack
Meter (with®=
—__ 4
G
ot S S
@ Battery Single cell
A B8
Power plugs & o
A-Non-polarized
8-Polarized Rectifier
(Usually dry-disk)
Non-polarized and polarired L
o polrnes e oo & b
Crystals
MN\» A- PiezaZIectrk
Fuse B-Detector

Plate
Filament
Dlode vacuum tube
Plate
Grid
Filament

Triode vacuum tube
Plate
65 A
6 \JA Gz
Cathode
Multi-grid vacuum tube
The grids are usually

numbered,G; being thot
closest to the cl

Filament orheater

Cathode

Photoelectric sathode

Cold cathode

Grid (also beam-confining  _
or beam-forming electrodes)

Plate

—
Diode plate

A =
]
—
Anodes

e/

-—
Electron-ray tube target onodes

proper wentification—V, MA etc)  Cathode -raytube deflectingplates

AP,

Lomps
A~ Panel ordial
8-[lluminating

Neon bulb or voltage regulotor
(VR)tuZe 4

Indicates ya.éeaus tuba

For convenienee and simplicity, schematie wiring diagrams employing conventionalized symbols which represent
various components, as shown above, are used to show the circuit conneetions in assemblies of radio apparatus.
T'he symbols used in this Hundbook follow the standardized forms adopted by the radio industry nnder the ASA
standardization program in 1914, Alternative symbols marked with an asterisk are conventional forms used prior to
mid-1944, included for reference where the original symbol has undergone appreciable change.

! Where it is necessary or dexirable to identify the eleetrodes, the eurved element represents the outside electrode
(marked “outside foil,” “ground,” ete.) in fixed paper- and ceramic-dielectrie condensers, and the negative electrode

in electrolytic condensers,

2 In the modern symhol, the curved line indicates the moving element (rotor plates) in variable and adjustable air-

or mica-dicleetrie condensers. 'T'o distinguirh trimmers, the letter

“F” should appear adjacent to the symbol,

In the case of switches, jacks, relays, ete., only the basie ecombinations are shown. Any combination of these sym-
bols may be assembled as required, following the elementary forms shown,
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Foreword

‘ ~

TwENTY years ago — in 1926 — the first edition of The Radio Amateur’s Handbook
~ was presented to the amateur world. Produced by the amateur’s own organization, the
American Radio Relay League, and written with the needs of the practical amateur con-
stantly in mind, its publication was eagerly greeted by the radio enthusiasts of that day. -
Subsequent edltlons have earned ever-increasing acceptance not only by amateurs but by all
segments of the radio world, from students to engineers, servicemen to operators.

This wide dependence on the Handbook, evidenced by a total printing of nearly a million
and a half copies, primarily is founded on its practical utility, its treatment of radio com-
munication problems in terms of how-to-do-it rather than by abstract discussion and abstruse
formulas.

But there is another factor as well: dealing with a fast-moving and progressive science,
sweeping and virtually continuous modification has been a feature of the IHandbook —
always with the objective of presenting the soundest and best aspects of current practice
rather than the merely new and novel. Its annual rewriting is a major task of the head-
quarters group of the League, participated in by skilled and expericnced amateurs well
acquainted with the practical problems in the art,

In contrast to most publications of a comparable nature, the Handbook is printed in the
format of the League’s monthly magazine, QST. This, together with extensive and usefully-
appropriate catalog advertising by manufacturers producing equipment for the radio ama-
teur, makes it possible to distribute for a very modest charge a work which in volume of
subject matter and profusity of illustration surpasses most available radio texts selling for
several times its price.

When war came to this nation it was discovered by the military and other agencies that
the Handbook was preecisely what was needed to help make practical radiomen for the Army
and Navy and to help those who were training themselves for wartime radio work. Not only
was the Handbook used as a text or reference in many training programs, but it also provided
source data for many service-written special courses. During the war yecars the training
aspects have been given increasing emphasis — not, however, to the detriment of other
long-established features, but rather by increasing the size and scope of the book.

The United States was still at war when work on the present edition was begun. With most
forecasters placing the probable end of the conflict in the summer of 1946, it seecmed wise
to carry the wartime structure of the Handbook through this edition. August, 1945, found
most of the revision completed and a great deal of the book actually printed. But with V-J
Day bringing the imminent prospect of resumption of amateur operation, part of it in newly-
assigned bands calling for revamping or complete redesigning of prewar equipment, it was
apparent that to maintain the high standard of practical usefulness set by previous editions
a new treatment of the v.h.f. section of the book was urgently needed. Although it meant
re-doing much of the work and delaying the appearance of the Handbook beyond the antici-
pated publication date, this revision has been completed. In the Principles and Design section,
which already had been through the presses, the occasional reference to prewar v.h.f. assign-
ments should be read in the light of the new frequencies; revised formulas and charts for the
new bands appear on the back of this page, together with references to the Handbook page
and (where applicable) figure number they replace.

A word about the reference system: It will be noted that each chapter is divided into
sections and that these are numbered serially within each chapter. The number takes the
form of two digits or groups separated by a hyphen. The first figure is the chapter number,
the second the section number within the chapter. Cross-references in the text take such a
form as (§ 4-7), for example, which means that the subject referred to will be found discussed
in Chapter Four, Section 7. Throughout the book, illustrations are serially numbered within
each chapter. Thus Fig. 1107 can be rcadily identified as the seventh illustration in Chapter
Eleven. There is a carcfully-prepared index at the rear of the book.

To a long-established reputation of indispensability in the amateur station of prewar days
thre Handbook now has added a proud record of participation in the national war effort. With
the coming of a new peace and the opening of a new era in amateur communication, we
earnestly hope that the present edition will succeed in bringing as much assistance and
inspiration to amateurs and would-be amateurs as have its predecessors. !

KeENNETH B. WARNER
Managing Secretary, A.R.R.L.
WesT HaArTFORD, CONN.
November, 1945




Frequency Changes

Oceasional references will be found in Chap-
ters 2 to 10, inclusive, to the 56- and 112-Me.
bands, These bands are now 50-51 Me. and
144-148 Me,, respectively, and the new figures
should be substituted wherever encountered.

On page 194, formulas (3) and (4) can be
used without change for computing antenna
lengths in the 50-Me. band.

On page 205, the following chart should be
substituted for the lowermost one in Fig. 1016:
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FREQUENCY MEGACYCLES

The table below should be substifuted for
Table V, page 226, giving dimensions for
b « : i ) = -

square-corner reflectors:

TABLE V

! |
. Number |4 - Spacing
Frequency | Length Il'{”;;"!' o o RIS of| o Driven
1 eflector N Reflector e
Band of Side | oy nts Refleetor | 1 0 ts | Dinale
‘ Flements toVertex
s "—2” J_;”v.;"“ : ;;0 = ;._.35—"=' ” 3”“
(11§ meters) | |
aa-tasMe | 6787 | 31 [ 20 b \ 34"
(2 meters) ‘ |
= — — || [
It Merl a4 | 3 16 s | e
(2 meters) ‘
e Me. s e o v e
(6 meters) | | t
A-3Mer | st a4 | 110” i
{6 meters) i

Dimensions ol square-corner reflector for the
290., 141-, and 50-Me. bands. Alternative de-
signs are listed for the Lite and 50.Me, bands,
These designs, marked (*), have fewer reflector
clements and shorter sides, but the effeetiveness
is only <lightly reduced, There is no reflector
element at the vertex in any of the designs,
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The Amateuf’s Code

<G S * ¢

]lo The Amateur is Gentlemanly

He never knowingly uses the air for his own amusement in such
a way as to lessen the pleasure of others. He abides by the
pledges given by the ARRL in his behalf to the public and

the Government.

20 The Amateur is Loyal

He owes his amateur radio to the American Radio Relay
League, and he offers it his unswerving loyalty.

30 The Amateur is Progressive

He keeps his station abreast of science. It is built well and
efficiently. His operating practice is clean and regular.

4]'@ The Amateur is Friendly

Slow and patient sending when requested, friendly advice and
counsel to the beginner, kindly assistance and cogperation for
the broadcast listener; these are marks of the amateur spirit.

5@ The Amateur is Balanced

Radio is his hobby. He never allows it to interfere with any of
the duties he owes to his home, his job, his school, or his
community.

(60 The Amateur ts Patriotic

His knowledge and his station are always ready for the service
of his country and his community.

* % K K K K K KX K K X
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Amateur Radio

CountiEss thousands of persons all
over the world have enjoyed the thrills and
pleasures of amateur radio. This is a brief ac-
count of how it grew into the magnificently-
useful institution it is today.

Amateur radio is as old as the art itself.
There were amateurs before the present cen-
tury. Shortly after the late Marconi astounded
the world with his experiments proving that
wireless telegraph messages actually could be
sent, ‘“‘amateurs’” were attempting to duplicate
his results. But amateur radio actually began
when private citizens discovered this means
for personal communication with others, and
set about learning enough about ““wireless” to
build home-made stations. Its subscquent de-
velopment may be divided into two phases,
the period before 1917 and the years between
that war and December 7, 1941. Plus, of
course, the new phase now opening.

Amateur radio of pre-World War I bore
little resemblance to radio as we know it today,
except in principle.” Transmitting and recciving
equipment was of a type now long obsolete.
No U. S. amateur had ever heard a foreign one
nor had any foreigner ever reported an Ameri-
can signal. The occans were an impenetrable
wall. Cross-country communication could be
accom:plished only by relays. ‘‘Short waves”
meant 200 meters; the entire spectrum below
that was a vast silence undisturbed by any
signals. By 1912, however, there were numer-
ous Government and commercial stations and
hundreds of amateurs; regulation was needed;
and Inws, licenses and wavelength specifica-
tions for the various services appeared.

“Amateurs? . . . Oh, yes. . . . Well, stick
’em on 200 meters and below; they’ll never
get out of their backyards with that.”

But as the years rolled on, amateurs found
out bow, and DX jumped from loeal to 500-
mile and even occasional 1,000-mile two-way
contacts. Because all long-distance messages
had 1o be relayed, relaying developed into a
fine art — an ability that was to prove in-

valusble when the Government suddenly called

hundreds of skilled amateurs into war service
in 1917. Meanwhile U. S. amateurs began to
wonder if there were amateurs in other coun-
tries across the seas and if, some day, we might
not span the Atlantic on 200 meters.

Most important of all, this period witnessed
the birth of the American Radio Relay League,
the amateur radio organization whose name
was to be virtually synonymous with subse-
quent amateur progress and short-wave de-
velopment. Conceived and formed by the
famous inventor, the late Hiram Percy Maxim,
ARREL was formally launched in early 1914. It

had just begun to exert its full force in amateur
activities when the United States declared war
in 1917, and by that act sounded the knell for
amateur radio for the next two and a half
years. There were then over 6,000 amateurs.
Over 4,000 of them served in the armed forces
during that war.

Today, few amatcurs realize that World
War I not only marked the close of the first
phasc of amateur development but came very
near marking its end for all time. The fate of
amateur radio was in the balance in the days
immediately following the signing of the Armis-
tice. The Government, having had a taste of
supreme authority over communications in
wartime, was more than half inclined to keep
it. The war had not been ended a month before
Congress was considering legislation that would
have made it impossible for the amateur radio
of old ever to be resumed. ARRL’s President
Maxim rushed to Washington, pleaded, ar-
gued, and the bill was defeated. But there was
still no amateur radio; the war ban continued.
Repeated representations to Washington met
only with silence. . . . The League’s offices
had been closed for a year and a half, its rec-
ords stored away. Most of the former amateurs
had gone into service; many of them would
never come back. Would those returning be
interested in such things as amateur radio?
Mr. Maxim, determined to find out, called a
meeting of the old board of directors. The
situation was discouraging: amateur radio still
banned by law, former members scattered, no
organization, no membership, no funds. But
those few determined men financed the pub-
lication of a notice to all the former amateurs
that could be located, hired Kenneth B,
Warner as the League’s first paid secretary,
floated a bond issue among old League meimn-
bers to obtain money for immediate running
expenses, bought the magazine QST to be the
League’s official organ, started activities, and
dunned officialdom until the wartime ban was
lifted and amateur radio resumed again, on
October 1, 1919. There was a headlong rush
to get back on the air.

From the start, amateur radio took on new
aspects. Wartime nceds had stimulated tech-
nical development. Vacuum tubes were being
used both for receiving and transmitting.
Amateurs immediately adapted the new gear
to 200-meter work. Ranges promptly increased
and it became possible to bridge the continent
with but one intermediate relay.

As DX became 1,000, then 1,500 and then
2,000 miles, amateurs began to dream of trans-
Atlantic work. Could they get across? In
December, 1921, in what has been called the
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greatest sporting event of all time, ARRL sent
abroad an expert amateur, Paul F. Godley,
2ZE, with the best receiving equipment avail-
able. Tests were run, and thirty American sta-
tions were heard in Europe. In 1922 another
trans-Atlantic test was carried out and 315
American calls were logged by European ama-
teurs and one Erench and two British stations
were heard on this side.

Everything now was centered on one objec-
tive: two-way amateur communication across
the Atlantic! It must be possible — but some-
how it couldn’t quite be done. More power?
Many already were using the legal maximum.
Better receivers? They had superheterodynes.
Another wavelength? What about those un-
disturbed wavelengths below 200 meters? The
engineering world thought they were worth-
less — but they had said that about 200 met-
ers. So, in 1922, tests between Hartford and
Boston were made on 130 meters with encour-
aging results. Early in 1923, ARRL-sponsored
tests on wavelengths down to 90 meters were
successful. Reports indicated that as the wave-
length dropped the results were betler. A growing
excitement began to spread through amateur
ranks.

Finally, in November, 1923, after some
months of careful preparation, two-way ama-
teur trans-Atlantic communication was aecom-
plished, when Schnell, 1MO, and Reinartz,
1XAM (now W9UZ and W3IBZ, respee-
tively) worked for several hours with Deloy,
8AB, in France, with all three stations on 110
meters! Additional stations dropped down to
100 meters and found that they, too, could
easily work two-way across the Atlantic. The
exodus from the 200-meter region had siarted.
The “short-wave’ era had begun!

By 1924 dozens of commercial companies
had rushed stations into the 100-meter region.
Chaos threatened, until the first of a series of
national and international radio conferences
partitioned off various bands of frequencies
for the different serviees. Although thought
still centered around 100 meters, League ofli-
cials at the first of these confercnces, in 1924,
wisely obtained amateur bands not only at 80
meters but at 40, 20, 10 and even 5 meters.

Eighty meters proved so successful that
“forty” was given a try, and QSOs with Aus-
tralia, New Zecaland and South Africa soon
became commonplace. Then how about 20 me-
ters? This new band revealed entirely unex-
pected possibilities when 1XAM worked 6T
on the West Coast, direct, at high noon. The
dream of amateur radio — daylight DX! —
was finally true.

I'rom then until “Pearl Harbor,” when U. S.
amateurs were again closed down ‘“for the
duration,” amateur radio thrilled with a scrics
of unparalleled accomplishments. Countries
all over the world came on the air, and the
world total of amateurs passed the 100,000
mark. . . . ARRL representatives deliberated
with the representatives of twenty-two other

.\
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nations in Paris in 1925 where, on April 17th,
the International Amateur Radio Union was
formed —a federation of national *amateur
radio societies. . . . The League began is-
suing certificates to those who could prove
they had worked all six continents. By 1941
over five thousand WAC certificates had been
issued! ’

Amateur radio is a grand and glorious
hobby but this fact alone would hardly merit
such wholehearted support as was given it by
our Government at international conferences.
There are other reasons. One of these is a thor-
ough appreciation by the Army and Navy of
the value of the amateur as a source of skilled
radio personnel in time of war. Another asset
is best described as ““public service.”

About 4,000 amatceurs had contributed their
skill and ability in ’17-"18. After the war it was
only natural that cordial relations should pre-
vail between the Army and Navy and the ama-
teur. These relations strengthened in the next
few vears and, in gradual steps, grew into co-
operative activities which resulted, in 1925, in
the establishment of the Naval Communica-
tions Reserve and the Army-Amateur Radio
System. In World War 11 thousands of ama-
teurs in the Naval Reserve were called to ac-
tive duty, where they served with distinetion,
while many other thousands served in the
Army, Air Forees, Coast Guard and Marine
Corps. Altogether, more than 25,000 radio
amateurs served in the armed forees of the
United States. Other thousands were engaged
in vital civilian electronic research, develop-
ment and manufacturing.

The “publie service” record of the amateur
is a brilliant tribute to his work. These activi-
ties ean be roughly divided into two classes,
expeditions and emergencies. Amateur co-
operation with expeditions began in ’23 when a
League member, Don Mix, ITS, of Bristol,
Conn. (now assistant technical editor of QST),
accompanied MacMillan to the Arctic on the
schooner Bowdoin with an amateur station.
Amateursin Canada and the United States pro-
vided the home contacts. The success of this
venture was such that other explorers followed
suit. During subsequent years a total of per-
haps two hundred voyages and expeditions
were assisted by amateur radio, and for many
years no expedition has taken the field without
such plans,

Since 1913 amatcur radio has been the prin-
cipal, and in many cases the only, means of
outside communication in several hundred
storm, flood and earthquake emergencies in
this country. The 1936 eastern states flood, the
1937 Ohio River Valley flood, and the South-
ern Cualifornia flood and Long Island-New
England hurricane disaster in ’38 called for
the amateur's greatest emergency effort. In
these disasters and many others — tornadoes,
sleet storms, forest fires, blizzards — amateurs
played a major réle in the relief work and
earned wide commendation for their resource-
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fulness in effecting communication where all
other means had failed. During 1938 ARRL
inaugurated a new emergency-preparedness
program, registering personnel and equipment
in its Emergency Corps and putting into ef-
fect a comprehensive program of codperation
with the Red Cross.

Throughout these many years the amateur
was careful not to slight experimental develop-
ment in the enthusiasm incident to interna-
tional DX. The experimenter was constantly
at work on ever-higher frequencies, devising
improved apparatus, and learning how to
cram several stations where previously there
was room for only one! In particular, the ama-
teur pressed on to the development of the very
high frequencies and his experience with five
meters is especially representative of his in-
itiative and resourcefulness and his ability to
make the most of what is at hand. In 1924, first
amateur experiments in the vicinity of 56 Me.
indicated that band to be practically worth-
less for DX. Nonctheless, great ““short-haul”
activity eventually came about in the band
and new gear was devcloped to meet its special
problems. Beginning in 1934 a series of inves-
tigations by the brilliant cxperimenter, Ross
Hull (later QS 7"s editor), developed the theory
of v.h.f. wave-bending in the lower atmos-
phere and led amateurs to the attainment of
better distances; while oceasional manifesta-
tions of ionospheric propagation, with still
greater distanees, gave the band uniquely-er-
ratic performance. By Pearl Harbor thousands
of amateurs were spending much of their time
on this and the next higher band, many having
worked hundreds of stations at distances up to
several thousand miles — transcontinental 5-
meter DX had been accomplished! 1t is a

" tribute to these intefatiguble amatcurs that
today's concept of v.h.f. propagation was de-
veloped largely through amateur researeh.

The amateur is constantly in the forefront
of technical progress. Many amateur develop-
ments have come to represent valuable eontri-
butions to the art. The complete record would
fill a book! From the ARRL’s own laboratory
in 1932 came James Lamb's “single-signal”
superheterodyne — the world's most advanced
high-frequency radiotelegraph reeciver — and,
in 1936, the “noise-silencer’ eireuit for super-
heterodynes. During the war, thousands of
skilled amateurs contributed their knowledge
to the development of secret radio deviees,
both in Government and private laboratories.
Equally as important, the prewar technical
progress by amateurs provided the keystone
for the development of modern military com-
munications equipment.

Emergencey relief, expedition contact, ex-
perimental work and countless instances of
other forms of public service — rendered, as
they always have been and always will be,
without hope or cxpectation of material re-
ward — made amateur radio an integral part
of our peacetime national life. The importance

of amateur participation in the armed forces
and in other aspects of national defense have

emphasized more strongly than ever that ama-
teur radio is vital to our national existence.

¢ The American Radio Relay League

The ARRL is today not only the spokesman
for amateur radio in this country but it is the
largest amateur organization in the world. It is
strictly of, by and for amateurs, is noncom-
mercial and has no stockholders. The members
of the League are the owners of the ARRL and
QST.

The League is organized to represent the
amateur in legislative matters. It is pledged to
promote intercst in two-way amateur com-
munication and experimentation. It is inter-
ested in the relaying of messages by amateur
radio. It is concerned with the advancement
of the radio art. It stands for the maintenance
of fraternalism and a high standard of conduct.
One of its principal purposcs is to keep ama-
teur activities so well conducted that the ama-
teur will continue to justify his existence.

The operating territory of ARRL is divided
into fourteen U. 8. and six Canadian divisions.
The affairs of the League are managed by a
Board of Dircctors. One director is elected
every two years by the membership of each
U. S. division, and a Canadian General Man-
ager is elected every two years by the Cana-
dian membership, These directors then choose
the president and viee-president, who are also
members of the Board. The managing secretary,
treasurer and communications manager are
appointed by the Board.

ARRL owns and publishes the monthly
magazine, @S7. Acting as a bulletin of the
Leaguc's organized activities, QST also serves
as a medium for the exchange of ideas and fos-
ters amateur spirit. Its technical articles are
renowned. It has grown to be the “amateur’s
bible,” as well as one of the foremost radio
magazines in the world. Membership dues in-
clude a subscription to QST.

ARRL maintains a model headquarters am-
ateur station, known as the Hiram DPerey
Maxim Mecmorial Station, in  Newington,
Conn. Its call is WIAW, the call held by Mr.
Maxim until his death and later transferred to
the ARRL station by a special FCC action.
Sceparate transmitters of maximum legal power
on cach amateur band have permitted the sta-
tion to be heard regularly all over the world.

Among its other activities the League main-
tains, at its headquarters offices in West Hart-
ford, Conn., a Communications Dcpartment
concerned with the opcrating activities of
League members. A large field organization is
headed by a Section Communications Manager
in cach of the country’s seventy-one sections.
There are appointments for qualified members
as Official Relay Station or Official "Phone
Station for traffic-handling; as Official Ob-
server for monitoring frequencies and the
quality of signals; as Route Manager and
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"Phone Activities Manager for the establish-
ment of trunk lines and networks; as Emer-
gency Codrdinator for the promotion of
amateur preparedness to cope with natural
disasters. Mimeographed bulletins keep ap-
pointees informed of the latest developments.
Special activities and contests promote oper-
ating skill and thereby add to the ability of
amateur radio to function “in the public inter-
est, convenience and necessity.” A special sec-
tion is reserved each month in QST for ama-
teur news from every section of the country.

¢ Amateur Licensing in
‘the United States

“The Communications Act lodges in the Fed-
eral Communications Commission authority

.to classify and license radio stations and to

prescribe regulations for their operation. Pur-
suant to the law, FCC has issued detailed reg-
ulations for the amateur service.

A radio amateur is a duly authorized person
interested in radio technique solely with a per-
sonal aim and without pecuniary interest. Amn-
ateur operator licenses are given to U. 8. citi-
zens who pass an examination on operation
and apparatus and on the provisions of law
and regulations affecting amateurs, and who
demonstrate ability to send and receive code
at 13 words per minute. Station licenses are
granted only to licensed operators and permit
communication between such stations for ama-
teur purposes, i.e., for personal noncommereial
aims flowing from an interest in radio tech-
nique. An amateur station may not be used for
material compensation of any sort nor for
broadcasting. Narrow bands of frequencies are
allocated exclusively for use by amateur sta-
tions. Transmissions may be on any frequency
within the assigned bands. All the frequencies
may be used for c.w. telegraphy and some are
available for radio-telephony by any amateur,
while others are reserved for radiotelephone
use by persons having at least a year’s experi-
ence and who pass the examination for a Class
A license. The input to the final stage of ama-
teur stations is limited to 1,000 watts and on
frequencies below 60 Mc. must be adequately-
filtered direct current. Emissions must be free
from spurious radiations. The licensee must
provide for measurement of the transmitter
frequency and establish a procedure for check-
ing it regularly. A complete log of station oper-
ation must be maintained, with speecified data.
The station license also authorizes the holder
to operate portable and portable-mobile sta-
tions on certain frequencies, subject to further
regulations. An amateur station may be oper-
ated only by an amateur operator licensee,
but any licensed amateur operator may oper-
ate any amateur station. All radio licensees are
subject to penalties for violation of regulations.

Amateur licenses are issued entirely free of
charge. They can be issued only to citizens but
that is the only limitation, and they are given
without regard to age or physical condition to
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anyone who successfully completes the exam-
ination. When you are able to copy 13 words
per minute, have studied basic. transmitter
theory and are familiar with the law and ama-
teur regulations, you are ready to give serious
thought to securing the Government amateur
licenses which are issued you, after examina-
tion at a local district office, through FCC at
Washington. A complete up-to-the-minute
discussion of license requirements, and a study
guide for those preparing for the examination,
are to be found in an ARRL publication, The
Radio Amateur’s License Manual, available
from the American Radio Relay League, West
Hartford 7, Conn., for 25¢, postpaid.

¢ The Amateur Bands

During May, 1945, FCC announced its final
determination of postwar frequency alloca-
tions above 25 Mec. in which certain alterations
and additions to prewar amateur frequencies
were made. Similarly, the Commission an-
nounced proposed changes below 25 Mec. and
these changes are still under consideration as
this is being written in October, 1945. The
Commission’s final recommendations for the
region below 25 Mec. are then subject to further
consideration at the next international con-
ference. Since further changes may be insti-
tuted, it is suggested that the reader consult
subsequent issues of QST or write ARRL for
the latest information.

As of our press date, the prospective postwar
amatcur bands are the following:

3,500- 4,000 ke. 50— 54 Me. 2,300~ 2,450 Me.
7,000- 7,300 144— 148 ¢ 5,250~ 5,650 *
14,000-14,400 * 220- 225 10,000-10,500 **
21,000-21,500 * 420~ 450 ** 21,000-22,000
28,000-29,700 * 1,215-1,295 ¢

In addition it is expected that the amateur,
along with other services, will be given non-
exclusive rights to operate in the frequencies
1750-~1800 kec. solely for the maintenance of
emergency networks and the necessary tests
and drills incident thereto; ahd the right to
make such use as is possible of the frequencies
27,185-27,455 kec., assigned to scientific, indus-
trial and medical uses.

It must be understood that the proposed
21-Mec. band is not likely to be made available
until after the agreement of the next world-
wide conference, possibly effective in 1947.

Finally, it should be carefully noted that, as
of this writing, the position of amateur radio is
that of being gradually released from wartime
restrictions, band by band. These are the ama-
teur bands, but our rights to operate on them
are being restored band by band, as our fre-
quencies are released to us by the military
services. Also, certain portions of these bands
are normally open to ’phone operation and the
portions so allocated are customarily varied
from time to time in accordance with changes
in amateur operational habits. Hence each
amateur must keep himself currently informed
on what bands are authorized.




Chapter IJwo

Electrical and Radio Fundamentals

q 2-1 FUNDAMENTALS OF A RADIO
SYSTEM

THE Basis of radio communication
is tLe transmission of electromagnetic waves
through space. The production of suitable
waves constitutes radio transmission, and their
detertion, or conversion at a distant point into
the intelligence put into them at the originat-
ing point, is radio reception. There are several
distinct processes involved in the complete
chain. At the transmitting point, it is necessary
first to generate power in such form that when
it is applied to an appropriate radiator, called
the antenna, it will be sent off into space in
eleciromagnetic waves. The message to be
conveyed must be superimposed on that power
by suitable means, a process called modulation.

As the waves spread outward from the
transmitter they rapidly become weaker, so
at the recciving point an antenna is again used
to abstract as much energy as possible from
them as they pass. The wave energy is trans-
formed into an electric current which is then
amplified, or increased in amplitude, to a
suitable value. Then the modulation is changed
back into the form it originally had at the trans-
mitter. Thus the message becomes intelligible.

Since all these processes are performed by
electrical means, a knowledge of the basic
principles of clectricity is necessary to under-
stand them. These essential principles are the
subject of the present chapter.

( 2-2 THE NATURE OF ELECTRICITY

Electrons — All  matter — solids, liquids
and gases — is made up of fundamental units
calied molecules. The molecule, the smallest
subdivision of a substance retaining all its
characteristic properties, is constructed of
atoms of the elements comprising the substance.

Atoms in turn are made up of particles, or
charges, of electricity, and atoms differ from
each other chiefly in the number and arrange-
ment of these charges. The atom has a nucleus
comntaining both ‘“positive” and ‘‘negative”
charges, with the positive predominating so
that the nature of the nucleus is positive.
The charges in the nucleus are closely bound
together. Exterior to the nucleus are negative
charges — electrons — some of which are not
so ¢closely bound and can be made to leave the
vieinity of the nucleus without too much urg-
ing. These electrons whirl around the nucleus
like the planets around the sun, and their orbits
are not random paths but geometrically-
regular ones determined by the charges on the

nucleus and the number of electrons. Ordinarily
the atom is electrically neutral, the outer nega-
tive electrons balancing the positive nucleus,
but when something disturbs this balance
electrical activity becomes evident, and it is
the study of what happens in this unbalanced
condition that makes up electrical theory.

Electrons are exceedingly small particles —
so small that many billions of them must act to-
gether before measurable electrical effects are
observed.

Insulators and Conductors — Materials
which will readily give up an electron are called
conductors, while those in which all the elec-
trons are firmly bound in the atom are called
insulators. Most metals are good conductors,
as are also acid or salt solutions. Among the
insulators are such substances as wood, hard
rubber, bakelite, quartz, glass, porcelain, tex-
tiles, and many other non-metallic materials.

Resistance — No substance is a perfect con-
ductor — a “perfect” conductor would be
one in which an electron could be detached
from the atom without the cxpenditure of
energy — and there is also no such thing as a
perfect insulator. The measure of the difficulty
in moving an electron by electrical means is
called reststance. Good conductors have low re-
sistance, good insulators very high resistance.
Between the two are materials which are
neither good conductors nor good insulators,
but they are nonetheless useful since there is
often need for intermediate values of resistance
in clectrical circuits.

Conduction — Under the influence of a
suitable force — that is, an electric field —
electrons tend to move. If the substance is one
in which electrons can be detached from atoms
as explained above, these electrons will move
through the substance. This is the process of
conduction, and the moving electrons consti-
tute an electric current. The intensity of the
current depends upon the amount of force
exerted on the clectrons, and also upon the re-
sistance of the material through which they are
moving. )

Strictly speaking, this description applies
only to conduction through solid substances.
However, conduction in liquids and gases, al-
though different in detail, is similar in princi-
ple. These cases are treated later in chapter.

Circuits — A circuit is simply a complete
path along which electrons can transmit their
charges. There will normally be a source of
energy (a battery, for instance) and a load or
portion of the circuit where the current is made
to do work. There must be an unbroken path
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through which the electrons can move, with
the source of energy acting as an electron
pump and sending them around the circuit.
The circuit is said to be open when no charges
can move, because of a break in the path. It is
closed when no break exists — when switches
are closed and all connections are made.

€ 2-3 Static Electricity

The electric charge — Many materials that
have a high resistance can be made to acquire
a charge (surplus or deficiency of electrons)
by mechanical means, such as friction. The fa-
miliar crackling when a hard-rubber comb is
run through hair on a dry winter day is an
example of an electrie charge generated by
friction. Objects can have either a surplus or a
deficiency of electrons — a surplus of electrons
is called a negative charge; a lack of them is
called a positive charge. The kind of charge is
called its polarity. A negatively charged object
is frequently called a negative pole, while a
positively charged object similarly is called a
positive pole.

Attraction and repulsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. This can be demonstrated by
giving charges of oppoxite polarity to two very
light, well-insulated conduectors, such as bits
of metal foil suspended from dry thread (Fig.
201). Pith balls covered with foil frequently
are used in this experiment.

When the two charged objects are brought
close together, it will be observed that they will
be attracted to each other. If the charges are
equal and the charged bodies are permitted to
touch, the surplus clectrons on the negatively
charged objeet will transfer to the positively
charged object (i.e., the one deficient in elee-
trons) and the two charges will neutralize,

Fig. 201 Attraction and repulsion of charged objects,
as demonstrated by the familiar pith-ball experiment.

leaving both bodies uncharged. 1f the charges
are not. equal, the wenker charge neutralizes an
equal amount of the stronger when the two
bodies touch, upon which the excess of the
stronger charge distributes itself over both.
Both bodies then have charges of the same
polarity, and a force of repulsion is exercised
between them. Consequently, the bits of foil
tend to spring away from each other. Unlike
charges attract, like charges repel.
Electrostatic field — From the foregoing it
is evident that an eleétric charge can exert a
force through the space surrounding the
charged object. The region in which this force
is excrted is considered to be pervaded by an
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electrostatic field, this concept of a field being
adopted to explain the ‘‘action at a distance”
of the charge. The field is pictured as consisting
of lines of force originating on the charge and

Fig. 202 — Lines of foree from a charged object ex-
tend outward radially. Although only two dimensions
are shown, the field extends in all directions from the
charge, and should be visnalized in three dimensions.

spreading in all directions, finally terminating
on other charges of opposite polarity. These
other charges may be a very large distance
away. The number of lines of force per unit
area is, however, a measure of the intensity of
the field.

The general picture of a charged object in
isolated space is shown in Fig. 202, This is an
idealized situation, since in practice the charged
object could not be completely isolated. The
presence of other charges, or simply of in-
sulators or conductors, in the vicinity will
greatly change the configuration of the ficld.
The direction of the field, as indieated by the
arrowheads, is away from a positively charged
objeet; if the charge were negative, the direc-
tion would be toward the eharge.

It should be understood that the field pic-
ture as represented above is merely a con-
venient method of explaining observed effects,
and is not to be taken too literally. The clectric
force does not consist of separate lines like
strings or rods; instead, it completely pervades
the medium through which the force is exerted.
With this understanding in mind, it is con-
renicnt to talk of lines of force and to measure
the field intensity in terms of number of lines
per unit area.

The intensity of the field dies away with
distanee from the charged object in a manner
determined by its shape and the eircum-
stances of its surroundings. In the case of an
isolated charge at a point (an infinitesimally
small object). the field strength is inversely
proportional to the square of the distance.
However, this relationship is not true in many
other eases; in some important practical ap-
plications the field intensity is inversely pro-
portional to the distance involved, and not to
1ts =quare.

Electrostatic induction — If a piece of
condueting material is brought near a charged
object, the field will exert a foree on the elec-
trons of the metal 2o that those free to move
will do so. If the objeet is positively charged.
as indieated in Fig. 203, the free clectrons will
move toward the end of the conductor nearest
the charged body, leaving a deficiency of elec-
trons at the other end. Hence, one end of the
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conductor becomes negatively charged while
the other end has an equal positive charge.
The lines of force from the charged body ter-
minate on the conductor, where sufficient
electrons accumulate to provide an electric
intensity equal and opposite to that of the
field at that point. Because of this effect, the
electrostatic field inside the conductor is comn-
pletely neutralized by the induced charge; in
other words, the field does not penetrate the
conductor, In radio work this prineciple pro-
vides the means by which electrostatic fields
may be excluded from regions where they are
not wanted.

Charges induced in a conductor as shown in
Fig. 203-A are held in existence by the field
fromn the charged object. On taking the con-
ductor out of the field the electrons will re-
distribute themselves so that the charges dix-
appear. However, if the conductor is con-
nected to the earth through a wire while under
the influence of the field, as shown in Fig.
203-1B, the induced positive charge will tend to
move as far as possible from the source of the
field (that is, clectrons will flow from the earth
to the condutetor). If the grounding wire is then
removed, the conductor will be left with an
excess of electrons and will have acquired a
“permanent’” charge — permanent, that is, so
long as the conductor is well enough insulated
to prevent the charge from escaping to earth
or to other objects. The polarity of the induced
charge always is opposite to the polarity of the
charge which set up the original field.

Energy in the electrostatic field — The
expenditure of energy is necessary to place an
electrical charge upon an object and thus es-
tablish an electrostatic field. Onece the field is
established and is constant, no further ex-
penditure of energy is required. The energy
supplicd to establish the field is stored in the
field; thus the field represents potential energy
(that is, energy available for use). The poten-
tial energy is acquired in the same way that
potential energy is given any object (a 10-
pound weight, for instance) when it is lifted
against the gravitational pull of the carth. 1f
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Fig. 203 — Electroatatic induction. The field from the
positively charged body attracts electrons, which ac-
cumulate to form a negative charge. The opposite end of
the econductor consequently acquires a positive charge.
This charge may be *“drained off " to earth as shown at B.
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the weight is allowed to drop, its potential
energy is changed into the energy of motion.
Similarly, if the electrostatic field is made to
disappear its potential energy is transformed
into a movement of electrons; in other words,
into an electric current.

The potential energy of the lifted weight is
measured by its weight and the distance it is
lifted; that is, by the work done in lifting it.
Similarly, the potential energy (called simply
potential) of the electrostatic field at any point
is measured by the work done in moving a
charge of specified value to that point, against
the repulsion of the field. In practice, absolute
potential is of less interest than the difference
of potential between two points in the field.

Potential difference — If two objects are
charged differently, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the voll.
The greater the potential difference, the
higher (mumerically) the voltage. This voltage
exerts an electrical pressure or force as explained
above, and is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges in order to have a difference of
potential; both, for instance, may be negative,
so long as one charge is more intense than the
other. From the viewpoint of the stronger
charge, the weaker one appears to be positive
in such a case, since it has a smaller number
of excess electrons; in other words, its relutive
polurity is positive. The greater the potential
difference, the more intense is the electrostatic
field between the two charged objects.

Capacity — More work must be done in
moving a given charge against the repulsion
of a strong field than against a weak one;
hence, potential is proportional to the strength
of the field. In turn, field strength is propor-
tional to the charge or quantity of electricity
on the charged object. so that potential also is
proportional to charge. By inserting a suitable
constant, the proportivnality can be changed
to an equality:

a Q =CE

where Q is the quantity of charge, E is the po-
tential, and € is a constant depending nupon the
charged object (usually a conductor) and its
surroundings and is called the capacity of the
object. Capacity is the ratio of quantity of
charge to the potential resulting from it, or

When @ is in coulombs and E in volts, C is
measured in farads. A conductor has a capacity
of one farad when the addition of one coulomb
to its charge raises its potential by one volt.
The farad is much too large a unit for prac-
tieal purposes. In radio work, the microfarad
(one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated ufd. and uufd., respectively.
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The capacity of a conductor in air depends
upon its size and shape. A given charge on a
small ‘conductor results in a more intense
electrostatic field in its vicinity than the same
charge on a larger conductor. This is because
the charge distributes itself over the surface,
hence its density (the quantity of electricity
per unit area) is smaller on the larger conduc-
tor. Consequently, the potential of the larger
conductor is smaller, for the same amount of
charge. In other words, its capacity is greater
because a greater charge is required to raise
its potential by the same amount.

Condensers — If a grounded conductor, A
(Tig. 204), is brought near a second conductor,
B, which is charged, the former will acquire a
charge by electrostatic induction. Since the
charge on A is opposite in polarity to that on
B, the field set up by the induced charge on A
will oppose the original field set up by the
charge on B, hence the potential of B will be
lowered. Because of this, more charge must be
placed on B to raise its potential to its original
value; in other words, its capacity has been
increased by the presence of the second con-
ductor. The combination of the two conductors
separated by a diclectric is called a condenser.

The capacity of a condenser depends upon
the areas of the conductors, as before, and also
becomes greater as the distance between the
conductors is decreased, since, with a fixed
amount of charge, the potential difference
between them decreases as they are moved
closer together.

Fig. 204 — The principle of the condenser.

If insulating or dieleetric material other
than air is inserted between the conductors, it
is found that the potential difference’is lowered
still more — that is, there is a further increase
in capacity. This lowering of the potential
difference is considered to be the result of
polarization of the diclectric. By this it is
meant that the molecules of the substance
tend to be distorted under the influence of the
electrostatic field in such a way that the
negative charges within the molecule are
drawn toward the positively charged condue-
tor, leaving the other end of the iolecule
with a positive charge facing the negatively
charged conductor. Since the electrons are
firmly bound in the atoms of the dielectric,
there is no flow of current and the total charge
on each atom is still zero, but there is a
tendency toward separation which causes a
reaction on the electrostatic field. The dielec-
tric of a charged condenser thus is under
mechanical stress, and if the potential differ-
ence between the plates of the condenser is

great enough the dielectric may break down
mechanically and electrically.

The ratio of the capacity of a condenser with
a given dielectric material between its plates
to the capacity of the same condenser with air
as a dielectric is called the specific inductive
capacity of the dielectric, or, probably more
commonly, the dielectric constant. Strictly
speaking, the comparison should be made to
empty space (i.e., a vacuum) rather than to
air, but the dielectric constant of air is so nearly
that of a vacuum that the practical difference
is negligible. A table of dielectric constants is
given in Chapter Twenty.

Condensers have many uses in electrical
and radio cireuits, all based on their ability to
store energy in the electric field when a poten-
tial difference or voltage is caused to exist be-
tween the plates — energy which later can be
released to perform useful functions.

Dielectric
Metal _
plates Fig. 205 — A simple condenser,
consisting of two metal plates
separated by dielectric material.
70 sourcg of
emt

€ 2-4 The Electric Current

Conduction in metals — When a difference
of potential is maintained between the ends of
a metallic conductor. there is a continuous
drift of electrons through the conductor to-
ward the end having a positive potential (rela-
tive polarity positive). This electron drift con-
stitutes an electric current through the metal
(§ 2-2). The speed with which the electron
movement is established is very nearly the
speed of light (300,000,000 meters, or approxi-
mately 186,000 miles, per second), so that the
current is said to travel at nearly the speed of
light. By this it is meant that the time interval
between the application of the electromotive
force and the flow of current in all parts of a
cireuit, even one extending over hundreds of
miles, is negligible. However, the individual
electrons do not move at anything approach-
ing such a speed. The situation is similar to
that existing when a mechanical force is trans-
mitted by means of a rigid rod. A force ap-
plicd to one end of the rod is transmitted
practically instantaneously to the other end,
even though the rod itself moves relatively
slowly or not at all.

The magnitude of the electric current is the
rate at which electricity is moved past a point
in the circuit. If the rate is constant, then the
current is equal to the quantity of electricity
moved past a given point in some selected
time interval. That is,

r=2
4
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where 7 is the intensity or magnitude of the
current, @ is the quantity of electricity, and ¢
is the time. If @ isin coulombs and ¢ in seconds,
the unit for I is called the ampere. One ampere
of current is equal to one coulomb of electricity
moving or ‘“flowing” past a given point in a
circuit in one second.

The currents used by different electrical
devices vary greatly in magnitude. The current
which flows in an ordinary 60-watt lamp, for
instance, is about one-half ampere, the current
in an electric iron is about 5 amperes, and that
in a ra-dio tube may be as low as 0.001 ampere.

When a current flows through a metallic
conductor there is no visible or chemical effect
on the conductor. The only physical effect is
the heat developed (§ 2-2) as the result of en-
ergy loss in the conductor. Under normal condi-
tions the rate at which heat is generated and
that at which it is radiated by the conductor
will quickly reach equilibrium. However, if the
heat is developed at a more rapid rate than it
can be radiated, the temperature will continue
to rise until the conductor burns or melts.

Iixperimental measurements have shown
that the current which flows in a given metallic
conductor is directly proportional to the ap-
plied em.f., so long as the temperature of the
conductor is held constant. There is no e.m.f,
so small but that some current will flow as a
result of its application to a metallic conductor.

Gas at fow
pressure

Electrode

- Source of +
b——— potential -———

Difference

Fig. 2G5 — Hlustrating conduction through a gas at
low pre-sure. Positive ions are attracted to the negative
electrode, while electrons are attracted to the positive
electrode. This takes place only after the gas is ionized.

Gaseous conduction — In any gas or mix-
ture of gases (such as air, for example) there
are always some free electrons — that is, clec-
trons not attached to an atom — and also
some atoms lacking an electron. Thus there are
both positively and negatively charged parti-
cles in thie gas, as well as many neutral atoms.
An atom lacking an electron is called a positive
iom, while the free electron is called a negative
ton. The term 7on is, in fact, applied to any
elemental particle which has an electric charge.

If the gas is in an electric field, the free elec-
trons will be attracted toward the source of
positive potential and the positive ions will be
attracied toward the source of negative poten-
tial. If the gasis at atmospheric pressure neither
partic'e can travel very far before meeting an
ion of the opposite kind, when the two com-
bine to form a neutral atom. Since a neutral
atom is not affected by the electric field, there
is no flow of current through the gas.
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However, if the gas is enclosed in a glass
container in which two separate metal picces
called electrodes are sealed, and the gas pres-
sure is then reduced by pumping out most of
the gas, a different set of conditions results.
At low pressure there is a comparatively
large distance between each atom, and when
an electric field is established by applying a
difference of potential to the electrodes the
ions can travel a considerable distance before
meeting another ion or atom. The farther the
ion travels the greater the velocity it acquires,
since the effect of the field is to accelerate its
motion. If the field is strong enough the ions
will acquire such veloerty that when one hap-
pens to collide with a neutral atom the force
of the collision will knock an electron out of
the atom, so that this atom also becomes
tonized. The process is cumulative, and the
freed clectrons are attracted to the positive
electrode while the positive ions are attracted
to the negative electrode. This movement of
charged particles constitutes an electric cur-
rent through the gas.

Since an ion must acquire a certain velocity
before it can knock an electron out of a neutral
atom, u definite field strength is required be-
fore conduction can take place in a gas. That
is, a certain value of potential difference,
called the 7onizing polential, must be applied
to the electrodes. If less voltage is applied, the
gas does not ionize and the current is negligible.
On the other hand, onece the gas is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient. veloeity to maintain the ionization.
The 1onizing potential required depends upon
the kind of gas and the pressure. Ionization is
usually accompanied by a colored glow, differ-
ent gases having different characteristic colors.

Current flow in liquids — A very large
number of chemical compounds have the pe-
culiar characteristic that, when they are put
into solution, the component parts become
ionized. For e¢xample, common table salt
(sodium chloride), each molecule of which is
made up of one atora of sodium and one of
chlorine, will, when put into water, break down
into a sodium ion (positive, with one electron
deficient) and a chlorine ion (negative, with
one excess clectron). This can only occur so
long as the salt is in solution — take away the

\

Fig. 207 — Electrolytic conduction. When an e.m.f. is
applicd to the electrodes, negative ions are attracted to
the positively charged plate and positive ions to the neg-
atively charged plate. The battery, which is the sonrce
of the e.m.f, is indicated by its customary symbol,
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water and the ions are recombined into the
neutral sodium chloride. This spontaneous
dissociation in solution is another form of
ionization. If two wires with a difference of
potential between them are placed in the solu-
tion, the negative wire will attract the positive
sodium ions while the positive wire will attract
the negative chlorine ions and an electric
current will flow through the solution. When
the ions reach the wires the electron surplus or
deficiency will be remedied, and a neutral
atom will be formed.

In this process. the water is decomposed into
its gaseous constituents, hydrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the
souree of potential difference. The energy used
in decomposing the water is equivalent to an
opposing e.m ., of the order of a volt or two. If
this constant “back voltage’ is subtracted
from the applied voltage, it is found that the
current flowing through a given solution, or
electrolyte, is proportional to the difference
between the two voltages.

Current flowe in racunm — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum, electrons will be emitted
from the surface. The clectrons are freed from
this filament or cathode because it has been

Direction

Fig. 208 — Conduction by
thermionic emission in a
vacuum tube, One battery
is used onlv to Licat the
filament to a temperature
where it will emit elee-
trons. 'T'he other bavtery
places a potential on the
plate whichis positivewith
respeet to the filament,
and as a result the clee-
trons are attracted to the
plate, The clectron flow
from filament to plate
completes the circuit.

Positive
plate

heated to a temperature that gives them suffi-
cient energy of motion to allow them to break
away from the surface. The process ix called
thermionic electron emission. Now, if a metal
plate is placed in the vacuum and given a posi-
tive charge with respeet to the cathode, this
plate or anode will attract a number of the elec-
trons that surround the cathode. The passage
of the clectrons from cathode to anode consti-
tutes an electric current. All thermionic vae-
uum tubes depend for their operation on the
emission of clectrons from a hot eathode.
Since the electrons emitted from the hot
cathode are negatively charged, it is evident
that they will be attracted to the plate only
when the latter is at a positive potential with
respect to the eathode. If the plate is nega-
tively charged with respeet to the cathode the
electrons will be repelled baek to the cathode,
hence no current will flow through the vacuum,
Conscquently, a thermionie vacuum tube con-
ducts current in one direction only. When the
plate is positive, it is found that (if the poten-
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tial is not too large) the current increases with
an increase in potential difference between the
plate and cathode. However, the relationship
between current and applied voltage is not a
simple one. If the voltage is made large enough
all the electrons emitted by the cathode will be
drawn to the plate, and a further increase in
voltage therefore cannot cause a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the tem-
perature of the cathode and the material of
which it is constructed.

Direction of current flow — Use was being
made of cleetricity for a long time before its
electronie nature was understood. While it is
now clear that current flow is a drift of nega-
tive clectrical charges or clectrons toward a
source of positive potential, in the era preced-
ing the clectron theory it was assumed that the
current flowed from the point of higher positive
potential to a point of lower (i.c., less positive
or more negative) potential. While this assump-
tion turned out to be wholly wrong. it is still
customary to speak of current as flowing “from
positive to negative” in many applications.
The practice often causes confusion, but this
distinetion  between  “current’”  flow and
“olectron” flow often must be taken into ac-
conunt, If electron flow ix specifically mentioned
there can be, of eourse, no doubt as to the
meaning; but when the divection of eurrent
flow is specified, it may be taken, by conven-
tion. as being opposite 1o the direction of clec-
tron moveiment.,

Primary cells —If two electrodes of dis-
similar metals are immersed in an clectrolyte,
it i= found that a small difference of potential
exizts between the eleetrodes, Such a combina-
tion is called a eefl. If the two clectrodes are
connected together by a conduetor external to
the cell, an clectrie current will flow between
them. In such a cell, chemical energy is con-
verted into electrical encergy. The difference of
potential arises as a result of the fact that ma-
terial from one or both of the electrodes goes
into solution in the electrolyte, and in the
process ions are formed in the vicinity of the
electrodes. The electrodes acquire charges be-
canse of the electrie field associated with the
charged ions, The difference of potential be-
tween the electrodes is prineipaliy a funetion of
the metals used, and is more or less independent
of the kind of eleetrolyte or the size of the cell.

When current is supplied to an external cir-
cuit, two principal effects oceur within the cell.
The negative clectrode (negative as viewed
from outside the cell) loses weight as its mate-
rial is used up in furnishing energy, and hydro-
gen bubbles form on the positive electrode.
Sinee the gas bubbles are non-condueting, their
accumulation tends to reduce the effective area
of the positive electrode, and consequently re-
duces the current. The effect is cumulative, and
eventually the eleetrode will be completely
covered and no further current can flow. This
effect is called polarization, 1f the bubbles are

-
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removed, or prevented from forming by chemi-
cal means, polarization is reduced and current
can flow as long as there is material in the nega-
tive electrode to furnish the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called a depolarizer,

In addition to polarization effects, a cell has
a certain amount of internal resistance because
of the resistance of the electrodes and the elec-
trolyte and the contact resistance between the
electrodes and electrolyte. The internal resist-
ance depends upon the materials used and the
size and electrode spacing of the cell. Large
cells with the eclectrodes close together will
have smaller internal resistance than small
cells made of the same materials.

A collection of cells connected together is
called a battery. The term battery also is ap-
plied (although incorrectly) to a single cell.

Dry cells— The most familiar form of
primary cell is the dry cell. Like the clementary
type of cell just described. it has a liquid clec-
trolyte, but the liquid is mixed with other muate-
rials to form a paste. The cell therefore can be
used in any position and handled as though it
actually were dry.

Metal
(positive ttzﬁz’;ubal) Carbon Rod
Zinc container

A (negative
(te?minal)

o
T-
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Blotting ||
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M—Depolarizer
fete.

Fig, 209 — Construction of a dry cell.

The construction of an ordinary dry cell is
shown in Fig. 209. The container is the negn-
tive electrode and is made of zine. Next to it is
a section of blotting material saturated with
the electrolyte, a solution of sal ammoniac,
The positive electrode is a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, manganese dioxide
(the depolarizer) and the clectrolyte. The top
is filled with sealing compound to prevent
evaporation, since the cell will not work when
the electrolyte drys out. The e.m.f. of a dry ccll
is about 1.5 volts.

Dry cells are made in various sizes. depend-
ing upon the current which they will be called
upon to furnish. The eonstruction frequently
varies from that shown in Fig. 209, although
in general the basic materials are the same in
all dry cells. Batteries of small cells are assem-
bled together as a unit for furnishing plate cur-
rent for the vacuum tubes used in portable
receiving sets; such “ B’ batteries, as they are
called, can supply a current of a few hun-
dredths of an ampere continuously. Larger
cells, such as the common “No. 6 cell, can
deliver currents of a fraction of an ampere con-
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tinuously, or currents of several amperes for
very short periods of time. The total amount of
energy delivered by a dry cell is larger when the
cell is used only intermittently, as compared
with continuous use. The cell will deteriorate
even without use, and should be put into serv-
ice within a year or so from the time it is manu-
factured. The period during which it is usable
(without having been put in service) is known
as the “shelf life’”” of the cell or battery.
Secondary cells — The types of cells just
described are known as primary cells, because
the electrical energy is obtained directly from
chemical energy. In some types of cells the
chemical actions are reversible; that is, forcing
a current through the cell, in the opposite
direction to the current flow when the cell is de-
livering electrical energy, causes just the re-
verse chemical action. This tends to restore the
cell to its original condition, and electrical
cnergy is transformed into chemical energy.
The proeess is ealled charging the cell. A cell
which must first be charged before it can de-
liver electrical energy is called a secondary cell.
A simple form of secondary cell can be made
by immersing two lead clectrodes in a dilute
solution of sulphurie acid. If a current is forced
through the cell, the surface of the electrode
which is connected to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the electrode con-
neeted to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source can be disconnected, and the
cell will be found to have an e.m.f. of about 2.1
volts. It will furnish a small current to an ex-
ternal circuit for a period of time. This dis-
charge of clectrical energy is accompanied by
chemical action which forms lead sulphate on
both eclectrodes. When the lead peroxide and
spongy lead are converted to lead sulphate
there is no longer a difference of potential,
since both electrodes are now the same mate-
rial, and the cell is completely discharged.
The lead storage battery — The most com-
mon form of secondary cell is the lead storage
cell. The common storage battery for automo-
bile starting consists of three such cells con-
neeted together electrically and assembled in a
single container. The principle of operation is
similar to that just described, but the con-
struction of the cell is considerably more com-
plicated. To obtain large currents it is neces-
sary to use electrodes having a great deal of
surface area and to put them as close together
as possible. The clectrodes are made in the
form of rectangular flat plates, consisting of a
latticework or grid of lead or an alloy of lead.
The interstices of the latticework are filled
with a paste of lead oxide. The clectrolyte is a
solution of sulphuric acid in water. When the
cell is charged, the lead oxide in the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current capacity, a ccll consists of a num-
ber of positive plates, all connected together,
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If a bar magnet is cut in half, as in Fig.
213-B, it is found that the cut ends also are
poles, of opposite kind to the original poles on
the same piece. Such cutting can be continued
indefinitely, and, no matter how small the
pieces are made, there are always two opposite
poles associated with each piecc. In other
words, a single magnetic pole cannot exist
alone; it must always be associated with a pole
of the opposite kind.

To explain this property of a magnet, it is
considered that each molecule of a magnetic
substance is itself a miniature magnet. If the
material is not magnetized, the molecules are
in random positions and the total magnetic ef-
fect is zero since there are just as many mole-
cules tending to set up a magnctic field in one
direction as there are others tending to set up a
field in the opposite direction. When the sub-
stance becomes magnctized, however, the
molecules are aligned so that most or all of the
N poles of the molecular magnets are turned
toward one end of the material while the S
poles point toward the other end.

Magnetic induction — When an unmagnet~
ized piece of iron is brought into the ficld of a
magnet, its molecules tend to align themselves
as described in the preceding paragraph. If one
end of the iron is near the N pole of the mag-
net, the S poles of the molecules will turn
toward that end and an S pole is said to be in-
duced in the iron. An N pole will appear at the
opposite end. Because of the attraction be-
tween opposite poles, the iron will be drawn
toward the magnet. Since the iron has become
a magnet under the influence of the field, it
also possesscs the property of attracting other
pieces of iron.

When the magnetic field is removed, the mol-
ecules may or may not resume their random
positions. If the material is soft iron the mag-
netism disappears quite rapidly when the field
is removed, but in somc types of steel the
molccules are slow to resume their random
positions and such materials will retain mag-
netism for a long time. A magnet which loses
its magnetism quickly when there is no exter-
nal magnetizing force is called a temporary
magnet, while one which retains its magnetism
for a long time is called a permanent magnet.
The tendency to retain magnetism is called
retentivity. The process of destroying magnet-
ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechaniecal shock, which
also tends to disturb the molecular alignment.

Electric current and the magnetic field —
Experiment shows that a moving electron
generates a magnetic field of exactly the same
nature as that existing about a permanent
magnet. Since a moving electron, or group of
electrons moving together, constitutes an elec-
tric current, it follows that the flow of current.
is accompanied by the creation of a magnetic
field. When the conductor is a wire the mag-
netic lines of force are in the form of concentrio
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Fig. 214 — Whenever elec-
tric currcnt passes through a
wire, magnetic lines of forcc
are set up, in the form of
concentric circles, at right
angles to the wire, and a
magnetic field is said to exist
around the wire. The direc-
tion of this field is controlled
by the direction of current
flow, and can be traced by
means of a small compass.

circles around it and lie in planes at right
angles to it, as shown in Fig. 214. The direction
of this field is controlled by the direction of
current flow. -

There is an easily remembered method for
finding the relative directions of the current
and of the magnetic field it sets up. Imagine the
fingers of the right hand curled about the wire,
with the thumb extended along the wire in the
direction of current flow (the conventional
direction, from positive to negative, not the
direction of cleetron movement). Then the fin-
gers will be found to point in the direction of
the magnetic field; that is, from N to S.

Magnetomotive force — The force which
causes the magnetic ficld is called magnetomo-
tire force, abbreviated m.m.f. It corresponds to
electromotive force or e.m.f. in the electric cir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit area.
Magnetomotive force is proportional to the
current flowing. When the wire carrying the
current is formed into a coil so that the mag-
netic flux will be eoncentrated instcad of being
spread over a large area, the m.m.f. also is
proportional to the number of turns in the coil.
Conscquently magnetomotive force can be ex-
pressed in terms of the product of current and
turns, and the ampere-turn, as this product is
called, is in fact the common unit of magneto-
motive force. The same magnctizing effect can
be sccured with a great many turns and a weak
current or with a few turns and a strong cur-
rent. For example, if 10 ampercs flow in one
turn of wire, the magnetizing effect is 10 am-
pere-turns. If there is one ampere flowing in 10
turns of wire, the magnetomotive force also is
10 ampereturns.

The magnetic circuit — Since magnetic
lines of force are always closed upon them-
selves, it is possible to draw an analogy be-
tween the magnetic circuit and the ordinary
electrical circuit. The electrical circuit also
must be closed so that a complete path is pre.-
vided around which the electrons or current
can flow. However, there is no insulator for the
magnetic field, so that the magnetic circuit is
always complete even though no magnetic ma-
terial (such as iron) may be present.

The number of lines of magnetic force, or
Sfluz, is equivalent in the magnetic circuit to
current in the electric circuit. However, it is
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removed, or prevented from forming by chemi-
cal means, polarization is reduced and current
can flow as long as there is material in the nega-
tive electrode to furnish the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called a depolarizer.

In addition to polarization effects, a cell has
a certain amount of inlernal resistance because
of the resistance of the electrodes and the elee-
trolyte and the contaet resistance hetween the
electrodes and electrolyte. The internal resist-
ance depends upon the materials used and the
size and electrode spacing of the cell. Large
cells with the electrodes close together will
have smaller internal resistance than small
cells made of the same materials,

A collection of cells connected together is
called a battery. The term battery also is ap-
plied (although incorrectly) to a single cell.

Dry cells — The most familiar form of
primary cell is the dry ccll. Like the elementary
type of cell just deseribed. it has a liquid elec-
trolyte, but the liquid is mixed with other matoe-
rials to form a paste. The cell therefore ean bhe
used in any position and handled as though it
actually were dry,
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Fig. 200 Construection of a dry eell.

The construetion of an ordinary dry cell is
shown in Fig. 209. The container is the nega-
tive electrode and is made of zine, Next to it is
a seetion of blotting material saturated with
the electrolyte, a solution of sal ammonine.
The positive eleetrode is a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of earbon, manganese dioxide
(the depolarizer) and the clectrolyte. The top
is filled with sealing compound to prevent
evaporation, since the cell will not work when
the electrolyte drys out. I'he e.m.f. of a dry ecll
is about 1.5 volts,

Dry cells are made in various sizes, depend-
ing upon the eurrent which they will be called
upon to furnish. The construetion frequently
varies from that shown in Fig. 209, although
in general the basic materials are the same in
all dry cellx. Batteries of small eells are assem-
bled together as a unit for furnishing plate cur-
rent for the vacuum tubes used in portable
receiving sets; such “B’ batteries, as they are
called, can supply a current of a few hun-
dredths of an ampere continuously. Larger
cells, such as the common “No. 6" cell, can
deliver currents of a fraction of an ampere con-
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tinuously, or currents of several amperes for
very short periods of time. The total amount of
energy delivered by a dry cell is larger when the
cell is used only intermittently, as compared
with continuous use. The cell will deteriorate
even without use, and should be put into serv-
ice within a year or so from the time it is manu-
factured. The period during which it is usable
(without having been put in service) is known
as the “shelf life”” of the cell or battery,
Secondary cells — The types of cells just
described are known as primary cells, because
the electrical energy is obtained direetly from
chemical energy. In some types of cells the
chemieal actions are reversible; that is, forcing
a current through the cell, in the opposite
direction to the current flow when the cell is de-
livering cleetrical energy, causes just the re-
verse chemieal action. This tends to restore the
cell to its original condition, and electrical
energy is transformed into chemical energy.
The process is called charging the cell. A cell
which must first be charged before it can de-
liver clectrical energy is ealled a secondary cell.
A simple form of secondary cell can be made
by immersing two lead electrodes in a dilute
solution of sulphurie acid. If a current is foreed
through the cell. the surface of the electrode
which is conneeted to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the electrode con-
neeted to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source can be dizconneeted, and the
cell will be found to have an e.m.f. of about 2.1
volts, It will furnish a small current to an ex-
ternal cirenit for a period of time. This dis-
charge of clectrieal energy is accompanied by
chemieal action which forms lead sulphate on
both electrodes. When the lead peroxide and
spongy lead are converted to lead sulphate
there ix no longer a difference of potential,
since both electrodes are now the same mate-
rial, and the cell is completely discharged.
The lead storage battery — The most com-
mon form of seecondary cell is the lead storage
cell. The common storage battery for automo-
bile starting consists of three such cells con-
nected together eleetrically and assembled in a
single container. The principle of operation is
similar to that just deseribed, but the con-
struetion of the cell is considerably more com-
plicated. To obtain large currents it is neces-
sary to use electrodes having a great deal of
surface area and to put them as close together
as possible. The clectrodes are made in the
form of rectangular flat plates, consisting of a
latticework or grid of lead or an alloy of lead.
The interstices of the latticework are filled
with a paste of lead oxide. The eleetrolyte is a
solution of sulphurie acid in water. When the
cell ix charged, the lead oxide in the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current eapacity, a cell consists of a num-
ber of positive plates, all connected together,
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and a number of negative plates likewise con-
nected together. They are arranged as shown
in Fig. 210, with alternate negative and posi-
tive plates kept from touching by means of
thin separators of insulating material, generally
treated wood or perforated hard rubber. The
separators preferably should be porous, so that
the electrolyte can pass through them freely;
thus they do not impede the passage of current
from one plate to the next. There is always one
extra negative plate in such an assembly, be-
cause the active material in the positive plate
expands when the cell is being charged and if
all the expansion took place on one side the
plate would be distorted out of shape.

The e.m.f. of a fully charged storage cell is
about 2.1 volts. When the e.m.f. drops to about
1.75 volts on discharge, the cell is considered to
be completely discharged. Discharge beyond
this limit may result in the formation of so
much lead sulphate on the plates that the cell
cannot be recharged, sincc lead sulphate is an
insulator. During the charging process water
in the electrolyte is used up, with the result
that the sulphurie acid solution becomes more
concentrated. The higher concentration in-
creases the specific gravity of the solution, so
that the specific gravity may be used to indi-
cate the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
lution is such that a specific gravity of 1.285 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indicated by a specific gravity
of 1.150 to 1.175. The specific gravity can be
measured by means of a hydrometer, shown in
Fig. 211. For use with portable batteries, the
hydrometer usually consists of a glass tube
fitted with a syringe so that some of the clec-
trolyte can be drawn from the cell into the
tube. The hydrometer float is a smaller glass
tube, air-tight and partly filled with shot to
make it sink into the solution. The lower the
specific gravity of the solution, the farther the
float sinks into it. A graduated scale on the
float shows the specific gravity directly, being
read at the level of the solution.

Storage cells are rated in ampere-hour capac-
ity, based on the number of amperes which can
be furnished continuously for a stated period of
time. For example, the cell may have a rating
of 100 ampere-hours at an 8-hour discharge

Positive plate
Ne
;‘}Z‘fé"’ {Iér/m'/més ) assziy

rate. This means that the cell will deliver 100/8
or 12.5 amperes continuously for 8 hours after
having been fully charged. The ampere-hour
capacity of a cell will vary with the discharge
rate, becoming smaller as the rated time of
discharge is made shorter. It also depends upon
the size of the plates and their number. In
automobile-type batteries the dimensions of
the plates are fairly well standardized, so that
the ampere-hour capacity is chiefly determined
by the number of plates in a cell. It is, there-
fore, common practice to speak of “11-plate,”
“15-plate,” etc., batteries as an indication of
the battery capacity.

Lead storage batteries must be kept fully
charged if they are to stay in good condition,
If a discharged battery is left standing idle,

lead sulphate will form
f.% on the plates and
! eventually the battery
will be useless. When
the battery is being
charged, hydrogen
bubbles are given off by
theelectrolyte which,in
bursting at the surface,
throw out fine drops of
: the electrolyte. This is
/ﬂw called ‘““gassing.”” The
i sulphuric-acid solution
spray from gassing will
attack many materials,
and consequently care
S must be used to see
. that it is not permitted
to fall on near-by ob-
jects. It should also be
wiped off the battery

Fig. 211 —The hydrom.  itself.
eter, a device with a A lead battery may
calibrated :0“1‘3 (‘r’f be charged at its nomi-
::_;‘:,’?t';mgf the oot nal discharge rate; i.e.,
lyte, used to determine a 100-ampere-hour bat-
the state of charge of a tery, 8-hour rating, can
lead storage battery. be charged at 100/8,
or 12.5 amperes. The charging voltage re-
quired is slightly more than the output voltage
of the cell. The preferred method is to charge
at the full rate until the cells start to “gas”
freely, after which the charging rate should be
dropped to about half its initial value until the
battery is fully charged, as indicated
by the hydrometer reading. Alterna-
tively, the battery may be charged

Shot

assembly N Electrolyte Grid from a constant-potential source
AT % (o (about 2.3 volts per cell), when the

\ rise of terminal voltage of the battery

e BB A as it accumulates a charge will auto-

Acid-proot R 7 s matically “taper’’ the charging rate.
Continper , : mater( Qggqag a? The st}),lutios in a lead storage bat-
i - tery will frceze at a temperature of
about zero degrees Fahrenheit when

. ‘ = . the battery is.disc}}arged, but a fully
Seporators—34 N dment OASTED PLATE charged battery will not freeze until
SSSSSSSSAANSSNSS the temperature reaches about 90 de-

Fig. 210 — Details of typical lead storage-battery construction.

grees below zero. Keeping the battery
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Fig. 212 — Series, parallel, and series-parallel connec-
tion of cells. Series connection increases the total voltage
withaut changing current capacity; parallel connection
increases current capacity without iucreasing voltage.

charged therefore is the best way to insure
agairst damage by freezing.

Cells in series and parallel — For proper op-
eration, many electrical devices require higher
voltzge or current than can be obtained from
a single cell. If greater voltage is nceded, cells
may be connected in serics, as shown in Fig.
212-A. The negative terminal of one cell is
connected to the positive terminal of the next,
so that the total e.m.f. of the battery is equal to
the sum of the e.m.f.s of the individual cells.
For radio purposes, batteries of 45 and 90 volts
or more are built up in this way from 1.5-volt
dry cells. An automobile storage battery con-
sists of three lead storage cells in series, total-
ling 8.3 volts — or, in round figures, 6 volts,
The current which may be taken safely from a
battery composed of cells in series is the same
as that which may be taken safely from one ecll
alone; since the same current flows through all
cells, the current capacity is unchanged.

When the device or load to which the battery
is to be connected requires more current than
can be taken safely from a single cell, the cells
may be connected in parallel, as shown in Fig.
212-B. In this case the total current is the sum
of the currents contributed by the individual
cells, each contributing the same amount if the
cells are all alike. When cells are connected in
parallel it is essential that the e.m.{.s all be the
same, since if one cell generated a larger voltage
than the others it would force current through
the other cells in the reverse direction and thus
would take most, if not all, of the load. Also, if
one eell has a lower terminal voltage than the
others it will take current from the others
rather than carrying its fair share.

Cells may be connected in series-parallel, as
in Fig. 212-C, to increase both the voltage and
the current-carrying capacity of the battery.
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¢ 2-5 Electromagnetism

The magnelic field — Everyone is familiar
with the fact that a bar or horseshoe magnet
will attract small pieces of iron. Just as in the
case of electrostatic attraction (§ 2-3) the con-
cept of a field, in this case a field of magnetic
force, is adopted to explain the magnetic ac-
tion. The field is visualized as being made up of
lines of magnetic force, the number of which
per unit area determines the field strength. As
in the case of the electrostatic field, the lines of
force do not have physical existence but simply
represent a convenient way of describing the
properties of the force.

Magnetic attraction and repulsion — The
forees exerted by the magnetic field are an-
alogous to electrostatic forces. Corresponding
to positive and negative electric charges, it is
found that there are two kinds of magnetic
poles. Instead of being called “positive” and
‘‘negative,” however, the magnetic poles are
called “north” (N) and “south” (8) poles.
These names arise from the fact that, when a
magnetized steel rod is freely suspended, it will
turn into such a position that one end points
toward the north. The end which points north
is called the “north-seeking,” or simply the
“north,”’ pole.

Unlike electric lines of force, which termi-
nate on charges of opposite polarity (§ 2-3),
magnetic lines of force are closed upon them-
selves. This is illustrated by the field about a
bar magnet, as shown in Fig. 213-A. The lines
extend through the magnet, the direction being
taken from S to N inside the magnet and from
N to S outside the magnet. If similar poles of
two magnets are brought near each other, there
is a force of repulsion between them, while dis-
similar poles are attracted when brought close
together. As in the case of electric charges, like
poles repel, unlike poles attreaet.
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Fig. 213— (A) The ficld about a bar magnet. The
magnetic lincs of force are continuous, part of the path
being inside the magnet and part outside. (B) Cuttinga
magnet produces two magnets, cach complete with N
and S poles. With the magnets in the positions shown,
some of the lines of force are common to both magnets,
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If a bar magnet is cut in half, as in Fig.
213-B, it is found that the cut ends also are
poles, of opposite kind to the original poles on
the same piece. Such cutting can be continued
indefinitely, and, no matter how small the
picces are made, there are always two opposite
poles associated with each piece. In other
words, a single magnetic pole cannot exist
alone; it must always be associated with a pole
of the opposite kind.

To explain this property of a magnet, it is
considered that each molecule of a magnetic
substance is itself a miniature magnet. If the
material is not magnetized, the molecules are
in random positions and the total magnetic ef-
fect is zero since there are just as many mole-
cules tending to set up a magnetic field in one
direction as there are others tending to set up a
field in the opposite direction. When the sub-
stance becomes magnetized, however, the
molecules are aligned so that most or all of the
N poles of the molecular magnets are turned
toward one end of the material while the S
poles point toward the other end.

Magnetic induction — When an unmagnet-
ized piece of iron is brought into the ficld of a
magnet, its molecules tend to align themselves
as described in the preceding paragraph. Hf one
end of the iron is near the N pole of the mag-
net, the S poles of the molecules will turn
toward that end and an 8 pole is said to be in-
duced in the iron. An N pole will appear at the
opposite end. Because of the attraction be-
tween opposite poles, the iron will be drawn
toward the magnet. Since the iron has become
a magnet under the influence of the field, it
also possesses the property of attracting other
pieces of iron.

When the magnetic field is removed, the mol-
ccules may or may not resume their random
positions. I the material is soft iron the mag-
netism disappears quite rapidly when the field
is removed, but in some types of steel the
molecules are slow to resume their random
positions and such materials will retain mag-
netism for a long time. A magnet which loscs
its magnetism quickly when there is no exter-
nal magnetizing force is called a femporary
magnet, while one which retains its magnetism
for a long time is culled a permancnt magnet.
The tendency to retain magnetism is called
retentivity. The process of destroying magnet-
ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechanical shock, which
also tends to disturb the molecular alignment.

Electric current and the magnetic field —
Cxperiment shows that a moving clectron
generates a magnetic field of exactly the same
nature as that existing about a permanent
magnet. Sinee a moving electron, or group of
clectrons moving together, constitutes an elec-
tric current, it follows that the flow of current
is accompanied by the creation of a magnetic
ficld. When the conductor is a wire the mag-
netic lines of force are in the form of concentric
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Fig. 214 — Whencver elee-
tric current passes through a
wirc, magnetic lines of force
are set up, in the form of
concentric circler, at right
angles to the wire, and a
magnetic field is said to exist
around the wire. The direc-
tion of this field is controlled
by the direction of current
flow, and can be traced by
means of a small compass.
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circles around it and lie in planes at right
angles toit, as shown in Fig. 214. The direction
of this field is controlled by the direction of
current flow, -

There is an easily remembered method for
finding the relative dircctions of the eurrent
and of the magnetic field it sets up. Immagine the
fingers of the right hand curled about the wire,
with the thumb extended along the wire in the
direction of current flow (the conventional
direction, from positive to negative, not the
direction of electron movement). Then the fin-
gers will be found to point in the direction of
the magnetic field; that is, from N to §.

Magnetomotive force — The force which
causes the magnetie field is ealled magnetomo-
tire force, abbreviated m.m.f. It corresponds to
electromotive foree or e.mf. in the electric cir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit area.
Muagnetomotive force is proportional to the
current flowing. When the wire earrying the
current is formed into a coil so that the mag-
netic flux will be concentrated instead of being
spread over a large area, the m.mn.f. also is
proportional to the number of turns in the coil.
Consequently magnetomotive force ¢an be ex-
pressed in terms of the product of current and
turns, and the ampere-turn, as this product is
called, is in fact the common unit of magneto-
motive force. The same magnetizing effect can
be sccured with a great many turns and a weak
current or with a few turns and a strong cur-
rent. Ifor example, if 10 ampercs flow in one
turn of wire, the magnetizing effect is 10 am-
pere-turns. If there is one ampere flowing in 10
turns of wire, the magnetomotive force also is
10 ampcereturns.

The magnetic circuil — Since magnetic
lines of force are always closed upon them-
selves, it is possible to draw an analogy be-
tween the magnetic circuit and the ordinary
clectrical circuit. The electrical circuit also
must be closed so that a complete path is pre.-
vided around which the electrons or current
can flow. However, there is no insulator for the
magnetic field, so that the magnetic cireuit is
always complete even though no magnetic ma-
terial (such as iron) may be present.

The number of lines of magnetic force, or
SNluz, is equivalent in the magnetic circuit to
current in the electric circuit. However, it is
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usual- practice to express the strength of the
field in terms of the number of lines per unit
area, or fluz density. The unit of flux density
is the gauss, which is equal to one line per
square centimeter, but the terms “lines per
square centimeter’’ or “lines per square inch”’
are commonly used instead.

Corresponding to resistance in the electric
circuit is the tendency to obstruct the passage
of magnetic flux, which is called reluctance.
The reluctance of good magnetic materials, such
as iron and steel, is quite low.

The permeability of a material is the ratio of
the flux which would be set up in a closed mag-
netic path or circuit of the material to the flux
that would exist in a path of the same dimen-
sions in air, the same m.m.f. being used in
both cases. The permeability of air is assigned
the value 1. The permeability of steels of vari-
ous types varies from about 50 to several thou-
sand, depending upon the materials alloyed
with the steel. Very high permeabilities are
attained in certain special magnetic materials,
such as “permalloy,” which is an alloy of iron
and nickel.

The permeability of magnetic materials de-
pends upon the density of magnetic flux in the

‘material. At very high flux densitics the perme-

ability is less than itz value at low or moderate
flux densities. This is beeause the flux in mag-
netic materials is proportional to the applied
m.m.f. only over a limited range. As the m.m f.
increases more and more of the molecular
magnets within the material become aligned,
until eventually a point is reached where o very
great inerease in mum.f, is required to cause a
relatively small inerease in flux. This is ealled
magnetic saturation. In this region of saturation
the permeability decreases, sinee the ratio
between the number of lines in the material and
the number in air, for the same m.m.f., is
smaller than when the flux density is below the
saturation point.

Energy in the magnetic field — Like the
electrostati¢ field (§2-3), the magnetic field
represents potential energy. Conscquently the
expenditure of energy is necessary to set up a
magnetie field, but once the ficld has been es-
tablished and remains constant no further en-
ergy is consumed in maintaining it. If by some
means the field is caused to disappear, the
stored-up magnetic energy is converted to
energ¥ in some other form. In other words the
energy undergoes a transformation when the
magnetic field is changing, being stored in the
field when the field strength is inereasing and
being released from the field when the field
strength is decreasing.

When a magnetic field is set up by a current
flowing in a wire or coil, a certain amount of
energy is used initially in bringing the field
into existence. Thereafter the current must
continue to flow, if the field is to be maintained
at steady strength, but no expenditure of en-
ergy is required for this purpose. (There will be
a steady energy loss in the circuit, but only
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because of the resistance of the wire.) If the
current stops the energy of the field is trans-
formed back into electrical energy, tending to
keep the current flowing. The amount of en-

-ergy stored and subsequently released depends

upon the strength of the field, which in turn
depends upon the intensity of the current and
the eircuit conditions; i.e., it depends upon the
relationship between field strength and current
in the cireuit.

Induced roltage — Since a magnetic field is
set up by an electric current, it is not surprising
to find that, in turn, a magnetic field can cause
a current to flow in a closed electrical circuit.
That is, an e.m.f. can be induced in a wire in a
magnetic field. However. since a change in the
field is required for energy transformation, an
e.nuf. will be induced only when there is a
change in the field with respect to the wire.

This change may be an actual change in the
field strength or may be caused by relative
motion of the field and wire; e.g., a moving
field and a stationary wire, or a moving wire
and a stationary field. It is convenient to con-
sider this induced e.m.f. as resulting from the
wire's “cutting through?” the lines of force of
the field. The strength of the e.m.f. so induced
is proportional to the rafe of cutting of the
lines of foree.

If the conductor is moving parallel with
the lines of foree in a field, no voltage is in-
duced sinee no lines are cut. Maximum cutting
results when the conductor moves through the
field in such a way that both its longer di-
mension and  direction of motion are per-
pendicular to the lines of foree, as shown in
Fig. 215, When the conductor is stationary and
the field strength varies, the induced voltage
resitlts from the alternate inerease and decrease
in the number of lines of force cutting the wire
as the n.m.f. varies in intensity.

Direction of motion

5
l;aes of Force j:__ \\&

Direction of
induced e.m.t.

Fig. 215 — Showing how e.nm.f. is induced in a conductor
muoving through a stationary magnetic field, cutting the
lines of force. Conversely, a current sent through the
conductor in the same direction by means of an external
c.f. will cause the conductor to move downward.

Lenz’s Law — When a voltage is induced
and current flows in a conductor moving in a
magnetic field, energy of motion is transformed
into electrical energy. ' That is, mechanical
work is done in moving the conductor when an
induced current flows in it. If this were not so
the induced voltage would be creating electrical
energy, in violation of the fundamental prin-
ciple of physics that energy can neither be
created nor destroyed but only transformed.
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It is found, therefore, that the flow of current
creates an opposing magnetic force tending to
stop the movement of the wire. The statement
of this principle is known as Lenz’s Law: “In

all cases of electromagnetic induction, the in--

duced currents have such a direction that their
reaction tends to stop the motion which pro-
duces them.”

Motor principle — The fact that current
flowing in a conductor moving through a mag-
netic field tends to oppose the motion indicates
that current sent through a stationary conduc-
tor in a magnetic field would tend to set the
conductor in motion. Such is the case. If moving
the conductor through the field in the direction
indicated in Fig. 215 causes a current to flow
as shown, then, if the eonductor is stationary
and an e.m.f. is applied to send a current
through the conductor in the same direction,
the conductor will tend to move across the
field in the opposite direction.

This principle is used in the electric motor.
The same rotating machine frequently may
be used either as a generator or motor; as a
generator it is turned mechanically to cause
an induced e.m.f., and as a motor electric
current through it causes mechanical motion.

Self-induction — When an e.m.f. isapplied
to a wire or coil, current begins to flow and a
magnetic field is created. Just before closing
the circuit there was no field; just after closing
it the field exists. Consequently, at the instant
of closing the circuit the rate of change of the
field is very rapid. Since the wire or coil carry-
ing the current is a conductor in a changing
field, an e.m.f. will be induced in the wire. This
induced voltage is the e.mn.f. of self-induction,
so called because it results from the current
flowing in the wire itself.

By the principle of conservation of energy
(and Lenz’s Law), the polarity of the induced
voltage must be such as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the circuit in the
direction opposite to that of the current caused
by the applied voltage. At the instant of closing
the circuit the field changes at such a rate that
the induced voltage equals the applied voltage
(it cannot exceed the applied voltage, because

£t

SYmBOLS

Fig. 216 — When the conducting wire is coiled, the
individual magnetic ficlds of each turn are in such a
direction as to produce a field similar to that of a bar
magnet. The schematic symbols for inductance are
shown at the right. The symbol at the left in the top
row indicates an iron-core inductance; at the right, air
core. Variable inductances are shown in the bottom row,
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then it would be supplying energy to the source -
of applied e.m.f.), but after a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the current flowing is very small at first when
the applied and induced e.m.f.s are about
equal, but riges as the induced voltage becomes
smaller. The process is cumulative, the current
eventually reaching a final value determined °
only by the resistance in the circuit.

In forcing current through the circuit against
the pressure of the induced or “back’ voltage,
work is done. The total amount of work done
during the time that the current is rising to its
final value is equal to the amount of energy
stored in the magnetic field, neglecting heat
losses in the wire itself. As explained before,
no further energy is put into the field once the
current becomes steady. However, if the cir-
cuit is opened and eurrent flow- caused by the
applied e.m.f. ceases, the field collapses. The
rate of change of field strength is very great in
this case, and a voltage is again indueed in the
coil or wire. This voltage causes a current flow
in the same direction as that of the applied
e.m.f., since energy is now being restored to the
circuit. The energy usually is dissipated in the
spark which occurs when such a circuit is
opened. Since the field collapses very rapidly
when the switch is opened, the induced e.m.f.
at such a time can be extremely high.

Inductance — As explained above, the
strength of the self-induced voltage is propor-
tional to the rate of change of the field. How-
ever, it is also apparent from the foregoing that
the voltage also depends upon the properties of
the circuit, since, if a number of similar conduc-
tors are in the same varying field, the same volt-
age will be induced in each. By combining the
conductors properly, the total induced voltage
in such a case will be the sum of the voltages
induced in each wire. Also, the rate of change of
field strength depends upon the strength of the
field set up by a given amount of current flow-
ing in the wire or coil, and this in turn depends
upon the ampere-turns, permeability, length
and cross-section of the magnetic path, etc.

For a given circuit, however, ‘the field
strength will be determined by the current, and
the rate of change of the field consequently
will be determined by the rate of change of
current. Ience, it is possible to group all of
these other factors into one quantity, a prop-
erty of the circuit. This property is called in-
ductance. When this is done, the equation giv-
ing the value of the induced voltage becomes:

Induced voltage
= L X rate of change of current

where L is the value of inductance in the cir-
cuit.

Inductance is a property associated with all
circuits, although in many cases it may be so
small in comparison to other circuit properties
(such as resistance) that no error results from
neglecting it. The inductance of a straight wire
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increases with the length of the wire and de-
creases with increasing wire diameter. The in-
ductance of such a wire is small, however. For
a given length of wire, much greater inductance
can be secured by winding the wire into a coil
so that the total flux from the wire is concen-
trated into a small space and the flux density
correspondingly increased. The unit of induc-
tance is the henry. A circuit or coil has an in-
ductance of one henry if an e.m.f. of one volt
is induced when the current changes at the
rate of one ampere per second. In radio work
it is frequently convenient to use smaller units;
those commonly used are the millihenry (one
thousandth of a henry) and the microhenry
(one millionth of a henry).

It will be recognized that the relationship
between inductance and the magnetic field
is similar to that between capacity and the
electrostatic field. The greater the inductance,
the greater the amount of energy stored in the
magnetic field for a given amount of current;
the greater the capacity, the greater the
amount of energy stored in the electrostatic
field for a given voltage.

The inductance of a coil of wire depends
upon the number of turns, the cross-sectional
dimensions of the coil, and the length of the
winding. It also depends upon the permeability
of the material on which the coil is wound, or
core. Formulas for computing the inductance
of air-core coils of the type commonly used in
radio work, are given in Chapter Twenty.

Mutual inductance — If two coils are ar-
ranged with their axes coinciding, as shown
in Fig. 217, a current sent through Coil 1 will
cause a magnetic field which cuts Coil 2. Con-
sequently, an e.m.f. will be induced in Coil 2
whenever the field strength is changing. This
induced e.m.f. is similar to the e.m.f. of self-
induction; that is,

Induced e.m.f.
= M X rate of change of current

where } is a quantity called the mutualinduct-
ance of the two coils. The mutual inductance
mayv be large or small, depending upon the
self-inductances of the coils and the propor-
tion of the total flux set up by one coil which
cuts the turns of the other coil. If all the flux
get up by one coil cuts all the turns of the other
coil the mutual inductance has its maximum
possible value, while if only a small part of
the flux set up by one coil cuts the turns of
the other the mutual inductance may be rela-
tively small. Two coils having mutual induct-
ance are said to be coupled.

The degree of coupling expresses the ratio of
actual mutual inductance to the maximum
possible value. Coils which have nearly the
maximum possible mutual inductance are said
to be closely, or tightly, coupled, while if the
mutual inductance is relatively small the coils
are said to be loosely coupled. The degree of
coupling depends upon the physical spacing
between the coils and how they are placed with

Fig. 217 — Mutual /-

/
inductance. When '/I
the switch, S, is closed ‘\‘\'\
current flows through U
coil No. 1, setting yp a o i
magnetic field which 17
induces an e.m.f. in AR
the turns of coil No. 2. N\

respect to each other. Maximum coupling ex-
ists when they have a common axis, as shown
in Fig. 217, and are as close together as possible.
If two coils having mutual inductance are
connected in the same circuit, the directions
of the respective magnetic fields may be such
as to add or oppose. In the former case the
mutual inductance is said to be ‘‘positive”’;
in the latter case, ‘“ negative.” Positive mutual
inductance in such a circuit means that the
total inductance is greater than the sum of the
two individual inductances, while negative
inductance means that the total inductance is
less than the sum of the two individual in-
ductances. The mutual inductance may be
made either positive or negative simply by
reversing the connections to one of the coils.

 2-6 Fundamental Relations

Direct current — A current which always
flows in the same direction through a circuit is
called a direct current, frequently abbreviated
d.c. Current flow caused by batteries, for ex-
ample, is direct current. One terminal of each
cell is always positive and the other always
negative, hence electrons are attracted only in
the one direction around the circuit. To make
the current change direction, the connections
to the battery terminals must be reversed.

Work, energy and power — When a quan-
tity of electricity is moved from a point of one
potential to a point at a second potential, work
is done. The work done is the product of
the quantity of electricity and the difference of
potential through which it is moved; that is,

W = QE

In the practical system of units, with @ in
coulombs and E in volts, the unit of work is
called the joule. Energy, which is the capacity
for doing work, is measured in the same units.

Since I = @/t when the current is constant
(§2-1), @ = It. Substituting for @ in the
equation above gives

W = EIt

where E is in volts, I in amperes, and ¢ in sec-
onds. One ampere flowing through a difference
of potential of one volt for one second does one
joule of work. Power is the time rate at which
work is done, so that, if the work is done at a
uniform rate, dividing the equation by ¢ will
give the electrical power:

P =EI

The unit of electrical power is the watt.
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In practical work, the term “joule’ is sel-
dom used for the unit of work or energy. The
more colnmon name is wali-second (one joule is
equal to one watt applied for one second). The
watt-second is a relatively small unit; a larger
one, the waft-hour (one watt of power applied
for one hour) is more frequently used. Again,
for some purposes the watt is too small a unit,
and the kilowatt (1000 watts) is used instead.
A still larger energy unit is the kilowatt-hour,
the meaning of which is easily interpreted.

Fractional and maultiple units — As illus-
trated by the examples in the preceding para-
graph, it is frequently convenient to change
the value of a unit so that it will not be neces-
sary to use very large or very small numbers.
As applied to electrical units, the practice is to
add a prefix to the name of the fundamental
unit to indicate whether the modified unit is
larger or smaller. The common prefixes are
micro (one millionth), milli (one thousandth),
kilo (one thousand) and mega (one million).
Thus, a microvolt is one millionth of a volt, a
milliampere is one thousandth of an ampere, a
kilovolt is one thousand volts, and so on.

Unless there is some indication to the con-
trary, it should be assumed that, whenever a
formula is given in terms of unprefixed letters
(E, I, P, R, etc.), the fundamental units are
meant. If the quantities to be substituted in
the equation are given in fractional or multiple
units, conversion to the fundamental units is
necessary before the equation can be used.

Ohm’s Law — In any metallic conductor,
the current which flows ix directly proportional
to the applied eclectromotive force. This rela-
tionship, known as Ohm’s Law, can be written

E = RI

where E isthe e.m.f., ] isthe current, and Ris a
constant, depending on the conductor, called
the resistance of the conductor. By definition,
a conductor has one unit of resistance when an
applied e.m.f. of one volt causes a current of
one ampere to flow. The unit of resistance is
called the nhm.

Ohm’s Law does not apply to all tvpes of
conduction, particularly to conduction through
gases and in a vacuum. The law is of very great
importance, however, because practically all
eleftrical circuits use metallic conduction.

By transposing the equation, the following
equally useful forms are obtained:

. el

I R
The three equations state that, in a cireuit to
which Ohm’s Law applies, the voltage across
the circuit is equal to the eurrent multiplied by
the resistance; the resistance of the circuit is
equal to the voltage divided by the current;
and the current in the circuit is cqual to the

voltage divided by the resistance.
Resistance and resistivity — The resistance
of a conductor is determined by the material of
which it is made and its temperature, and is
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directly proportional to the length of the con-
ductor (that is, the length of the path of the
current through the conductor) and inversely
proportional to the area through which the cur-
rent flows. If the temperature is constant,

L
R—kz

where R is the resistance, k is a constant de-
pending upon the material of which the con-
ductor is made, L is the length and A the area.
For the purpose of giving a specific value to k,
L is taken as one centimeter and A as one
square centimeter (a cube of the material
measuring one centimeter on a side); & is then
the resistance in ohms of such a cube at a
specified temperature. It is called the specific
resistance or resistivity of the material. If the
resistivity is known, the resistance of any
conductor of known length and uniform eross-
section readily can be determined by the
furmula above. The length must be in centi-
meters and the area in square centimeters.

The relationships given above are true only
for unidirectional (direct) currents and low-
frequency alternating currents. Modifications
must be made when the current reverses its
direction many times each second (§ 2-8).

Conductance and conductivity — The
reciprocal of resistance is called conductance,
and has the opposite properties to resistance.
The lower the resistance of a circuit, the higher
is the conductance, and vice versa. The sym-
bol of conductance is G, and the relationship
to resistance is
1 1

¢ R R G

The unit of conductance is called the mho. A
circuit or conductor which has a resistance of
one ohm has a conductance of one mho. By

substituting 1/G for £ in Ohm’s Law,

I . o U

= _ =k ) =

G ¥ I =FEG E G

The reciprocal of resistivity is called the
specific conductance or conductivity of a ma-
terial, and is measured in mhos per centimeter
cube. It ix frequently useful to know the rela-
tire conductivity of different materials. This
is usually expressed in per cent conductivity, the
conductivity of annealed copper being taken
as 100 per cent. A table of per cent conductivi-
ties is given in Chapter Twenty.

Power used in resistance — If two con-
ductors of different resistances have the same
current flowing through them, then by Ohm’s
Law the conductor with the larger resistance
will have a greater difference of potential
across its terminals. Consequently, more en-
ergy is supplied to the larger resistance, since
in a given period of time the same amount of
electricity is moved through a greater potential
difference. The energy appears in the form of
heat in the conductor. With a steady current,
the heat will raise the temperature of the con-
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Fig. 218 — Two common types of fixed resistors, The
wire-wound type is used for dissipating power of the
order nf 5 watts or more. “Pigtail™ resistors, usually
made of carbon or other resistance material in the form
of a molded rod or as a thin coating on an insulating tube,
rather than being wound with wire, are small in size but
do not =afely dissipate much power. Schematic symbols
for fixed and variable resistors are shown at lower right.

duetor until a balance is reached between the
heat generated and that radiated to the sur-
rounding air or otherwise carried away.

Since P = EI, substituting for £ the ap-
propriate form of Ohm's Law (E = IR) gives

P = IR

and making a similar substitution for I gives
p=F
R

That is, the power used in heating o resistance
(or dessipated in the resistance) is proportional
to the square of the voltage applied or to the
square of the current flowing. 1n these formulas
P is in watts, E in volts and 7 in amperes.
Fusther transposition of the equations gives
the following forms, useful when the resistance

and puwer are known:
P
-2
14

Unless the eircuit containing the resistanee
is belug used for the specific purpose of gen-
erating heat, the power used in heating a re-
sistanre is generally considered as a loss. How-
ever, there are very many applications in radio
circuiis where, despite the loss of power, a
useful purpose is served by introducing re-
sistance  deliberately. Resistances made to
specificd values and provided with connecting
terminals are called resistors. They are fre-
quentdy wound on ceramic or other heat-re-
sisting tubing with wire having high resistivity.

Temperature coefficient of resistance —
The rosistance of most pure metals increases
with an inerease in temperature. The resist-
ance ¢f a wire at any temperature is given by

R =Ro (14 at)

where ¢ is the required resistance, o the
resistance at 0°C'. (temperature of melting
ice), £ is the temperature (Centigrade), and
a is the temperature coeflicient of resistance.
For capper, a is about 0.004; that is, starting at
0°C., the resistance inereases 0.4 per cent per
degree above zero.

E =\I'R
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Temperature coefficient of resistance be-
comes of importance when conductors operate
at high temperatures. In the case of resistors
used in electrical and radio ecircuits, the heat
developed by current flow may raise the tem-
perature of the resistance wire to several hun-
dred degrees F, Thus the resistance at operat-
ing temperatures can be very much higher
than the resistanee at room temperature. Con-
sequently such resistors are wound with wire
which has a low temperature coeflicient of
resistance, so that the resistance will be more
nearly constant under all conditions.

Resistances in series — When two or
more rexistances are connected so that the
same current flows through each in turn, as
shownin Fig. 219, they are said to be connected
in series. Then, by Ohm’s Law,

Iy =1’
1’:2 S Ilf-g
E3 = 11\'3

cte., where the subseripts 1, 2, 3 indicate the
first, sccond and third resistor, and the volt-
ages Ey, Iy and Fj are the voltages appearing
across the terminals of the respective resistors.
Adding the three voltages gives the total
voltage across the three resistors:

E=E+4+FE +FEy=1IR + IR + IR,
I'(By+ Rs + R3) = IR

That ix, the voltage across
the resistors in series is equal
to the current multiplied by
the sum of the individual re-
sistances. In the above equa-
tion, R, which denotes this
sum, may be called the equir-
alent resistance or lotal re-
sistance. The equivalent
resistance of a number of
resistors conneeted in series
is, therefore, equal to the
sum of the values of the in-
dividual resistors,
Resistances in parallel — When a number
of resistances are conneeted so that the same
voltage ix applied to alll as shown in Fig, 220,

Fig. 219 -— Resist-
aneces in series.

-

-

Fig. 220 -

Resistanees in parallel.

they are said to be connected in parallel. By

Ohm’s Law,
E u'

R

i

1
1 s

so that the total current, /, which is the sum
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of the currents in the individual resistors, is

E E E
I= I = — —_— ———
L+l Is= gttty

1 1 1 1
e+ 4+ - VY=E=
E(131+1t’2+1\’3) R
where R is the equivalent resistance —i.e..
the resistance through which the same total

current would flow if such a resistance were
substituted for the three shown. Therefore,

1 1 1 1

kR R R  R3
That is, the reciprocal of the equivalent re-
sistance of a number of resistances in parallel
is equal to the sum of the reciprocals of the
individual resistances. Since the reciprocal of
resistance is conductance,

G =G +G+0G3

where G is the total conductance and Gy, Gy,
@3, ete., are the individual conductances in
parallel.

To obtain R instead of its reciprocal the
equation above may be inverted, so that

1

1 1 1
Ry Ry Ry
The number of terms in the denominator of
this equation will, of course, be equul to the
actual number of resistors in parallel.

For the special case of only two resistancesin
parallel, the equation reduces to

Ry Ry
R= —~_
Ry + Ry

Series-parallel connection of resistorsis shown
in Fig. 221. When circuits of this type are en-
countercd the equivalent or total resistance
can be found by first adding the weries re-
sistances in each group, then treating each
group as a single resistor so that the formula
for resistors in parallel can be used.

=

T
R, E
E| } 3 b3 3 El+E2=E
E «*—- «t- EstE, =E
3 1=1 +1
E; 3R, E4 3Ry e
{1 1)

Fig. 221 — Serics-parallel connection of resistances,
Voltage and current relationships are given at the right.

Voltage dividers and potentiometers —
Since the same current flows through resistors
connected in series, it follows from Ohm's
Law that the voltage (termed voltage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus, in Fig.
222-A, the voltage E; across R is equal to the
applied voltage, E, multiplied by the ratio of
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R, to the total resistance, or
- B g
R+ R+ R;
Similarly, the voltage, E, is equal to
_Rit+R g
Ri+ R+ Rs
Such an arrangement is called a voltage divider,
since it provides a means for obtaining smaller
voltages from a source of fixed voltage. When
current is drawn from the divider at the various
tap points the above relations are no longer
strictly true, for then the same current does not
flow in all parts of the divider. Design data for
such cases are given in § 8-10.

QY

<h
E RS T

E,

o—

WA~

Fig. 222 — Voltage divider (A) and potentiometer (B).

A similar arrangement is shown in Fig.
222-B. where the resistor, R, is equipped
with a sliding tap for fine adjustment. Such a
variable resistor is frequently called a po-
terdiometer.

Inductances in series and parallel — As
explained in § 2-5, inductance determines the
voltage induced when the current changes at a
given rate. Thatis, E = L X rate of change of
current. This rescmbles Ohm's Law, if L cor-
responds to I2 and the rate of change of current
to I. Thus, by reasoning similar to that used
in the case of resistors, it can be shown that,
for inductances in series,

L = 1,1 + 142 + L3
and for inductances in parallel,
1
1 1 1
Ly i Lo i L3
where the number of terms in either equation
is determined by the actual number of indue-
tances connected in series or parallel.

These equations do not hold if there is mu-
tual inductance (§ 2-5) between the coils.

Condensers in series and paralicl — When
a number of condensers are in parallel, as in
Fig. 223-A, the same e.m.f. is applied to all.
Consequently, the quantity of electricity stored
in each is in proportion to its capuacity. The
total quantity stored is the sum of the quanti-
ties in the individual condensers:

Q=0 +Q+ Q0 =CE+ (CE+ CE =
(C1 4+ Ca+ C3)E = CE
where C is the equivalent capacity. The equiv-

alent capacity of condensers in parallel is equal
to the sum of the individual capacities.
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Fig. 223 — Condensers in parallel (A) and in series (B).

When condensers are connected in series,
as in Fig. 223-B, the application of an e.m.f. to
the circuit causes a certain quantity of elec-
tricity to accumulate on the top plate of ().
By electrostatic induction, an equal charge of
opposite polarity (negative in the illustration)
appears on the bottom plate of Ci. and, since
the lower plate of 'y and the upper plate of ('2
are connected together, this must leave an
equal positive charge on the upper plate of (..
This, in turn, causes the lower plate of C2 to
assume an equal negative charge, and so on
down to the plate connected to the negative
terminal of the source of e.m.f. In other words
the same quantity of electricity is placed on
each condenser, and this is equal to the total
quantity stored. The voltage across each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applied
voltage. Thus,

Q Q
E;
E=FE +FE:+ ‘. C

1 1 1 Q
Q (Cl + (& + ('3) ('

where C is the equivalent capacity. Thix leads
to an expression similar to that for resistunces
in parallel:

c=_ B
I I 1
1 + (s + (3
where the number of terms in the denominator
should be the same as the actual number of
condensers in serics.

Time constant — When a condenser and
resistor are connected in series with a source of
e.m.f., s.ach as a battery, the initial flow of cur-
rent into the condenser is limited by the re-
sistance. so that a longer period of time is
required to complete the churging of the con-

Fig., 224 —
The RC and
LC circuits at
the left, to-
gether with
the curves of
currentampli-
tude vs. time,
show how the
current in a
eircuit eom-
bining resist-
ance with in-
duetance or
capacitytakes
a finite period
of time to
reachasteady-
statevalue.

AmOLITUDE OF
CURRENT ———tm

TIME i
Instant of
<lasiny switch

AMPLITUDE OF
CURRENT ——om

— }—\\“\——I T

N

TIME ——
Instant of
dasing switch,
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denser than would be the case without the
resistor. Likewise, when the condenser is dis-
charged through a resistor a measurable period
of time is taken for the current flow to reach a
negligible value. In the case of either charge or
discharge the time required is proportional to
the capacity and resistance, the product of
which is called the time constant of the circuit.
If C is in farads and R in ohms, or C in micro-
farads and R in megolhms, the product gives
the time in seconds required for the voltage
across a discharging condenser to drop to 1/e,
or approximately 37 per cent of its original
vialue. (The constant e is the base of the natural
series of logarithms.)

Calibrated
Scale

Source
of em.

Source of em f

Fig. 225 — Left — The d"Arsonval or moving-coil meter
for d.c. current measurement. Current flowing throngh
the rotatable coil in the fick! of the permanent magnet
causes a force to act on the coil, h-mlmg to turn it. The
turning tendeney is counterac tcd by springs (not shown)
so that the amount of movement is proportional to the
value of the current in the coil, Right — In the simpler
moving-iron-vane type, a lighteweight soft-iron plunger
is attracted by current flowing in a fixed coil. As the
plunger moves the pointer to which it is linked also
ntoves, until the magnetie foree in the coil is balanced
by the spiral spring restraining the plunger movement.

In a cirenit containing inductance and re-
sistance in series, the effeet of the resistance is
to shorten the period required for the current to
reach its final value (§ 2-5) after an e.n.f. is
applied to the ecircuit. The time constant of
such a circuit is equal to L/, where L is in
henrys and X in ohms. It gives the time in sec-
onds required for the eurrent to reach 1-1/e, or
approximately 63 per cent of its final steady
value when a constant voltage is applied.

By proper application to associated circuits
and devices such as vacuum tubes, it is possible
by suitable sclection of time constant to create
almost any desired wave or pulse shape. This
is of practical importance in many eircuit ap-
plications in amateur transmission and recep-
tion, as in electronic keyers, anutomatic volume
control, resistance-capacity filters and remote
control. Apart from these applications, many
of the techniques employed in television and
specialized electronic deviees are based on this
principle.

Measuring instruments — Instruments for
measuring d.c. current and voltage make use
of the force acting on a coil carrying current in
a magnetic field (§2-5), produced by a per-
manent magnet, to move a pointer along a
calibrated scale. The magnetic field may be
produced by a permanent magnet acting upon
a moving coil, or by a fixed coil acting upon a
moving iron vane or plunger.
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The first type of instrument, based on what
is known as the d’Arsonval moving-coil move-
ment, is shown at the left in Fig. 225. The mov-
ing-iron vane instrument shown at the right is
less aceurate and requires higher energizing
current, making it relatively insensitive as com-
pared to the moving-eoil type. Only the cheaper
measuring instruments available to amatcurs
are based on this prineiple.

m———y

Shunt *
E
Multiplier
Voltage Measurement
Current Measurement

Fig, 220 - Cirenit connections for measuring current
and voltage, The shunt resistor is used for inereasing the
value of the current which the instrument can mea-ure,
by providing an aliernate path through which some of
the current can flow. The series multiplier limits the
current when the instrument i used to measure voltage,

In such instruments the current required for
full-scale deflection of the pointer varies from
several milliamperes to a few microamperes,
according to the sensitivity required. 11 the
instrument is to read high ecurrentx, it is
shunted (paralleled) by a low resistance
through which most of the ecurrent flows. leav-
ing only enough flowing through the instru-
ment to give a full-scale defleetion correspond-
ing to the total current flowing through both
meter and shunt. An instrament which reads
microamperes is called a microanimeter or
galvanometer; one calibrated in millianiperes is
alled a milliammeter; one calibrated in am-
peres is an ammeter. A voltmeter is simply a mil-
linmmeter with a high resistance in series =o
that the current will be limited to a suitable
value when the instrument is conneeted across
a voltage source; it is calibrated in terms of
the voltage which must appear across the
terminals to cause a given value of current to
flow. The series resistanee is ecalled a nodti-
plier. A wattmeter ix a combination voltmeter
and ammeter in which the pointer deflection
is proportional to the power in the civeuit.

An ammeter or milliammeter iz connected
in series with the circuit in which current is
being measured, so that the current flows
through the instrument. A voltmeter is con-
nected in parallel with the eircuit.

¢ 2-7 Alternating Current

Description — An alternating current is one
which periodieally reverses its direction of
flow. In addition to this alternate change in
direetion, usually the amount or amplitude of
the current also varies continually during the
period when the current is flowing in one di-
rection. These variations are accompanied by
corresponding variations in the magnetic field
set up by the current, and it is this feature
which makes the alternating current so useful.
By means of the varying ficld, energy may be
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continually transferred (by induction) from
one circuit to another without direct connec-
tion, and the voltage may be changed in the
process. Neither of these is possible with direct
current because, exeept for brief periods when
the circeuit is closed or opened, the field ac-
companying a steady direet current is un-
changing, and henee thereis no way of induecing
an c¢.m.f. except by moving a conductor
through the field (§ 2-5).

Alternating currents may be generated in
several ways. Rotating eleetrical machines (a.c.
generators or alternators) are used for develop-
ing large amounts of power when the rate of
reversal is relatively slow. However, such ma-
chines are not suitable for producing currents
which reverse direction thousands or millions
of times each second. The thermionic vacuum
tube is used for this purpose. as deseribed in
Chapter Three.

The simplest form of alternating current (or
voltage) is shown graphically in Fig, 227, This
chart shows that the current starts at zero
value, builds up to a1 maximum in one direc-
tion, comes hack down to zero, builds up to a
maxinmum in the opposite direction and comes
back to zero. The curve follows the sine law
and 1= known as a sine wave, beeause of the
wavelike nature of the curve which results
when sine values are plotted on rectangular
conrdinates ax a function of angle or time.

Frequeney — The complete wave shown in
It 227 is ealled aeyele, and the length of time
required to complete one eyele is called the
period, Fach hudf of the eyele, during which the
current is flowing in one direetion, although its
strength is varving, is known ax an alteration.
I'he number of eveles the wave goes through
el second of time is called the frequency.
Iu radio work, where frequencies are extremely
large, 11 1s convenient to use two other units,
kiloeyeles per second (exeles persecond <+ 1000)
and megaeyeles per sccond (eyeles per second
+ 1,000,000). These are usually abbreviated
ke, and Me., respectively. Oceasionally these
abbreviations are written kes. and Mes. to indi-
cate * kiloeyeles per seecond” and “megacycles
per second” rather than simply “kiloeyeles”
and U miegaeyeles,” but it ix understood that
< per seeond T is meant when the shorter forms
are used.

Peak value
1.0 ==~ 4
A C mneters read the
effectve {rm.; Yvalues
01071 ~f---- of current and voltage
(rm.5=0.107 of peak
value of sing wave)
+
a . )  TiME
N 20° 80Y 3f60°
3 o
Q
3
<
le— One cycle
Lo =-====-----=

Fig. 227 — Sine wave of alternating current or voltage.
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Electrical degrees — If we take a fixed point
on the periphery of a revolving wheel, we find
that at the end of each revolution, or eyele. the
point has come back to its original starting
place. Its position at any instant can be ex-
pressed in terms of the angle between two lines,
one drawn from the center of the wheel to the
point at the instant of time considered, the
other drawn from the wheel center to the start-
ing point. In making one complete revolution
the point has travelled through 360 degrees, a
half revolution 180 degrees, a quarter revolu-
tion 90-degreces, and so on. The periodie wave
of alternating current may be treated simi-
larly, one complete eyele equalling one revo-
lution or 360 degrees, one alternation (half
cycle) 180 degrees, and so on. With the cyele
divided up in this way, the =ine curve simply
means that the value of current at any instant
is proportional to the sine of the angle which
corresponds to the particular fraction of the
cycle considered.

The concept of angle is universally used in
alternating currents. Generally, it is expressed
in the fundamental form, using the radian
rather than the degree as a unit, whenee a
cycle is equal to 27 radians, or a half eyele to
7 radians, The expression 2#f. for which the
symbol w is often used, simply means clectrical
degrees per cyele times frequeney, and s
called the angular relocity. It gives the total
number of eleetrical radians passed through by
a current of given frequeney in one second.

Peak. instantanecous. effective and average
values — The highest value of current or volt-
age during the time when the current is flowing
in one direction is called the maximum or peak
value. For the sine wave, the peak has the same
absolute value on both the positive and nega-
tive halves of the eyele. This is not necessarily
true of waves having shapes other than the
true sine form.

The value of eurrent or voltage existing at
any particular point of time in the eyele is
called the instantancous value, The instant for
which a particular value is to be found can be
specified in terms of time (fraction of the pe-
riod) or of angle.

Nince both the voltage and current are
swinging continuously between their positive
maximum and negative maximum values, it
might be wondered how one ecan speak of so
many amperes of alternating current when the
value ix changing continuously. The problem is
simplified in practical work by eonsidering that
an alternating current has an cffective vahie
of oneampere when it produces heat, in flowing
through a given resistance, at the same average
rate as one ampere of continnous direet current
flowing through the same resistanece. This
effective value is the square root of the mean
of all of the instantancous current values
squared. In the case of the sine-wave form,

Eet = v/ V4E2u

For this reason, the effective value of an alter-
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nating eurrent or voltage is also known as the
root-mean-square, or r.m.s., value. Henee, the
effective value is the square root of 14, or 0.707,
times the maximum value.

In a purely a.c. circuit the average eurrent
over a whole eycle must be zero, because if the
average current on, say, the positive half of the
cycle were greater than the average on the
negative half, there would be a net current flow
in the positive direction. This would eorrespond
to a direct (although intermittent) current,
and hence must be excluded because a purely
alternating eurrent was assumed. The “aver-
age’’ value of an alternating current is defined
as the average current during the part of the
cycle when the current is flowing in one diree-
tion only. It is of particular importance when
alternating current is changed to direct current
by the methaods considered in later chapters.
For a sine wave, the average value is equal to
0.636 of the peak value.

In the sine wave the three voltage values,
peak, effective and average, are related to each
other as follows:

EFpii = Eug X VA4 E... X 1.57
Eit = Euux X 0.707 = E, .o X 1.11
E:\\'o = Enmx X 0.636 = Ec_-“ xX 0.9

The relationships for current are equivalent
to those given above for voltage,

Phase — As the next few paragraphs will
show, the current and voltage in an alternat-
ing-current circuit may nol pass through their
maximum and minimum values at the same
time, even though both are sine waves of the
same frequeney. The time at which a particu-
lar part of the cycle (xuch as the positive peak)
oceurs is called the phase of the wave. If two
waves are not exactly in step there is a phase
difference between them. The phase difference
can be expressed in terms of the aetual differ-
ence in time between the two instants at which
the two waves reach corresponding parts of
their eyeles, but it is generally more convenient
to measure it in angular units, A phase differ-
ence of 90 degrees, for example, means that one
wave reaches its maximum value one-quarter
evele before the other wave reaches its maxi-
mum value in the same direction.

The phase relationships between two cur-
rents (or two voltages) of the same frequency
are defined in the =ame way. When two such
currents are eombined the resultant is n single
current of the same frequeney, but having an
instantaneous amplitude equal to the algebraie
sum of the amplitudes of the two components
at the same instant. T'he amplitude of the re-
sultant current hence is determined by the
phase relationship between the two currents
before combination. Thus if the two currents
are exactly in phase, the maximum value of
the resultant will be the numerieal sum of the
maximum values of the individual currents; if
they are 180 degrees out of phase, one reaches
its positive maximum at the instant the other
reaches its negative maximum, hence the re-
sultant current is the difference between the
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two. In the latter case, if the two currents have
the same amplitude the resultant current is
Zero.

Current, voltage and power in an in-
ductance — When alternating current flows
through an inductance, the continually vary-
ing magnetic ficld causes the continuous gen-
eration of an e.m.f. of self-induction (§ 2-5).
The induced voltage at any instant is propor-
tional to the rate at which the current is
changing at that instant. If the current is a
sine wave, it can be shown that the rate of
change is greatest when the current is passing
through zero and least when the current is
maximum. For this reason, the induced voltage
is maximum when the eurrent is zero and zero
when the current is maximum. The dircction or
polarity of the induced voltage is such as to
tend to sustain the eurrent flow when the cur-
rent is deereasing and to prevent it from flow-
ing when the eurrent is increasing (§ 2-3). As

a result, the induced voltage in an inductance
lags 90 degrees behind the eurrent.

By Lenz’s Law, the

/AN
phase. Consequently,
the applied voltage
leads the current by 90
228.

When the current is
increasing in either direction, energy is being
product of current and voltage is negative. This
is also shown in IFig. 228. Positive power means
power taken from the source (i.e., the source of
will have some resistance, so that some of the
power supplied will be consumed in heating
the wire, but if the resistance of the circuit is

e L induced voltage must
\V

‘ degrees. Or, using the

stored in the magnetic fickd. At such times the

the applied e.m.f.), while negative power means

small compared to the inductance the power

+

| AMPLITUDE

+

POWER

always oppose the ap-
plied voltage; that is,
the induced and ap-
plied voltages must be
in phase opposition, or
180 degrees out of
Z i voltage as a reference,
( ¢ the current in an in-
ductance lags 90 de-
- grees, or one-quarier
Fig. 228 — Voltage, cur-  e¢yele, behind the volt-
rent and power relations  npe. These relation-
i an.alternauink curent  ships are shown in Fig.
ductance only.
voltage has the same polarity as the current, so
that the product of the two, which gives the
instantancous power fed to the inductance, is
positive. When the current is decreasing encrgy
is being restored to the circuit and the applied
voltage has the opposite polarity, so that the
power returned to the source. Power is alter-
nately taken and given back in each quarter
cvele, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when considering a whole
cycle. ln a practical inductance the wire
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consumption is very small compared to the
power which is alternately stored and returned.

Current, voltage and power in a con-
denser — When an alternating voltage is ap-
piled to a condenser, the condenser acquires a
charge while the voltage is rising and loses its
charge while the voltage is decreasing. The
quantity of electricity stored in the condenser
at any instant is proportional to the voltage
across its terminals at that instant (Q = CE).
Since current is the rate of transfer of quantity
of electricity, the current flowing into the con-
denser (when it is being charged) or out of it
(when it is discharging) consequently will be
proportional to the rate of change of the ap-
plied voltage. If the voltage is a sine wave, its
rate of change will be greatest when passing
through zero and least when the voltage is
maximum. As a result, the current flowing into
or out of the condenser is greatest when the
voltage is passing through zero and least when
the voltage reaches its peak value.

This relationship is shown in Fig. 229. When-
ever the voltage is rising (in either direction)
the current flow is in the same direction as the
applied voltage. When the voltage is decreas-
ing and the condenser is discharging, the cur-
rent flows in the opposite direction. The energy
stored in the condenser on the charging part of
the eyele is restored to the cireuit on the dis-
charge part, and the total energy consumed in
a whole e¢yele therefore is zero. A condenser
operating on a.c. takes no average power from
the source, except for such actual energy losses
as may occeur as the result of heating of the
dielectric (§ 2-3). The energy loss in air con-
densers used in radio circeuits is negligibly small
except at extremely high frequencies.

As shown by Fig. 229, the phase relation-
ship between current flow and applied voltage
is such that the current leads the voltage by 90
degrees. This is just the opposite to the in-
ductance case.
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g e Iig. 229 — Yoltage, current

* and power relations in an
alternating-current  cirenit

. consisting of capacity only.
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Current, voltage and power in resistance
— In a circuit containing resistance only there
are no energy storage effects, and consequently
the current and voltage are in phase. The cur-
rent therefore always flows in the same direc-
tion as the applied voltage, and, since the power
is always positive, there is continual power

POWER
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disstpation in the resistance. The relationships
are shown in Fig. 230.

Strictly speaking, no circuit can have resist-
ance only, because the flow of current always
is accompanied by the creation of a mag-
netic field and every conductor also has a cer-
tain amount of capacity. Whether or not such
residual inductance and capacity are large
enough to require consideration is determined
by the frequency at which the circuit is to
operate.

The a.c. spectrium — Alternating currents
of different frequencies have different proper-
ties and are useful in a varviety of ways. For the
transmission of power to light homes, run mo-
tors and perform familiar
evervday tasks by elec-
triecal means, low fre-
fuencies are most suit-
able. Frequencies of 23,
50 and 60 cyeles are in
comnion uxe, the latter
being most widely used
in  this country. The
range of frequencies be-
tween  about 15 and
15.000 eyeles is known as
the awdio-frequency range,
beeanse when frequen-
cies of this order are con-
verted from a.e. into air
vibrations, as by a loud-
speaker ar telephone re-
ceiver, they are distin-
guishable as <ounds hav-
ing a tone piteh propor-
tional to the frequency,
Frequencies abuve 15000 excles (153 kijo-
eyeles) are used for radio communication, be-
cause al frequencies of this order it ix possible
to convert electrical energy into radio waves
which ean be radiated over long distanees.

For ennvenience in reference, the following
classifications for radio frequencies have been
recommended by an internavional technical
conference and are now inereasingly in usc:

10 to 30 kiloeyeles

30 to 300 kilocy <

300 to 3000 kiloeyeles

3 to 30 mepacyeles

30 to 300 megncyeles

300 to 3000 megacyeles

3000 to -30,000 megacyeles
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Fig. 230 — Voltage,
current @nd power re-
lations in an atternat-
ing ranl o cireuit
consisting  of  presist-
ance onlx.

Very-low frequencies
Low frequeucies
Mediam frequeneies
High frequencies
Yerv-high frequencies
Ultrahigh frequencies
Superaich froquencies

Until reeently. other terminology was used;
for example, the region above 30 megneveles
formerly was considered the “ultrahigh” fre-
quencies,

Wareform. harmonics — The sine wave is
not only the simplest but for many purposes is
the most desirable waveform. Many other
wavefornis are met in practice, however, and
they muy differ considerably from the simple
sine case. It is possible to show by analysis
that any such waveform can be resolved into a
number of components of differing frequencies
and amplitudes, but related in frequency in
such a way that all are integer multiples of
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the lowest, frequency present. The lowest fre-
quency is called the fundamental, and the
multiple frequencies are called harmonics. Thus
a wave may consist of fundamental, 3rd, 5th,
and 7th harmonies, meaning, if the funda-
mental frequency is say 100 cyeles, that fre-
quencies of 300, 500 and 700 cycles also are
present in the wave,

Fig. 231 shows how a fundamental and a
second harmonic might combine to form a non-
sinusoidal wave. An infinite number of wave-
forms could be obtained from the combination
of two suech waves, since the shape of the com-
bined wave will depend upon the amplitude
and phase of the two component waves,

The =quare wave, also shown in Fig. 231,
consists of a fundamental and an infinite num-
ber of harmonies. This tvpe of wave is useful in
a variety of applications,

€ 2-8 Ohm'’s Law for Alternating
Currents

Resistance — Since current and voltage are
always in phase through a resistance, the in-
stantancous relations for a.c. are equivalent to
those in d.e. cirenits. By definition, the effec-
tive units of current and voltage for a.c. are
made equal to those for d.e. in resistive cir-
cuits (s 2-7). Therefore the various formulas
expressing Ohm’s Law for d.e. eircuits apply
wituont any change to a.c. cireuits containing
resistance only, or for purely resistive parts of
complex a.c. cirenits. See § 2-6,

Inapplying the formulas, it must be remem-
bered that consistent units must be used. For
example, if the instantaneous value of eurrent
is used in finding voltage or power, the voltage
found will be the instantancous voltage and the
power will be the instantaneous power. Like-
wixe, if the effective value is used for one qran-
tity in the formula, the unknown will be ex-
pressed in effee-
tive vilue. Un-
less otherwise
indicated, the
efteciive  value
of  current  op
voltaee s al-
wavs understood
to be meant
when reference
is made to “cur-
rent”’ or “volt-
age.”

Reactance —
In the preced-
ing section it
wits xhown that
energyv-storage
effectx in induet-
ance and capac-
itance cause a
phase difference
to exist between
the applied volt-
age and the cur-

FUNDAMENTAL

2n0 Hapmonic [ 5 l s l S l \

RESULYANT

SQUARE WAVE

Fig. 231 — Combination of a
fundamenta! and  second  har-
nmonic with th: amplitude and
phase relationships shown gives
the non-sinusoidal resultant. The
square wave, helow, contains an
infinite number of harmonics.,
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rent that flows as a result. Because of this,
Ohm’s Law cannot be applied in its entirety to
a.e. cireuits containing  inductance and/or
capacitanece, particularly for the caleulation of
power consumed. However, the amplitude of
the current that flows in such eircuits is direetly
proportional ta the voltage applied, just ax it is
in purcly resistive circuits. In other words, both
inductance and eapacity offer opposition to
current. flow, and this apposition ean be meas-
ured in ohms just as it is in the case of resist-
ance. But the opposition is called reactance to
mdicate that it does not consume power and
thereby distinguish it from resistance.

Ohn’s Law formulas extended to inelude re-
actance are quite similar to the formulas for
resistive cireuits:

;
I = L: FE = X/ X =
D,

~lxy

where X is the symbol for reactance.
Reactance differs from resistance in another
respect - its value, for a given amount of in-
ductance or capaecity, varies with the fre-
gqueney of the current flowing, whereas resist-
ance is not inherently affected by frequeney.
However, the reactance of a given inductance
or capaeity ix constant for all values of applied
voltage so long ax the frequency is constant.
Inductive reactance — When  alternating
current flows throngh an inductance it must
take just the right value to make the induced
voltage equal the applied  voltage  (§ 2-7).
Sinee the induced volinge is equal to the in-
ductance multiplied by the rate of change of
the current, it is evident that the farger the
value of inductance considered, the smaller the
rate of enrrent change required to induee a
given voltage. 17 the frequeney s fixed, the
rate ot which the ahernating enrrent changes
s simply proportional to the amplitude of the
current. Henee a =mall carrent will =aflice if the
inductanee is Inrge. while o large current will
be required if the induetance is small, assuming
that the applied voltige 1= the same in both
casex. In other words, the reactance of an in-
ductanee is direetly proportional to the value
of the inductance, at a fixed frequency.
ITowever, the rate of change of eurrent is
proportional to frequency as well as to ampli-
tude, beeause the greater the number of eyeles
per seeond the more rapidly the current goes
through its regular varintions, Consequently,
inereasing the frequency will have the same ef-
fect ax inereasing the amplitude of the eurrent
insofur as the indueed voltage is concerned; or,
to put it another way, if the frequeney is in-
creazed the amplitude may be deercased in the
same proportion to maintain the same indueed
voltage in a given inductance. Smaller current
amplitude through o fixed value of induetance
menns that the reactance i~ higher, =0 it is ap-
parent that the reactance of an inductance in-
creases with inereasing frequeney,
Thus three factors, inductance, eurrent am-
plitude, and frequency cangular veloeity) de-

THE RADIO AMATEUR'S HANDBOOK

termine the induced voltage. Combining them,
we have, for sine-wave current,

E = 2xfLI, ()r?‘ = 2xfL

Since X = E/J, then
X1 = 2xfL

where the subseript £ indicates that the re-
actance is inductive.

The fundamental wunits (ohms, cyeles,
henrys) must be used in the above equation,
or appropriate factors inserted if other unitz
are employed. If inductance is in millihenrys,
the frequeney should be stated in kiloeyeles; if
inductance is in microhenrys, the frequeney
should be given in megaeyeles, to bring the
answer in ohms,

Capacitire reactance — I'he  quantity  of
electricity stored in a condenser depends upon
the eapacity and the applied voltage () = CE).
and if losses are negligible the same quantity of
electricity is taken out of the condenser on dis-
charge, Current nmst flow into the condenser
to charge it, and must flow out of it to dis-
charge it; the value of the current is the rate at
which the quantity of eleetrieity is put into the
condenser or taken out (§2-1. When an a.e,
voliage is applied 10 2 condenser the alternate
movement of a quantity of eleetricity to charge
and discharge it as the applied voltage rises
and fallz and reverses polarity, constitutes eur-
rent flow *“through™ the condenser.,

The amplitude of the current at any instant,
is proportional to the rate of change of the
voltage at that instant: the grester the rate of
change the faster the given quantity of clee-
tricity is moved. The amplitude is also propor-
tional to the capacitance of the condenser,
sinee a larger capacitance will take a larger
quantity of eleetricity at a given voltage. Ninee
the rate of change of voltage is proportional to
the arplitude of the voltage and its frequeney,
then for a sine-wave voltage

) 1
= 2xfCE =
¥ rfCE, or ] I
Ninee X = E/I, then
1
Np= ——
C7 2af0C

where the subseript (" indicates that the reac-
tance ix capacitive. Capacitive reactance is
inrersely proportional to capacity and to the
applied frequeney. For a given value of eapae-
ity, the reactance decreases as the frequency
increases,

IFundamental units (farads, eycles per see-
ond) must be used in the right-hand =ide of the
equ:tion to obtain the reactance in ohms, Con-
version factors must be used if the frequency
and eapacity are in units other than cyeles
and farads. If C is in microfarads and f in
megacyeles, the conversion factors cancel.

Impedance — In any seriex cireuit the same
current flows through all parts of the cirenit.
If a resistance and inductance are conneeted
in series to form an a.e. eireuit they both earry
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the same current, but the voltage across the
resistance is in phase with the current while
the voltage across the inductance leads the
currenit by 90 degrees. In a d.c. cireuit with
resistances in series, the applied voltage is
equal to the sum of the voltages across the in-
dividual resistances (§ 2-6). Thix ix also true of
the a.e. eireuit with resistance and induetance
in series if the instantaneous voltages are added
algebraically to find the instantancous value
of applied voltage. But, because of the phase
difference between the two voltages, the maxi-
mum value of the applied voltage will not be
the sum of the maximum values of the two
voltages, so that the effective values cannot be
added directly. The same considerations hold
in the case of resistance and eapacity in series.

In cither eaze the total voltage is given by
the following expressions:

E' =E>x + g, or E = \[1’4".')” +E—X

where Fx indicates the voltage aeross the re-
actance, which may be either inductive or
capacitive, and Kp ix the voltage across the
resistance,
Nince Eg = I and Ex = [.X', substitution
gives
: TR 6 E I e
o= 0 R4 N or =Rt 4 X
E/ s ealled the impedance of the eirenit and is
designated by the letter 7. Henee,
Z =\ 4+X
The impedance determines the voliage which
must be applied to the eireuit to eanse a given
currenl to flow. The unit of impedance i,
therefore, the ohm, just as in the eaze of re-
siztance and reactance, which also determine
the ratio of voltage to current. Ohm's Law for
alternating current eircuits then becomes
I K

4 =2, E=14
% I

1

It should be noted that the equivalent Ohm's
Law relationship for pewer in a d.e. eireuit
does mot apply directly in the case of an a.e.
cireuit where 7 replaces R, As will be ex-
plained, the power factor of the circuit must be
taken into consideration,

In cummary. impedance is a generalized
quantity applyving to a.e. or d.e. cirenits, sim-
ple or cotmplex. In a d.e. eirenit orin ana.c. eir-
cuit eemtaining resistance only. the phase angle
ix zero (current and voltage are in phase) and
the impedance is equal to the resistance.

In sinoaces eireuit containing reactance ouly
the phase angle ix 90 degrees, with current lag-
ging the voltage if the reactance is induetive
and current feading the voltage if the reactance
I capacitive. In cither case, the impedance is
equal to the reactance,

In an a.c. circuit containing both resistance
and renctance the phase angle may have any
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value between zcro and 90 degrees, with the
current lagging the voltage if the reactance is
inductive and leading the voltage if the re-
actance is capacitive. The value of impedance,
in ohms, may be found from the equation given
above.

Power is consumed in a eircuit only when the
current flow produced by the applied voltage
is less than 90 degrees out of phase with that
voltage. Power consumption decreases from
maximum with in-phase conditions to zero at
a 90-degree phase difference.

Series circuits with L. C and R— When
inductanee, capacity and resistance all are in
series i an a.e. eirenit, the voltage relations
are a combination of the separate cases just
considered. The voltage across cach element
will be proportional to the resistance or react-
ance of that element, sinee the current is the
same through all. The voltages aeross the in-
ductance and capacity are 180 degrees out of
phase, since one leads the current by 90 de-
grees and the other lags the eurrent by 90 de-
grees, This means that the two voltages tend
to cancel; in fact, if the voltage across only the
induectance and capacity in series is considered
(leaving out the resistanee), the total voltage
is the difference hetween the two voltages.

The total reactance in a series cireuit is,
therefore, the difference between the individ-
ual induetive and capacitive reactances; or

X =X, - X

If more than one inductance clenent is pres-
ent in the eireuit, the total induetive reactance
ix the sum of the individual reactances; simi-
larly. the same is true for capacitive react-
anees. Induetive reactanee is conventionally
tuken as “positive’ (4) in sign and capaci-
tive reactance as “negative” (=). With this
convention, algebraie addition of all the re-
actanees in a =eries cireuit gives the total re-
actance of the cirenit.

Parallel circuits with L, € and R — The
equivalent resistance of a number of resistances
in parallelin an a.c. eireuit ix found by the same
rules as in the ease of die, cireuits (§ 2-6).
Parallel reactances of the same kind have an
equivalent reactance given by a similar rule:

X =1
X 1

This formula applies to reactanees of the same
sign; it cannot be used if both induetive and
eapacitive reaetance are in parallel,

When both resistance and reactance are in
parallel the same voltage is applied to both,
but the current in the resistance branch will
not be in phase with the current in the reactive
branch. The phase difference will be 90 degrees
if each branch contains only resistance or only
reactance, so that the total current may be
found by a rule similar to that used for finding
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the total voltage in a series eircuit. That is,

I =1+ 1y

The impedance of the circuit is equal to E/1, so
E

VIE + Iy
By assuming some convenient value for the ap-
plied voitage and then solving for the currents
in the resistance and reactance, the values so
found may be substituted in this equation to
find the impedance of the circuit.

The formulas above may be uzed for cither
inductive or capacitive reactance. When induce-
tive renctance and capacitive reactance are in
parallel. the current through the inductance is
180 degrees out of phase with the current
through the condenser, henee the total current
ix the difference between the two currents. This
difference may be substituted for Ix in the
above equations.

It is of interest to note that, since the total
current flowing in a cirenit containing indue-
tive and eapacitive reactance in paraliel is the
difference hetween the eurrents in the two
branchies, the impedance of such a parallel
combination always is larger than the re-
actance of either branch alone. Any resistanee
which also may be in parallel is unaffected,
sinee the current taken by the resistance is de-
termined =olely by the applied voltage.

With series-parallel circuits the solution he-
comes considerably more complieated. =i e
the phasc relationships in any parudel branci
may not be cither 90 degrees or zero. However,
the majority of parallel cireuits used in radio
work can be solved by the rather simple ap-
proximate methods deseribed in § 2-10.

Power factor— The power dissipated in
an a.c. cireuit containing both resistance and
reactance iz consumed entirely in the resist-
ance, henee is equal to 2R, However, the
reactance is also effeetive in determining the
current or voltage in the circeuit, even though
it consumes no energy. Henee the product of
volts times amperes (which gives the power
consttmied in d.e. eirenits) for the whole eirenit
may be several timex the actual power used up.
The ratio of power dissipated (watts) to the
volt-am pere product is called the power factor
of the circuit, or

i =

Watts
Volt-amperes

Power factor =

Discributed capacity and inductance —
It should not be thought that the reactance
of coils becomes infinitely high as the fre-
quency is increased to a high value and, like-
wise, that the reactanee of condensers becomes
infinitely low at high frequencies. All coils have
some capacity between turns, and the react-
ance of this capacity can become low enongh
at some high frequencies to tend to caneel the
high reactance of the coil. Likewise, the lemds
and plates of condensers will have considerable
inductance at very high frequencies, which will
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tend to offset the capacitive reactance of the
condenser itself. For these reasons, coils con-
structed for high-frequeney use must be de-
signed to have low ‘“distributed” capacity.
Similarly. condensers must be made with
short. heavy leads so that they will have low
self-inductance.

Units and instruments — The units used
in a.c. eircuits may be divided or multiplied to
give convenient numerical values to different
orders of magnitude, just as in d.c. cireuits
(§ 2-6). Because the rapidly reversing current
is accompanicd by similar reversals in the mag-
netic field, instruments used for measurement
of d.c. (§ 2-6) will not operate on a.c.

At low frequeneies suitable instruments can
be constructed by making the current ptoduce
both magnetic fields, one by means of a fixed
coil and the other by the moving eoil. Instru-
ments having movements of this kind are
variously known as dynamaomecter, clectrodyna-
mometer and clectrodynaniie types.

Another type of instruuent suitable for
measuring alternating current is less expensive
in construction and therefore more widely used.
This is the ropulsion-type moving-iron a.c.
ammeter shown in Fig, 2320 Fundamentally,
the movement is based on the sume prineiple
as the inexpensive moving-iron-vane meter for
d.e. shown in Fio 2250 In the repulsion-type
instrument curreat flowing through the sta-
tionary coil magnetizes two iron vanes, one

Calibrated

Scais w-
SI< Fig. 232 — Ammeter
. N 11' ) based on a repulsion-
e ¢ - . Lype moving-iron
(;&. h\\z‘}A i‘;ﬁf movement  used  for
“ = a.C. I .
- &5 L vaste a.c. measurements
Lot J v
=
=y
U

fixed and the other attached to the movable
pointier shalt. Inasmuel as the two vanes are
in the same plane and magnetized by the same
souree, the magnetie effeet upon them by the
current through the coil will be identieal re-
gardless of it= polarity. When the two vanes are
magnetized they repel each other (§ 2-2) and
the movable vane moves away from the fixed
vane. causing the pointer to travel along the
sceale. The degree of travel is controlled hy a
spring which brings the pointer to rest at a
point where the cleetrieal and mechanieal
forces balanee, and returns the pointer to zero
on the seale when eurrent flow ccases.

Sueh instruments are used for measurement
of either current or voltage. llowever, when
emploved for voltage measurement by the use
of high-resistance series multipliers, the mini-
mum current drain required by such instru-
ments because of their inherent insensitivity
is so great that excessive load is placed upon
the measurement source. Ifor this reason, in
radio work it is more common practice to con-
vert the a.c. voltage to d.c. by means of a
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copper-oxide or vacuum-tube rectifier and then
measure the resulting indication on a d.c. in-
strument, as described in § 2-6.

At radio frequencies instruments of the type
described above are inaccurate because of dis-
tributed capacity and other effects, and the
only reliable type of direct-reading instrument,
is the thermocouple ammeter or milliammeter.
This is a power-operated device consisting of a
resistance wire heated by the flow of r.f. cur-
rent through it, to which is attached a thermo-
couple or pair of wires of dissimilar metals
joined together and possessing the property of
develaping a small d.c. voltage between the
terminals when heated. This voltage. which
is praportional to the heat applied to the
couple, is used to operate a d.c. instrument
of ordinary design.

€ 2-9 The Transformer

Principles —It has been shown in the pre-
ceding sections that, when an alternating volt-
age is applied to an inductance, the flow of
alternating current through the coil causes an
induced e.m.f. which is opposed to the applied
e.m.f. The induced e.m.f. results from the vary-
ing magnetic field accompanying the flow of al-
ternating current. If a second coil is brought
into the same ficld, a similar e.m.f. likewise
will be induced in this coil. This induced e.m.f,
may be used to foree a current through a wire,
resistance or other electrical deviee econnected
to the terminals of the second coil.

Two coils operating in thix way are said to be
coupled. and the pair of coils constitutes a
transformer. The coil connected to the source of
energy is called the primery coil, and the other
is called the secondary coil. Energy inay be
taken from the secondary. being transferred
from the primary through the medium of the
varying magnetic ficld.

Tvpes of transformers — The usefulness
of the transformer lies in the fact that cnergy
can be transferred from one cireuit to another
without direet connection, and in the process
can be readily changed from one voltage level
to another. Thus, if a device to be operated re-
quires, for example, 120 volts and only a 440-
volt saurce is available, a transformer can be
uged to change the source voltage to that re-
quired. The transformer. of course, can be used
only on a.c., sinee no voltage will be induced in
the secondary if the magnetic field is not
changing. If d.c. ix applied to the primary of a
transfarmer, a voltage will be induced in the
secondary only at the instant of closing or
opening the primary circuit, sinee it is only at
these times that the field is changing.

As shown in Fig. 233, the primary and
secondary coils of a transformer may be
wound on a core of magnetic material. This in-
creaxex the inductance of the coils so that a
relatively small number of turns may be used
to induce a given value of voltage with a small
current. A closed core (one having a continuous
magnetic path) such as that shown in Fig, 233
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also tends to insure that practically all of the
field set up by the current in the primary coil
will cut the turns of the secondary coil. How-
ever, the core introduces a power loss because
of hysteresis, an effect which occurs because the
iron tends to retain its magnetism, and hence
requires the expenditure of energy to overcome
this residual magnetism every time the alter-
nating current reverses in direction, and be-
cause of eddy currents, or currents induced in
the core by the varying magnetic field.

Jron Core
S
Primary 3 Secondary

SYMBOLS

Fig, 233 — The transformer. Power is transferred from
the primary coil to the secondary by means of the mag-
netie field. The upper symbol at'right indicates an iron-
core transformer, the lower one an air-core transformer.

Core losses increase with frequency to such
an extent that they become excessive at radio
frequencies if a transformer is wound on the
type of core used for power and audio frequen-
cies. Transformers for use at radio frequencies
cither are wound on non-magnetic material
(**air core™) or on special cores made of pow-
dered iron particles held in an insulating
binder. In the latter ease the cove is not used as
a mieans of earryiug the maguetie field from the
primary to the secondary, but simply to give a
larger inductanee with a fixed number of turns.
In  radio-frequency  transformers relatively
little of the magnetic flux set up by the
primary cuts the turns of the secondary. The
discussion in this section is confined to low-
frequency iron-core transformers, where prac-
tically all of the primary flux cuts the sec-
ondary. Radio-frequency  transformers are
considered in § 2-10. -

Voltage and turns ratio— For a given vary-
ing magnetic field, the voltage induced in a
coi] in the field will be proportional to the
number of turns on the coil. If the two coils
of a transformer are in the same field, it fol-
lows that the induced voltages will be pro-
portional to the number of turns on each coil.
In the caxe of the primary, or coil connected to
the source of power, the induced voltage is
practically equal to, and opposes, the applied
voltage. Hence, for all practical purposes,

B =" E,
ny
where Fs is the secondary voltage, E, is the
primary voltage, and ng and n, are the nuinber
of turns on the sccondary and primary, respec-
tively. The ratio ng/n,, is called the turns ratio
of the transformer.
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This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. 1f some of the mag-
netic flux follows a path which does not make it
cut the secondary turns then the sccondary
voltage is less than given by this formula, since
this reduces the number of lines of force (and
thus reduces the effective strength of the mag-
netic field affecting the secondary) by causing
the rate of change of flux to be less in the sec-
ondary than in the primary. In general, the
equation can be used only when both coils are
wound on a closed core of high permeability, so
that practically all of the flux can be confined
to definite paths.

Effect of secondary current — The primary
current which has been diseussed above is usu-
ally ealled the magnetizing current of the trans-
former. Like the current in any inductance, it
lags the applied voltage by 90 degrees, neg-
lecting the small energy losses in the resistance
of the primary coil and in the iron core.

When current is drawn from the secondary
winding, the secoudary current sets up a mag-
netic field of its own in the core. The phase re-
lationship between this field and that caused
by the magnetizing enrrent will depend npon
the phase relationship between current and
voltage in the secondary cireuit. In every case
there will be an effect upon the original field.
To maintain the induced primary voltage equal
to the applied voltage. however, the original
field must be maintained. Consequently, the
primary current must change in such a way
that the effeet of the field set up by the sce-
ondary current is completely canceled. This is
accomplished when the primary draws addi-
tional current that sets up a field exactly
equal to the field get up by the sccondary cur-
rent, but which opposes the sccondary field.
The additional primary current is thus 180 de-
grees out of phase with the secondary current,

In rough ecaleulations on transformers it is
convenient to neglect the magnetizing eurrent
and to assume that the primary current is
caused entirely by the secondary load. This is
justifiable, beeause in any well-designed trans-
former the magnetizing current ix quite small
in comparison to the foad current when the
latter is near the rated valae,

For the fields set up by the primary and
secondary load currents to be equal, the num-
ber of ampere turns in the primary muast equal
the number of ampere turns in the secondary.
That is,

nel, =n, [,
Hence,

1, ="1,

Tip
The load enrrent in the primary for a given
load eurrent in the secondary is proportional
to the turns ratio, secondary to primary. This
is the opposite of the voltage relationships.
If the magnetizing current is neglected, the

phase relationship between current and voltage
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in the primary circuit will be identical with that
existing between the secondary current and
voltage. This is because the applied voltage and
induced voltage are 180 degrees out of phase,
and the primary current and sccondary current
likewise are 180 degrees out of phase.

Energy relationships: efficiency — A trans-
former cannot ereate energy; it can only trans-
fer and transform it. Hence, the power taken
from the secondary cannot exceed that taken
by the primary from the source of applied
e.m.f. Since there is always some power loss in
the resistance of the coils and in the iron core,
the power taken from the source always will
exceed that taken from the secondary. Thus,

Po=nP,~

where P’, is the power taken from the sec-
ondary, /’; is the power input to the primary,
and n is a factor which always is less than 1.
It is ealled the efficiency of the transformer and
is usually expressed as a percentage. The effi-
ciency of small power transformers such as are
used in radio receivers and transmitters may
vary between about 60 per cent and 90 per
cent, depending upon the size and design.

Leakage reactance — In a practieal trans-
former not ail of the magnetic flux is common
to both windings, although in well-designed
transformers the amount of flux which euts one
eoil and not, the other is only a small percentage
of the total flux. This leakage flur acts in the
same way as flux about any coil which is not
coupled to another coil: that is, it gives rise to
self-induetion. Consequently, there is a small
amount of leakage inductance associated with
both windings of the transformer. but not
common to them. Leakage inductance aets in
exactly the same way as an equivalent amount
of ordinary inductance insgerted in series with
the circuit. [t has, thercfore, a certain react-
ance, depending upon the amount of induet-
ance and the frequency. This reactance is ecalled
leakage reactanee.

In the primary the practical effect of leak-
age reactance is equivalent to a reduetion in
applied voltage, since the primary current
flowing through the leakage reactance causes
a voltage drop. This voltage drop increases
with inereasing primary cuvrent, hence it in-
ereases ax more eurrent is drawn from the see-
ondary. The indueed voltage consequently de-
creases, since the applied voltage (which the
indueed valtage must equal in the primary)
has been effectively reduced. The secondary
indueed voltage also deereases proportionately.
When current flows in the seecondary circuit
the secondary leakage reactance causes an
additional voltage drop, which results in a
further reduection in the voltage available from
the secondary terminalz, Thus, the greater the
secondary current, the smaller the secondary
terminal voltage becomes. The resistance of
the primary and sccondary windings of the
transformer also causes voltage drops when
current is flowing, and, although these voltage
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drops are not in phase with those caused by
leakage reactance, together thev result in a
lower secondary voltage under load than is in-
dicated by the turns ratio of the transformer.

Xs Rg
SEC. Es
'
Fig. 234 — The equivalent eircuit of a lr‘m-.form('r in.

cludes the cffects of leahage inductance and r
both primary and sec nmldr\ windings. 'The re
R is an equivalent resistance representing the constant
core losses. Since these are comparatively small, their ef.
feet may be neglected in many approximate ealeulations,

At power frequencies (60 exeles) the voltage at
the secondary, with a reasonably well-destned
transformer. should not drop more than about
10 per cent under foad. The drop in voltage
may be considerably more than thisin a trans-
former operating at audio frequencies, however,
since the leakage reactance in a transformer
increases directly with the frequeney.

Impedance ratio— In an ideal transformer
having no losses or leakage reactance, the
primary and seeondary volt-nmperes are equal;
that ix.

E,I,=E,1

On this assumption, and by making use of the
relationships  between voltage, current and
turns ratio previously given, it ean be shown

that
. _ E,(m)ﬁ
T,, I, \n,

Since Z = E/I, E,/I, i< the impedanee of the
load on the secondary circuit, and £, 7, i~ the
impedance of the loaded transformer as viewed
from the line. The equation states that the
impedance presented by the primary of the
transformer to the line, or power,
ix equal to the secondary load tmpedanee multi-
plied by the square of the primary-to-seeond-
ary turns ratio. This primary impedanee s
ealled the reflected Tmpedanec or relectod Lo,
The reflected impedance will have the same
phase angle ax the secondary load impedanee,
as previously explained. If the secondary load
is resistive only, then the input terminals of the
transformer primary will appear to the source
of e.m.f. as a pure resistance.

In practice there is always some leakage re-
actance and power loss in the transformer. so
that the relationship above does not hold ex-
actly. However, it gives results which are ade-
quate for many practieal cases. T'he 1w pedance
ratio of the transformer consequently is con-
sidered to be equal to the square of the turns
ratio, both ratios being taken from the same
winding to the other.

Immpedance matching — Muany devices re-
quire a speeifiec value of load resistance (or
impedance) for optimum operation. The re-

source of
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sistance of the actual load which is to dissipate
the power may differ widely from this value,
hence the transformer, with its impedance-
transforming properties, is frequently called
upon to change the actual load to the desired
value. Thix is called fmpedance matching. From
the preceding paragraph,

n,  |Z,

n, Z,
where n,/n, is the required secondary-to-
primary turns ratio. Z, is the impedance of the
actual load, and Z,, ix the impedance reguired
for optimum operation of the deviee delivering
the power,

Transformer construction — Transformers
are generally built so that flux leakage is mini-
mized insofar as possible. ‘’he magnetie path
is lid out so that it is as short as possible, sinee
this reduces its refuctanee and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to mintmize flux leak-
age. Two core shapes are in common use, as
shown in Fig. 2385, In the shell {ype both wind-
ing= are placed on the inner leg. while in the
core type the primary and secondary windings
may be placed on separate legs, if desired. 'This
ix sometimes done when it is necessary to mini-
mize capacity effeets between the primary and
secondary, or when there ix a large difference of
potential between primary and sccondary.

Core material for small transformers is
ustrally silicon steel, ealled ** transformer iron.™
The core is built up of thin sheets, ecalled
laniinations, insulated from cael other (by a
thin coating of <liellae, for example) to prevent
the How of eddy currents which are indueed in
the iron at right angles to the direction of the
field. If allowed to flow, these eddy eurrents
would cinse constderable loss< of cenergy in
overcoming the resistance of the eore material.
Thie separate laminations are overlapped, to
make the magnetic path ax continuous as
possible and thus rediee leakage,

The number of turns required on the pri-
mary for a given applied e.m.f. is determined
by the maximum permissible flux density in the

LAMINATION SHAPE

CORE TYPE

Fig. 235 — T'wo commaon ty pes of wransformer construc-
tion, Core picces are interleaved to provide a continu-
ous magnetic path with as low reluctance as possible.
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type of core material used, the frequency, and
the magnetomotive foree required to force the
flux through the iron. As a rough indication,*
windings of small power transformers fre-
quently have about two turns per volt for a
core of 1 square inch cross-section and a mag-
netic path 10 or 12 inches in length. A longer
path or smaller cross section would require
more turns per volt, and vice versa.

In most transformers the coils are wound in
layers, with a thin sheet of paper insulation be-
tween each Inver. Thicker insulation is used
between separate coils and between the coils
and the core.

In power transformers distributed eapacity
in the windings iz of little consequence, but in
audio-frequency transformers it may cause un-
desired resonance effects (see § 2-10 for a dis-
cussion of resonance). High-grade audio trans-
formers often have speeial types of windings
designed to minimize distributed eapacity.

The antotransformer — T'he transformer
prineiple can be utilized with only one winding
instead of two, axshown in g, 236 the prinei-
ples just discuszed apply equally well. The
autotransformer has the advantage that, since

~lron. Core Fig. 236 — The anto-trans-
former is based on the trans.
former principle. but uses
. only one winding, ‘The line

Ling  and load currents in the
T cormmon winding (A) flow in

-

3 A apposite directions, ~o that
3 the resuitant earrent i= the
difference between them, The
voltage across A is propor-
tionzl to the turns ratio.

Load

the line and load currents are out of phase,
the section of the winding common to both
circuits earries less eurrent than the remainder
of the coil. This advantage is not very marked
unless the primary and sccondary voltages do
not differ very greatly. while it is frequently
disadvantageous to have a direct connection
between primary and secondary eirenits, For
these reasons, application of the autotrans-
former is usualiy limited to boosting or redue-
ing the line voltage by a relatively small
amount for purposes ol voltage correction.

€ 2-10 Resonant Circuits

Prineiple of resonance — It has been shown
(§ 2-8) that the inductive reactance of a coil
and thie capacitive reactance of a condenser
are oppositely affected by frequency. In any
series combination of inductance and capaci-
tance, therefore. there is one particular fre-
quency for which the inductive and capacitive
reactances are cqual. Sinee these two react-
ances cancel each other, the net reactance in
the circuit becomes zero, leaving only the re-
sistance to impede the flow of eurrent. The
frequeney at which this oceurs is known as the
resonanl frequency of the eireuit and the circuit
is said to he in resonance at that frequency, or
tuned to that frequency,
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Series circuits — The frequency at which a
series cireuit is resonant is that for which
X1 = X¢. Substituting the formulas for in-
ductive and capacitive reactance (§ 2-8) gives

1
27fL = ——
f 2xfC
Solving this equation for frequency gives

4 2r+/T.("
This equation is in the fundamental units —
cveles per <econd, henrys and farads - and =o,
if fractional or multiple units are used, the ap-
propriate factors must be inserted to change
them to the fundamental units. A formula in
units commonly used in radio circuits is

f= 1
T/ LC
where [ is the frequeney in kiloeyeles per sec-
ond, 27 ix 6,25, L is the induetance in miero-
henrys (pho) and € is the eapacitance in miero-
microtarads Guptd),

The resixtance that may be present does not
enter into the formula for resonant frequency,

When a constant a.e. voltage of variable fre-
gueney is apphed, ax shown in Fig, 237-A,
the current flowing throngh suech a eirenit will
be maximum at the resonant frequeney. The
magnitude of the eurrent at resonance will be
determined by the resistanee in the eirenit. The
curvex of Fig. 237 ilinstrate this, curve a being
for low resistance and curves b oand ¢ being
for inercaxingly greater rexiztances.

In the cirenits used at radio frequencies the
reactance of either the coil or condenser at
resonance is ustally several times as large as
the resiztance of the cireudt, although the net
reactance is zero. As the applied frequency de-
parts from resonanee, =ay on the low-frequency
side. the reactance of the condenser inereases
and that of the inductance decreases, so that
the net reactanee (which ix the difference bhe-
tween the two) inereases rather rapidly. When
it beeames =everal timex as high as the resist-
ance, it becomes the chief factor in determining
the amount of ‘enrrent flowing, Henee, for cir-
cuit= having the same valiues of induetance and
capacity but varyving amounts of resistance,
the resonance curves tend to coineide at fre-

X 108

Var%/e
R Frequency

A~ SERIES RESONANCE

Constant
C Voltage —

Varidble
R | Frequency
MW

B ~PARALLEL RESONANCE

CURRENT (Series Circurl)
IMPEDANCE (Prallel Circuit)

—L
FREQUENCY

Fig. 237 — Characteristies of serics.resonant and par-
allel-resonant circuits with variations in resistance, R.
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quencies somewhat removed from resonance.
The th-ee curves in the figure show this tend-
ency.

Parallel  circuits — The parallel-resonant
cireuit is illustrated in Fig. 237-B. This eir-
cuit also contains inductance, capacitanee and
resistance in series, but the voltage is applied in
parallel with the combination instead of in
series with it as in A, As explained in connee-
tion with parallel induetance and capacity
(§ 2-8). the total current through sueh a com-
bination is less than the current flowing in the
branch having the smaller reactance. If the
currents through the inductive and eapacitive
branches are equal in amplitude and exactly
180 dezrees out of phase. the total current,
called the /ine current. will be zero no matter
how luige the individual branch currents may
be. The impedance (Z = 17/1) of such a cir-
cuit, viewed from its parallel terminals, would
be infirite. In practice the two eurrents will not
be exaetly 180 degrees out of phase, because
there 1= alwavs <ome resistance in one or bhoth
branches. This resistance makes the phase re-
lationship between ecurrent and voltage less
than 90 degrees in the branch containing it,
hence the phase difference between the cenr-
rents in the two branches is less than 180 de-
grees and the two currents will not cancel com-
pletely. However, the line current may be very
small if the resistance ix small compared to the
reactance, and thus the parallel impedance at
resonance may be very high,

As the applied frequeney is inereased or de-
creasea from the resonant frequency. the re-
actance of one braneh decreases and that of
the other branch inereases. The branch with
the snmller reactance takes a larger cuvrent. if
the applied voltage is constant, and that with
the larger reactance takes a smaller eurrent.
As a cesult, the difference between the two
currents becomes larger as the frequeney is
moved farther from resonance. Sinee the line
current is the difference between the two cur-
rents, the current inereases when the frequencey
moves away from resonance: in other words,
the parallel impedance of the eivenit decreases.

The variation of parallel impedance of a
parallel-resonant cireuit with frequeney is il-
lustrated by the same curves of Fig, 237 that
show the variation in current with frequency
for the series-resonant eivenit, The parallel
imped inee at resonance inereases as the series
resistance 1s made smaller,

In the case of parallel eircuits, resonance
may be defined in three wavs: the condition
which gives maximum impedance, that whieh
gives 1 power factor of 1 (impedance purely
resistive), or (as in series circuits) when the in-
ductive and capacitive reactances are equal, If
the redstance i Jow. the rezonant frequencies
obtaired on the three bases are practiealiy
identiv-al. This condition usually is satisfied in
radio work, ~o that the resonant frequeney of a
parallel circuit is generally computed by the
series—resonance formula given above.
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Resistance at high frequencies — When
current flows in a conductor a magnetic field is
set up inside the conductor as well as exter-
nally. When the current is alternating, the in-
ternal magnetic field induces a voliage inside
the conductor which opposes the applied volt-
age and beeomes larger as the center of the con-
ductoris approached. As a result. the current is
forced to distribute itself so that the greater
proportion flows near the surface and less near
the center. Thix is known as shin effect.

Skin effeet is negligible at low frequencies,
but inereases with increasing frequency to such
an extent that at radio frequencies the major
portion of the current flows near the surface. In
the w.hof. range, all the current may be coneen-
trated within one or two thonsandths of an
inch of the surface. so that tor all praetieal pur-
poses the eurrent flows entirely on the surface.

Sinee little eurrent flows in the interior of a
conductor at radio frequencies, the effect is the
satie as though the eurrent were flowing in a
thin conduecting tube. This is the same as re-
ducing the eross-sectional area of the con-
ductor, which inereases its resistance. Conse-
quently skin effect inereases the resistanee of a
solid conduetor as compared to its value for
doeoand low-frequeney ae.

Low resistance at radio frequencies ean bhe
achieved by using conductors with large sur-
face arean. Sinee the inner part of the conductor
does not carry carrent, thin-walled tubing may
be used for coils equally ax well as solid wire of
the ~same dinmeter.,

[ the ease of inductance coils, the magnetic
ficld close to the wire causes the current to tend
to concentrate i the part of the conductor
where the field is weakest, agnin eausing an ef-
fective deerease in the conductor size and rads-
ing the resistance. These effects, plus the ef-
feets of ~tray currents flowing through the dis-
tributed capacity (§ 2-8) between turns, raise
the cffective resistance of @ coil at radio fre-
quencies to many times the d.e. resistance of
the wire.

Sharpness of resonance — As the internal
series resistance is inercased the resonance
curves become flatter” for frequencies near
the resonanee frequeney, as shown in Fig, 237,
The relative sharpness of the resonance curve
near resonance frequeney is a measure of the
sharpness of Luning or seleetivily (ability to dis-
criminate between voltages of different fre-
quencies) in such eireuits, This is an important
consideration in tuned circuirs for radio work.

Fivwheel effeet: ()— A resonant  circuit
may be compared to a flvwheel in its behavior.
Just as such a wheel will continue to revolve
after it 1= no longer driven, so also will oscilla-
tions of eleetrical energy continue in o resonant
circuit after the source of power is removed.
The fivwheel continnes to revolve bheeause of
s stored mechanieal energy; current flow
continnes in a resonant circuit by virtue of the
energy stored 1n the muagnetie field of the coil
and the electrie field of the condenser. When
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the applied power is shut off the energy surges
back and forth between the coil and condenser,
being first stored in the field of one, then re-
leased in the form of current flow, and then re-
stored in the field of the other. Since there is
always resistance present some of the energy
is lost as heat in the resistance during each of
these oscillations of energy, and eventually all
the encrgy ix <o dizsipated. The length of time
the oscillations will continue is proportional to
the ratio of the energy stored to that dissi-
pated in cach eyele of the oseillation. This ratio
s called the Q (quality factor) of the cireuit.

Sinee energy ix stored by either the induet-
ance or capacity and may be dissipated in
either the inductive or eapacitive branch of the
cireuit, a Q can be extablizhed for either the in-
ductance or capacity alone as well as for the
entire circuit. It ean be shown that the energy
stored is proportional to the reactance and
that the energy dissipated is proportional to
the resistance, so that, for either inductance or
capacity associated with resiztancee,

0=
I3
This retationship is useful in a variety of cir-
cuit problems.

In resonant cireuits at frequencies below
about. 28 Me. the internal resistance is almost
wholly in the eolls the condenser resistance
may be negleeted. Consequently, the @ of the
cireuit as a whole is determined by the Q of the
coil. Coils for use at frequencies helow the very-
high-frequeney region may have Qs ranging
from 100 ta several hundred, depending upon
their size and construetion,

The sharpness of resonanee of a tuned cir-
enit is direetly proportional to the @ of the
cireuit. As an indiention of the effeet of (), the
current in a series cireuit drops to a little less
than half its resonanee value when the applied
frequeney is changed by an amount equal to
1/ times the resonant frequeney. The paral-
lel impedance of a parallel circuit similarly de-
ereases with change in frequencey, For example,
ina eireutt having o Q of 100, changing the ap-
plied frequeney by 1/100th of the resonant
frequeney will deerenze the parallel impedance
to less than hall its value at resonance.

Damping, decrement — The rate at which
current dies down in amplitude in a resonant
cireuit after the source of power has been re-
moved is ealled the decrement or damping of
the eireuit. A eireuit with high deerement
(low ) is said to be highly damped; one with
low decrement (high Q) is lightly damped.

Voltage rise — When a voltage of the reso-
nant frequency is inserted in series in a reso-
nant cirenit, the voltage which appears across
either the coil or condenser is considerably
higher than the applied voltage, This ix be-
cause the current in the cireuit is limited only
by the actual resistance of the coil-condenser
combination in the eireuit, and henee may have
a relutively high value: however, the same
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current flows through the high reactances of
the coil and condenser, and consequently
cuuses large voltage drops (§ 2-8). As explained
above, the reactances are of opposite types and
hence the voltages are opposite in phase, so
that the net voltage around the cireuit is only
that which is applied. The ratio of the reactive
voltage to the applied voltage is proportional
to the ratio of reactance to resistance. which ix
the Q of the circuit. Hence. the voltage across
cither the eoil or condenser is equal to Q times
the voltage inserted in series with the eireuit.

If, for exnmple, the inductive reactance of
a cireuit i 200 ohmis, the capacifive reactance
is 200 ohms, the resistance H ohms, and the
applied voltage ix 50, the two renetanees cancel
and there will be but the 5 ohms of pure re-
sistance to limit the current flow. Thus the cur-
rent will be 503, or 10 amperes. The voltage
developed across either the coil or the con-
denser will be equal to its reactance times the
current, or 200 X 10 = 2000 volts,

The ratio of reactive voltage o applied
voltage is equal to the ratio of the reactance of
the coil or the condenser to the resistance.
Sinee the latter ratio equals the @ of the cir-
enit. the reactive voltage equals the applied
voltage times the @ (200/5 or 40 X 50 = 2000
volts).

Parallel-resonant  cirenit  impedanece —
The parallel-resonant eirenit offers pure re-
sistance (its resonant (mpedanee) between 1ts
terminals beeanse the line enrrent is practieally
in phase with the applicd voltage, At frequen-
cies off resonanee the current inereases through
the branech having the lower reactance (and
viee versa) so that the cirenit becomes rene-
tive. and the resistive component of the im-
pedanee deereases as shown in Fig, 238

If the circuit @ is 10 or more, the parallel
impedance at resonance is given by the formula

Z, = X/ = X0

where X ix the reactance of either the coil or
the condenser and /¢ is the internal resistance.

Q of loaded circuits —In many applica-
tions, particularly in reeciving, the only power
dissipated is that lost in the resistance of the
resonant cireuit itzelf. Henee the coil should be
designed to have ax high @ as possible. Since,
within limits, inereasing the number of turns
raises the reactance faster than it raises the

RESISTANCE -RELATIVE

REACTANCE

Resonance |

Sie N

TFREQUENCY

Fig. 238 Vhe impedance of a parallelreconant resist-
ance cireuit ix shown here separated into its reactance
and resistance components. The parallel resistance of the
cirenit is equal to the parallel impedanee at resonance.
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resistance, coils for such purposes are made
with relatively large inductance for the fre-
quency under consideration.

On the other hand. when the circuit delivers
energy to a load, as in the case of the resonant
circuits used in transmitters, the energy con-
sumed in the cireuit itself is usually negligible
compared with that consumed by the load. The
equivalent of such a circuit ean be represented
as shown in Fig. 239-A, where the parallel
resistor represents the load to which power is
delivered. If the power dissipated in the load
is greater by 10 times or more than the power
lost in the coil and condenser, the parallel im-
pedance of the resonant circuit alone will be so
high compared to the resistance of the load
that the latter may be considered to determine
the impedance of the combined circuit. (The
parallel impedance of the tuned cireuit alone
is resistive at resonance, so that the impedance
of the combined circuit may be ealeulated from

Fig. 239 —— The equivalent eircuit of a resonant cir-
cuit delivering power to a load, ‘T'he resistor R represents
the load resistance. At (B) the load is tapped across
part of [, which by transformer action is equivalent to
using a higher load resistance across the whole cireuit,

the formula for rexistances in parallel. If one
of two resistances in parallel has 10 times the
resistance of the other. the resultant resist-
ance is practically equal to the smaller resist-
ance.) The error will be small, therefore, if the
loxxes in the tuned cireuit alone are negleeted,
Then, since Z = X, the @ of a cireuit loaded
with a resistive impedanee is

where Z ix the load resistance conneeted across
the circuit and X is the reactance of cither the
coil or condenzer. Henee, for a given parallel
impedance, the effective @ of the cireuit in-
cluding the load is inversely proportional to
the reactance of either the coil or the con-
denser. A cirenit loaded with a relatively low
resistance (a few thousand ohms) must there-
fore have a large eapacity and relatively =mall
inductance to have reasonably high (),

I'rom the above it ix evident that connecting
a resistance in parallel with a resonant cireuit
decreases the impedance of the circuit. How-
ever. the reactances in the eircuit are un-
changed, hence the reduction in impeduance is
equivalent to a reduction in the @ of the eir-
cuit. The =ame reduction in impedance also
could be brought about by inereasing the series
resixtance of the cireuit. The equiralent series
resistance introduced in a resonant cirenit by
an actual resistance connected in parallel is
that value of resixtance which, if added in
series with the coil and condenser, would de-
crease the cirenit Q to the same value it has
when the parallel resistance is connected.
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When the resistance of the resonant circuit
alone can be neglected, the equivalent re-
sistance is )
R=X
Z
the symbols having the same meaning as in the
formuta above.

The effect of a load of given resistance on
the Q of the circuit can be changed by con-
necting the load across only part of the cireuit.
The most common method of accomplishing
thix is by tapping the load across part of the
coil, as shown in Fig, 239-B. The smaller the
portion of the coil across which the load is
tapped, the less the loading on the circuit; in
other words, tapping the load “down” is
equivalent to connecting a higher value of load
resistanee across the whole eircuit. This is
similar in principle to impedance transforma-
tion with an iron-core transformer (§2-9).
However, in the high-frequeney resonant eir-
cuit the impedance ratio does not vary exactly
as the square of the turn ratio, beeause all the
magnetie flux lines do not cut every turn of
the coil. A desired reflected impedance usually
must be obtained by experimental adjustment.

L/C ratio— The formula for resonant fre-
queney of a eireuit <hows that the same fre-
quencey always will be obtained so long as the
product of L and (' s constant. Within this
linitation, it is evident that L can be large and
C small, L small and (" large, ete. The relation
between the two for o fixed frequencey ix ealled
the L€' ratio. A high-C circuit is one which
has more eapacity than “normal’ for the fre-
queney: a low-C' eirenit one which has less than
normal capacity. These terms depend to a
conxiderable extent upon the particular appli-
cation considered, and have no exaet numeri-
al meaning.

LC constants — As painted out in the pre-
ceding paragraph, the produet of induetance
and eapacity is canstant for any given fre-
queney. It ix frequently convenient to use the
numerical value of the LO constant when a
number of ealeulations have to be made in-
volving different L (" ratios for the same fre-
quency. ‘The canstant for any frequency is
given by the following equation:

253:
LO - -.}i&()
where L is in microhenrys, € in micromicro-
farads, and fix in megacyeles,

€ 2-11 Coupled Circuits

Energy transfer: loading --"Two circuits
are said to bhe coupled when energy can be
transferred from one to the other. The circuit
delivering energy is called the primary circuit;
that receiving energy is called the secondary
circuit, The energy may be practieally all
dixsipated in the secondary eircuit itself, as in
receiver circuits, or the secondary may simply
act as a medium through which the energy is
transferred to a load resistance where it does




work. In the latter ease, the coupled ecircuits
may act as a radio-frequeney impedanee-
matehing device (§ 2-9) where the matehing
cun be aceomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
coupling between the primary and secondary.

Input Output  (A)
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I'ig, 240 — Basie methods of circnit coupling,

output  (E)

Coupling by a common circuit element —
One method of coupling between two resonant
cireuits is to have some type of circuit element
common to both cirenits, The three variations
of this type of coupling (often ealled direct
coupling) shown at A, B and O of Fig. 240,
utilize 2 common inductance, capaecity and
resistance, respectively. Current eireulating
in one LC branch flows through the common
element (L., C., or ;) and the voltage devel-
oped across this element eauses current to flow
in the other LO branch, The degree of coupling
between the two circuits beeomes greater as the
reactance (or resistance) of the common cle-
ment is inereased in comparizon to the remain-
ing reactances in the two branches,

If both circuits are resonant to the same
frequency, ax is usnally the cuse, the common
impedance — reactance  or  resistance — re-
quired for maximum energy transfer is gener-
ailyv quite small compared to the other react-
ances in the cirenits.

Capacity  coupling — The  cireuit at D
shows electrostatic ecoupling between two reso-
nant cireuits. The coupling increases as the
capaeity of (' is made greater (reactance of €,
i deerensed). When two resonant eircuits are
coupicd by thix means, the eapacity reqguired
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for maximum energy transfer is quite small if
the @ of the secondary eireuit is at all high,
For example. if the parallel impedance of the
secondary eireuit ix 100,000 ohms, the react-
ance of the coupling condenser need not be
lower than 10.000 ohms or so for ample eou-
pling. The corresponding capacity required is
only a few micromicrofarads at high frequencies.

Inductive coupling — Fig. 2-10-1 illustrates
inductive coupling. or coupling by means of
the magnetie field. A etrenit of this tvpe re-
sembles the iron-core transformer (§ 2-9) but,
beeanse only a small pereentage of the flux
lines =et up by one coil cut the turns of the
other coil, the simple relationships between
turns ratio, voltage ratio and impedanee ratio
in the iron-core transformer do not hold. To
determine the operation of such cireuits, it is
necessary to take account of the mutual induet-
ance (§ 2-5) between the coils.

Linl coupling — A variation of induective
coupling, ealled lind evnpling, is shown in Fig,
241, This gives the effeet of induetive coupling
between two coils whichh may be so separated
that they have no mutual induetanee; the tink
may he considered =imply ax a means of pro-
viding the mutual inductance. Beenuse mutual
inductance between coil and link is involved at
each end of the link, the total mutual induet-
ance between two link-conpled cirenits eannot
be made as great as when normal inductive
coupling ix used. In practice, however, this
ordinarily i not dizadvantageous. Link cou-
pling frequently is convenient in the design of
cquipment where induetive coupling would be
unpracticable for constructional reasons,

The link coilz generally have few tnrns com-
pared to the resonant-circuit coils, =inee the
cocllicient of conpling i= refatively independent
of the number of turns on either coil,

Coefficient of coupling — The degree of
coupling between two ecoils iz a2 function of
their mutual inductance and self-induetances:

M
VI

where & is ealled the coeflicient of coupling, Tt is
often expressed as a percentage. The coeflicient
of coupling eannot be greater than 1, and gen-
erally is muel smaller in resonant circuits.
Inducetively coupled circuits — Three types
of circurts with inductive coupling are in
general use. As shown in Fig. 242, one type has
a tuned-secondary ecircuit with an untuned-
primary coil, the second a tuned-primary eir-
cuit and untuned-secondary coil, and the third
nu=es tuned eireuits in both the primary and

A.

Oy p—
[ L L2 C,
input  H& = Output
—— =
™M M

1w, 241 Link coupling. 'Fhe mutual inductanees at
both ends of the link are equivalent to mutnalinductance
between the tuned eircuits, and serve the same purpose.
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Fig. 212 I'ypes of induectively coupled cireuits, In A
and B one circuit is tuned, the other untuned. hows
the nrethod of coupling between two tuned eircuits,

secondary. The eircuit at A is frequently used
in receivers for coupling between amplifier
tubes when the tuning of the circuit must be
varicil to respond to signalz of different fre-
quencies. Cireuit B is used prineipaily in trans-
mitters, for coupling a radio-frequency ampli-
fier $o a rexistive load. Cirenit € is used for
fixed-frequency amplification in receivers, The
same eireuit also is used in transmitters for
transferring power to a load which has both
reactance and resistance.

1f the coupling between the primary and see-
ondary is “tight’ (coeflicient of coupling
large), the effeet of inductive ecoupling in eir-
cuite A and B, Fig. 242, is much the =ame as
though the cirenit having the untuned coil
werce tapped on the tuned eirenit (§ 2-10). Thus
any resistance in the cireuit to which the un-
tuncd coil s conneeted is coupled into the
tuned eircuit in proportion to the mutual in-
ductance. This is equivalent to an increase in
the series resistance of the tuned eireuit, and its
Q and =clectivity are reduced (§ 2-10). The
higher the coeflicient of coupling, the lower the
O for a given value of resistance in the coupled
cireait. These eireuits may be used for imped-
ance matching by adjustment of the coupling
and of the number of turns in the untuned coil.

1f the circnit to which the untuned coil is
conneeted has reactance. a certain amount of
reactance will be “coupled in’" to the tuned
cireuit depending upon the amount of re-
actunce present and the degree of coupling.
The chicf effeet of thiz coupled reactance is to
require readjustment of the tuning when the
coupling is increazed, if the tuned circuit has
first been adjusted to resonance under condi-
tions of very loose coupling,.

Coupled resonant circuits — The effect of
a tuned-secondary circuit on a tuned primary
is somewhat more complieated than in the
sinipler cirenits just deseribed. When the sec-
ondary is tuned to resonance with the applied
frequency, its impedance is resistive only, If the
primary also is tuned to resonance, the current
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flowing in the secondary circuit (caused by the
induced voltage) will; in turn, induce a volt-
age in the primary which is opposite in phase
to the voltage acting in scries in the primary
circuit. This opposing voltage reduces the
effective primary voltage, and thus causes a re-
duction in primary current. Since the actual
voltage applied in the primary circuit has not
changed, the reduetion in current can be looked
upon as being caused by an increase in the re-
sistance of the primary eircuit. That is, the
effect of coupling a resonant sccondary to the
primary is to increase the primary resistance,
The resistance under consideration is the series
resistance of the primary cireuit, not the paral-
lel impedance or resistance. The parallel re-
sistance deereases, since the increase in series
resistance reduces the Q of the primary cireuit,

If the sccondary cireuit is not tuned to res-
onance, the voltage induced back in the pri-
mary by the secondary current will not be ex-
actly out of phase with the voltage acting in
the primary; in effect, reactance is coupled
into the primary cireuit. If the applied fre-
queney is fixed and the secondary circuit tun-
ing s being varied, this means that the primary
cirenit will have to be retuned to resonance
each time the secondary tuning is changed.

If the two circuits are initially tuned to res-
onance at a given frequeney and then the ap-
plied frequeney is varied. both cireaits beeome
reactive at all frequeneies off resonance. Under
these conditions, the reactance coupled into the
primary by the secondary retunes the primary
circuit to a new resonant frequency. Thus, at
some frequencey off resonance, the primary cur-
rent will be maximum, while at the actual res-
onant frequeney the current will be smaller
beeause of the resistance coupled in from the
secondary at resonance. There is a point of
maximum primary current both above and
below the true resonant frequency.

These effects are almost negligible with very
“loose” coupling (coeflicient of coupling very
smull). but inereaze rapidly as the coupling
increases. Beeause of them, the selectivity of a
pair of coupled resonant eirenits ean be varied
over a considerable range simply by ehanging
the coupling between them. Typical curves
showing the variation of seleetivity are shown
in Fig. 213, lettered in order of inereasing co-

T

RELATIVE OUTPUT VOLTAGE
-

T —F
FREQUENCY
Fig. 243 — Showing the effect on the output voltage
from the secondary circuit of changing the coeflicient of
coupling between two resonant circuits independently
tuned to the same frequency. The input voltage is held
constant in amplitude while the frequency is varied,
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efficient of coupling, At loose coupling, A, the
voltage across the secondary circuit (induced
voltage multiplied by the @ of the secondary
circuit) is less than the maximum possible
because the induced voltage is small with loose
coupling. As the coupling increases the sec-
ondary voltage also increases, until critieal
coupling, B, ix reached. At still closer coupling
the effcet of the primary current “humps”
causes the secondary voltage to show some-
what similar humps, while when the coupling
is further inereaxed the frequency separation of
the humps becomes greater. Resonance curves
such as those at C and D are called “flat-
topped.” because the output voltage is sub-
stantially constant over an appreciable fre-
quency range.

Critical coupling — 1t will be observed that
maximum secondary voltage is obtained in the
curve at B in Fig. 243, With tighter coupling
the resonance curve tends to be double-penked,
but in no ease is such a peak higher than
that shown for curve B. The coupling at which
the secondary voltage is maximum is known as
critical coupling. With this coupling the re-
sistance coupled into the primary eireuit is
equal to the resistance of the primary itself,
corresponding to the condition of matehed
impedances. Hence, the energy transfer is max-
imum at critical eoupling. The over-all selec-
tivity of the coupled eircuits at eritical coupling
is intermediate between that obtainable with
loose coupling and tight coupling. At very loose
coupling, the =clectivity of the system is very
nearly equal to the product of the selectivities
of the two circuits taken separately; that is, the
effective Q of the cireuit is equal to the produet
of the Qs of the primary and secondary.

Effect of circuit () — Critical coupling is a
funetion of the Qs of the two circnits taken in-
dependently. A higher coeflicient. of coupling
is required to reach eritical coupling when the
Qs are low; if the Qs are high, ax in receiving
applications, a coupling cocflicient of a few
per cent may give critical coupling.

With loaded cireuits it is not impossible for
the @ to reach such low values that eritieal
coupling cannot be obtained even with the
highest practicable coeflicient of coupling (coils
as close physically as possible). In such case
the only way to secure sufficient coupling is to
incerease the @ of one or both of the coupled
cirenits. This can be done cither by decreasing
the L/C ratio or by tapping the load down on
the secondary coil (§ 2-10). One or the other of
these methods often must be used with link
coupling, beeause the maximum coefficient of
coupling between two coils seldom runs higher
than 50 or 60 per cent and the net coeflicient
is approximately equal to the products of the
coeflicients at each end of the link. If the load
resistance is known beforehand, the circuits
may be designed for a Q in the vicinity of 10
or xn with assurance that sufficient coupling
will be available: if unknown, the proper (Js can
be determined by experiment.

Shielding — Frequently it is necessary to
prevent coupling between two circuits which,
for constructional reasons, must be physically
near each other. Capacitive coupling may
readily be prevented by enclosing one or both
of the circuits in grounded low-resistance
metallic containers, called shields. The electro-
static field from the circuit components does
not penctrate the shicld, because the lines of
force are short-cireuited (§ 2-3). A metallic
plate ealled a baflle shield, inserted between
two components, may suffice to prevent elec-
trostatie coupling between them, since very lit-
tle of the field tends to bend around such a
shield if it ix large enough to make the compo-
nent= invisible to each other.

Similar metallie shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic field induces a current
(eddy current) in the shield, which in turn sets
up its own magnetic ficld opposing the original
field (§ 2-5). The induced current is propor-
tional to the frequency and also to the conduc-
tivity of the shield, hence the shielding effect
inereases with frequency and with the condue-
tivity and thickness of the shielding material. A
closed shield is required for good magnetic
shielding: in some caxes separate shields, one
about each coil. may be required. The baffe
shield is rather ineffective for magnetic shield-
ing, although it will give partial shielding if
placed at right angles to the axes of, as well as
between, the two coils to be shiclded from
each other.

Cancellation of part of the field of the coil
reduces its inductance, and, since some energy
is dissipated in the shield, the effective resist-
ance of the coil is raized as well. Henee the Q of
the coil ix reduced. The effect of shielding on
coil Q and inductance becomes less as the dis-
tance between the eoil and shield is inereased.
The losses also deerease with an inerease in the
conductivity of the shield material. Copper and
aluminum are satisfactory materials. The Q
and inductance will not be greatly reduced if
the spacing between the sides of the coil and
the shield ix at least half the coil diameter, and
is not less than the coil diameter at the ends of
the coil.

At audio frequencies the shielding container
should be made of magnetic material, prefera-
bly of high permeability (§ 2-3). to provide a
low-reluetance path for the external flux abont
the coil to be shielded. A nonmagnetic shield is
quite ineffectual at these low frequencies since
the indueed current is small.

Filters — By suitable choice of cireuit ele-
ments a coupling syvstem may be designed to
pass, without undue attenuation, all frequen-
cies below and reject all frequencies above a
certain value, called the cut-off frequency. Such
a coupling system is called a filler, and in the
above caxe is known as a low-pass filter,

H frequencies above the cut-off frequency are
passed and those below attenuated, the filter is
a high-puss filter. Simple filter circuits of both
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Fig. 244 — Basic forms of filter networks. 'T'ypical frequency response curves for each type are shown at the right.

types are shown in Fig. 244, along with typical
frequency-response curves. The fundamental
circuit, from which more complex filters are
constructed, is the L-section. Fig. 244 also
shows m-section and T-section filters, both con-
strueted from the basic L-~seetion.

A lmnd-pass filter: also shown in Fig. 244,
is a combination of high- and low-pass filter
clements designed to pass without attenuation
all frequencies between two selected cut-off
frequencies. and to attenuate all frequencies
outside these limits. The group of frequencies
whicl is passed by the filter is called the pass-
beoeed. Two resonant circuits with greater than
eritienl coupling represent a common form of
band-pass filter.

In curves of Fig. 244, A shows the attenua-
tion at high frequencies of o gsingle-section low-
paxs tilter with high-Q components: B illus-
trates the extremely sharp cut-off obtainable
with a more claborate three-seation  filter.
Curve O is that of a high-pass scetion having
high O, comparable to A. ) shows the attenua-
tion by a less-cfficient seetion having some re-
sistanve in the induetance branch. Curves E,
F and (i illustrate various band-pass charae-
teristies, I being a low-Q narrow-band filter,
¢ a high-Q narrow-band, and G a wide-band
high-€) two-seetion filter.

I'ilser cireuits are frequently encountered
hoth in low-frequency and r.f. applications.
The proportions of L and (' for proper opera-
tion depend upon the load resistanee connected
across the output terminals, I being larger and
¢ smaller as the load resistance ic inereased.
The type of section does not affect the at-
tenuation curve, provided the input and out-
put resistances are correet. In a symmetrieal
filter the input and output impedances must
be equal to the impedance for which the filter
is designed. Assuming these relationships, the

Fig. 245 — l.-section and w-sec- AMAVA

following design equations apply to the sections
illustrated in Iig. 244,

Low-pass filter:

R 1
L =" C =
1rf¢ 1rfcR
VL !
R = 4l - —
(' fC 1r\/LlC’2
High-pass filter:
R 1
= @ =
47[[0 41I'fcR
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Band-pass filter:
R =S
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Sxf i fo w(fa—f1)R
V6L _ Vi
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In these formulas, R is the terminal imped-
ance and fo the design cut-off frequeney for
low-pass and high-pass filters. FFor band-pass
filters, f1 and fa are the pass-band limits and
far the middle frequency. Ls (‘s the parallel
shunt elements.

The reststance-capacity filter, shown in Fig,
245, is used where both d.c. and a.c. are flowing
through a circuit and greater attenuation is de-
sired for the a.c. than for d.c. It is usually em-
ploved where the direct current is small so
that d.c. voltage drop is not excessive, or

tion resistance-capacity filter c¢ir- R _L

enits delt) and curves showing  fppug Output
the attenunation in db. for three " cT
different RC products at various o

frequencies  in the audio-fre- L=Section
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when a voltage drop actually is required.
The time constant, RC, (§ 2-6) must be large
compared to the time of one cycle of the lowest
frequency to be attenuated. In determining the
time constant, the resistance of the load must
be included as well as that in the filter itself.
A

(3
DCorAC.

©

®

EA.C. EA.C.
Fig. 246 — Bridge cireuits utilizing resistance, induct-

ance and capacity arms, both alone and in combination,

Bridge circuits — A bridye circuitis a device
primarily used in making measurements of re-
sistance, reactance or impedanece (§ 2-8), and
frequency, although bridges also have other
applications in radio circuits.

The fundamental form is shown in Fig.
246-A. It consists of four resistances (ealled
arms) connected in series-puratiel to a source
of voltage, k£, with a sensitive galvanometer,
M, econnected between the junctions of the
series-connected pairs. When the equation

Ry I
7.’3 I
is satisfied there is no potential difference be-
tween points 4 and B8, since the drop across [,
equals that across Ry and the drop aeross Ity
equals that across 3. Under these conditions
the bridge is said to be balanced, and no current
flows through M. If I3 is an unknown resist-
ance and Ry is a variable known resistance,
Ry can be found from the following equation
after g has been adjusted to balance the
bridge (null indication on M):
Ry = g,
R

Iy and Ry ave known as the ratio arms of the
bridge; the ratio of their resistances is usually
adjustable (frequently in steps of 1, 10, 100,
ctel), so that a single variable resistor, By, ean
serve as a standard for mensuring widely dif-
ferent vanies of unknown resistanee.
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Bridges similarly can be formed with arms
containing capacity or inductance, and with
combinations of either with resistance. Typical
simple arrangements are shown in Fig, 246.
For measurements involving alternating cur-
rent the bridge must not introduce phase shifts
which will destroy the balance, hence similar
impedances should be used in each branceh, as
shown in [ig. 246, and the Qs of the coils and
condensers should be the same. When bridges
are used at audio frequencies, a telephone
headset is a suitable null indicator, The bridges
at K and I' are commonly used in r.f. neutral-
izing cireuits (§4-7); the voltage from the

»

source, K., is balanced out at X.

€ 2-12-A Linear Circuits

Standing wares — If an clectrieal impulse
is started along a wire, it will travel at approxi-
mately the speed of light until it reaches the
end. If the end of the wire ix open circuited,
the impulse will be reflected at this point and
will travel back again. When a high-frequency
alternating voltage is applied to the wire a cur-
rent will low toward the open end, and reflec-
tion will occur continuonsly. If the wire is long
cniough <o that time comparable to a half evele
or more 1= required for current to travel to the
open end, the phase relations between the re-
flected current and outgoing current will vary
along the wire. At one point the two eurrents
will e 1807 out of phase aud ot another in
phise. with intermedinte values hetween, As-
sutiing negligible losses, the resultant current
along the wire, as measured by o current-indi-
cating instrument such as a0 thermo-conple
ammeter, will vary in amplitude from zero 1o a
maxinnin vatue, Such o variation is called a
standin g wrare, The voltage along the wire also
goes  through standing waves, reaching its
maximum value where the enrrent is minimum
and viee versa.

When the wire is eut to such o length that
the carrent treaverses it in one direction in
exactiv the time of one-ha!f evele, a single
standing wave will oceur along the wire and the
wire is said to be resonaat to the applied fre-
quencey. Althonzh the induietance and eapacity
are distributed slong the wire rather than be-
ing concentrated in a coil and condenser, such a
wire s in many wayvs equivalent to an ordinary
resonan eirenit.

Frequeney and warvelength — 1t is possible
to deseribe the constants of such line cireuits in
terms of inductance and capacitance, but it
is more convenient 1o give them simply in
terms of fundamental resonant frequeney or of
length. Sinee the veloeity at which the current
travels is 300,000 kilometers (186,000 miles)
per second, the warclength, or distanee the cur~
rent will teavel in the time of one eyele, is

300,000
A=
S

where A is the wavelength in meters and f. is
the frequency in kilocycles,
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Fig, 217 — Standing-wave current distribution on a
wire aperating as an oscillatory cireuit, at the fundamen-
tal, second harmonic and third harmonic frequencies.

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (eapacitance and induetance) resonates
only at one frequency, circuits such as an-
tennas which contain distributed constants
resonate readily at frequencies which are very
nearly integral multiples of the fundamental
frequeney. These frequencies are, therefore, in
harnoric relationship to the fundamental fre-
queney. and henee are referred to as harmon-
tes (% 2-7). In radio practice the fundamental
itself is ealled the first harmonic, the frequency
twice the fundamental is ealled the second har-
monir. and = on,

iz, 247 illustrates the distribution of cur-
rent on i wire for fundamental, second and
third hurmonic excitation. There is one point
of maximum enrrent with fundamental opera-
tion, two when operation is at the second har-
mone:, and three at the third harmonic: the
number of current maxima corresponds to the
order of the harmonic and the number of stand-
ing waves on the wire. As noted in the figure,
the points of maximum current are ealled
anti-nodes (alzo known as “loops’) and the
points of zero current are called nodes.

In the ease of the lurmonic current curves,
the half-wave curves are drawn alternately
above and below the reference line 1o indieate
that the phase of the current reverses in each
half wavelength, In other words, if current in
one half-wave section ix flowing to the right,
for exannle, the enrrent in the adjacent half-
wave section will be flowing to the left. How-
ever, when the current is measured with an r.f,
ammeter there will simply be a maximum in-
dication at the center of each half-wave sec-
tion, since the ammeter eannot indieate phase,

Rerliation resistance — Since a line cirenit
has distributed induetanee and capacity, cur-

Standing wave

mm———f ot Current
\\\\
~
-————— \\
Low A (U High
/npedance{ Va > } Impgdance
—— 7
-,
- = g

anding wave and instantaneous current
(shown by the arrows) in a folded resonant-line circuit.
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rent flow causcs storage of energy in mag-
netic and electrostatie fields (§2-3. 2-5). As
the fields travel outward from the wire at the
speed of light, some of the energy escapes from
the cireuit in the form of eclectromagnetic
waves; that is, energy is radiated from the
wire. Such a wire is, in faet, an anteuna.
Sinee the energy radiated by the line or an-
tenna represents a loss, insofar as the line is
concerned, the loss of energy ean be considered
to take place in an equivalent resistance. The
vilue of the equivalent resistance is found
from the ordinary Ohwm’s  Law  formula,
R = P [? where IPis the power radiated and 7
ix the current in the wire. £, the equivalent re-
sisiance, is called radiation resistance.

Tiwo-conductor lines — The effective re-
sistance of a resonant straight wire is fairly
high, because a large proportion of the power
supplied to such a wire is radiated. In many
cases it is necessary to transfer power from one
point to another with the least possible loss —
for example, from a transmitter to a radiating
antenna which may be located some distance
away, If the line is folded so that there are two
conductors instead of one, as shown in Fig.
248, the currents in adjacent seetions of the
two wires are flowing in opposite directions,
consequently the ficlds =et up by the two
oppose each other and there is very little
radintion,

The quarter-wave folded line in Fig, 248 has
a total length of once-half wavelength, henee is
resonant to the frequeney corresponding to its
length. Sinee the enrrent is large and the volt-
age is low at the closed end, the impedance at
this point is quite low. On the other hand, the

i
/m/:e%{:ce - I‘—
=0

&

Fig. 219 — A quarter-wave eoaxial-line resonant cirenit.
voltage is high and the current is very low at
the open end, o at thi= point the impedance is
high. These properties of a quarter-wave two-
conductor line have applieations to be de-
scribed later,

A folded line also may be construeted in the
form of two couxial or concentric conduetors,
as shown in Fig. 219, In effeet, this line is di-
reetly comparable with the parallel conduetor
line, except that one conductor may be said to
have been rotated around the other in a com-
plete cirele. The coarial line has even lower
radiation resistance than the folded-wire line,
since the outer conductor acts as a shield.
Standing waves exist but are confined to the
outxide of the inner conductor and the inside of
the outer conductor, since =kin effect prevents
the currents from penetrating to the other
sides. Thus such a line will have no radio-fre-
queney potentials on its exposed surfaces, and
no radiation can ocenr. Beeause of the low
radiation resistanee and the relatively large
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condueting surfiees, such self-enclosed reso-
nant lines can be mude to have much higher Qs
than are attainable with coils and condensers.
They are most applicable at very high frequen-
cies (very short wavelengths) (§ 2-7), where
the dimensions are small,

A modified form of construction for coaxial
lines is the “trough’ line in which a tubular
inner conductoris enclosed within a rectangular
sheet-metal box or trougl, usually left open on
one side to facilitate tapping or other adjust-
ments. The absenee of shielding on one side
does not affect the performanee materially. and
the simplieity of construetion is an advantage.

The term transmission line ix generally ap-
plied 1o all linex whether they are actually used
as o omeans for transferring radio-frequency
power between two points or whether they are
nsed as replacements for coil-and-condenser
resonant cireuits. The lines shown in Figs, 248
and 249 are “short” lines of the type fre-
quently used for the atter purpose. For trans-
ferring power the line may be nuny wave-
lengihs long, depending upon the distanee over
which the power is fo be transmitted. Further-
more, 1 line used for 1his purpose is not neces-
sarily resonant: in fact, it may be desirable to
avoid resonanee effeets entrirely,

If 0 transoisston line could be made infi-
nitely long, power woukd simply travel along it
until it was entirely dissipated in the resistance
of the line: there would be nothing to reflect it
and standing waves wonld not exi=t, Such aline
would present o constant impedanee in the
forin of 2 pure resistanee 1o an input at any
frequency, and henee woulbd show no resonance
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effects. Practically, the characteristies of an in-
finitely-long line can be simulated by terminat-
ing a line of finite length in a load resistance
cqual 1o the characteristic impedance of the line.
This and other general properties of transmis-
sion lines are discussed in the following para-
graphs.

Characiteristic impedance — The  charac-
teristic 1mpedunce of a transmission line. also
known as the surge impedance. is defined as
that impedance which a long line would present
to an eleetrical impulse induced in the line.
In an ideal line having no resistance it is equal
to the square root of the ratio of induetancee to
capacity per unit length of the line.

The characteristic impedance of air-insu-
lated transmission lines may be caleulated from
the following formulas:

Parallel-conductor line:
Z = 274 log ) (5)
a

where 7 is the surge impedance, b the spacing,
center to center, and a the radius of the con-
ductor. The quantities b and @ must be meas-
ured in the saime units (inches, cm., ete.).
Coaczial or concentric line:

b

Z = 138 log —~ (6)
a

where 7 again is the surge impedance. In this
ease, b is the {uside diameter (not radius) of
thie outer conductor and a is the ontside diam-
cter of the inner conductor, The formulais true
{orlines having wir as the dielectrie, and approxi-
mately so with ceramic insulators so spaced
that the major part of the insulation is air,

The snrge impedanee for hoth parallel and
coaxial lines using various sizes of condnetors
i= given in chare form in Mg, 250,

When a solid insulating material is used be-
tween the conduectors, the inerease in line
eapacity eanses the impedance to deerense by
the factor 1y A where A is the diclectrie con-
stant of the insulating material.

Although two-conductor lines have lower
radintion, a1 single-conduetor line can be used
for transferring power if it s terminated in its
characteristic impedanee. Under such eirenm-
stanees the current in the line will he small, and
sinee radiation is proportional to current the
radintion also will be small. The charaeteristic
impedanee of asingle-wire transmission line va-
ries with conductor size, height above ground,
and orientation with respect to ground. An av-
erage figure is about 500 ohms,

Standing-wave ratio— The lengths of
transmission lines used at radio frequeneies
are of the same order as the operating wave-
lengths, and therefore standing waves of cur-
rent and voltage may appear on the line.
The ratio of current (or voltage) at a loop to
the value at o node (standing-mare ratio) de-
pends upon the ratio of the resistance of the
load conneeted to the output end of the line
(its terminativn) to the characteristie imped-
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ance of the line itself. That is,
Zs Z:
Standing-ware ralio = — or — ()
7z Zs -

where Z. is the characteristic impedance of the
line and Z, is the terminating resistance. Z, is
generally called an impedanee, although it
must be non-reactive and therefore must cor-
rexpord to a pure resistance for the line to oper-
ate as dexeribed. For example, thix means that
if the load or termination is an antenna, it must
be resonant at the operating frequencey.,
The formula ix given in two ways beenuse it
is cuxtomary to put the larger number in the
numerrtor, <o that the ratio will not be frae-
tional. As an example, a 600-ohm line termi-
nated in a resistance of 70 ohims will have a
standing wave ratio of 600 70, or 8.57. The
ratio on 1 70-olim line terminated in a resist-
ance of 600 ohms would be the same. Thus,
if the current as measured at a node ix 0.1 am-
pere, the current at o loop will be 0.857 ampere,
A line terminated in a resistance equal to its
eharacteristic impedanee is equivalent to an
infinitely long line: consequently there i no
reflection, and no standing waves will appear.
The standing wave ratio therefore is 1. The
input end of sueh a line appears as a pure re-
sistance of @ value equal to the characteristic
impedanee of the tine.
Electrical longth — "I'he eleetrieal length of
a line s not exactly the same as its physical
length for reasons corresponding to the end ef-
fects m antennax (3 10-2), Spacers used to
separate the conductors have dieleetrie con-
stants larger than that of air, so that the waves
do nos travel gquite ax faxt along o line ax they
would in air. The Tengths of eleetrical gquarter
waves of varions types of lines ean be calen-
lated from the formula
IEYH -
Length (feet) = X

Preg. (le)
where 17 depends upon the type of line. For
lines of ordinary construction, Vo is as follows:

Parall>l wire line 17 = 0975
Parallel tnbing line 7= 0.95
Concentrie line Gir-insnlated) 17 = 0.85
Coneentrie line (rubber-insn-
Iatend V
Twistad pair J

0.56- 0.65

Reactance, resistance, impedance — The
input end of a line may show reactance as well
as resistance, and the values of these quantitios
will depead upon the nature of the load at the
outpu: end, the electrical length of the line,
and the line characteristic impedance. The
reactance and resistance are important in
determining the method of coupling to the
source of power, Assuming that the load at the
output end of the line ix purely resistive, a line
less than a quarter wavglength long eleetrically
will show induetive reactance at its input ter-
minals when the output termination is less
than the characteristic impedancee, and capaci-
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BETWEEN ONE-QUARTER AND ONE-HALF WAVELENGTH
With Definite Source -Resistance

Charac of Line Ch
LESS THAN A QUARTER WAVELENGTH
With Definite Source-Resistance

" Relatwve abues of Restve Values of
e s |t | 2O ERE | HENARY R e |
=N RN
Re ||| R=2Z E 1| R=Z $
Ly ; Ll L (Matched) |
San R>z | 3| S0 | r>2
= 1
117 SEUEE T
(L Il g L
“f: R<z T rRez | ¥
| bl

Fig 251 — Input reactive characteristics of resistance-
terminated transmission lines as a function of line length,

tive reactance when the terminuation is higher
than the characteristic impedance. If the line
is more than a quarter wave but less than a
half wave long, the reverse conditions exist.
These properties are shown in Fig, 251, With
still longer lengths, the reactance characteris-
ties reverse in cach succeeding quarter wave-
length. The input impedance is purely resistive
if the line is an exaet multiple of a quarter
wave in length. The reactance at intermediate
lengths ix higher the greater the standing-wave
ratio, being zero for a ratio of 1.

Whether lines are classified as resonant or
nonresonant depends upon the standing-wave
ratio. If the ratio is near 1, the line is said to be
nonresonant, and reactive effeets will be small
even when the line Jength is not an exact mul-
tiple of a quarter wavelength. If the standing-
wave ratio is large, the input reactance must be
canecled or “tuned out” unless the line is
resonant — i.e., a multiple of a quarter wave-
length,

Impedance transformation — Regardless
of the standing-wave ratio, the input imped-
ance of a line a half-wave long electrieally will
be equal to the impedance connected at its
output end; the same thing is true of a line any
integral multiple of a half-wave in length.
Such aline can be considered to be a one-to-one
transformer. However, if the line is a quarter-
wave (or an odd multiple of a4 quarter-wave)
long, the input impedance will be equal to

z,:*

Zi = —

Z,
where 7, is the characteristic impedance of the
line and Z, the impedance conneeted to the out-
put end. That is. a quarter-wave section of line
will mateh two impedances, Z; and Z,, pro-
vided its characteristic impedance, Z,, is equal
to the geometric mean of the two impedances.
A quarter-wave line may, therefore, be used
as an impedance transformer. By suitable selec-
tion of constants, a wide range of impedance-
matching values can be obtained.

Sinee the impedance measured between the
two conduetors anywhere along the line will
vary between the two end values, a quarter-
wave line short-circuited at the output end
an be used as a linear transformer with an ad-
justable impedance ratio. For best operation,
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Fig, 252 — Equivalent coupling virenits for parallel-
line, coaxialdine and conventional resonant circuits,

the two terminating impedances must be of the
same order of magnitude. However, a series of
quarter-wave seetions ean be used to obtain a
step-by-step  mateh  of  two  terminal  im-
pedances efliciently if they are widely different.

Impedance-matehing or transformation with
transmission-line scetions may also be effeeted
by taps on quarter-wave resonant lines em-
ployed as coupling cireuit= in the same manuoer
as conventional coil-condenser eircuits, The
cquivalent relationsiiips between parallel-line,
coaxinl-line and coil-and-condenser etreuits for
this purpese are shown in Fig, 252,

Other impedance-matehing arrangements
employ the usc of matehing stubs or equivalent
sections 2o arranged so ax to balanee out the
reactive component introdueed by the coupled
cireuit. These are emploved primarily in con-
nection with sntenna feed svstems and are
deseribed in detmil in § 10-8,

Transnission lines as circuit elements —
Nections of transmission lnes, together with
combinations of such sections. ean be used to
simulate practically any electrieal cirenit prop-
ertv. Transmission lines can be used ax re-
sistance. induetanee and eapaeity, as well as for
resonant cireuits, impedanee-matehing trans-
formers, filters, and cven ax insxulators,

When o <hort-circuited guarter-wavelength
line iz connected between o hot ™ eiveuit and
ground, the inpit end offers an extremely high
resixtive impedance, In other words, the trans-
mis=xion line ix virtually an insulator.
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Thus the former can be used in lieu of r.f.
chokes, while the latter can serve as by-pass
condensers,

. The reactive characteristies of open- and
closed-end lines are summarized in I%ig. 253.

Resonant tuned circuits — In
resonant cireuits as employed at the lower fre-
quencies it is poszible to consider ench of the
reactance components as a separate entity. A
coil is used to provide the required induetance
and a condenxer ix conneeted across it to pro-
vide the necessary eapacity. The fact that the
coil has a certain amount of self-capaecity of its
own, as well ax xome resistance, while the con-
denser also possesses a small self-inductance,
an usually be disregarded.

At the very-high and ultrahigh frequencies,
however, it ix no longer possible to separate
these components. The connecting leads which,
at lower frequencies, would serve merely to
join the condenser to the coil now may have
more inductance than the coil itself. The re-
quired inductance coil may be no more than a
single turn of wire, yet even this single turn
may have dimensions comparable to a wave-
length at the operating frequeney. Thus the
energy in the ficld surrounding the “coil.” may
in part be radiated. At a sufliciently high fre-
queney the loxs by radiation may represent a
major portion of the total energy in the cirenit.
Sinee energy which eannot he utilized as in-
tended ix wasted. regardless of whether it s
consumed ax heat by the resistanee of the wire
or simply radinted into space, the effect is s
though the resistanee of the tuned cireuit were
greatly inereased and its Q greatly reduced.

For this reason, it is common practice to
utilize resonant sections of tranzmission line as
tuned cireuits at frequencies above 100 Me, A
quarter-wavelength line, or any odd multiple
thereof. shorted at one end and open at the
other, exhibits large stunding waves. When
a voltage of the frequeney at which sueh a
line is resonant is apphicd to the open end, the
response is very similar to that of w parallet
resonant circuit; it will have very high input
impedance at resonanee and a large current
flowing at the short-cirenited end.

lines as

Insulating lines of this sort are com-
monly emploved e ubcrahigh fre-
queney work. Sueh insalators ean be

Charactenstics of
OPEN LINE SECTIONS

Reiative Longths |
of Line Sections

Charactenstics of
SHORTED LINE SECTIONS

Output End [ Reactarce Larve
Looxs I‘xkc for Eacn Section

Reactance Curve

[ Output End
v for Each Section

Helauve Longths
l‘.me S

of Lipe Svclions.

used to provide a dies path between

—
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flow of r.f. current. __r} ¥ j i A_}__ :, P
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pure resixtance at high frequencies, P A .fJL.L L il 173
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resistor. Unterminated lines afford a —— é B §;
variety of reactive properties. Lengths o o 170
of short-circuited line less than a quar- Ihal @ 5] :§
ter wavelength represent pure indue- { l §E §§
[l -

tive reactance, while open-circuited
lines have pure capacitive reactance.

Fig. 253 — Open and closed transmission lines as cirenit clements,
&
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The action of a resonant quarter-wavelength
line can be compared with that of a coil-and-
condenser combination whose constants have
been adjusted to resonance at a corresponding
frequency. Around the point of resonance. in
fact, the line will display very nearly the same
charaeteristics as those of the tuned eircuit.
The equivalent relationships are shown in Fig.
253. At frequencies off resonance the line dis-
plays qualities comparable to the inductive and
capacitive reactances of the coil and condenser
circuit. although the exaet relationships in-
volved are somewhat different. For all practi-
cal purposes, however, sections of resonant
wire or transmission line can be used in much
the same manner as coils or condensers.

In v.hf. circuits operating above 300 Mec.,
the soacing between conductors becomes an
appreciable fraction of a wavelength. To keep
the radiation loss as small as possible the
parallel conduetors should not be spaced far-
ther apart than 10 per cent of the wavelength,
center to center. On the other hand, the spacing
of large-dinmeter conductors should not be
reduced to much less twice the diameter be-
cause of what is known ax the procimity effect,
whereby another form of loss is introdueed
through eddy currents set up hy the adjacent
fields. Because the cancellation is no longer
complete, radiation from an open line hecomes
so great that the Q is greatly reduced. Conse-
quently, at these frequeneies eoaxial lines must.
be used. The coaxial line is advantageous at the
lower frequencies, as well. but because it is
more complieated to construet and adjust-
ments are more difficult the open type of line
is geaerally favored at these frequencies.

Transmission-line filter networks — The
same general equations can be applied to any
type of electrical network whether it be an
actual section of transmission line, 2 combina-
tion of lumped-cireuit elements, or a combina-
tion of transmission-line elements. Ordinary
electrie filters (§ 2-11) at lower frequencies use
combinations of coils and condensers, but con-
ventional circuit elements cannot be used at
extremely high frequencies. However, combi-
natiens of transmission-line sections or com-
binations of transmission lines and parallel-
plate condensers may be nsed for the elements
of very-high-frequeney filter networks, instead.

Construction — Practical information con-
cerning the construction of transmission lines
for such speeifie uses as feeding antennas and
as resonant eircuits in radio transmitters will
be found in the econstructional chapters of this
Handbook. Certain basic considerations appli-
cable in general to resonant lines used as circuit
elen:ents may be considered here, however.

While either parallel-line or coaxial scctions
mayx be used. the latter are preferred for higher-
frequency cperation. Representative methods
for adjusting the length of such lines to reso-
nance are shown in Fig. 254. At the left, o slid-
ing shorting disc is used to reduce the effective
length of the line by altering the position of
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the short eircuit. In the center, the same effeet
is accomplished by using a telescoping tube in
the end of the inner conductor to vary its
length and thereby the effective length of the

Fig. 254 — Methods of tuning coaxial resonant lines,

line. At the right, two possible methods of
mounting parallel plate condensers, used to
tune a “foreshortened” line to resonance, are
illustrated. The arrangement with the loading
eapacity at the open end of the line has the
greatest tuning effect per unit of capacity; the
alternative method, which is equivalent to
“tapping” the condenser down on the line, has
less effect. on the @ of the circuit. Lines with
capacity “loading” of the sort illustrated will
be shorter, physically, than an unloaded line
resonant at the same frequency.

The short-circuiting dise at the end of the
line must be designed to make perfect electrieal
contiact. T'he voltage Is a minimum at this end
of the line: therefore, it will not break down
some of the thinnest insulating films. Usually a
soldered connection or a tight elamp is used to
secure good contact. When the length of line
must be readily adjustable, the shorting plug is
provided with spring collars which make con-
tact on the inner and outer conductors at some
distance away from the shorting plug at a
point where the voltage is sufficient to break
down the film between the collar and conduetor,

Two methods of tuning parallel-conduetor
lines are shown in Fig, 255, The =liding short-
cireuiting strap can be tightened by means of
serews and nuts to make good electrical con-
taet. The parallel-plate condenser in the second
drawing may be placed anywhere along the
line, the tuning effect becoming less as the
condenser is located nearer the shorted end

( 5
B
4 Tt 3
Fig. 255 — Methods
of tuning parallels
type resonant lines,
£
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of the line. Although a low-capacity variable
condenser of ordinary construction ecan be
used, the circular-plate type shown is symmet-
rical and thus does not unbalance the line. It
also has the further advantage that no insulat-
ing material is required.
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Fig, 256 — EFvolution of a wave guide from a two-wire transmission line,

€ 2-12-B Wave Guides and Cavity
Resonators

Hollowe wave guides — A wave guide is a
conducting tube through which energy is trans-
mitted in the form of electromagnetic waves.
The tube is not considered as carryving a cur-
rent in the same sensc that the wires of a two-
conductor line do, but rather as a boundary
which confines the waves to the enclosed space.
Skin effeet prevents any clectromagnetic ef-
fects from being evident outside the gnide.
The vl energy ix injected at one end, either
through capacitive or induetive coupling or by
radiation, and is received at the other end. The
wave gruide then merely eonfines the energy of
the fields, which are propagated through it to
the receiving end by means of refleetions
against its inner walls,

The diffieulty of visualizing encrgy transfer
without the usual closed eirenit ean be velieved
somewhat by considering the gnide as heing
evolved from an ordinary two-conduetor line.

In Fig. 256-A, scveral elosed quarter-wave
stubs are shown conneeted in parallel neross a
two-wire transmission line. Since the open end
of each stub is equivalent to an open eirenit,
the line impedance is not affected by their
presence. Fnough stubs may be added to form
a U-shaped rectangular tube with solid walls,
as at B, and another ddentieal U-shaped tnbe
may be added edge-to-edge to form the ree-
tangular pipe shown in Figo 256-C'0 As befare,
the line impedance still will not. be affected.
But now, instemd of 4 two-wire fransmission
line, the cnergy is being conducted within a
hollow reetangular tube.

This analogy to wave-guide operation is not
exact, and therefore should not be taken too
literally. In the evolution from the two-wire
line to the closed tube the cleetrie and mag-
netie field configurations undergo considerable
change, with the result that the guide does not
actually operate like a two-conductor line
shunted by an infinite number of quarter-wave
stubs. If it did, only waves of the proper length
to correspond to the stubs would be propa-
gated through the tube, but the et is that
such waves do nof pass through the guide.
Only waves of shorter length that ix, higher
frequeney can go through. The distanee x
represents half the cut-off warcength, or the
shortest wavelength whieh ix unable to go
through the guide. Or, to put it another way,
waves of length equal to or greater than 2x
cannot be propagated in the guide.
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A second point of differ-
cnee is that the apparent
length of a wave along the
direction of propagation
through a guide always is
greater than that of a wave
of the same frequeney in
free  space.  whereas  the
wavelength along a two-
conductor transmission line
ix the same as the free-space wave-length (when
the insulation between the wires is air).

Operating principles of wave guides —
Analysis of wave-guide operation ix based on
the assumption that the guide material ix a
perfeet conductor of eleetricity. I'ypieal dis-
tributions of electric and magnetic fields in a
rectangilar guide are shown in Mg, 257, 1t
will be observed that the intensity of the elee-
trie ficld 1= greatest at the center along the z
dimension, diminishing to zero at the end
witlls, The latter is a necessary condition, since
any clectrie field parallel to the walls at the
surface would cause an infinite current to flow
m a perfeet conduetor. This represents an im-
possible situation.

Zero electrie field at the end walls will result
if the wave is considered to consist of two sepa-
rate waves moving in zig-zag fashion down the
guide, reflected back and forth from the end
walls ax shown ju Fig. 2580 Just at the walls,
the positive erest of one wave meets the nega-
tive erest of the other, giving complete eaneel-
lation of the eleetrie fields. The angle of re-
flection at which this eaucellation occurs de-
pends upon the width z of the guide and the
length of the waves: Fig. 258-A illustrates the

R F POTENTIAL
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Fig. 257 — Field disteibution in a rectangular wave
guide, The Ty 0 mode of propagation is depicted,
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case of a wave considerably shorter than the
cut-off wavelength, while B shows a longer
wave. When the wavelength equals the cut-off
satue, the two waves simply bounce back and
forth between the walls and no energy is trans-
mitted through the guide.

The two waves travel with the speed of light,
but since they do not travel in o ~traight hne
the energy does noi travel through the guide as
rapidly as it does in o space. A further conse-
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Fig, 258 Reflection of two campaonent way s in a ree-
tangular gaide, N wanvelensth in space, 2 wave-
length in guide. Direetion of wave motion i~ perpendicu-
Tar to the wave front (erests) as shown by the arrows,

quence of the repeated reficetions i< that the
poitits of BNy ensity or wiave erests
are separated more adong the dine of projpeaa-
tion in the guide than they are in the two sepa-
rate waves. Tu other words, the wavelenerh in
the guide is greater than the free-space wave-
length. This is also shown in i 5
Modes of propazation — e 257
sents o relatively simple distribuiion or the
eleetrie awd magnetie fields, There is i zen-
eral anoindinite mnber o ways tino wlieh the
fields crn arrange themselves in o guide <o fong
as there s no upper It to the frequeney to
he reansmitted. Fach ekl i
calted amode. XD modes may be sepurated nito
two general groups. One group, designated
M nosnddion. has the magnetie
field entirely transverse to the direction of
propagation, but has o component of clecirie
ficld in that direction, The other type, desig-
nated TE dransrorse electries has the eleetne
ficld entively tronsverse, but has o component
of magnetie field i the diveetion of propaga-
tion. I'M waves are someiinies catled Fowaves,
and TE waves are sometitaes ealled [T waves,
but the TN and T designations are preferred.
The  particalar mode of
identificd by the group letters followed by two
subseript example, Tl
TN et The namber of possible modes in-
creases with frequeney for o given size of wnide,
There is only one possible mode ceadled the
dandinant mode) for the lowest frequeney that
can be transmitted. T'he dominant mode is the
one generally used in practieal work,
Warve-gunide  dimensions — tn the  ree-
tangular guide the eritieal dimension i< & in
Fig. 2567 this dimension ust be more than 1.
wavelength at the lowest frequeney ta be
transmitted. In practice, the y dimension usu-

repre-

confignrition s

{ronseerse

{ransmiz=ion  is

minerals, for
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ally is made about equal to Yz to avoid the
possibility of operation at other than the
dominant mode.

Other eross-sectional shapes than the ree-
tangle can be nsed, the most important being
the eirenlar pipe. Much the same considera-
tons apply as in the rectangular case.

Wavelength formulas for rectangular and
cirenlar gnides are given in the following table,
where o is the width ol a reetangular guide and
r ix the radins of a cireular guide. All figures
are in terms of the dominant mode.

Rectangular  Circular
Cut-off wavelensthoo o000 o0, 23 3.41r
Loneest waveleneth rransmitted with
litthe attennation. ... 1.6z 3.2r
Khortest wavelenmah - hefore next
mode beenmes possible, L0 1.1z 2.8r

Carvity resonators — At low and medium
radio frequencies resonant eirenits usually are
composed of “lumped ™ constants of L oand €7
that i, the induetanee is concentrated in a coil
and the eapacity concentrated in o condenser.
[However, as the frequeney s inereazed coils
and condensers must be reduced to imprae-
ticably small physical dimensions. Up to a cer-
tain point this difficnlty may be overcome by
nsing linear cirenits (8 2-12-1) but even these
fail at extremely high frequencies. Another
Kind of eircuit partientarly applicable at wave-
lengthis of the order of centimeters is the car-
ity resonator, whicli may be looked upon as a
section of a wave guide with the dimensions
chosen ~o that waves of @ given length can be
maintained inside,

Theaderivation of one type of eavity resona-
tor from an ordincey LO cirenit is shown in
Fre, 2390 As in the ease of the wave-guide
derivitiion, this picture niust be aceepted with
some reservations, and for the siane reasons,

Considering that even a straight picee of wire
has appreciable induetanee at very-high fre-
quencies, it may be seen in Iz, 259-A and -B
that a direet short across a two-plate con-
denser with uir dicleetrie is the equivalent of a
tuned eireuit. with a typical coiled inductance.
With two wires between the plates, as shown
in Fig. 239-C the eiveuit may he thought of as

LT3t D (@)

Fig. 259
from a conventional coil-and-condenser tuned circuit,

Stepes i the derivation of a cavity resonator
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a resonant-line section. For d.c. or even low
frequency r.f., this line would appear as a short
across the two condenser plates. At the ultra-
high frequencies, however, as shown in Fig.
252, such a seetion of line a quarter-wavelength
long would appear as an open eireuit when
viewed from one of the plates with respect to
the other end of the section,

Increasing the numiber of parallel wires be-
tween the plates of the condenser would have
no effect on the equivalent cireuit, as shown at
D. Eventually, the closed figure at K will he
developed. Sinee each wire which is added in D
is like connecting inductances in parallel. the
total inductance across the condenser becomes
increasingly smaller ax the =olildl form is ap-
proached, and the resonant frequency of the
figure therefore becomes higher,

If encrgy from some v h.if. source now is in-
troduced into the cavity in a manner such as
that <hown at I, the circuit will respend like
any equivilent coil-condenser tank eireuit at its
resonant frequency. .\ cavity resonator may
therefore be used ax o whf, tuning clement,

along with a vacuum tube of suitable design,

to form the main components of an oseiflator
cireuit which will be capable of funetioning at
frequencies considerably Levond the  maxi-
mum limits possibic when conventional tubes,
coilz and condensers are employed.
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SQUARE PRISM CYLINDER

SPHERE SPHEPT LiTH
REENTRANT CONES

Fig, 200 — Forms of cavity ¢ ators.

Other sliapes than the exlinder may be nsed
as resomators, among them the rectangular
box, the sphere, and the sphere with re-entrant
cones, as shown in Fig. 260, ‘I'he resonant fre-
quency depends upon the dimensions of the
avity and the mode of oscillation of the waves
(comparable to the fransmission modes in a
wave guide). For the lowest modes the reso-
nant wavelengths are as follows:

Cylinder. ..o 00000000060600000 2.6y
Square box. .. .. . 1401
Sphere. .. ... ... o 2.38r
Sphere with re-entrant cones. . ... 4r

The resonant wavelengiths of the evlinder
and square box are independent of the height,
when the height is less than a half wavelength.,
In other modes of oscillation the height must
be & multiple of a half wavelength as measured
inside the cavity. Fig. 250-F shows how o
evlindrieal cuvity can be tuned when operating
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in such a mode. Other tuning methods include
placing adjustable tuning paddles or “slugs”’
inside the cavity so that the standing-wave
pattern of the electrie and magnetie fields can
be varied.

A form of eavity resonator in wide praetical
use ix the re-entrant exlindrieal type shown in
I, 261, 1t is useful in conneetion with vae-

.l‘.{

-=-t-§

CROSS-SECTIONAL VIEW

Fig. 201 Re-entrant exlindrical eavity resonator,

num-tithe oscillitors of the tyvpes deseribed
for bt use in Chapter Three, In construetion
it resenibles a coneentrie line elosed at both
ends with capacity loading at the top, but the
actual mode of oscillation may differ consid-
crably from that oceurring in coaxial lines, The
resonant frequency of such a ecavity depends
upon the diameters of the two eylinders and
the distance o between the ends of the inner
and ower exlinders,

Compared  to ordinary resonant  eircuits,
cavity  resonators have  extremely  high Q.
A value of Q of the order of 1000 or more is
readily obtainable, and @ values of several
thousand can readily be ~ccured with good
design and construetion,

Coupling to wave guides and earity res-
onators— lnergy ney be introduced into or
abstracted from o wave gaide or resonator by
means of cither the electrie or magnetie field.
I'he energy transter frequently is through a
conxtal line, two methods for coupling to which
are <hown in Fig, 2620 The probe shown at A
1= simply a short extension of the inner con-
ductor of the coaxial line, =0 oriented that it
1= parallel to the eleetrie lines of force. The
loop ~hown at B is arranged <o that it eneloses
some of the magnetie lines of foree. The point
at which maximum coupling will be secured
depends upon the particular mode of propa-
gation in the guide or cavity: the coupling
will be maximum when the coupling device
1= in the most intense field.

(8)

®

Coupling to wave guides and resonators.,

Fig. 202

Coupling can be varied by turning either the
probe or loop through o 90-degree angle.
When the probe ix perpendicular to the elee-
trie hines the coupling will be minimum; simi-
larly, when the plane of the loop is parallel
to the magnetie lines the coupling will have
1= least, possible value.
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€ 2-12-C Lumped-Constant Circuits

V.h.f. resonator circuits — At the very-
high frequencies the low values of L and C
required make ordinary coils and condensers
impracticable, while linear circuits offer me-
chanical difficulties in making tuning adjust-
ments over a wide-frequency range.

To overcome these difficulties, special high-Q
lumped-constant circuits have been developed
in which connections from the “condenser”’ to
the “coil”” are an inherent part of the structure.
Integral design minimizes both resistance and
inductance and increases the C'/L ratio.

The simplest of these eircuits is based on the
use of dises combining half-turn inductance
loops with semi-cireular condenser plates, By
connecting several of these half-turn coils in
parallel, the effective inductance is reduced to
a value appreciably below that for a single
turn. Tuning is accomplished by interleaving
grounded rotor plates between the turns. Both
by shielding action and shortscircuited-turn
effect, these further reduce the inductance.

Another type of high-C eircuit is a single-
turn toroid, commonly termed the “hat’ res-
onator. Two copper shells with wide. flat
“brims ™ are mounted facing each other on an
axially aligned copper rod. The eapacity in the
circuit is that between the wide shells. while the
central rod comprixes the inductance.

Fig. 203 — Concentric-
cylinder or “pot -1y pe
tank for v.h.f. ‘The
equivalent circuit dia-
gram is al=o shown.
Conneetions arc made
to the terminals marked
T, Formaximum ) the
ratio of b 10 ¢ should
be hetween 3 and 5.

“Pot>-type tank circuits — The lumiped-
constant concentric-element tank in INig. 263,
commonly referred to as the “pot” circuit,
is equivalent to a very short conxial line (no
linear dimension should exeeed 1/20th wave-
length), loaded by a large integral capacity.

The inductance is supplied by the copper
rod, A. The capacity is provided by the con-
centric cylinders, 8 and C, plus the capacity be-
tween the plates at the bottoms of the eylinders,

Approximate values of capacity and induet-
ance for tank circuits of the “pot” type can be
determined by the following:

L =0.0117 logéull.
c

01775 b
+( e ’) sfdll

where the symbols are as indicated in IVig.
263, and all dimensions are in inches. The left-
hand term for capacity applies to the concen-
tric cylinders, I3 and C, while the second term
gives the capacity between the bottom plates.

0.6225 d
0= Tﬁ @
og =
b
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“Butterfly” circuits— The tank circuits
described in the preceding section are pri-
marily fixed-frequency devices. The “butter-
fly”” circuits shown in Fig. 264 are capable of
being tuned over an exceptionally wide range,

3
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&~ [ & D :
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Fig, 261 — “Butterlly™ 1ank circuits for v, h.f., showing
front and cross-<ection views and the equivalent cireuit.

while ~till having high Q and reasonable physi-
cal dimensions, The circuit at A is derived from
a conventional balanced-type variable eondens-
er. Theinduetanee ix in the wide circular band
connecting the stator plates. At its minimum
setting the rotor plate filis the opening of the
loap, reducing the inductance to a minimum.
Connections are made to points 1 and 2.
This basic structure climinates all connecting
leads and avoids all sliding or wiping electrical
contacts to a rotating member. A disadvantage
is that the electrical midpoint shifts from point
3 to point 3’ as the rotor is turned. Constant
magnetic coupling may be obtained by a
coupling loop loeated at point 4, however.

In the modifieation shown at D, two sectoral
stators are spaced 180 degrees, thereby achiev-
ing the clectrical symmetry required to permit
tapping for balaneed operation, (‘onnections
to the c¢ircnit should be made at points 1 and 2
and it may be tapped at points 3 and 3, which
are the clectrical midpoints, Where magnetic
coupling is employed, points 4 and 4’ are suit-
able loeations for coupling links,

The capacity of any butterfly circuit may he
computed by the standard formula for parallel-
plate condensers given in Chapter 20. The
maximum inductance ean be obtained approxi-
mately by finding the inductance of a full ring
of the same diameter and multiplying the re-
sult by a factor of 0.17. The ratio of minimum
to maximum inductance varies between 1.5
and 4 with usual construction.

Any number of butterfly sections may be
connected in parallel. In practice, units of four
to eight plates prove most satisfactory. The
ring and stator may either be made in one piece
or with separate sectoral stator plates and
spacing rings assembled with machine screws.
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( 2-12-D Piezoelectric Crystals

Piesoelectricity — Properly ground  plates
or bars of quartz and certain other ervstalline
materials, such as Rochelle salts, show a me-
chanical strain when subjected to an electrie
charge and, conversely. o difference in po-
tential between two faces when subjected to
mechanieal stress. The relationship between
mechanieal foree and eleetrienl under
such conditions i known as the piczoclectrie
effect. T'he charges appewring on the ervstal as
a result of mechanteal force apphed to the erys-
tal, or of mechanieal vibration ol the ervstal
itself, are termed /;it'zr»t'/t l'[l'l't'l'[//.

Piezoeleetric eryvstals may be emploved as
devices either for changing mechanical energy
to cleetrieal energy or for changing clecetrieal
cnergy to mechanical energy. In the former
category are such deviees as eryvstal miero-
phones and phonograph pielkips: in the baver,
ervstal headphones, ervstad Toud-speakers and
(~|"\'.\'l:|| rt-l'()l'l“llu‘ II":Iil.\'.

A properly cut ervstal i< meehanieal vibra-
tor electrically caurvalent to o <eries-resonant
cireuit of very high Q, and so ean be also nsed
for many of the purposes for which ordinary
resonant circuits are used. The resonant fre-
queney depends upon shape, thickness, length
and cut.

Natural quartz ervstals are usually in the
form of a hexagonal prism terminated st one
or both ends by o six-sided pyramidd. Jdoining
the vertices of these pyramidal ends, and per-
pendicular to the plane of the hexagonal eross
section, is the optical or Z axis. The three clee-
trieal or X axes lie in a plane perpendicular to
the optieal axis and passing throngh opposite
corners of the hexagon, The three mechanical
or Y oaxes lie in the same plane but perpen-
dicularly to the sides of the hexagon.

Active plates cut from a raw ervstal at
various angles to its optical. eleetrical and
mechanical axes have diltering charaeteristies
as to thickness, frequenev-temperature coetlhi-
ctent, power-handling eapabilities, ete. The
basie cuts are designated N oand Y arter their
respective axes, hut a variety of speciahzed
cuts, such ax the AT, are in more common u~e.

Frequenev-thickness ratio — At freqnen-
cies above about H500 ke, the thickness of ine
crystal is the principal frequeney-determining
factor, the other dimensions being of relatively
minor importance. Thickness and frequeney
are related by a constant, N, such that

IN
{

NEress

where /s the frequeney in megaeveles and (¢
the thiekness of the crystal inomils. For the
Neent. K= 112.6: Y-cot, N = 77.0: A'T-cu,
K = 66.2, BT-cut, K = 97.3.

At frequencies above about 10 Me, the
erystal becomes very thin and correspondingly
fragile, so that crvstals seldom are manu-
factured for fundamental operation above this
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frequeney, Direet erystal control on 14 and 28
Me, ix xecured by use of “harmonie’ erystals,
which are ground to be active oscillators when
excited at a harmonie (usually the third).

Temperarure coeflicient of frequeney —
The resonant frequeney of a erystal varies with
temperature, the variation depending upon the
type of ent. The frequency change s usually
expressed as a coeflicient relating the number
of cveles of frequency change per megaevele
per oIt may be either positive (inereasing
frequency with inereasing  temperature) or
negative (deereasing frequeney with inereasing
temperature). N-cut ervstals have a negative
coetlicient of 15 to 25 eveles/Me./°C. The co-
eflicient of Y-cut erystals may vary from —20
eveles/Me./ C.to 4100 eveles/Me./°C.

Varintions in fiequeney cauzed by tempera-
ture changes can Le minimized by proper
cutting of the plate. By orienting the plate
through various angles iu relation to its optical,
cleetrical ond mechanical axes, a compensatory
relationship ean be derived between the dimen-
stons of the plate, it density, amnd its elastie
constants — the components responsible for
the temperature coetlicient.

The AT cut is the type perhaps most exten-
stvely used for transmitter frequency eontrol.
This plute cn be ground to almost any fre-
queney between 300 and 5000 kel Tts comple-
mwent, the B cut, s used for frequencies within
the range 1500 to 10,000 ke,

For frequeneies below 500 ke, CT and DT
shear-tvpe cuts have been developed which
depend not upon thickness but on length and
width for determining frequeney. Plates of
the CF and DT type vibrating at a harmonie
mode are designated ET or F'Toeuts,

The low=drift types de<eribed above show a
zero temperature coeflicient through only a
few degrees of change, Another type of cut,
the GF will drift Tess than 1 evele/Me./°C.
over g temperature change of 10007 C. In this
plate o face shear vibration iz changed into
two longitudinal vibrations coupled together.
At a certmn ratio of length to width one mode

O

Fig. 205 Maodes of viliration for varions erystal ents.
A Fundaniental (above) and harmonie (below) of the
AT and BT cuts, B—"The G car, G- CF and DT
cuts (above)and I and F'I' cuts (helow). 1) NT eut.
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Fig. 266 — Frequeney change in parts per million vs,

variation in temperature in G, for various erystal ents,

has a zero temperature cocllicient, making it
expecially useful ax a frequency standard. The
MT cut. which also vibrates longitudinally.
can be wsed from 50 to 100 ke, The NT ervstal
ix a flexurally vibrating cut having a low tem-
perature coeflicient in the range from 4 to 50
ke MT and N'T euts are useful for phase-
modulated fom. transmitters,

q 2-13 Miscellaneous Circuit Details

Combined a.c. and d.e. — There are many
practical instances of simultancons flow of
alternating and direct currents in a cirenit,
When this ocears there 1= a palsaling cnrrent,
and it is said that an alternating current s
superinmpoxed on a direet current, As shown in
Fig. 267, the maximum value is equal to the
d.e. value plus the a.e maximum, while the
minimum value (on the negative a.e. peak) is
the difference between the doe. and the mani-
mum a.c. values, The average value (§ 2-7) of
the current is simply equal to the direet-cin-
rent component alone. The effective valiue
(§2-7) of the combination is equal to the
square root of the sum of the effective a.c.
squared and the d.e. squared:

I=V0L+ Ld

where 7.0 1= the effective value of the a.e.
component, [ ix the efiective value of the con-
bination, and /. is the average (d.e.) value of
the combination.

Beats — If two or more alternating currents
of different frequencies are present inoa normal
cirenit they will have no particular elieet upon
one another amd ean be separated again by the
praper scleetive eirenits, However, if two (or
more) alternating curvents of ditferent frequen-
cies are present in an element having unilateral
or aone-way current flow properties. not only
will the two ariginal frequencies he present in
the output but alzo currents having frequencies
cqual to the <um. and dilterence. of the original
frequencies. These sum and difference frequen-
cies are ealled the beat frequencies, For ex-
ample, if Trequencies of 2000 and 3000 ke, are
present in a normal eircuit only those two fre-
queneies exist, but if they are passed through a
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unilateral element there will be present in the
ocutput not only the two original frequencies of
2000 and 3000 ke. but also currents of 1000
(3000 — 2000) and 5000 (3000 4 2000) ke.
Suitable eirenits ean be used to seleet the
desired beat frequeney. The human ear has
unilateral  characteristies and is, therefore,
capable of hearing audible beat frequencies.
Eleetronie devices of this nature are called
mixers, converters, and detectors,

By-passing — In combined cirenits, it is fre-
quently necessary to provide a low-impedance
psth for a.e. around, for instance, a source of
d.e. voltage. This ean be doue by using a by-
pass condenser, which will not pass direct eur-
rent but will readily permit the flow of alter-
nating current, The eapacity of the condenser
should be of such value that its reactance is
low (of the order of 1/10th or less) compared
to the a.e. impedance of the deviee being by-
pazsed. The lower the reactanee, the more effee-
tively will the alternating current be confined
to the desired path.

Similarly. alternating current ean be pre-
vented from flowing through a direet-current
cireuit to which it may be connected by in-
serting an inductance of high reactance (ealled
a choke coil) between the two elreuits, ‘T'his will
permit the direet current 1o flow withouat hin-
dranee, =ince the resistance of the choke eoil
may be made quite low, but will effectively
prevent the alternming current trom flowing
where it 1= not wanted,

If both rf. and low-frequeney (audio or
power  carrents are present e a cireuit, they
may he contined to desired paths by similar
means, since an inductancee of high reactance
for rawdio frequencies will have negligible re-
actance at low frequencies, while a1 condenser
of low reactanee at radio frequencies will have
high reacetance at low freqguencies.

Grouneds — T'he  term ground”’ fre-
quently encountered in diseussions of cireuits.
Normailly it means the voltage reference point

is
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2
Fig. 207 — Pulsat. g
ing current, com- >
posed of an alternat. &
g current or volte o
age superimposed on I
a steady direct cor- §
rent or vollage. 3
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in the eirenit, There may or may not be an ae-
tual connection to carth, but it is understood
that a point in the cireuit said to be at ground
potential conld be conneeted to earth without
disturbing the operation of the cireuit in any
way. In direct-current eircuits, the negative
side generally is gronnded. The ground =y mbol
in cirenit dingrams is used for convenienee in
indicating common connections between vari-
ous parts of the cireuit, as through a metal
chassix, and, with respect to actual grouud,
iatally has the meaning indicated above.




Chapter Jhree

Vacuum Tubes

¢ 3-1 Diodes

Rectification — Practically all of the vae-
uum tubes used in radio work depend upon
thermionic conduction (§ 2-4) for their opera-
tion. The simplest type of vacuum tube is that
shown in IYig. 301. It has two elements, a cath-
ode and a plate, and is called a diode. When
heated by the “A’ battery the eathode emits
electrons, which are attracted to the plate if the
plate ix at a positive potential with respect to
the cathode.

Beeause of the nature of thermionic con-
duction, the tube is a conductor in one diree-
tion only. 1f a source of alternating voltage is
connected between the eathode and plate, then
electrons will flow only on the positive half-
eycles of alternating voltage; there will be no
electron flow during the half eyele when the
plate is negative with respect to the eathode.
Thus the tube can be used as a rectifier, to
change alternating current to pulsating direet
current, This alternating current ean he any-
thing from the 60-cycle kind to the highest
radio frequencies.

Rectificution finds its chiet applications in
detecting radio signals and in power supplies,
These are treated in Chapters Seven and
Eight, respcetively.

Characteristic curves — The performance
of the tube can be reduced to easily understood
terms by making use of tube characleristic
curves. A typical characteristic curve for a
diode is shown at the right, in Fig. 301, It
shows the current flowing between plate and
cathode with different die. voltages applied
between the elements. The curve of Fig. 301
shows that, with fixed cathode temperature,
the plate current increases ax the voltage be-
tween cathode and plate is raised. For an ac-
tual tube the values of plate current aud plate
voltage would be plotted along their respective
axes.

The power consumed in the tube is the prod-
uct of the plate voltage multiplied by the plate
current, just asin any e, eireuit. Ina vacuum
tube this power is dissipated in heat developed
in the plate and radiated to the bulb.

% Point
i
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Fig. 301 — 'VYhe diode or two-clement tube and a typical
characteristic curve showing plate current vs, voltage.
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Space  charge — With the cathode tem-
perature fixed the total number of electrons
emitted is always the =ame, regardless of the
plate voltage. IFig. 301 shows, however, that
less plate current will flow at low plate voltages
than when the plate voltage is large. With low
plate voltage, only those electrons nearest the
plate are attracted to the plate. The electrons
in the space near the eathode, being themselves
negatively charged, tend to repel the similarly
charged electrons leaving the cathode surface
and cause them to fali back on the eathode.
Thix is called the space-charge effect. As the
plate voltage i raised more and more electrons
are attracted to the plite, until finally the space
charge effeet i completely overcome. When
this occurs all the cleetrons emitted by the
cathode are attracted to the plate, and o fur-
ther increase in plate voltage can cause no
further inerease in plate current. This condi-
tion 1s called swluration.

€ 3-2 Triodes

Grid control — If a third element, ealled the
control grid, or simply the grid. is inserted be-
tween the eathode and plate of the diode. the
space-charge effect can be controlled. The tube
then beeomes a {riode (three-clement tube) and
1s useful for more things than rectification. The
grid ix usually in the form of an open spiral or
mesh of fine wire. If the grid is eonnected ex-
ternally to the cathode so that it is at the same
potential as the eathode, and o steady voltage
from a d.c. supply is then applied between the
eathode and plate (the positive of the “ B sup-
ply ix always connected to the plate), there
will be a constant flow of electrons from eath-
ode to plate through the openings of the grid,
much ax in the diode. However, if the grid s
given a positive potential with respect to the
cathode, the <pace charge will be partially
neutralized and there will be an inerease in
plate current. I the grid is made negative with
respect to the eathode, the space charge will
be reinforced and the current will deerease.

This effeet of grid voltage ean be shown by
curves in which plate eurrent is plotted against.
grid voltage. At any given valie of grid volt-
age the plate current will still depend upon the
plate voltage, so if complete information about
the tube is to be secured it is necessary to plot
a scries of curves taken with various values
of plate voltage. Such a set of grid voltage vs.
plate current curves, typical of a small receiv-
ing triode, 1= shown in Fig. 303,

No long as the grid has a negative potential
with respect to the cathode, electrons emitted
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Fig. 302 — Hiustrat-
ing the construction of
an eclementary triode
vacuum tube, showing
the filament, grid (with
an end view of the grid
wires) and plate. The
relative density of the
space charge is indi-
cated roughly by the
dot density. Battery
svmbols follow those
of the usual schematic
diagrams, while the
schematic tube sy mbol
is shown at the right,
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by the cathode are repelled (§2-3) from the
grid, with the result that no current flows to the
grid. Henee, under these conditions, the grid
consumes no power. However, when the grid
becontes positive with respect to the eathode,
electrons are attracted to it, and a current flows
to the grid: when this grid current flows, power
is dissipated in the grid circuit.

In addition to the set of enrves showing the
relationship between grid voltage and plate
current at various fixed values of plate voltage,
two other sets of curves may be plotted to
show the charaeteristies of a triode. These are
the plate voltage v=. plate current characteris-
tic, which shows the relationship between plate
voltage and plate current for various fixed
ralues of grid voltage, and the constant-cur-
rent characteristie, which shows the relation-
ship between plate voltage and grid voltage for
varions fixed vualues of plate current.

Amplification — The grid evidently acts us
a valve to control the low of plate current, and
it is lound that it has a much greater elfect on
plate current flow than does the plate voltage;
that is, a small change in grid voltage is just
as effective in bringing about a given change in
plate current as is a large change in plate
voltage.

The fact that a =mall voltage acting on the
grid is equivalent to a large voltage acting on
the plate indicates the possibility of amplifica-
tion with the triode tube: that is, the genera-
tion of a large voltage by a small one, or the
gencration of a relatively large amount of
power from a small amount. The many uses of
the eleetronie tube nearly all are based upon
thix amplifying feature, The amplified power or
voltage output from the tube is obtained, not
from the tube itself, but from the sonree of
e.nf. connected between its plate and eathode.
The tube simply condrols the power from this
source, changing it to the desired form.

To utilize the eontrolled power, a deviee for
consuming it, or for transferring it to another
cireuit, must be eonneeted in the plate eireuit.
since no particularly useful purpose would be
served in having the current merely flow
through the tube and the source of e.m.f. Such
a deviee is called the lood, and may be cither a
resistance or an impedance, The term “imped-
ance’’ is frequently used even though the load
may be purcly resistive.
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Amplification factor — The relative effect
of the grid and plate voltages on the plate cur-
rent is measured by the amplification factor of
the tube, usually represented by the Greek
letter u. Amplification factor is defined as the
ratio of the change in plate voltage required
to produce a given change in plate current to
the change in grid voltage required to produce
the same plate-current change. Strietly speak-
ing, very small changes in both grid and plate
voltage must be used in determining the am-
plification factor, beeause the eurves showing
the relationship between plate voltage and
plate current, and between grid voltage and
plate current, are not perfeetly straight, espe-
cially if the plate current is nearly zero. This
indicates that the amplification faetor varies
at different points along the eurves, and dif-
ferent values will be obtained as larger or
smaller voltage differences are taken for the
purpaze of calenlating it. The expression for
amplifieation factor ean be written:

ALk,
LT AL,
where A E, indicates a very small change in
plate voltage and A/, is the change in grid
voltage producing the =ame plate current
change. The symbol A (the Greek letter della)
indicates a small increment, or small change.

The amplification factor ix simply a ratio,
and has no unit.

Plate resistance — Since only a limited
amount of plate current flows when a given
voltage is applied between plate and cathode,
it is evident that the plate-cathode circuit of
the tube has resistance. However, there is no
simple relationship hetween plate voltage and
plate current, so that in general the plate eir-
cuit of the tube does not follow Ohm's Law.
Under a given set of conditions the application
of 1 given plate voltage will cause a certain
plate current to flow, and if the plate voltage
is divided by the plite current a “resistance”
value will be obtained which frequently is
called the “d.e. resistance’ of the tube. This
“d.c. resistance” will be different for every
value of plate voltage and also for different
values of grid voltage, sinee the plate current
also depends upon the grid voltage when the
plate voltage is fixed

In applications of the vacunm tube, it 1s more
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Fig. 303 — Grid voltage vs. plate current enry es at vari-
ous fixed values of plate voltage (1) for a typical small
triode. Characteristic curves of this type can be takhen
by varying the battery voltagesin the circuit at the right.
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important to know how the plate current
changes with a change in plate voltage than it
is to know the relationship between the actual
values of plate current and plate voltage. The
relationship between plate-current change and
plate-voltage change determines the a.e. plate
resistance of the tube, This resistanece, which us-
ually is designated », is significant when there
is an a.c.component in the plate current. It ean
be found from the plate voltage vs, plate cur-
rent characteristie curves, That is,
Ak,

= 8T,

where A £, is a small change in plate voltage
and A/, the corresponding small change in
plate current, the grid voltage being fixed.

Plate resistance is expressed in ohms, since
it is the ratio of voltage to current. The value
of plate resistance will, in general, change with
the particular voltages applied to the plate and
grid, It depends as well upon the strueture of
the tube: low-p tubes have relatively low plate
resistanee and high-g tubes have high plate
resistanee.

Transconductanece — The  effect  of  grid
voltage upon plate current is expressed by the
grid-plate trapseonductanee of the tube, Trans-
conductance ix a general term giving the rela-
tionslnp between the voltage applied to one
clectrade and the enrrent which Hows, as a
result, in o second electrode, Asin the previons
two cases, it is defined as the ehonge in enrrent
throngh the cleetrade by a
change in voltage on the first. Thus the grid-
plate transeondncetance, commonly ealled the
noalwal condactimes, 1~

secaond caused

Al
G = _\Eg

where g, 15 the mutual conductanece, A 7, the
change in plate current, and A ), the ehangein
prid voltage, the plate voltage being fixed. As
before, the sign A indicates that the changes
must be small. Transconduetance is measured
in mhox, sinee it s the ratio of current to volt-
age. The unit usually cmployed in connection
with vacuum tubes is the micromho (one mil-
lionth of & mhoi, heeause the conductancees are
small. By combining with the two preceding
forinulas. it can be shown that g, = u r,.

The mntual condnetance of o tube is a rough
indication of its merit as an amplilier, sinee it
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Fig. 304 Plate soltage v=. plate current curves at

various fixed vabires of negatiy e grid voltage for the same
triode as that uszed to obtain the curves in Fig. 303,
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includes the effects of both amplification factor
and plate resistance. Its value varies with the
voltages applied to the plate and grid. With
the plate voltage fixed, the mutual conductance
decreases when the grid is made increasingly
negative with respect to the cathode. This
characteristic frequently ean be used to ad-
vantage in the control of amplification, since
the amount of amplifieation ean be varied over
wide limits simply by adjusting the value of a
steady voltage applied to the grid.

Static and dynamic curves — Curves of the
type shown in Figs. 301 and 303 are ealled
static curves. They show the eurrent which
flows when various voltages are applied di-
rectly to the tube cleetrodes, Another useful
set of static curves is the “plate Tamily,” or
plate voltage v, plate current characteristie. A
typical set of curves of this type is shown in
Fig. 301,

A curve showing the relationship between
grid voltage and plate current when a load
resistance ix connected in the plate eireuit is
called a dynamic characteristie curve. Such
a curve includes the effeet of the load resist-
anee, and henee is more indieative of the per-
formuance of the tube as an amplifier. With
a fixed value of plate-supply voliage the aetual
value of voltage between the plate and eathode
of the tube will depend upon the amount of
plate current flowing, sinee the plate current
also flows through the load resistanece and
therefore resultsin a voltage drop which inust
he subtracted from the plate-supply voltage.
The dyvnamie curve includes the effect of this
voltuge drop. Consequently, the plate cur-
rent alwavs s lower, for a given value of grid
bias and plate-supply voltage, with the load
resistance in the cirenil than it is without it.

tepresentative dynamic eharacteristies are
shown in Fig, 305, The<e were talen with the
sute 1ype of tabe whose statie curves are
shown in Pig 3030 Different curves would be
obtained with different values of plate-supply
voltage, [ this set is for a0 plate-snpply
voltage of 300 volts. Naote that inereasing the
value of the load resistanee reduces the plate
current at o given bias voltagze, and also that
the curves are straighter with the higher values
ol load resistance. Zero plate current always
ocenrs at the ssane valoe of negative grid hins,
sinee at zero plate current there is no voltage
drop in the load resistance and the Tall supply
voltage is applied to the plate.

Fig. 306 ~hows how the plate current re-
sponds to an alternating voltage (sigral) ap-
plied to the grid. If the plate earrent is to have
the sanme waveshape as that of the signal, it is
necessury  to confine the operation to the
straight section of the curve. To do this, it is
necessary to seleet an operating point near the
niiddle of the straight portion: this operating
point is determined by the fixed voltage thias)
applied to the grid. The alternating signal
voltage then adds to or subtraets from the grid
bias, depending upon whether the instantane-
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ous signal voltage is negative or positive with
respect to the eathode, and causes a corre-
sponding variation in plate current. The maxi-
mum departure of instantancous grid voltage
or plate current from the operating point is
called the ~xwing. The varving plate current
flows through the load resistance, causing a
varyving voltage drop which constitutes the
useful output voltage of the tube,

The point at which the plate current is re-
duced to zero is ealled the cut-off point, The
value of negative grid voltage at which ent-off
occurs depends upon the amplifieation faetor
of the tube and the plate voltage. It is approxi-
mately cqual to the plate-supply voltage di-
vided by the amplitieation factor.

Interelectrode capacitios — Any pair of
elements in a tube forms o miniature condenser
(§ 2-3), and, although the eapaeitios of these
condensers may be only a few micromiero-
farads or less, they must frequentiy be taken
into aceount in vacuum-tubee cirenits, The ea-
pacity from grid to plate (grid-plate capaeity)
has an important effeet in wany applications,
In triodes, the other eapacities are the grid-
cathode  and  plate-cathode . In multi-element
tiubes (8 3-6), sinmilar eapaeities exist between
these and other clectrodes. With sereen-grid
tubes, the terms “input ™ and “output” en-
paeity mean, respectively, the eapaeity meas-
ured from grid to all other elements connected
together and from plate to all other elements
conneeted together, The same terms are used
with triodes hut are not so casily defined, sinee
the effeetive capacities existing depend upon
the operating conditions (§ 3-3).

Tube ratings — Specitieations of suitable
operating voltages and currents are ealled tabe
ratings. Ratings inchude proper values for fila-
ment or heater voltage and eurrent, plate volt-
age and current, and similar operating speetfi-
cations for other elements. Animportant rating
in power tubes is the wearfumne safe plate dissi-
pation, or the maximum power that ean be dis-
sipated continuously inheat on the plate(§ 3-1).

€ 3-3 Amplification

Princinles — The operation of a simple am-
plifier, which was deseribed briefly in the pre-
ceding section, is shown in more detail in Fig,
307, The load in the plate cirenit is the resistor,
R, For the sake of example, it is assumed that
the plate-supply voltage i= 300 volts, the nega-
tive grid bias ix 5 volts, and the plate current
at this bias when R, is 50,000 ohms ix 2 milli-
amperes (0.002 ampere). If no signal is applied
to the grid cirenit, the voltage drop in the [nad
resistor ix 50,000 X 0,002, or 100 volts, leaving
200 volts between the plate and cathode.

If a sine-wave <igual having a peak value of
2 volts is applied in series with the bias voltage
in the grid eireuit, the instantancous voltage
at the grid will swing to —3 volts at the in-
stant the signal reaches its positive peak and
to —7 volts at the instant the signal reaches
its negative peak, The maximum plate current,
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will oceur at the instant the grid voltage is
—3 volts and, as shown by the graph, will have
a value of 2,65 milliamperes. The minimum
plate current oceurs at the instant the grid
voltage is —7 volts, and has a value of 1.35

iy
d{ﬁ';
mEk

Fig. 305 Dynamie characteristics of a small triode
with varions load resistances from 5,000 1o 100,000 ohms.
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ma, At intermediate values of grid voltage, in-
termedinte plate-current values will occur. The
instantancous voltage bhetween the plate and
cathode of the tube also ix shown on the graph.
When the plate current is maximum the in-
stantancons voltage drop in K, is 50,000 X
0.00265 or 1325 volts, and when the plate
current is minimum the instantaneous voltage
drop in 2, is 50,000 X 0.00135 or 67.5 volts.
The actual voltage between plate and eathode
is therefore the difference between the plate-
supply voltage, 300 volts, and these voltage
dropsin the load resistanee, or 167.5 and 2325
volts, respectively.

The varying plate voltage is an a.e. voltage
superimposed  (§2-13) on the steady plate-
cathode voltage of 200 volts, which was pre-
viouzly determined for no-zignal conditions,
The peak value of this :we. output voltage is
the difference between cither the maximam or
minimum plate-cathode voltage and the no-
signal value of 200 volts. In the illustration
thix difference is 232.5 — 200 or 200 — 167.5,
or 32,5 volts. Sinee the grid signal voltage has
a peak value of 2 volts, the voltage amplifiea-
tion ratio of the amplifier is 32,52 or 16.25.
That ix, approximately 16 times as much volt-

, Plate Current

S pemeingint TN\ |, patecurrent
g __________ N/ Swing
x \ T
8 —————
g )
3 |
] '

o0

A GRID VOLTAGE | §1 -0+
i '
O;f’;if;f : Signal
) __f;"l’- Grid Yoltage Swing

Fig. 300 — Behavior of the plate current of a vacuum
tube in response to an alternating signal voltage
superimposed on a steady negative grid voltage or bias,
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Fig. 307 Amplifier operation. When the plate current
varies in response to the <siznal applied to the grid, a
varyving voltage drop appears aeross the load, Rp, as
shown by the dashed carve, f4,. I is the plate current.

age will be obtained from the plate cireuit as
is applied to the grid cirenit.

It will be observed that only the alternating
plate and grid voltages enter into the calenta-
tion of the amplification ratio. The d.e. plate
and grid voltages are of course essentiual to the
operation of the tube, since they set the oper-
ating point, but otherwise their presence may
be ignored. This being the case, it is possible to
show that the tube can be replaced by an
equivalent geworator which has an internal re-
sistance equal to the a.e. plate resistanee of the
tube (¥ 3-2) at the operating point chosen and
which generates a voltage equal to the ampli-
fication factor of the tube multiplied by the
signal voltage applied to the grid The equiva-
lent generator, together with the load resist-
anee, I, ix shown in Fig. 308, This simplifiea-
tion enables ready ealeulation of the amplifica-
tion. If the generated voltage is gfs,. then the
same euwrrent flows through rp and K, and
henee the voltage drop across £, which is the
useful output voltage. is

I 3 I
4o = ulyy,

.+ R,
sinee I, and r, together constitute a voltage
divider (§ 2-6). The voltage-unplifieation ratio
is given by the output voltage divided by the
input voltage, henee dividing the above ex-
pression by I gives the following forinula for
the amplification of the tnbe:

Amplification =

Thix expression <hows that, to obtain a large
voltage-umplification ratio, it is necessary to
make the plate load resistance, 12, large com-
pared to the plate resistanee, r,, of the tube,
The maximum possible amplification, obtained
when 12, is infinitely Larger than r,, s equal to
the g of the tube, A tube with a large value of g
will, in general, give more voltage amplification
than one with a medium or low value. How-
ever, the advantage of the high g ix less than
might be expectedy hecause o high-g tube
usuzlly also has a correspondingly high value
of rp, so that o high value of load rexistance
must be used to realize an appreciable part of
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the possible amplification. Thisin turn not only
requires the use of high values of plate-supply
voltage, but has some further disadvantages to
be described later.

Amplifiersin which the voltage output, rather
than the power output, is the primary con-
sideration are called roltage amplifiers.

Power in grid circuit — In the operation
depicted in Fig. 308, the grid is always negative
with respect to the eathode. If the peak signal
voltage is larger than the bias voltage, the grid
will be positive with respeet to the eathode
during part of the signal eyele. Grid current will
flow during this time, and the signal source
will be called upon to furnish power during the
period while grid eurrent ix flowing., In many
cases the signal souree is not capable of furnish-
ing appreciable power, o that eare must be
taken to avoid ©driving the grid positive.”

When dealing with small signals the source
of signal voltage frequently has high internal
resistancee, so that o conziderable voltage drop
oceurs in the souree itself whenever it is called
upon to furnizh grid current. Since this voltage
drop oceurs only during part of the evele, the
voltage applicd to the grid undergoes a change
in waveshape beeanuse of the current flow, This
i shown in IFig. 304, where a sine-wave signal
ix generated but, bheeause of the internal resist-
ance of the souree, is distortcd st the grid of the
tube during the time when grid current flows,

If the internal resistance of the signal source
ix low, =0 that the internal voltage drop is
neglicible when current flows, this distortion
does not oceur. With sueh a source, it is pos-
sible to operate over a greater portion of the
amplifier characteristie.

Harmonie distortion — 1f the operation of
the tube is not confined to a straight or linear
portion of the dynamie charncteristie, the
waveshape of the output voltage will not be
exuaetly the same ax that of the signal voltage,
This is shown in Fig. 310, where the operating
point is selected so that the signal voltage
swings into the curved part of the character-
istic. While the upper hatf-cvele of plate ear-
rent reproduces the sine-wave <hape of the
positive half-exele of <ignal voltage, the lower
hatf-evele of plate enrrent is considerably dis-
torted and bears little resemblanee to the upper
haltf-cyele of plate eurrent.

As explained in § 2-7, a non-sinusoidal wave-
shape can be resolved into a number of sine-
wiuve components or harmonies which are
integral multiples of the lowest frequency
present. Consequently, this type of distortion
is known as harmonte distortivn. Distortion re-

Fig. 308 — Fquivalent
circuit of the yacuum.
tube amplifier, The
tube s replaced by an
equivalent generator
having an internal re-
sistance cqual tothe
a.c. plate resistance
of the vacuum tube.
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sulting from grid-eurrent flow, described in the
preeeding paragraph, also is harmonic distor-
tion. Harmonie distortion from either or both
eauses may arise in the same amplifier.

Harmonie distortion may or may not be
tolerable in an amplifier. At audio frequencies
it is desirable to keep harmonic distortion
to a minimum, but radio-frequency amplifiers
are frequently operated in such a way that the
r. f. wave is greatly distorted.

Frequeney  distortion — Another type of
distortion, known as frequency distortion, oc-
eurs when the amplification varies with the
frequency of the a.c. voltage applied to the
grid circuit of the amplifier. It is not neces-
sarily accompanied by harmonie distortion. It
can be shown by a frequency-response curve or
graph in which the relative amplifieation is
plotted against frequency over the frequency
range of interest.

Resistance-coupled amplifiers — An am-
plifier with a resistance load is known as a
“resistance-coupled ™ amplifier. This type of
amplifier is widely used for amplification at
audio frequencies. A simplified eireuit is shown
in Fig. 311, where the amplifier is coupled to o
following tube. Since all the power output of a
resistance-coupled amplifier is consumed in the
load resistor such amplifiers are used almost
wholly for voltage amplifieation, usnally work-
ing into still another amplifier.

A single amplifier is called a stage of ampli-
fication, and a number of amplifier stages in
succession are said to be in cascade,

The purpose of the coupling condenser, .,
is to transfer to the grid of the following tube
the a.c. voltage developed aeross 2, and to
prevent the d.c. plate voltage on tube A from
being applied to the grid of tube B. The grid
resistor, ¢, transfersthe bias voltage to the grid
of tube B and prevents short-circuiting the a.e.
voltage through the bias battery. Sinee no grid
current flows, there is no d.c. voltage drop in
Ry: consequently the full bias voltage is ap-
plied to the grid. In order to obtain the maxi-

Fig. 309 — Distortion of ap-
plied signal because of grid-
current flow. With the oper-
ating point at 3 volts nega-
tive bias, grid current will
flow as shown by the curve
whenever the applied signal
voltage ix more than 3 volts -
positive. If there is appre-
ciable internal resistance, as
indicated in the second draw -
ing, there will be a voltage
drop in the resistance when-
ever eurrent is flowing but
not during the period when
no current flows, ‘The signal

GRID CURRENT —»

will reach the grid unchanged **

s0 long as the instantaneous 0

voltage is less than 3 volts -5

positive, but the voltage at GENERATED SIGNAL
the grid will be less than the o Timeof ~~
instantancous voltage when 08 [ Gredcurnent 2
the latter is above this fig- 0

ure. The shape of the nega-

tive half-cyele is unaltered, -

ACTUAL SIGNAL AT GRID
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Fig. 310 — Harmonic distortion resulting from ehoice
of an operating point on the curved part of the tube
characteristic. The lower half-cyele of plate enrrent does
not have the same shape as the grid voltage eausing it.

mum a.c. voltage at the grid of tube B the
reactance of the coupling condenser must be
small compared to the resistance of 2, so
that most of the voltige will appear across 12,
rather than aeross (' Also, the resistance of 2,
must be large compared to /2, because, so far
as the a.e. voltage developed i I, 18 con-
cerned, IY, 15 in parallel with 22, and therefore
is just as much a part of /2, as though 1t were
connected direetly in paraliel with it. (The
impedanee of the plate-supply battery is as-
sumed to be negligible, so that there is no a.e.
voltage drop between the lower end of £, and
the common connection bhetween the two
tubes.) In practice the maximum usable value
of I, is limited to from 0.5 to about 2 megohms,
depending upon the characteristies of the tube
with which it is associated. If the value is made
too high, stray electrons colleeting on the grid
nay not “leak off ” baek to the eathode rapidly
enough to prevent the aceumulation of a nega-
tive charge on the grid. This is equivalent to
an inerease in the negative grid bias, and hence
to a shift in the operating point.

The equivalent cireuit of the amplifier now
includes €, Iy, and a shunt eapacity, €, whieh
represents the input capacity of tube B and
the plate-cathode capacity of tube A, to-
gether with sueh stray eapaeity as exists in the
circuit. The reactance of €, will depend upon
the frequency of the voltage being anmplified,
and, since Cyis in paratlel with 2, and R, it also
becomes part of the load impedance for the
amplifier. At low frequencies — helow 1000
eyeles or so — the reactance of C, usually is so
high that it has practieally no effect on the
amplification, but, since the reactance de-
creases at higher frequencies, it is found that
the amplification drops off rapidly when the
reactance of C, becomes comparable to the
resistance of 12, and R, in patallel. To main-
tain the amplification at high frequencies, it
is necessary that I, be relatively small if C, is
large, or that C, be small if R, is large.

Under the best conditions, in practice C, will
be of the order of 15 uufd. or more, while it is
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possible for it to reach values as high as a few
hundred wpufd. The larger values are encoun-
tered when tube B is a high-u triode, as de-
scribed in a later paragraph. Iven with a low
value of shunt capacity, the shunt reactance
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Fig, 311 —"Vy pical re-i-tanee-coupled amplifier cirenits,

will decrease to a comparatively low value at
the upper limit of the andio-frequeney range:
a shunting capacity of 20 gufd., for example,
represents a reactancee of about 0.5 megohm
at 15,000 ¢veles, and henee is of the same order
as IV, for the tyvpe of tubes with which such a
low value of eapaeity wounld be associated. In
order to secure the same amplification at high
as at low frequencies, therefore, it is necessary
to sacrifice low-frequeney amplifieation by re-
dueing the value of 2, to the point where the
reactance of ', at the highest frequeney of
interest ix considerably larger than 12,

At radio frequencies the reactance of €y he-
comes so low that the amount of amplification
it is possible to realize ix negligible compared
to that whieh ean be obtained in the audio-
frequeney range. The resistanee-coupled am-
plifier. therefore, is used principally for audio-
frequengy work.

Impedance-coupled amplifiers — 1f cither
the plate resistor or grid resistor (or both) in
the amplifier deseribed in the preeeding para-
graph is replaced by an inductanee, the amph-
fieris said to be 2m pedanee-coupled.The induct-
ance or impedance is commonly substituted for
the plate load resistor, o that the usual eireuit
for such an amplifier is as given in Mg, 312,

Considering the operation of the tube from
the standpoint of the equivalent circuit of
Fig. 308, it is evident that a voltage drop would
exist across a reactance of suitable value sub-
stituted for the indieated load resistance, 12,
so long as the output of the generator is alter-
nating current. From the physieal standpoint,
any change in the current flowing through the
inductance in Fig, 312 would eause n self-
induced e.m.f. having a value proportional to
the rate of ehange of current and to the in-
ductance of the coil. Consequently. if an a.c.
signal voltage is applied to the grid of the tube,
the resultant variations in plate current case
a corresponding a.c. voltage to appear across
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the coil terminals. This induced voltage is the
useful output voltage of the tube.

The amplitude of the output voltage ean be
caleuluted, knowing the g and plate resistance
of the tube and the impedance of the load, in
much the same way as in the case of resistance
coupling, except that the equation must be
modified to take account of the faet that the
phase relationship between current and voltage
is not the same in an impedanee as it is in a
resistance, bn practice, the plate load induet-
ance is shunted by the tube and stray eapaci-
ties of the eireuit aswellas by its own distributed
eapacity. Sinee the greatest amplification will
be secured when the load impedance is as high
as possible, the coil usually is made to have
suflicient inductance so that. in combination
with these shunting eapacities. the eircuit as a
whole will be parallel-resonant at some fre-
queney near the middle of the audio-frequency
range. Under these conditions the load im-
pedance has its highest possible vahie, and is
approximately resistive rather than reactive.

The cquation for amplifieation with resist-
ance coupling shows that, when R, is several
times the plate resistance, rp,, a further inerease
in 2, results in comparatively little inerease in
amplification. The load cirenit of an imped-
anee-coupled  amplifier usually has an im-
pedanee value guite high in comparison to the
plate resistance of the tube with which it ix
used, =o that the load impedance ean vary over
a considerable range without mueh effeet on
the amplification. This gives the impedance-
coupled amplifier an amplification vs, frequeney
characteristie whieh is fairly “flat” — that is,
the amplifiention ix practically constant with
changes in frequeney —over a considerable
portion of the audio-frequeney range. How-
ever, the performance of the impedance-coupled
amplifier is not as good in this respeet as that
of a well-designed resistance-coupled amplifier.

H the impedance of the load cireuit is high
compared to the plate resistance of the tube,
which will be the ease if the tube is a low-g
triode and normal induetance values (a few
hundred henrys) are used in the plate eircuit,

Signal
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Fig 312
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Impedance-coupled amplifier.

the amplification in the optimum frequency
range will be practically equal to the g of the
tube. At lower frequencies the impedance de-
erenses beeause of the decreasing reactanee of
the coil, while at higher frequencies the ime-
pedanee again decreases beeause of the de-
creasing reactance of the shunt capacities.
Thus the amplification drops off at both ends
of the range, usually more rapidly than with
resistance coupling.
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The frequency-response characteristic of the
impedance-coupled amplifier depends consid-
erably upon the plate resistance of the tube.
If impedance coupling is used with tubes of
very high plate resistance, the response will be
markedly greater at the resonant frequency
than at frequencies either higher or lower.

Impedance coupling can he used at radio
frequencies, since the inductance ean be ad-
Justed to resonate with the shunt eapacities at
practically any desired frequencey.

Transformer-coupled  amplifiers — The
coupling impedance in Fig. 312 may be re-
placed by a transformer, eonneeted as shown in
Fig. 313. A.e. voltage is developed ncross the
primary of the transformer in the same way as
in the case of impedance coupling. The second-
ary of the transformer serves as a means for
transferring the voltage to the grid of the fol-
lowing tube, and if the secondary has more
turns than the primary the voltage across the
secondary terminals will, in general, be larger
than the voltage across the primary terminals.

As in the case of impedance coupling, the
effective eapacity shunting the primary of an
audio-frequencey  transformer usually  eauses
the primary circuit to be parallel-resonant at
some frequeney in the middle of the audio-
frequeney range. At the medium audio fre-
quencies, therefore, the voltage aeross the
primary is practically equal to the applied grid
voltage multiplied by the p of the tube. The
voltage across the secondary will he the pri-
mary voltage multiplied by the sccondary-to-
primary turns ratio of the transformer, =o that
the total voltage amplification is g times the
turns ratio. The amplification at low frequen-
cies depends upon the ratio of the primary
reactance to the plate resistance of the tube,
as in the ense of impedance-coupled amplifiers,

At some high frequencey, usually in the range
5000-10,000 cyeles with ordinary transformers,
the leakage inductanee (§ 2-9) of the secondary
becomes series resonant with the effective ca-
pacity shunting the sccondary. At and near
this resonant frequency the resonant rise in
voltage may increase the amplification con-
siderably, giving rise to a “peak” in the
frequency-response curve of the amplitier. At
frequencies above this resonance point amplifi-
cation decreases rapidly, beeause as the re-
actance of the shunting capacity deereases it
tends to act more and more as a short cirenit
across the sccondary of the transformer. The
relative hieight of the high-frequency peak de-
pends principally upon the effective resistance
of the sccondary circuit. This effective resist-
ance includes the actual resistance of the
secondary coil and the “reflected” (§ 2-9) plate
resistance of the tube, this resistanee being in
parallel with the primary of the transformer.
Consequently, the height of the peak is affected
by the tube with which the transformer is used.
The peak ean be reduced by connecting o 0.25
to 1 megohm resistor across the transformor
sccondary. While this helps to flatten the [re-
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queney response curve, it also reduces the
amplifieation at medium and low frequencies,
Transformer coupling is most suitable for
triodes of low or medium g and having medium
values of plate resistanee. This is becanse the
primary induetanee required for good am-
plifieation at low frequencies is proportional to
the plate resistance of the tube with which the
transformer is to be used, and in practice it is
difticult to obtain high primary inductance, a
large sccondary-to-primary turns ratio (‘““step-
up ratio”), and low distributed capacity in the
windings all at the same time. Increasing the
primary inductance usually means that the
turns ratio must be reduced, because the in-
crease in distributed capacity as the eoils are
made larger tends to bring the resonant peak
down to a relatively low frequeney unless the
secondary inductance is decreased to compen-
sate for the increase in eapacity. The step-up
ratio seldom is more than 3 to 1 in transformers
designed for good frequency response,

Fig. 313 — Pran<former-coupled amplifier,

Transformer coupling can be used at radio
frequencies if the transformers are properly de-
signed for the purpose, In sueh transformers
cither the primary or secondary (or both) is
mide resonant at the frequeney to be used, so
that maximum amplification will he secured.

Phase relations in plate and grid cireuits
— When the exeiting voltage on the grid has
its maximum pozitive instantaneous value, the
plate current alko is maximum (§ 3-2), so that
the voltage drop across the resistance con-
nected in the plate circuit of o resistance-
coupled amplifier likewise has its greatest
value. The actual instantancous voltage be-
tween plate and cathode is therefore minimum
at the same instant, beeause it is equal to the
d.e.supply voltage (which is unvarving) minus
the voltage drop across the load resistance.
When the signal voltage is at its negative peak
the plate current has its least value, with the
result that the voltage drop in the load resist-
ance is less than at any othier part of the eyvele.
At this instant, therefore, the voltuge between
plate and cathode is maximum.

These variations in plate-cathode voltage
constitute the a.e. output of the tube, superim-
posed on the mean or no-signal plate-cathode
voltage. Since the alternating plate-cathode
voltage 1% deereasing when the instantancous
grid voltage is increasing (becoming more
positive with respeet to the eathode), the out-
put voltage is less than the mean value, or
negative, when the signal voltage is positive.
Likewise, when the signal voltage is negative
the output voltage is positive, or greater than

i
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the mean value. In other words, the alternating
plate voltage is 180 degrees out of phase with
the alternating grid voltage. Thus there is
a phase reversal through the amplifier. The
relationships should become clear from the be-
havior of the signal voltage and J2, in Fig. 307.

The same phase relationship between signal
and output voltages holds when the amplifier
is impedance- or transformer-coupled, in the
frequency region where the load acts like o
parallel-resonant circuit. However, if the load
is renctive the phase relationship is not exactly
180 degrees but depends upon the kind of
reactance present and the relative amounts of
reactance and resistance. (This is true also of
the. resistance-coupled amplifier at low fre-
quencies where the reactance of the coupling
condenser affects the amplification, or at high
frequencies where the reactanee of the shunt-
ing capacitics becomes important.) Since the
reactance varies with the applied signal fre-
quency, the phase relationship between signal
voltage and output voltage depends upon the
frequency in such cases.

Input capacity and resistance — When an
alternating voltage ix applied between the grid
and eathode of an amplifier tube, an alternat-
ing current flows through the small comlenser
formed by these elements (§3-2) just as it
would in any other condenser. Similarly. an
alternating current also flows in the condenser
formed by the grid and plate, since there is an
alternating difference of potential between
these elements. When the tube is amplifying,
the alternating plate voltage and signal voltage
are effectively applied in series across the grid-
plate condenser, as indieated in Fig. 314 As
deseribed in the preceding paragraph, in the
resistance-coupled amplifier the two voltages
are out of phase with respect to the cathode,
but inspeetion, of the circuit shows that they
are in phase so far as the grid-plate condenser
is concerned. Consequently, the voltage applied
to the grid-plate capacity is the sum of the
alternating grid and plate voltages, or f2, + 1),
Sinee I, is equal to 4 X L, where A is the
voltage amplifieation of the tube and cireuit,
the a.c. voltage between the grid and plate is
0 (1 + A). The current, [, flowing in the
grid-plate capacity is £, (1 + ) divided by
the reactance of the grid-plate condenser, and
thus is proportional to the grid-plate eapacity.

The signal voltage must help in enusing this
relatively large current to flow, and, since the
reactance as viewed from the input circuit

Fig. 314 — The a.c. voltage appearing between the
erid and plate of the amplifier is the sum of the signal
voltage and the output voltage, as shown by this sim-
plified circuit. Instantancous polarities are indicated.

is X, = E,/I, the input reactance becomes
smaller as the current becomes larger. That is,
the cffective input eapacity of the amplifier is
increased when the tube is amplifying. From
the above. the increase in input capacity is
approximately proportional to the voltage am-
plification of the circuit and to the grid-plate
capacity of the tube. The total input capacity
is the sum of the gritd-cathode capacity and this
additional effeetive eapacity. The total input
capacity of an amplifier may reach values
ranging from 50 to a few hundred micromicro-
farads, if the voltage amplification is high and
the grid-plate eapacity relatively large. Both
usually are true in o high-g triode.

When the loml i reactive the a.e. grid and
plate voltages still act in series across the grid-
plate condenser, but since they are not exactly
180 degrees out of phase with respeet to the
cathode they are not exactly in phase with
respeet to the grid-plate capacity. The lack of
exact phase relationship indieates that resist-
ance as well as capacity is introduced into the
input circuit. Analysis shows that, when the
reactance of the load eircuit is capacitive, the
resistance component is positive — that is, it
represents a loss of power in the input circuit
— and that when the load eirenit has inductive
reactance the resistanee component is negative.
Negative resistanee indieates that power is
heing supplied to the grid cireuit from the plate.

Feed-back — 1f some of the amplified en-
ergv in the plate circuit of an amplifier is
coupled back into the grid circuit, the ampli-
fier is suitl to have feed-back. If the voltage fed
from the plate cireuit to the grid circuit is in
cuch phase that, when it is added to the signal
voltage already existing, the sum of the two
voltages is larger than the original signal volt-
age, the feed-back is said to be positive. Posi-
tive feed-hack usnally is called regencration. If
regeneration exists in o circuit the total am-
plification is inereased because the feed-back
increases the amplitude of the signal at the
grid and this larger signal is amplified in the
same ratio, giving a greater output voltage
than would exist if the signal voltage alone
were present in the grid circuit. Many types of
circuits ean be used to secure positive feed-
back. A simple one is shown in Fig. 315. The
feed-back coil, 1, a third winding on the grid-
circuit transformer, is connected in series with
the primary of the transformer in the plate
circuit. so that some of the amplified voltage
appeuars across its terminals. This induces a
voltage in the secondary, S, of the grid-circuit
transformer which, if the winding directions of
the two coils are correct, will increase the value
of signal voltage applied to the grid.

Positive feed-back is accompanied by a
tendency to give maximum amplification at
only one frequency, since the feed-back voltage
will tend to be highest at the frequency at
which the original amplification is greatest. It
therefore increases the selectivity of the ampli-
fier, and hence is used chiefly where high gain
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and sharpness of resonance both are wanted.

If the phase of the voltage fed back to the
grid circuit is such that the sum of the feed-
back voltage and the original signal voltage is
less than the latter alone, the feed-back is said
to be negative. Negative feed-back frequently
is called degeneration. In this ease the total
amplification is decreased, =ince the grid signal
has been made smaller, and hence the amplitied
output voltage is smaller for a given original
signal than it would be without feed-back.

The amount of voltage fed back will depend
upon the actual amplification of the tube and
circuit, and if the amplification ratio tends to
change, as it may at the extreme high or low
frequencies in the audio-frequeney range, the
feed-buck voltage will be reduced when the
amplification decreases. IFor example, suppose
that an amplifier has a voltage gain of 20 and
that it is delivering an output voltage of 50
volts. Without feed-back, the grid signal volt-
age required to produce 50 volts output is
50/20 or 2.5 volts. But suppose that 10 per
cent of the output voltage (5 volts) is fed back
to the grid eircuit in opposite phase to the
applied grid voltage. Then, sinee it is still nec-
essury to have a 2.5-volt signal to produce
50 volts output, the applied voltage must be
2.5 4+ 5 or 7.5 volis. Now suppose that at
some other frequeney the voltage gain drops
to 10. Then for the same H0-volt output a 5-
volt signal is required, but sinee the feed-back
voltage is still 5 volts the total required signal
is now 10 volts, With feed-back the gain in the
first ease was 50 7.5 volts or 6.66 and in the
second case 50 10 or 5, the guain in the second
case being 75 per cent as high as in the first.
Without feed-back the gain in the second case
was H) per cent a= high as in the first. The
effect. of feed-baek therefore 1= to make the
resultant gain more uniform, despite the tend-
ency of the amplifier itself to diseriminate
against certain frequencies.

Negative feed-buack also tends to decrease
harmonie distortion arising in the plate cirenit
of the amplifier. This distortion is present in the
amplified output voltage. but not in the origi-
nal signal voltage applied to the grid. The
voltage fed back to the grid cireuit contains the
distortion but in opposite phase to the distor-
tion components in the plate eireuit, henee the
two tend to caneel each other. For similar
reasons. the over-all amplifieation is less de-
pendent upon the value of load impedance used
in the plate circuit; in fact, if a large amount of
negative fecd-back is used in an amplitier it is
even possible to substitute tubes of rather
widely different characteristies without much
effeet on the over-all performance.

Both positive and negative feed-baek may be
applicd over several stages of an amplifier,
rather than being applied direetly from the
plate circuit to the grid circuit of a single stage.

Power amplification — In the types of am-
plifiers previously described, the chief consid-
eration was that of securing as much voltage
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gain as possible within the permissible limits
of harmonie distortion and frequency response
characteristic. Such amplifiers are principally
used to furnish an amplified signal voltage,
which in turn ean be supplied to a succeeding
amplifier. If the succeeding amplifier is oper-
ated in such a way that its grid is never driven
positive with respect to itx cathode, grid enr-
rent does not flow. and henee the power re-
quirements are negligibly small. lHowever, if an
amplifier is used to actuate some power-con-
suming device, such as a loudspeaker or a
suceceding amplifier in which it is permissible
to drive the grid into the positive region, the
primary consideration is that of obtaining the
maximum power output consistent with the
permissible distortion. In such a ease the volt-
age at which the power is sceured is of little
consequence. since a transformer may be used
to change the voltage to any desired value,
within reasonable limits. llence, the voltage
gain of a power amplifier is of little importance.

In power-amplifier operation the grid may or
may not be driven into the positive region, de-
pending upon the particular applieation. The
present discussion will be confined to the triode
amplifier operating without grid current: other
types are considered in § 8-t The prineiples
upon which such o power amplifier operates are
practically identical with those already de-
seribed. The chief differences between a volt-
age amplifier and w power amplifier lie in the
seleetion of tubes and in the choiee of the value
of lToad resistance. As previously deseribed, if
voltage gain 1= the primary consideration the
load resistance should be as large as possible
i comparison to the plate resistance of the
tube. It ean be shown that, in any electrical eir-
cuit. maximum power output is secured when
the resistance of the load ix made equal to the
internal resistance of the source of power. This
is true whether the power source ix a battery,
a generator or a vacuum tube. In the case of the
vacuum tube the internal resistance is the
plate resistance of the tube, so that for maxi- .
mum power output the load resistance should
be made equal to the plate resistunce. How-
ever, when the tube is operated with so low a
value of load resistanee there is considerable
harmonie distortion. and optimum power out-
put, representing an acceeptable compromise
between distortion and the power obtainable, is
secured when the load resistanee is approxi-
ntely twice the pliate resistance.

Es 77

Ilig. 315— An elementary form of feed-back circuit. The
feed-back may be either positive or negative, depending
upon how the coil L is connected in the circuit. This type
of circuit illustrates the principle of feed-back, but it is
not practical for use in an actual audio-frequency amplificr.
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Power-amplifier circuits — The plate or
output circuit of a power amplifier almost in-
variably is transformer-coupled to the power-
consuming device or load with which it is asso-
ciated. This is because the impedanee of the
desired load seldom is the proper value for ob-
taining optimum power output from the ampli-
fier. Consequently, the load impedance must be
changed to a value suitable for the plate cirenit
of the amplifier tube. This can he done by
the use of transformers, as deseribed in § 2-9.

Oulpul
Transformer

load

oo

Fig. 316 — An eclementary power-amplifier cireuit in
which the power-consuming load is coupled to the plate
circuit through an impedance-matching transformer,

A basic power-amplifier circuit is shown in
Fig. 316. So long as the amplifier is operated
entirely in the negative-grid region and no grid
current flows, any of the previously deseribed
types of coupling may be used between the
grid of the power amplifier and the preceding
amplifier. If there is no preceding amplifier, the
method of coupling will depend principally on
the characteristies of the source of the signal.

In Fig. 316 the load is represented as a re-
sistanee. An actual load may have an reactance
as well as a resistance component, but only
the resistance will consume power (§ 2-8).

Power amplification ratio— The ratio of
a.c. output power to the we. power consumed
in the grid cirenit (driving power) is called the
power wnplification ratio or simply powcr om-
plification of the amplifier. If the amplifier
operates without grid current the a.c. power
consumed in the grid eircuit is negligibly <mall,
s0 that the power amplification ratio of such an
amplifier is extremely large. With other types
of operation the power amplification ratio may
be relatively small, as deseribed in § 3-1.

Plate efficieney — The ratio of a.e ontput
power to the d.c. power supplied to the plate
cireuit is called the plate cflicicney ol the ampli-
fier. 1t is expressed as a percentage:

r.
9, plate efliciency = El X 100

where I’, is the a.c. output power, ££ the plate
voltage and / the plate eurrent, the latter two
being d.c. values.

The plate cefficiency of amplifiers designed
for minimum distortion and a high power am-
plification ratio (operation without grid cur-
rent) is relatively low — of the order of 15 to
30 per cent. For minimum dixtortion the opera-
tion must be confined to the region where the
waveshape of the alternating plate current is
substantially identical with that of the signal
on the grid, and, as previously explained, this
requirement can be met only by limiting the
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plate-current variations (that is, the alternat-
ing component of plate current) to the straight
portion of the dynamic grid voltage vs. plate
current characteristic. Since with a given load
resistance the power output is proportional to
the square of the alternating component of
plate current, it follows that limiting the plate-
current variation also limits the power output
in eomparison to the d.e. plate power input.

Higher plate eflicieney ean be sccured by
inercasing the alternating component of plate
current, but this ix acecompanied by inereased
distortion. Special types of amplifiers have
been devized to compensate for this distortion,
as deseribed in the next =ection. In =ome appli-
cations, as in r.f. power amplification, the fact
that the signal applied to the grid is greatly
distorted is of no consequenee, so that sucl
amplifiers ean have high plate cthcieney.

Power sensitirity — The ratio of a.c. power
output to alternating grid voltage is called the
power sensitivily of an amplifier. It provides a
convenient measture for comparing power tubes,
especially those designed for audio-frequenecy
amplifieation where the operation is to be with-
out grid current. sinee it expresscs the relation-
ship between power output and the amount of
signal voltage required to produce the power.

The term power =cnzitivity also is used in
conncetion with radio-frequencey power ampli-
fiers, in which caxe it has the same meaning as
power amplification ratio. A tube which de-
livers its rated output power with a relatively
small amount of power consumed in the grid
cirenit is sald to have high power sensitivity.

Parallel operation — When it is necessary
to obtain more power output than one tube is
capable of giving, two or more tubes may be
connceted in paralldl, Tn this eaze the similar
clements in all tubes are conneeted together,
Thiz method is shown in Fig, 317 for a trans-
former-conpled amplifier. The power output of
a parallel stage will be in proportion to the
number of tubes used: the exciting voltage re-
quired, however, is the same as for one tube.

If the amplilier operates in such o way as to
consnme power in the grid cirenit, the grid
power required also is in proportion to the
mumber of tubes used.

Push-pull increase  in
power output can be secured by connecting
two tubes in push-pudl, the grids and plates
of the two tubes being connected to opposite
ends of the eircuit as shown in Fig, 317, A
“balaneed’ eircuit, in which the eathode re-
turns are made to the midpoint of the input
and output deviees, is necessary with push-
pull operation. At any instant the ends of the
secondary winding of the input transformer,
T, will be at opposite potentinlz with respeet
to the eathode connection, so that the grid of
one tube is swung positive at the same instant
that the grid of the other is swung negative,
Henee, in any push-pull-connected stage the
voltages and currents of one tube are out
of phase with those of the other tube. The

operation — An
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plate current of one tube is rising while the
plate current of the other is falling. henee the
name “ push-pull.”” In push-pull operation the
even-harmonie (second, fourth, ete.) distortion
is cancelled in the svmmetrieal plate eirenit, so
that for the same power output the distortion
will be less than with parallel operation.

The exciting voltage measured hetween the
two grids must be twice that required for one
tube. If the grids consume power, the driving
power for the push-pull stage is twice that
taken by cither tube alone.

The decibel — The ratio of the power levels
at two points in a circuit such as an amplifier
can be expressed in terms of a unit ealled the
decibel, abbreviated b, The number of deci-
bels ix 10 times the logarithm of the power
ratio, or

"
db. =10 1()g'[)

The decibel is a particularly useful unit be-
cause it is logarithmie, and thus corresponds
to the response of the human ear to sounds of
carying loudness. One deeibel is approximately
the power ratio required to make a just no-
ticeable difference in sound intensity. Within
wide limits, changing the power by a given
ratio produces the same apparent change in
loudness regardless of the power level: thus if
the power is doubled the inerease is 3 db., or
three steps of intensity:if it i doubled again
the increase is again 3 db., or three further dis-
tinguishable steps. Suecessive amplifications
expressed in deeibels ean be added to obtain the
over-all amplification.

A power loss alsa ean be expressed in deei-
bels. A decrease in power ix indieated by a
minus sign (e.g, — 7 db), and an inerease in
power by a plus sign (e.g., + 4 «db). Negative
and positive quantities can be added numeri-
cally. Zero db. indieates the referenee power
level, or a power ratio of 1,

Applications of amplification — The ma-
juor uses of vacunm-tube amplifiers in radio
worl are for amplifving at audio and radio fre-
quencies (8 2-7). The audio-frequeney amph-
fier generally is used to amplify without dis-

PARALLEL

T2

PUSH-PULL
Parallel and push-pull a.f. amplifier ¢iveuits,

Fig. 317

71

erimination at all frequencies in a wide range
(say from 100 to 3000 cycles for voice commu-
nication), and therefore is assoeinted with non-
resonant or untuned eircuits which offer a uni-
form load over the desired range. The radio-fre-
queney amplifier, on the other hand, generally
ix used to amplify sclectively at a single radio
frequency, or over a small buand of frequencies
at most, and therefore is associated with res-
onant circuits tunable to the desired frequency.

An audio-frequeney amplifier may be con-
sidered o broad-hand amplificr; most radio-
frequency amplifiers are designed to liave rela-
tively narrow bandwidths.

In audio circuits the power tube or output
tube in the last stage usually is designed to
deliver a considerable amount of audio power,
while requiring but negligible power from the
input or exciting signal. To get the alternating
voltage (grid swing) required for the grid of
such a tube, voltage amplifiers are used em-
ploying high-g tubes which greatly increase
the voltage amplitude of the signal. Voltage
amplifiers are used in the radio-frequeney
stages of receivers as well as in audio amplifiers;
power amplifiers are used in the radio-fre-
queney stages of transmitiers.

q 3-4 Classes of Amplifiers

Reason for elassification — 1t is convenient
to divide amplifiers into groups according to
the work they are intended to perform, as re-
lated to the operating conditions necessary to
accomplish the purpose. This makes identifica-
tion casy and obviates the necessity for giving
a detinled deseription of the operation when
speerfic operating data are not required.

Class 4 — An amplifier operated as shown
in Fig. 306 or 307, in which the output wave-
shape iz a faithful reproditetion of the input
waveshape, s known ns a Cluss-4 amplifier.

As generally used, the grid of a Class-A
amplifier never ix driven positive with respeet
to the eathode by the exeiting signal, and never
is driven so far negative that plate-current
cut-off is reached. The plate current is con-
stant bhoth with and without grid excitation.
The chief characteristies of the Class-A am-
plificr are low distortion, relatively low power
output for a given size of tube, and a high
power-amplification ratio. The plate efliciency
s relatively low (§ 3-3).

Class=-A power amplifiers find application as
output amplifiers in audio systems and as
drivers for Class-I3 power amplifiers. (lass-A
voltage amplifiers are found in the stages pre-
ceding the power stage or stages in such ap-
plications, and as r.f. amplifiers in reeeivers.

Class B— The Class-B amplifier is prima-
rilv one in which the output current, or alter-
nating component of the plate current, is
proportional to the amplitude of the exciting
grid voltage. Since power is proportional to the
square of the current, the power output of 2
Class-13 amplifier is proportional to the square
of the exeiting grid voltage.
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In Class-13 service the grid bias is set so
that the plate current is relatively low without
grid excitation: the exciting signal amplitude ix
made such that the entire linear portion of the
characteristic i= used. Fig. 318 illustrates opera-
tion with the tube biased practically to cut-
off. In this condition plate current flows only
during the positive half-cyele of excitation. No
plate current flows during the negative half-
cycle. The shape of the plate current pulse ix
essentinlly the same as that of the positive
swing of the signal voltage. Since the plate
current is driven up toward the =aturation
point, it is usually necessary for the grid to he
driven positive with respeet to the eathode
during part of the grid swing. Grid current
flows, thercfore, and the driving source must
furnish power to supply the grid losses,

Class-B amplifiers are characterized by me-
dium power output, medinum plate efficiency
(50 to 60 per cent at maximum signal), and
a moderate ratio of power amplification. .\t
ridio frequencies they are used as linear wm-
plifiers to raise the output power level in radio-
telephone transmitters after modulation.

For (lass-B andio-frequeney amplification
two tubes must be used. the =econd tube work-
ing alternately with the first o that both halves
of the evele will be present in the output. A
typical method of achieving this is shown in
Fig. 319. The signal is fed to a transformer,
T, whose secondary ix divided into two equal
parts, with the tube grids conneeted to the
outer terminals and the grid bias fed in at
the center. A transformer, T, with a similarly
divided primary, is connected to the plates of
the tubes. When the signal voltage in the upper
half of 77 is positive with respect to the center

T
E output
Plote Current Outpul
Euciting Tube 1 Wave .ﬁ:zpc
Jym/ / \ /
Plate Currend
Tube 2

.Fig. 319 — Showing how the outputs of the two tubes
in push-pull are combined in the Clas<.B audio amplifier.
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conneetion {center tap), the upper tube draws
plate current while the lower tube is idle; when
the lower half of 7 becomes positive, the
lower tube draws plate eurrent while the upper
tube ix idle. The voltages induced in the
primary of 73 combine in the secondary to
produce an amplified reproduction of the signal.

Class AB — The similarity  between  the
Class-A 8 amplifier, IMig. 319, and the ordinary
push-pull eircuit (Iig. 317) will be noted.
Actually, the only difference lies in the method
of operation. If the bias iz adjusted so that the
tubes draw a moderate vahie ol plate current
with no signal, the amplifier will operate Class
A at low signal voltages and more nearly Class
B at high signal voltages. This method gives
low distortion at moderate signal levels and
high plate efficieney at high signal levels,
making possible the use of relatively small
tubes 1n audio power amplifiers,

A further distinetion ean be made between
amplifiers which draw grid current and those
which do not. The Class-A B} amplifier draws
no grid current and thus consumes no power
from the driving source. The Cluss-A13, am-
plitier draws grid current at higher signal levels,
and power must be <upplied toits grid cireutt,

Derat
PR}

| e
1 ,mza///! 18
' ' "
t / ' i
1 1
X
1

—_—

PLATE CuRRENT [

/ ]

T
wrd V.;lt.wcl

)

)

Fig. 320 — Class-CC
amplifier operation,

Class € — The Class-C amplifier is one op-
erated so that the alternating component of
the plate enrrent is direetly proportional to the
plate voltage. The output power is therefore
proportional to the square of the plate voltage.
Other charaeteristics inherent to Class-C oper-
ation are high plate efficiency, high power out-
put, and relatively low power amplifieation.

The grid bias is =et at o value at least twice
that required for plate-current cut-off without
excitation. Thus plate current flows during
only a fraction of the positive execitation
evele, The exciting signal <hould be of suffi-
vient amplitude to drive the plate eurrent to
the suturation point, as shown in [Fig. 320.
Sinee the grid must be driven far into the posi-
tive region to cause saturation, considerable
numbers of electrons are attracted to the grid
at the peak of the eycle, robhing the plate of
some that it would normally attract. This
eauses the droop at the upper bend of the char-
aeteristic, and also may cause the plate-eurrent
pulse to be indented at the top. The output
wave-form is badly distorted, but at radio fre-
quencies the distortion is largely eliminated by
the flywheel effect of the tuned output circuit.
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¢ 3-5 Cathodes; Grid Bias

Tvpes of cathodes — There are two general
types of eathodes, known as directly heated and
indirectly heated. In the former the heating cur-
rent ix passed direetly through the electron-
emitting material. usually a fine wire or fila-
ment. In the latter the electrons are emitted
from a sleeve or thimble raised to the proper
temperature by an electrieallv-separate heating
element as shown in Fig. 321,

Directly-heated or filament-type eathodes
may be of pure tungsten, tungsten having a
small amount of thorium dissolved in it, or
tungsten coated with rave earths (oride-coated
type). The larter give the largest amount of
electron emission per watt of heating power,
Thoriated tungsten filaments are intermedinte
in electron-emitting efficieney, and are nsed
universally in small and medinm-power trans-
mitting tubes. Indirectly-heated eathodes are
invariably of the oxide-coated type.

When directly-heated cathodes are operated
on alternating current, the exelie variation of
current cuuses the plate current of the tube
to vary at the supply-frequency rate, producing
hum in the output. Hum from this source is
eliminated in the indireetly heated eathode,
This type is also known ns the equi-potential
cathode since all of it is at the =ame potential,
in contrast to the dircetly heated filament
where a voltage drop oceurs along the wire,

The source of filament power for a directly
Lieated cathode — battery or transformer -
necessarily is direetly connected to the tube
cireuit. With an indirectly heated eathode the
source of heating power ean be entirely inde-
pendent of the tube circuit.

The operating temperature of a thoriated
tungsten filament is fairly eritical. and the
specified filament voltage should be ain-
tained within a few per cent. These filaments,
as well as oxide-coated cathodes, eventually
“lose cemission’’; that is. the emission efli-
ciency of the cathode deercases until suflicient
electron emission for satisfactory tube oper-
ation cannot be obtained without raising the
athode temperature to an unsafe value.

[

A B C D E
Fig. 321 — I'vpes of cathode construction, Direetly
heated cathbodes or ilaments are showa at A, B, and .
The inverted V filament is used in small receiving
tubes, the M in both receiving and tran=mittiong tubes,
The spiral tlament is a transmitting-tube type, The
indirectiy heated cathodes at D and E show two types
of heater construction, one a twisted loop and the other
bunched heater wires, Both types tend to cancel the
magnetic fields set up by the current through the heater,
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Cathode circuits; filament center tap —
When a filament-type cathode is heated by
a.c., hum can be minimized by making the two
ends of the filament have equal and opposite
potentials with respect to a eenter point, usu-
ally grounded (§ 2-13). to which the grid and
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Fig. 322 — Filament transformer center-tap conneetions,

plate return cireuits are connected. The fila-
ment transformer winding may be center-tapped
for this purpose, as shown in Fig. 322-A. With
an untapped winding, a center-tapped re-
sistor of 10 to 50 ohms is used, as at 3. The
by-puss condensers, €y and y, are used in
rd. circuits to avoid having the r.f. current
flow through the transformer or resistor,

The heater supply for tubes with indirectly
heated eathodes sometimes is center-tapped
for the same purpose; niore frequently, how-
ever, one side of the heater is grounded,

Methods of obtaining grid bias — Crid
bias may be obtained from a source of voltage
especially provided for that purpose, such as
a battery or other type of d.e. power supply.
This ix indieated in Fig. 323-A. A second
method, utilizing a cathode reststor, is shown at
B: die. plate current flowing through the re-
sistor causes a voltage drop which, withsthe
conneetions shown, has the right polarity to
bias the grid negatively with respeet to the
cathode. The value of the resistor is deter-
mined by the bias required and the plate eur-
rent which flows at that value of bias, as found
from the tube characteristic eurves; with the
voltage and current known, the resistance can
be determined by Ohn’s Law (§ 2-6):

B, = E X[l()()O

where R, = eathode bias resistor in ohms
19 desired bias voltage
e total d.e. cathode current in milli-
amperes,
If the tube is a2 multi-element type, the screen-
and suppressor-grid eurrents should be added
to the plate current to obtain the total eathode
current, The control-grid current also should
beincluded if the control grid is driven positive,
The a.e. component of plate enrrent flowing
through the cathode resistor will cause an a.c.
voltage drop which gives negative feed-back
(§ 3-3) into the grid circait, and thus reduces
the aimplification. To prevent this, the re-
sistor usually is by-passed (§ 2-13), . being
the cathode by-pass condenser. To be effective,
the reactance of the by-pass condenser must be
small compared to R at the frequency being
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amplificd. This condition generally is satisfied
if the reactanee is 10 pereent or less of the
cathode resistance. In audio-frequeney ampli-
fiers, the lowest frequeney at which full ampli-
fication must be seeured should be used in eal-
culating the required capacity.

=zt
W AT
a1
R

Fig, 323 The threee basic methods of obtaining grid
bias. A, fixed bias; B, cathode biasy €, grid-leak bias,

A third biasing method s by use of o grid
leak, R, in Fig. 323-C. Thix requires that the
exciting voltage be positive with respect. to the
cathode during part of the evele, so that grid
current will flow. The flow of grid current
through the grid leak enuses a voltage drop
teross the resistor, which gives the grid a nega-
tive bins, The time constant (§ 2-6) of the grid
leak and grid condenser should be large in com-
parison to the time of one evele of the exeiting
voltage, so that the grid bias will he substan-
tinlly constant and will not follow the varia-
tions in e, grid voltage, For grid-leak bias,
17X 1000

1
where I, is the grid-leak resistanee in oluns,
I2 the desired bias voltage and 7, the doe. grid
current i ma.

For two tubes operated in push-pull or
paraltel with a common eathode- or grid-leak
resistor, the required resistance becomes one-
half that for 2 single tube, In push-pull Cliss-A
circuits operating at audio frequencies, it is
unneeessary to by-pass the eathode resistor.
In this case the a.c. component of eathode
current in one tube is out of phase with the
a.¢. component in the other, so that the two
cancel eacl other.

The choice of a biasing method depends
upon the type of operation. Fixed bias usually
ts required where the die. plate current of the
amplifier varies in operation, as in Class-B
sudio-frequency nmplifiers; if cathode bias is
used the bins voltage would vary with the

R, =

serve a useful purpose.
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plate current. Since the plate current of a
Class=A amplifier ix constant with or without
signal, such amplifiers almost invariably have
cathode bias, Grid-leak bias cannot be used
with amplifiers operated so that the grid is
always negative with respeet to the cathode,
since in such o case there is no grid current and
henee no voltage drop in the grid leak. Grid-
leak bias is chiefly used for r.f. power amplifiers
and for cortain types of deteetors. In power
amplifiers, a combination of two or even all
three types of hias may be used on one tube.

 3-6-A Multi-Grid Tubes

Radio-frequency  amplification — A< de-
=cribed ju § 3-1, the reactances of the grid-to-
eathode and plate-to-eathode capacities (to-
gether with unavoidable stray capacities) in
vacunm tube beeome very low at frequencies
higher than the audio-frequency range. As a
restlt. ordinary resistanee, impedanee or trans-
former coupling  cannot be used gt radio
frequencies beeause these eapacities aet as low-
reseranee hy-passes aeross the iput and out-
put cireaits, THence the total impedanee in
cither the plate or the grid cireuit is too low
for appreciable voliage to be developed,

This =ituation can be overcome by using
resonant  eiretits ax bmpedanees for radio-
frequeney amplitieation. As deseribed in § 2-10,
the paratlel impedanee of o resonant eireuit
can reach guite high values when the € is high.
Values of parallel-resonant impedanee suitable
for effective amplification are readily obtain-
able with reasonably well-designed  eirenits,
The tube and steay capacities become part
of the tuning capacity and thus are made 1o
However, the cirenits
have maximuam impedance at the resonant
frequency only, hiencee the anplification will
deerease ot frequencies <omewhat  removed
from resonanee, Thuas a radio-frequeney ampli-
fier must bhe designed for a <pecilie frequeney.,

An clementary cirenit dlusirating the prin-
ciples of v amplification 1= <shown in g, 324,
The grid cirenit. 10, and the plate eireuit,
T2Co, st be tuned to the same Irequeney for
maxintum amplification. But i the plate cir-
cuit is tuned stightly to the high-frequency
side of resonance it will <how inductive re-
actance, and ax deseribed in § 3-3 energy will
be transferred from the plite circuit 1o the
grid circuit under such conditions, If enongh
cnergy is transtereed the tube will generate a
self-<ustaining r.f. current, in which ense it is
suid 1o be oxelllatig, When oscillation com-
wenees the cirenit ceases to amplify mmcoming
sighals, =inee 1t 15 generating @ sinal of its

L.
—0
RE
= ouTeyr
. —0

Fig, 321

Elementary radio-frequeney amplifier,
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own, Unfortunately. it is almost impossible
to prevent such oseillation in a simple triode
amplifier such as is shown in Fig. 324,

Speeial “neatealizing” eirenits (§ 4-7) have
been devised to prevent oscillation with triode
amplifiers, but most of these are more suitable
for use in transmitting applieations, where the
amplifier does not have to be tunahble over a
wide range of frequencies, than in receivers.
However, oscillation ean bhe avoided by using
a circuit. in whiech the feed-back is negative
rather than positive, as indieated in the next
paragraph.

Crounded-grid amplifier — In the cireuit
of Fig. 325 the grid of the tube is connected to
ground and the cathode is connected to the

Fig, 325 — Grounded-grid amplifier ciccuit.
high-potential side of the input resonant cir-
cuit, reversing the usual connections. The
output cireuit is conneeted in the customary
way bhetween plate and ground. Sinee the
alternating component of plate eurrent must
flow through the tuned input eirenit to return
to the eathade there is feed-back from the
plate to the grid cireuit. but it is negative
rther than positive feed-back. Ienee this
coupling hetween the two eireuiis will not
cause oscillanion,

However, it is <till possible for the cirenit to
oseillate if there is capacity coupling between
the plate and eathode. The grounded  grid
prevents this coupling by acting as a shicld
between the other twa elements (§ 2-11). The
ctremit. is most suceessful with tubes having
very low plate-to-eathode capaeity. It is used
principally ot ultra-high frequencies (where
the sereen-grid tubes deseribed in the next
paragraph become ineffective ax amplifiers)
with tubes designed especially for the purpose.

The r.f. chokes in the eathode ecirenit are
used toisolate the heater from ground and thus
climinate the effeet of the capacity between
cathode and heater. This capacity tends to
short-cireait the tuned input eircuit and thus
prevents the amplifier from operating properly.

Sereen-grid tubes — The grid-plate eapac-
ity can be eliminated, or at least reduced to a
negligible value, by inserting a second grid
between the control grid and the plate as indi-
cated in Fig, 326. The second grid, ealled the
screen grid or shield grid, aets as an electro-
statie shield (§ 2-11) between the control grid
and plate. It is made in the form of a grid or
coarse sereen rather than as a solid metal sheet,
so that electrons can pass through it to the
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plate; a solid shield would entirely prevent the
flow of plate current. The screen grid is con-
nected to the cathode through a by-pass con-
denser, which has low impedance at the radio
frequeney being amplified. The electrie lines
of force from the plate terminate on the sereen
grid, very little of the field getting through to
the control grid; similarly, the ficld set up by
the control grid does not penetrate past the
screen grid. Thus there is no eomnwon field
between the control grid and plate; hence no
capacity hetween these two tube clements.
Since the electric field from the plate does
not penetrate into the region occupied by the
control grid, which is the region in which most
of the space charge is concentrated, the plate is
unable to exert an attraction upon the elec-
trons in this region. Consequently, the plate
voltage cannot control the flow of plate current
as it does in a triode. In order to get electrons
to the plate, it is necessary to apply a positive
potential (with respect to the eathode) to the
sereen, The sereen then attracts electrons muceh
as does the piate in a triode tube. In traveling
toward the screen the eleetrons acquire veloe-
iey. 5o that most of them shoot hetween the
sereen wires into the field from the plate. ‘Those
that pass through and are attracted to the
pliate constitute the plate current of the tube.
A certain proportion do strike the screen,
however, with the result that some current
also flows to the sereen grid. The sereen cur-
rent will be low compared to the plate current
in u fetrode, or four-clement tube, however.
Secondary emission — When an electron
traveling at appreciable veloeity through a
tube strikes the plate it dislodges other elee-
trons. These “splash’ from the plate into the

Screen
_~6rid "
@
Control
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Fig. 326 — Representative arrangement of clements
in a sereen-grid tube, with front part of plate and scereen-
wrid cut away. The sereen grid usaally is made longer
than cither the control grid or plate, so that the shielding
will be as effective as possible. In this drawing the con-
trol grid conneetion is made through a eap on the top of
the tube, thus eliminating the capacity which would ex-
ist between the plate and grid lead wires if both passed
through the base. Some modern tubes which have hoth
leads going through the base use special shielding and
construction to eliminate capacity. Symhols for pentode
and tetrode tubes: H, heater; C, cathode; G, control
grid; P, plate; S, screen grid; Sup,, suppressor grid.
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interelement space, a phenomenon called sec-
ondary emission. In a trinde ordinarily oper-
ated with the grid negative with respeet to
cathode, sccondary electrons are repelled back
into the plate and eause no disturbance. In
the screen-grid tube, however. the positively
charged scrcen attracts the secondary elec-
trons, causing o reverse current to flow be-
tween screen and plate. The effeet i particu-
larly marked when the plate and screen
potentials are nearly equal, which may be the
case during the part of the a.c. evele when the
instantaneous plate current is large and the
plate voltage low (§ 3-3).

Pentode tubes — To overcome the effects of
secondary emission, a third grid, called the
suppressor grid, may he inserted between the
sereen and plate, Thix grid, which is connected
directly to the eathode, repels the relatively
low-velocity secondary electrons. They are
driven back to the plate without appreciably
obstructing the regular plate-current flow.

Although the screen grid in either the tetrode
or pentode greatly reduces the influence of the
plate upon plate-current flow, it is quite ob-
vious that the control grid still ean control the
plate enrrent in essentially the same way that
it does in a triode, sinee the control grid is still
in the space-charge region. Consequently, the
grid-plate transconductance (or mutual con-
duetance) of a tetrode or pentode will be of the
same ovder of value as in a triode of corre-
sponding structure. On the other hand, since
the plate voltage has very little effect on the
plate-current flow, both the amplifieation factor
and plate resistanee of » pentode or tetrode are
very high, as is apparent from the definitions of
these constants (§3-2). In small receiving
pentodes the amplification factor is of the
order of 1000 or higher, while the plate re-
sistance may be from 0.5 to 1 or more meg-
ohms. Because of the high plate resistance,
the actual voltage amplifieation possible with
a pentode is very much less than the large am-
plifieation factor might indicate. In resistanece-
coupled audio-frequency amplifiers, voltage
amplification or gain of 100 to 200 is typical.

A typical set of characteristic curves for a
small pentode is shown in Fig. 327. That the
plate voltage has little effect on the plate cur-
rent is indicated by the fact that the eurves are
practically horizontal ance the plate voltage is

Fig. 327 —
Plate volt-
age vs,
plate cur-
rent curves
for a small
receiving
pentode.
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11600 Fig., 328—
Curves showing
the relationship
hetween mutual
conductance vs,
negative grid
bias for two
small reececiving
pentodes, one be-
ing a sharp cut-
ofl type and the
other a vari-
able-g type.
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high enongh to prevent the electrons in the
space between the sereen grid and the plate
from being attracted back to the sereen. The
plate potential at which this occurs is less than
the sereen potential, beeause the electrons
entering the space have considerable velocity
and hence tend to move away from the screen
despite the fact that it has a positive charge.

In addition to their applications as radio-
frequeney amplifiers, pentode or tetrode sereen
grid tubes also ean be constructed for audio-
frequency power amplification. In tubes de-
signed for this purpose the shiclding effect of
the sercen grid is not so important: the chief
funetion of the sereen is to serve as an ae-
celerator of the clectrons, so that large values
of plate current ecan be drawn at relatively low
plate voltages. Such tubes have quite high
power sensitivity (§ 3-1) compared to triodes
of the same power output, beeause the amplifi-
eation factor of an equivalent triode has to be
made quite low in order to secure the same
plate current at the same plate voltage, Be-
cause of the low g, the triode requires a rela-
tively Iarge signal voltage for full output, hence
has low power sensitivity, The harmonie dis-
tortion is somewhat greater with pentodes and
tetrodes than with triodes, however.

Variable-mu and sharp cut-off tubes —
Receiving sereen-grid tetrodes and pentodes
for radio-frequency voltage amplification are
made in two types, known as sharp cut-off
and variable-p or “super-control” types. In
the sharp cut-off type the amplifieation factor
is practically constant regardless of grid bias,
while in the variable-g type the amplification
factor deereases as the negative bias is in-
creased. The purpose of this design is to permit
the tube to handle large signal voltages with-
out distortion in eircuits in which grid-bias
control is used to vary the mutual eonductance,
and hence the amplification.

The way in which mutual conductance
varies with grid Dias in two typical small re-
ceiving pentodes, similar except in that one is
a sharp cut-off type and the other a variable-u
type, is shown in Fig. 328. Obviously, the vari-
able-p type can handle a much larger signal
voltage without swinging beyond cither the
point of zero grid bias or of plate-current cut-
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off (zero mutual conductance), if the bias is
properly chosen.

Beam tubes— A ‘‘beam’-type tube is a
tetrode with grids so constructed as to form the
eleetrons traveling to the plate into conecen-
trated beams, resulting in higher plate cffi-
ciency and power sensitivity. Suitable design
also overcomes the effects of secondary emis-
sion without the necessity for a suppressor
grid. Tubes constructed on the beamn principle
are used in receivers as both r.f. and audio
amplifiers, and are built in larger sizes for
transmitting circuits.

Fig. 320 — Pentode rf. amplifier eivenit. TnCroand
1202 are tuned to the same frequeney. Ryis the eathode
resistor, by-passed for r.f. by C3. Ra is the sereen volta
dropping resistor, by -passed by Ci. Cis the plate by -pass.

( 3-6-B Pentode Amplifiers

R.F. amplification — A fundamental eir-
euit. for radio-frequency amplifiecntion with a
pentode tube is shown in IFig. 329. The grid
and plate cirenits may be tuned to ihe same
frequency, thus obtaining maximum ampli-
fieation, without danger of oscillation provided
there is no feed-back coupling between the
tuned circuits themselves, Practical variations
of this circuit and their application to receivers
are discussed in § 7-6 and § 7-11.

AF. amplification — Reeeiving-type pen-
todes frequently are used as voltage amplifiers
for audio frequencies, using the eirenit shown
in basie form in Fig. 330. In this application
they are capable of much higher voltage gain
than can be obtained from triodes, and have
the advantage that since there is no coupling
from plate to grid there is no inerease in input
capacity with amplification (§3-3). For the
latter reason it is possible to obtain high gain,
in resistance-coupled amplifiers, at consider-
ably higher frequencies than is possible with
a triode.

The discussion of amplification in § 3-3
applies cqually to pentodes nind triodes, with
the exception that the plate resistance of a
pentode is so high that the amplification is
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Fig. 330 — I'ypical pentode audio-frequeney anplifier.
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usually considered to be proportional to the
plate load resistance alone. For maximum
voltage gain, R, should have as high resistance
as possible without causing too great a voltage
drop. Values range from 0.1 to 0.5 megohm.
The value of R depends upon R, which
principally determines the plate current.Values
for the screen resistor, R, may vary from 0.25
to 2 megohms. A screen by-pass condenser
(C:) of 0.1 pfd. will be adequate in most cases.

Table I'in Chapter Fourteen shows suitable
values for the more popular types of amplifier
tubes. The calculated stage gain and peak un-
distorted output voltage also are given.

Plate and screen voltage — Since the d.c.
plate current flows through any resistance
placed in the plate eirenit of a tube as a load
or coupling medium (§ 3-3), the actual voltage
at the plate is less than the supply voltage by
the voltage drop across the total resistance.

With transformer coupling this effect is not
ordinarily of great importance, because the in-
ductance of the transformer primary provides
a high-tmpedance load at audio frequencies,
while the d.c. resistance of the winding eauses
only a =mall drop in d.c. plate voltage.

In o resistance-coupled or parallel-fed stage
the operating voltage is less than the supply
voltage by the drop through the load resistor,
Ry Thus,in Fig. 331-\E, = E, — (I, X R)).

Sereen voltage is determined in the same way,
using the screen current, /., to calculate the
drop across the sereen dropping resistor, R,.

J Rg rlp l R’f%?g ']P

= Toel
B+P S

® ®) ©

Fig. 331 Calealation of plate and sereen voltages

In Fig. 331-1 both plate and sereen current

flows through a common filter resistor, so that

both currents must be added in calceulating the
voltage drop across Iy, Thus

E, = Ev— (I, + 1) (1) — R,
E, = E, — (I, + 1,) (%)) — I,R,.

In Fig. 331-C, the sereen voltage, E,, is ob-
tained from a tap on a voltage divider consist-
ing of R,and 2. The screen voltage, E,. is equal
to the voltage drop across R, First assigning a
salue of bleeder current, /[, (§ 8-4), this value
ix added to /, to obtain /.. Then R, = E,//.,.
The voltage across 2, is the difference between
the sereen voltage and the supply voltage, or
E,= Iy — EJ/l,. E,is determined as above.

The resistanece-capacity filter (§2-11) in
Fig. 332, C/lRy, is o decoupling circuit which
irolates the stage from the power supply, to
eliminate unwanted coupling between stages
through the common impedance of the power




78

supply. Although shown in connection with a
triode amplifier in the diagram, the same type
of filter is used with pentodes.

Wide-band amplifiers — Amplification  of
audio frequencies, which extend from about 50
to 15,000 eycles, presents no particularly diffi-
cult problems so long as the design points
diseussed in § 3-3 are observed. However, for
amplifying signals xuch as television signals or
pulses having a time duration of only a few
millionths of a sccond it is necessary to extend
the frequency response of the amplifier well
beyond the audio frequency range — and even
well into the medium radio-frequencey range.
At the same time it is frequently neecessary to
extend the lower frequeney limit of the ampli-
fier ax well. This extension of range is made
possible by the use of compensaling cirenits.

Lowe-frequencey compensation— While the
amplitude response of a resistance-coupled
amplifier usually is satisfactory at low fre-
quencies, the phase angle introduced by the
output coupling condenser and the next-stage
grid resistor ix suflicient to prevent proper re-
production of low-frequeney square waves un-
less very large values are employved. Yet such
large values incerease
the shunt eapacity to
ground, introduce
grid-current diflicul-
ties in the following
stage, and may even
induee relaxation
oscillations (motor-
hoating).

The effect of the
time constant of
CaalRee, Fig. 333, may be compensated for by
proper design of the amplifier plate eircuit. The
design equation is Cpl2p = Caaliea provided the
resistance of the decoupling resistor, Rp, is at
least 10 times the reactanee of (' at the low-
est frequeney to be amplified.

High-frequenes compensation — It was
brought out in § 3-3 that the capacities shunt-
ing the plate load resistor are responsible for
loss of amplification at the high frequencies
in a resistance-coupled amplifier. If the plate
load resistor ix made low enough in value, the
cffeet of the shunting capacities will be mini-
mized and the upper frequency range will be
extended, but at the expense of gain at the
lower frequencies. Reducing the plate load
resistance to a value low enough to extend the
ange of uniform amplification to a few mega-
cyeles would be impractical with ordinary
tubes, since there would be little or no voltage
gain, but it is quite practieable with special
high-transeonduetance pentodes such as the
6AC7 and 6AGS. These tubes will give voltage
gains of 10 to 15 with plate load rexistances
as low ax a few thousand ohms.

A further extension of high frequency re-
sponse can bhe seenred by special ecompensating
circuits. The most widely-used method is the
shunt-pealing cireuit, with a resonating (peak-

Fig. 332 — Deconpling in a
resistanec-coupled amplifier.
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Fig. 333 — Wide-band frequency -compensated amplifier.

ing) inductance in parallel with the eireuit
capacity, as shown in Fig. 333. By resonance
effeets this raises the impedance to an extent
and over a frequency range determined by the
Q of the cireuit eonsisting of L, RBp and (.
Since Rp s relatively large for a resonant
cireuit, the @ is fairly low and the resonance
curve is quite broad. This is desirable for an
amplifier intended for wide-band applications,
The design values of L and Bp are based on the
shunt eapacity, ;. and the maximum required
frequency, fae. C'p ean be extimated by adding
3 to H puld. (for socket and wiring) to the sum
of the tube input and output capacities.

The reactance of L s made one-half the
reactance of € at f,... This i equivalent to
making the resonant frequency between L and
C, equal to 141 times f,a..

Simplified design equations for shunt peak-
ing compensation are as follows:

I _
27 ar O
L = 053CKR,?

Typical values of Rp are from 2000 to
10,000 ohms; of L, from 25 to 100 ph.

Cathode follower — The cathode-coupler or
cathode follower shown in Fig, 334, differs from
a conventional amplifier in that output is
taken from the eathode circuit rather than
from the plate. The civeunit is applicable wher-
cever matehing to a low value of load impedance
(fifty to several hundred ohms) is required and
the use of « transformer is impracticable, as
in wide-band amplifiers. Because the eathode
follower is inherently degenerative, it is par-
ticularly useful wherever equalized frequency
response and minimum phase shift are impor-
tant. Power amplifiention comparable to that
of an cquivalent plate-coupled stage may be
seeured, but the voltage gain is always less
than unity.

Kp =

Fig. 331 — Cathode follower or inverted amplifier cir-
cuits. A, direct-coupled output; C, resistance-capacity
coupling ta lnad. R. is the usual cathade-bias resistor.
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¢ 3-6-C Special-Purpose Tubes

Multi-purpose types — A number of com-
bination types of tubes have been constructed
to perform multiple functions, particularly in
receiver circuits. For the most part these are
multi-unit. tubes made up of individual tube
clement structures, combined in o single bulb
for compactness and ceonomy. Among the
stmplest are full-wave reetifiers, combining
two diodes in one envelope, and twin triodes,
consisting of two triodes in one hulb for
Class-B audio amplification. More complex
types include duplex-diode triodes, duplex-
diode pentodes, converters and mixers (for
superheterodyne receivers), combination power
tubes and rectifiers. and <o on, In many caxes
the nature can be tdentified by the name,

Mercury-rapor rectifiers — For o given
value of plate current, the power lost in a diode
rectifier (§ 3-1) will be lessened if it is possible
to decrease the plate-eathode voltage at which
the current iz obtained. I a small amount of
mereury is put in the tube. the mercury will
vaporize when the cathode is heated, and,
further, will ionize (§ 2-1) when plate voltage is
applied. The positive ions neatralize the space
charge and reduce the plate-eathode voltage
drop to a practivally constant value of about 15
volts, regardless of the value of plate current,
Sinece this voltage drop is smaller than ean be at-
tained with purely thermionie conduction, there
ix less power los= in the rectifier. Voltage drop
ix constant despite variations in load current,
Mercury-vapor tubes are widely used in reeti-
fiers built to deliver large power outputs.

Crid-control rectifieors — If a grid is in-
serted in a mercury-vapor reetifier it is found
that with snflicient negative grid biss it s
possible to prevent plate earrent from Howing,
but only if the bias is present before plate volt-
age is applied. If the bias is lowered to the
point where plate current ean flow, the mer-
cury vapor will ionize and the grid will lose
control of plate current. sinee the space charge
disappears when ionmization occurs. It can as-
sume control again only after the plate voltage
is reduced below the ionizing potentinl. The
same phenomenon also oceurs in triodes filled
with other gases which ionize at low pressure.
Grid-control reetifiers or thyratrons find con-
siderable application in ** electronie switehing.”

q 3-7-A Oscillators

Self-oscillation — An amplifier tube can be
made to generate a sustained radio-frequeney
current  (§3-6-A) beenuse more energy s de-
veloped in the plate cireuit than is required
in the grid circuit. If enough cnergy is fed back
from the plate to the grid, the fecd-back
process becones independent of any applied
signal voltage. The tube <upplies 15 own grid
excitation and continuous oscillations are gen-
erated, The actual energy required to over-
come the grid losses is, in the end, taken from
the d.c. plate supply.
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The process of oscillation may also be con-
sidered from the standpoint of negative resist-
ance. As previously deseribed (§ 3-3). positive
feed-back is equivalent to shunting a negative
resistanee across the input cireuit of the tube.
When the value of negative resistance becomes
lower than the positive resistance of the circuit
(il the etreuit is parallel resonant the positive
resistance will be the resonant impedanee of
the cireuit) the net resistance is negative, indi-
cating that the cireuit ean be looked upon as a
source of encrgy. Such a source is capable of
naintaining a constant voltage which can be
amplified by the tube. The actual energy, of
course, comes from the plate eircuit of the tube,
so that the two viewpoints are equivalent.

A cireuit having the property of generating
continuous oscillations s called an oscillator,
It is not necessary to apply external excitation
to =neh a eireuit, since any random variation in
current will be amplified to eanse oscillation.
The frequeney of oscillation will be that at
which the feed-back voltage has the proper
phase and amplitude. Where resonant eirenits
are associanted with oscillators, the oseillation
frequeney iz very nearly that ol the tuned eireuit.

Excitation and bias — The excitation volt-
age required depends upon the characteristics
of the tube and the losases in the grid eirenit.
In practicadly all oscillators the grid is driven
positive during part of the exele, so that power
v consunied in the grid cireuit (§ 3-25. This
power must be supphied from the plate ciremt,
With msuflicient exertation, the tube will not
oxcillater with over-excitation, the grid losses
(power consumed in the grid cireuit) will be
exXCesRIve,

Oxscillators customanly are grid-leak biased
(3 3-5). This takes advantage of the grid-cur-
rent flow and gives better operation, the bias
adjusting itself to the exettation voltage,

Tank circuit — The resonant cireutt asso-
cianted with the oscillator s commonly ealled
the tanl cirenit, a0 name derived from the
storage of energy associved with a resonant
civeuit (§2-10). The term s applied to any
resonant eireuit in transmitting applications,
whether in an oscillator or in an amplifier.

Plate efficieney — The plate efliciency (§ 3-3)
of an oscillator depends upon the load resist-
ance, excitation and other operating factors.
Usually it is around 50 per cent. It is not as
high as inan amphficr, sinee the oscillator must
supply its own grid losses. These may represent
10 to 20 per cent of the output power.

Power output — The power output of an
oscillator is the useful a.c. power econsumed
in any load conneeted to the oseillator. The
load may be eoupled as deseribed in § 2-11.

Frequeney stability — The frequency sta-
bility of an oscillator is its ability to m:untain
constant frequency. The mare impaortant fae-
tors which may cause o changein fregueney are
(1) temperature, (2) plate voltage, (3) loading,
(1) mechanical variations of circunit elements.
Temperature changes will cause vacuum-tube
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elements to expand or contract slightly, thus
causing variations in the interelectrode ca-
pacities (§ 3-2). Since these are unavoidably
part of the tuned circuit, the frequency will
change correspondingly. Temperature changes
in the coil or condenser will alter their induet-
anee or capacity slightly, again causing a <hift
in the resonant frequeney. These effeets are
relatively slow in operation, and the frequency
change caused by them is called drift.

Load variations act in much the same way as
plate voltage variations. A temperature change
in the load may also result in drift.

Plate-voltage variations will cause o cor-
responding instantaneous shift in frequency;
this type of frequency shift is ealled dynamicin-
stability. Dynamie instability can be reduced
by using a tuned cireuit of high effective Q.
Since the tube and load represent a relatively
low resistance in parallel with the cireuit, this
means that o low L/ ratio (““high-(""") must
be used (§ 2-10) and that the cireuit should he
lightly loaded. Dynamie stability also ean be
improved by using a high value of grid leak,
which gives high gried bias and raises the ef-
fective resistance of the tube ax scen by the
tank cirenit, and by using relatively high plate
voltage and low plate current. Drift ean be
minimized by keeping the due. input low for the
size of tube, by using coils of large wire to pre-
vent undue tempersture rise, and by providing
good ventilation to carey off heat rapidly. A
low L/C ratio in the tank circuit ix desirable,
hecause the interclectrode capneity variations
have proportionately less etfect on the fre-
quency when shunted by a large condenser.

Mechanical variations, usually cansed by
vibration, eause changes in inductanee and,
or capacity which in turn cause the frequeney
to “wobble’ in step with the vilnation.

Mechanical instability can be nmanimized by
using well-designed  components woud by in-
sulating the oscillator from mechinieal vibra-
tion.

¢ 3-7-B Feed-Back Oscillators
Magnetic feed-back — One form of feed-
back is by electromagnetic coupling between
plate (output) and grid (input) circuits. Two
representative
cireuits of  this

C
1 tvpe are shown
in Fig. 335, That
" at A ealled 11
» [ at Ais ealled the
G {ickler circuit.
o te= The amplified

current {flowing
in the tickler,”
Loe. indnees a
voltage in Ly in
the proper phase
when both coils
are wonnd in the
sate  direction
and connected
as shown in the

(B}

Fig. 335

F'wao types of oscilla-
tor circuits with magnetic feed-
bach. A, grid ticklers B, artley.
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diagram. The feed-back can be adjusted by

adjusting the coupling between Ly and Lg.
The I artley circuit, B, is similar in principle.
There is only one coil, but it is divided so that
part of it is in the plate circuit and part in the
grid circuit. The magnetic coupling between
the two seetions provides the feed-back, which
can be adjusted by moving the tap on the coil.
Capacity feed-back — The feed-back ean
also be obtained through capacity coupling, as
shown in Fig. 336. In A, the Colpitts circuit,
the voltage across the resonant circuit is di-
vided, by means of the series eondensers, into
two parts. The instantancous voltages at the
ends of the cirenit are opposite in polarity with
respeet to the eathode, henee in the right phase
to sustain oscillation. The tuned-grid tuned-
plate cirenit at B utilizes the grid-plate ea-
pacity of the tube to provide feed-back cou-
pling. There should be no magnetic coupling
hetween the two

S QR - tuned-circuit
L coils, Feed-back
B = can be adjusted
'? s by ‘\':u-.\‘in;,: the

L Ry tuning of either

'Cq the grid or plate

cirenit. The eir-
cuit with the

higher Q (§ 2-10)
determines  the
frequency of os-
cillation. The
plate circuit
must be tuned
to a =lightly
higher frequency
than the grid cir-
cuit, so that it
will have indue-
tive reactance
and hence give
positive feed-
back (§ 3-3).
The amount of
detuning is so small 1t is customary to as-
stme that the eirenits are tuned to the same
frequency.

The wltraadion cirenit at (' is equivalent to
the Colpitts, with the voltage division for
oscillation brought about through the grid-to-
filament and plate-to-fikiment capacities of the
tube. Inthis and in the Colpitts eiveuit, the feed-
back can be controlled by varying the ratio
of the two eapacities. In the ultraudion eireuit,
thix can be done by connecting o small variable

(®)

L

——{b +0

© EF .

s

Fig. 336 Capaeity feed-back os-
cillators. A, Colpitts: B, tuned-
plate tuned-grid; G, ultraudion,

condenser between grid and cathode. Feed-
back deereases with inerensing eapacity.
The  electron-coupled  oscillator — The

effeets of loading and coupling to the next
stage can be greatly reduced by use of the
electron-coupled circuit, in which o screen-grid
tube (§3-5) is so connected that its screen
grid is used as a plate, in conjunction with the
control grid and cathode, in an ordinary
triode oscillator cireuit. The sereen is operated
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at ground r. f. potential (§2-13) to act as a shield
between the actual plate and the cathode and
control grid: the latter two elements therefore
must be above ground potential. The out-

= - HV +

Fig. 337 — Electran-c oupled oscillator eirenit.

put is taken from the plate circuit. Under these
conditions the eapacity coupling (§ 2-11) be-
tween the plate and other ungrounded tube
elements is quite =mall, hence the output
power is secured almost entirely by variations
in the plate current caused by the varying
potentials on the grid and eathode. Sinee in g
sereen-grid tube the plate voltage has a rela-
tively small effect on the plate emrrent, the
reaction on the oscillator frequeney for differ-
ent conditions of loading i small,

A Hartley circuit ix used in the frequeney-
determining portion of the oscillator shown
in Fig 337, where L,Cy ix the ozcillator tank
cirenit. The sereen ix grounded for v, through
a by-pass condenser (§2-13), but hax the
usual d.e. potential. The cathode conneetion
ix made to o tap on the tank coil to provide
feed-back. The resonant plate circuit. Lo,
is tuned cither to the oscillution frequency or
to o harmonic. Untuned output coupling also
may be uscd: the output voltage and power are
considerably lower, but better isolation be-
tween oscillator and amplifier is secured,

If the oscillator tube is a pentode having an
external suppressor conncetion the suppressor
grid should be grounded. This provides addi-
tional internal shielding and further isolates the
plate from the frequency-determining cireuit.

Franklin oscillator — The  Franklin
lator circuit of Mg, 338, popular abroad, has
characteristies similar to the e.c.o. A high-gain
feed-back amplifier is very loosely coupled to a
tank cireuit, LC, via two condensers, Cp and
Co, of extremely small capacity. So weak is the
coupling that the tube eirenit hax negligible
effect upon the frequeney-controfling tank,

().\'(Cil-

ulla Output
)
: »
2 Rp Rq jap
C -
XL +
= = - +8
Fig, 338 — Franklin master-oscillator cireuit,
Cr. Gy — Approximately 1 to 2-ppld. (adjustable),
Cy 0001 -pfd. o Ry 50000 ohims,

L]

Crystal oscillators — Since a properly cut
quartz erystal is equivalent to a high-Q tuned
circuit (§2-10), it may be substituted for a con-
ventional tuned cireuit in an oseillator to con-
trol the frequencey of oxeillation. A simple erys-
tal oscillator eircuit ix shown in Fig. 339, It is
stmilar to the tuned-plate tuned-grid ecireuit
except that o ervstal ix =ubstituted for the
resonant grid ecircuit, Detailed information on
crystal oscillators is given in Chapter Four,

Series and parallol foed — A circuit such as
the tiekler cirenit of Fig. 335-A is said to
be sertes fed beeause the source of plate voltage
and the r.f. plate circuit (the tickler coil) are
conneeted in series; henee the de. plate current
flows through the eoil to the plate. A by-pass
(§ 2-13) condenser, Oy, is connected aeross the
plate supply to <hunt the . current around
the power source. Other examples of series
plate feed are shown in Figs. 336-B and 337.

In some cazex the source of plate power must
be conneeted in parallel with the tuned eireuit
to provide a direet-current path to the plate.
This is thhustrated in Fig, 335-B, where it would
be imposzible to feed the plate current through
the coil beeause there is a direet connection be-
tween the coil and eathode. llence the voltage
is applied to the plate through a radio-fre-
quencey choke, which prevents the r.f. current

Fie, 339y Simple erystal
lutor  circnit. VMany
variations of this hasie eir-
cuit are used in practice,

_E—
Xta li

from flowing to the plate supply and thus
short-circuiting the oscillator. The blocking
condenszer, (', provides a low-impedanee path
for radio-frequency current flow but is an open
circuit for direct current (§ 2-13). Other ex-
amples of parallel feed are shown in igs.
336-A and 336-C.

Vialues for the r.f. chokes, by-pass and bloek-
ing condensers shown will be determined by
the considerations outlined in § 2-13.

¢ 3-7-C Negative Resistance Oscillators.

Negative-resistance oscillations — In ad-
dition to it= ubility 1o simulate negative
resistance by fecd-back (§ 3-7-A). 2 vacnum
tube ean i oatzell be made to <how negative
resistance by a number of arrangements of
electrode potentind=. When a tube so operated
ix conneeted to o parallel-resonant  cireuit,
oxcillation will he established if the negative
resistanece ix lesx than the parallel impedance
of the resonant cireuit. P'ypical oscillator eir-
cuits are shown in Fig. 31y

The circuit of Fig. 340-A is that of the
dynatron o=cillator, which funetions beenuse
of the secondary emission from the plate oc-
curring in certain types of sercen-grid wetrodes,
The simplest but also the least stable of the
negative-resistanee or two-terminal oseillators,
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it makes use of the fact that the plate eurrent
of a screen-grid tetrode deereases when the
plate voliage is inereased at certain values of
sereen voltage, giving a negative plate-res
ance characteristie,

In the negative-transconductance or trans-
Itron circuit
shown in Fig,
310-B, nega-
tive resistance
15 produced by
virtue of the
fact that, if the
suppressor grid
ol o pentode is
given negative
bias, eleetrons
which nor-
mally would

(a)

(B) pass throngh
to the plate
Fig, 340 — Negative-resistance are turncd

cirenits, A,

oseillator b
B, transitron,

dynatron; the
thus

increasing the
sereen current and reversing normal tube ae-
tion (§ 3-2). The negative resistanee produced
between the sereen and suppressor grids s
sufliciently low <o that ordinary tuned ctreniis
will oxeillate rewdily up to 15 Me. or so.

¢ 3-7-D Other Types of Oscillators
Resistance-capacity tuning — 11 is possible
to replace the LO vesonant ciremt in an os-
cillator by o resiztanec-capacity combination
having an appropriate time constant. in which
ease f = 12z 2. Morcover, by varving either
R or C the circuit can be tuned over a wide
range in
_&“_., the =ame
manner
as an L
cireuit,
T'he two
HIOEe Cone-
mon cir-
enits of
thi= tvpe
are <hown
in Fig.
3. The
single-
stage KO-
tnuned os-
Ry cillator at

A has a
®) &

three-see-
Fig. 311 — Resistince-capacity  oscilla- tion plic-
tors, A, phase-shift, B, negative feed-back,

back to
sereen,

shifting
netwaork
connected hetween ontput and input, so ar-
ranged that just cnrongh <igwal is fed Daek (SO°
out of phase ot the desired frequeney 1o sn<iain
oseillation. By careful feed-back adjustment,
excellent sine-wave form with good frequency
stability may be obtained.
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The two-tube RC-tuned circuit at B is
derived from a two-stage cascade resistunce-
coupled amplifier with pentode tubes, the
second tube constituting the phase-shifting
clement supplying @ regenerative signal to the
adjustable €, €'} and ) combination at the
desired frequeney, while at all other frequencies
the circuit is degenerative,

Phase-<hift oscill:ators are most useful at
audio frequencies, although they ean be made
to operate up to about 50 ke,

Relaxation oscillators — There is another
basic eategory of oscillators, the relaration
type, in which the oscillation frequeney is con-
trolled not by a resonant eireuit but by the
reciprocating change of a current or voltage
through the charging or discharging of a
condenser when a certain eritical  value is
restched. Relaxation oseillation requires, first,
a means for
charging
condenser (or
other reactive
clement) at a

uniform rate
and,  second,
means for

rapidiy dis-
charging this
condenser
aonee ot pre-
determined
voltnge has
heen bl up
across i, The
aetion 1s ehiar-
acterized by
a period of
rapid change
or ill<1:||)i|il_\'

followed by a

period of 1 = =
tive «uies- G

CONCCE O e i s s pical relaxation os-

cillators, A, “danateon”-type pen-
tende civenit, B, high-frequency pen-
tode circuit, G, squegging oscillator,

bility diring
which the
stored-up
cnergy transferred or otherwise dissipated in
the eirent.

telaxation oscillators have high harmonie
content (nonsinusoidal output) and are inher-
ently unstable, permitting ready synehroniza-
tion with an external controlling voltage.

In the circuit of g, 342-A, the operation is
based on the reversed sercen-current or dyna-
tron characteristic of a pentode tube, the
frequency being determined by the rate at
which the feed-back condenser, €, discharges
through the tube. Apart from the frequency-
controlling mechanism, this circuit resembles
that of the transitron osecillator (Fig, 3:10-1).

The alternadive pentode cirenit at B has the
frequency-controlling elements, (" and R, in
the plate eireuit. 1t is capable of operation at
frequencies up to several hundred kiloeyeles,
and aflords greater control of wave forni,
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Operation of the squegging oscillator at C is
based on the tendenecy of any oscillator with
excessive feed-back to produce relatively low-
frequency intermittent oscillations, controlled
by the rate of charge and discharge of Le, C
and I through the tube grid resisiance, if the
time constant, of the combination ix large
compared to the normal period of oscillation.

The most versatile relaxation oseillator cir-
cuit of all. shown in Fig. 313, is known as the
multivibrator. 'Two tubes are used with resist-
ance coupling. the output of one tube being
fed to the input circuit of the other. The
frequeney of the resulting oscillation is de-
termined by the time constants (§ 2-6) of the
resistance-capacity combinations. The prinei-
ple of oxcillation is that of alternately switeh-
ing conduction from one tube to the other, with
one grid at cut-off and the other at zero bias, so
that continuous oscillation is maintained, the
second tube being necessary to obtain the
proper phase relationship (§ 3-3) for oscillation
when the energy is fed back.

Although the multivibratorisa very unstable
oseillitor, its  frequency ecan be  controlled
readily by a small signal of steady frequency
introdueced into the eircuit. This phenomenon
is called locking or synehronization, The ontput
waveshape of the multivibrator is highly dis-
torted, henee has high harmonie content
(§ 2-7). A useful feature is that the multivibra-
tor can be locked at its fundamental frequeney
by a frequeney corresponding to one of its
higher harmonies (the tenth harmonie is fre-
quently used), and thus the circuit ean be
used as a frequency divider.

( 3-8 Cathode-Ray Tubes

Principles — The cathode-ray tube is a
vacuum tube in which the eclectrons emitted
from a hot cathode are first accelerated to give
them considerable velocity, then formed into
a beam. and finally allowed to strike a speeial
translucent sereen which fluoresees, or gives off
light at the point where the beam strikes. A
narrow beam of moving electrons is analogous
to a wire carrying current (§ 2-1) and. as in
the wire, is accompanicd by electrostatie and
electromagnetic fields. Henee the beam can be
moved laterally, or defleeted, by cleetrie or

High-vol
Cathode (Anade

Healer

e anode dve/'[‘t Ag'
g dellcting
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magnetic ficlds. Such fields exert a force on the
beam in much the same way as on charged
bodies or on wires carrying current (§ 2-3, 2-3).

Sinee the eathode-ray beam eonsists only of
moving cleetrons, its weight and inertia are
negligibly small. For this reason, it can be made
to follow instantly the variations in periodieally
changing fields even at radio frequencies.

Electron gun — The electrode arrangement
which forms the electrons into a beam is called
the clectron gun. In the simple tube structure
shown in Fig, 314, the gun
consists of the cathode, -
grid. and anodes No=. 1 and ™
2. T'he intensity of the elec-
tron beam is regulated by
the grid in the same way as
in an ordinary tube (§ 3-2).
Anode No. | is operated at
a positive potential with
respeet to the eathode, thus
aceelerating  the electrons
which pass through the
grid, and ix provided with
small apertures through which the electron
stream passes. On emerging from the apertures
the electrons are traveling in practieally paral-
lel straight-line paths. The electrostatic fields
set up by the potentials on anode No. 1 and
anode No. 2 form an electron lens system, com-
parable to an optical lens, which makes the
electron paths converge to a point at the
fluoreseent sereen in much the same way that a
glass lens takes parallel rays of light and brings
them to a point foeus, Foceusing of the electron
beam is accomplished by varving the poten-
tials on the anodes, the potential in turn de-
termining the strength of the field. The poten-
tial on anode No. 2 is usually fixed, while that
on anode No. 1 is varied to bring the beam into
focus. Anode No. T ix, therefore, called the
Jocusing electrode.

Sharpest focus is obtained when the elec-
trons of the beam have high velocity, so that
relatively high d.e. potentials are common with
cathode-ray tubes. However, the current re-
quired is small, o that the power consumption
is negligible, A sccond grid may be placed be-
tween the control grid and anode No, 1, for
additional accelerition of the electrons.

The mul-
ibrator, or re-

l':i a.313

laxation oscillator.

5

Base

Hluorescent screen

\
\ 77

Control electrode Focust Horjzontal
(Grea no.1) electrode del‘lzggng

(fnode No.1) P

Glass
envelope

f‘ig. 3.4t — Typical construetion for a modern cathode-ray tube of the eleetrostatic-defleetion type. The envelope
is made of glass, with the fluorescent screen at one end. Leads for the high-voltage anode, the deflection plates, and
other electroder are insulated low-capacity conductors carried inside the envelope to the bage.
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Fig. 345 — Spot diagrams showing the position of the cathode-ray beam on the flnoreseent sereen for different
deflector potentials. A — Both deflectors at zero potential, 8 — Positive potential on right horizontal deflector.
C — Positive potential on upper vertical deflector, D, E, I, G — Lqual positive potentials on adjacent plates,

Methods of defleetion — When  foeused.
the beam from the gun produces only a small
spot on the sereen. as described above, How-
cever, if after leaving the gun the beam is de-
fleeted by cither magnetie or eleetrostatie
fields, the spot will move across the sereen in
accordance with the foree exerted on the beam.
If the motion is rapid, the path of the spot
(trace) appears as a continuous line.

Eleetrostatie defleetion, the type generally
used in the smaller tubes, is produced by de-
Necting plutes. Two sets of plates are plaeed at
right angles to cach other, ax indicated in Fig.
344, The fieclds are ereated by applying suitable
voltages between the two plates of each pair.
Usually one plate of each pair is connected to
anode No. 2, to establish the polarities (§ 2-3)
of the vertical and horizontal fields with respect
to the beam and to cach other.

Tubes for magnetic defleetion use the same
type of eleetron gun, but have no defleetion
plates. Instead, the defleeting fields are set up
by means of coils corresponding to the plates
used in tubes having cleetrostatie defleetion.
The coils are external to the tube, as shown in
Fig. 348, but are mounted close to the glass
envelope in the relative positions occupied by
eleetrostatic defleetion plates. Coils Ay and s
are connected o their fields aid and their axes
are on the same line through the tube. Coils B,
and Bs likewise are connected with fields aiding
and are aligned along the same axis through the
tube, but perpendicularly to the A;4q axis.

Fluorescent sereens — The fluorescent sereen
materials used have varying characteristies, ace-
cording to the tyvpe of work for which the tube
i1s intended. The spot color is green, white,
vellow or blue, depending upon the sereen
material. The persistence of the sereen is the
time duration of the after-glow which exists
when the excitation of the cleetron beam is
removed. Sereens are  classified as  long-,

iy B\% /é
(5! c::::: K

Grid 7

Anode No. 2
A, B,

Fig. 346 — A cathode-ray tube with magnetic deflec.
tion. 'T'he gun is the same as in the electrostatic-deflec-
tion tube shown in Fig. .'SvH, but the beam is deflected by
magnetie instead of electrie fickds. Actual defleetion coils
fit closely to the neck of the tube, so that the field
will be as strong as possible for a given coil current.

medium- and short-persistenee types. Small
tubes for oxeilloscope u=e u=ually have medium-
persistenee sereens of greenish fluoreseence.

Tube circuits — A representative cathode-
ray tube cirenit with electrostatice deflection is
shown in Fig. 347. One plate of each pair of de-
fleeting plates is connected to anode No. 2.
Sinee the voltages required normally are rather
high, the positive terminal of the supply is
usually grounded (§ 2-13) so that the common
defleetion platex will be at ground potential.
This plaees the eathode and other elements at
high potentials above ground, henee these ele-
ments must be well insulated. The various
clectrode voltages are obtained from a voltage
divider (§2-6) across the high-voltage d.c.
supply. 3 is a variable divider or “potenti-
ometer” for adjusting the neg: itive bias on the
control L,rul and thereby varyving the beam eur-

rent; it is ealled the dntensity or brightness eon-

trol. The foeus, or sharpness of the luminous
spot formed on the sereen by the heam, is con-
trolled by R, which c¢hanges the ratio of the
anode No. 2 and anode No. 1 voltages. The
focusing and intensity controls interlock to
some extent, and the sharpest foeus is obtained
by keeping the beam eurrent low.

Deflecting voltages for the plates are applied
to the terminals marked * vertical™ and **hori-
zontal.” Ry and K5 drain off any aceumulation
of charge on the deflecting plates. Usually some
provision is made to place an adjustable d.c.
voltage on each set of plates, so that the spot
ean be Teentered T when stray eleetrostatic or
magnetie fields are present; the adjustable d.e.
voltage neutralizes the effeet of such fields.

The tube is mounted so that one set of plates
produces a horizontal line when a varying volt-
age s applied to it, while the other <et of plates
produces a vertieal line under similar condi-
tions. They are ealled, respeetively, the ““hori-
zontal " and “vertieal” plates, but which set
of actual plates produees which line is simply a
matter of how the tube is mounted. 1t is usually
necessary to provide a mounting which can be
rotated to some extent, so that the lines will
actually be horizontal and vertieal.

Power supply — The d.e. voltage required
for operation of the tube may vary from 500
volts for the miniature type (1-inch diameter
sereen) to several thousand volts for the larger
tubes. The current, however, is very small, so
that the power required likewise is small. Be-
canse of the low current drain, a power supply
with half-wave rectification (§ 8-3) and a single
0.5- to 2-ufd. filter condenser is satisfactory.
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q 3-9 The Oscilloscope

Description — An oscilloscope is essentially
a cathode-ray tube in the basic circuit of Fig.
347, but with provision for supplying a suitable
deflcetion voltage on one set of plates (ordi-
narily those giving horizontal deflection). The
deflection voltage is the lime base or sweep.
Oscilloscopes frequently are also equipped with
vacuum-tube amplifiers for increasing the am-
plitude of small a.c. voltages to values suitable
for application to the deflecting plates. These
amplifiers ordinarily are limited to operation
in the audio- or video-frequeney range.

Formation of patterns— When periodi-
cally varying voltages are applied to the two
sets of deflecting plates, the path traced by the
fluorescent spot forms a pattern which is sta-
tionary so long as the amplitude and phase re-
lationships of the voltages remain unchanged.
Fig. 348 shows how such patterns are formed.
The horizontal sweep voltage is assumed to
have the “sawtooth’” waveshape indieated;
with no voltage applied to the vertical plates
the trace simply sweeps from left to right
across the screen along the horizontal axis
X-X' until the instant H is reached, when it
reverses direction and returns to the starting
point. The sine-wave voltage applied to the
vertical plates similarly would trace a line
along the axis Y-¥’ in the absence of any de-
flecting voltage on the horizontal plates. How-
ever, when both voltages are present the posi-
tion of the spot at any instant depends upon
the voltages on both sets of plates at that in-
stant. Thus at time B the horizontal voltage
has moved the spot a short distance to the
right and the vertical voltage has similarly
moved it upward, so that it reaches the actual
position B’ on the sereen. The resulting trace
is easily followed from the other indicated posi-
tions, which are taken at equal time intervals.

RECT.

I
:Jr_-c
x X
‘_L__ t“ﬂjt

HSV,A.C

Fig. 347 — Cathode-ray tube circuit. Typical values for
a 3-inch (screen-diameter) tube such as the 3AP1/906:
R4, Rs — 1 to 10 megohms. Rz — 0.2 megobm.
Rz — 20,000 ohms. R; — 0.5 megohm.
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Fig. 318 — A.c. volt-
age waveshape as
viewed on an-oscil-
loscope screen,
showing the forma-
tion of the pattern
from the liorizontal
(sawtooth) and ver-
H tical sweep voltages.
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Tvpes of sweeps — A sawtooth sweep-volt-
age waveshape, such as is shown in Figs. 348
and 350 is called a linear sweep, beeause the de-
fleetion in the horizontal direction is directly
proportional to time. If the sweep were perfect
the “fly-back’” time. or time taken for the spot
to return from the end (/1) to the beginning (/
or A) of the horizontal trace, would be zero, so
that the line I// would be perpendicular to the
axis Y-Y'. Although the fly-back time cannot
be made zero in practicable sweep-voltage gen-
erators it can be made quite small in compari-
son to the time of the desired trace AJJ, at least
at most frequencies within the audio range. The
flv-back time is somewhat exaggerated in Fig.
345, to show its effect on the pattern. The line
H'I'’ is called the return trace; with a linear
sweep it is less brilliant than the pattern, be-
cause the spot is moving much more rapidly
during the fly-back time than during the time
of the main trace. If the fly-back time is short
enough, the return trace will be invisible.

The linear sweep has the advantage that it
shows the shape of the wave applied to the
vertical plates in the same way in which it is
usually represented graphically (§ 2-7). If the
time of one cycle of the a.c. voltage applied to
the vertical plates is a fraction of the time
taken to sweep horizontally aeross the screen,
several cycles of the vertical or signal voltage
will appear in the pattern. The shape of only
the last cycle (or the last few cycles, depending
upon the number in the pattern and the
characteristics of the sweep) to appear will be
affected by the fly-back in such a case.

Although the linear sweep generally is most
useful, other sweep waveshapes may be desira-
ble for certain purposes. The shape of the pat-
tern obtained, with a given signal waveshape
on the vertical plates, obviously will depend
upon the shape of the horizontal sweep voltage.
If the horizontal sweep is sinusoidal, the main
and return sweeps each occupy the same time
and the spot moves faster horizontally in the
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center of the pattern than it does at the ends.
1f two sinusoidal voltages of the same frequen-
ey are applied simultancously to both sets of
plates, the resulting pattern may be a straight
line, an clipse or a eircle, depending upon the

s N
Fig. 319 \ lincar-sweep oscillator using a gas triode.
C1 — 0.001 to 0.25 ufd. C3— 0.1 ufd.

Ca2— 0.5 ufd. (g — 25 ufid, 25-volt
Ry — 0.3 to 1.5 megohms. electrolytic,

Rz — 2000 ohms. Re — 25,000 ohms.
R3 — 0.25 megolim, Rs — 0.1 megohm.
The "B supply should deliver 300 volts, € and 8, are
proportioned to give a suitable sweep frequeney: the
higher the time constant (§ 2-6), the lower the frequency.
Ry limits gridecurrent flow during the deionizing period,
when pasitive fons are attracted to the negative grid.

amplitude and phase relationships. If the fre-
quencies are harmonically related (§2-7) a
stationary pattern will result, but if one fre-
queney is not an exact harmonie of the other
the pattern will show continuous motion. This
is also the case when a linear sweep cireuit is
used; the sweep frequeney and the frequencey
under observation must be harmonieally re-
lated or the pattern will not be stationary.

The sweep generator does not ordinarily
function as a sclf-controlled  oscillator but
rather as an externally controlled or synehro-
nized oscillator which supplies voltage of the
required waveform at the same frequeney as
the signal under study, or a sub-multiple
thereof.

Sweep eireuits — A sinusoidal sweep is casi-
est to obtain, since it is possible to apply a.c.
voltage from the power line, either directly or
through a suitable transformer, to the hori-
zontal plates. A variable voltage divider or
potentiometer may be used to regulate the
width of the horizontal trace,

A typieal cireuit for a linear sweep generator
is shown in Fig. 319. The tube is o gas {riode or
grid-control rectifier (§ 3-6-C). The striking or
breakdown voltage, which is the plate voltage
at which the tube ionizes or fires and starts
conducting, is determined by the grid bias.

Fig. 350 —
Condenser
charging curves
showing how a
sawtooth wave
iz produced by
a gaseous-tube
linear sweep
oscillator,

When plate voltage, E., is applied, the con-
denser, (7, acquires a charge through R;. As
shown in Fig. 350, the charging voltage rises
relatively slowly, as shown by the solid line,
until the breakdown or flashing point, V, is
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reached. Then the condenser discharges rapidly
through the comparatively low plate-cathode
resistance of the tube. When the voltage drops
to a value too low to maintain plate-current.
flow, E.,. the ionization is extinguished and 7y
once more charges through Ry, If Ry is large
enough, the voltage across (') rises linearly
with time, &1, up to the breakdown point. This
linear voltage change is used for the sweep,
being applied to the eathode-ray tube plates
through 2. The fly-back time, {2, is the time
required for discharge through the tube; to
keep this time small, the resistance during
discharge must be low.

To obtain a stationary pattern, the “saw-
tooth” rate is controlled by varying Cy and R,
and synchronized by introducing some of the
voltage being observed on the vertical plates
into the grid circuit of the 881 tube. This
voltage “triggers’ the tube into operation in
synchronism with the signal frequency. Syn-
chronization will oceur so long as the signal fre-
quency is nearly the same as, or a multiple of,
the sweep frequency, provided the circuit
constants and the amplitude of the synchro-
nizing voltage are properly adjusted.

The upper frequency hmit of gaseous-tube
sweep oscillators is in the vieinity of 50,000
eycles, even with the most careful design, be-
cause of the fiy-back time limitations imposed
by the gaseous content of the tube.

Fig. 351 — Pentode-tube high-specd sweep generator.

€—0.001 10 0.1 o A
ufd. -

Cr, C2— 0.1 pfd. % Output

Ca — 1.0 ufd. Wltage

R —25,000 ohms
to5meg-
ohms,

Ri — 0.5 megohm variable.

R2 — 0.1 megohm.

R3 — 25,000 ohms. .

To attain a higher-frequency sweep, a
“hard”-tube oseillator such as that shown in
Fig. 351 must be used. This circuit may be
recognized as being similar to that of the pen-
tode relaxation oscillator of FFig. 342-13. With
suitable constants it is capable of an upper fre-
quency limit of 100 to 200 ke. or more. If a tube
is used which has a high ratio of plate current
to screen current, the screen voltage will rise
to a very high value during the plate discharge
and thus aid in reducing the fly-back time.

A variety of waveshapes may be obtained
from this circuit, ranging from the sawtooth or
triangular waves which occur at the plate to
the rectangular waveform of the screen-grid
voltage. The plate-circuit waveforms are those
most often employed for oscilloscope work.

The sweep rate is controlled by R and C,
but it is influenced also by the value of Rs. R3
determines the output waveshape by regulating
the ratio of charge to discharge time, thus de-
termining the part of the cycle occupied by
the rectangular-shaped screen-voltage wave.

The blocking-tube oscillator in Fig. 352 is
also capable of high-frequency operation,
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chiefly because the oscillator portion generates
a very short, sharp pulse which charges €
almost instantaneously. Beeause of its superior-
ity in this respeet, this eirceuit has received con-
siderable application in television work. Its
operation is distinguished from that of the
squegging oscillator (IMig. 342-C) in that the
intermittent high-frequencey oscillations are
almost instantly blocked as the bias built up
by the grid-leak and condenser, C and R, goes
far beyond cut-off. With suitable constants,
the build-up time for this blocking bias can be
limited to a single high-frequency eycle, re-
sulting in a very short, abrupt pulse of plate
current (£,). Beeause of the large time constant
of € and R, the discharge time is very much
slower. Until the charge again leaks off through
R, the cirveuit is paralyzed. When € is dis-
charged, the exyele repeats.

I and Lg are tightly coupled and designed
to be self-resonant at perhaps ten times the
maximum sweep frequeney,

In the practical form, shown in Fig. 352, the
blocking oscillator itself is the left-hand see-
tion of the dual triode. The second triode
section 1s used as a Gischarge tube, the rate of
discharge being controlled by the (3 combi-
nation. By giving this combination the proper
time constant, the output wave ean be made to
have almost any desired form. R exercises lim-
ited control over the frequency range. while the
value of R determines the output amplitude.

Vacuum-tube switehing eircuits — In con-
trast to time-base circuits which deliver recur-
rent output impulses, certain applications in
oscilloscope and other electronic work call for
what are termed rvacuum-tube or electronic
switching eircuits.

A keying eireuit is a non-locking cleetronie
switch which closes (or opens) a cireuit when a
control voltage is applied and returns the eir-
cuit to normal when the control voltage is re-
moved. The keving voltage is usually applied
as control-grid  bias, although sereen- and
suppressor-grid voltage also are employed.

A trigger circudt, also called o flip-flop eircuit,
may also be operated in this manner, but more
strietly it is a type of locking or holding
clectronic switeh, wherein a second impulse
is required to restore the eircuit. After the

a="

€0z

Fig. 352 — Dual-triode blocking-tube oscillator and dis-
charge tube, with characteristic waveforms at the right.

G- 0.001-0.01-ufd. mica. R —0.25 megohm variable.
Cy, C3 — 0.005-0.5 ufd. Ry — 0.1-2 megohm.
Cz— 0.1 ufd. Li, L2 — See text.
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+8
Typical vacuuam-tube trigeer circuits,
initiating  control pulse the cireuit remains
closed, despite removal of the control voltage,
until o second releasing impulse is received.
Circuits in which values of current or voltage
change abruptly from one stable condition
to another at some eritical value of voltage
or resistanee, and then change back abruptly
at a different eritical value of the controlling
voltage or resistance. are used for this purpose.

Y. 353-A shows the basic pentode form of
trigeer cireuit. In this cireuit dee. coupling be-
tween the sereen and suppressor grids causes
the suppressor voltage to change with sereen
voltage. With a high value of resistance in
series with the sereen, abrupt changes in these
currents oceur when the supply voltages or the
sereen-cireuit resistance are varied. For exam-
ple, by proper choice of voltage and circuit con-
stants the plate current corresponding to a
given value of sereen eurrent may be made
zero. Triggering impulses may be introduced in
series with any of the eleetrodes, but the con-
trol grid is the most sensitive. The vahies of the
supply voltages are not eritieal, but the proper
relation must be maintained between them.

In the two-tube trigger cireuit of Fig. 353-13,
a positive impulse applied o the grid of the
first tube will increase its plate current. This
anses an inereased voltage drop across Ky,
which in turn makes the hins on the second
tube more negative. Consequently the plate
current of the second tube decreases, decreas-
ing the voltage drop across Ry, This makes the
grid bias on the first tube more positive, caus-
ing a further inerease in the plate current of
this tube and a resultant further decrease in
the plate current of the sceond tube. The
process continues until the second tube is cut
off, when only the first tube takes current.
This condition will continne until a negative
pulse is applied to the first grid, or a positive
pulse to the second grid, when the acetion will
be reversed. The initial operating point is es-
tablished by the variable tap on the cathode
resistor, 7.
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¢ 3-10 Pulse Technique

In pulse transmission and reception (§ 1-4),
specialized means are employved to generate and
shape characteristic pulses on the transmitting
end and to recreate and interpret these pulses
on the reeciving end. One is a proeess of wave-
shaping and injeetion: the other of separation
aml seleetion. Certain basie cireuit clements
are common to both: elementary examples of
such ecircuits will be discussed in this section.

Waveshaping — I'he  primary waveforms
employed in pulse transmission, apart from the
basic sine wave, are the reetangular wave (from
narrow pulse to square wave), trapezoidal wave,
triangular wave (from isosceles 1o right-angle
sawtooth), exponential and sawtooth waves.

The nonsinusoidal waveforms  obtainable
from certain oscillators, particularly those of
the relaxation type, approximate the general
shapes required. To trim such waves to the
ideal form required, auxiliary waveshaping eir-

- .-H,T.w;»m_ T et
Outpu
[;,/,ug <, Output /nputc_z 2z $ e
. Zn S
H 3

s

©
Fig. 351 - Shaping of <ine wave to square wave by
diode clipping action, The waveforms at the upper right
illustrate, progressively, the sinusoidal input wave, the
positive peak elipped by the diode parallel limiter (A),
and the negative peak clipped by the diode series lim-
iter (B). These are performed jointly in the double-diode
parallel limiter (C) and doubie-diode series limiter (1)),

cuits are employed. The basie emtegories are
(1) limiter eircuits, which utilize the voltage-
limiting action of vacuum tubes, and (2) peak-
ing cireuits, which employ RO (or L") time-
constant cireuits.,

Fig. 354 shows the use

|
!
The diode parallel - n
iter at A does not lin _ L
the output until the input
voltage attains a value more positive than that
of the negative binsing voltage applied in series

: : - : FE N K
of binsed-diode limitersin - 14 1 1
clipping a sin¢ wave to J?Uglﬂ Input
create a square or trape- vy b
zoidal waveshape by lim- HENE '
iting action, A :
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Fig. 355 — I'riode limiter action in generating square or
trapezoidal wave by clipping peaks of a sinusoidal wave.

with Ry In the diode series limiter at B, con-
duction can occur only when the input is more
positive than the binsing vollage inserted in
series with 2y, Thus there can be no increase in
output during the most negative period of the
cvele. The =eries limiter produces o more
squarely clipped wave than the parallel type.
The operation of cither type can be reversed
by reversing the diode connections and the
polarity of the hiasing voltage.

In the double-diode parallel limiter at ) the
left-hand diode removes positive peaks while
that at the right clips the negative. The degree
of limiting is adjusted by varving the fixed bins
by meuns of Kz and Ky The double series lim-
iter at D functions in a similar manner but is
more crittcal of adjnstment.

Triode limiters may be operated at eut-off
or at saturation, In Fig. 355, the tube is bigsed
near the center of its characteristic. When the
signal voltage goes nogative, at ent-off plate
current. ceases to flow and the bottom of the
sine wave is clipped, On the positive peak the
plate current is limited by saturation and the
top of the =ine curve is squared off. The input
signal should be 20 or 30 times the grid bias
for the xine wive to be =quared off <harply.

Limiter cireuits may also be employed for
generating other types of pulses. If the tube in
Fig. 355 is binzed bevond cut-off and a con-
denser is connected between plate and ground.
a positive rectangular pulse applied to the grid
will produce a sawtooth wave. During the
interval  between  pulses  the  condenser s
charged in a relatively slow linear rate through
Rs. The sharp front of the positive pulse on
the grid causes plate current to flow. and the
condenser discharges rapidly through the tube.
A trinngular waveshape can be obtained by re-
ducing the bias to zero and applying ncg:.n,ivc
pul-es to the grid. Between pulses plate eurrent

C 5(7‘:&7« t) JJ‘—ELL :

Ry Fig.  3h0 Pulse

miner or hijector

Ry cireuit, illustrati
how two rectan:

lar pulses of ditfer-
ent bases and
amplitudes are
combined into ane
comples pulse he.
fore  transuiis=ion.
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will flow. but ecach negative pulse biases the
tube bevond cut-off, making it noncondueting.
The condenser charges through Ry for the du-
ration of the pulse, then discharges through 4.
The result is a symmetrieal trinngular pulse.
Pulse selection — Pulse seleetivity is based
on the following characteristies: (1) polarity;
(2) amplitude; (3) shape; and (4) duration (in-
cluding both “mark’ and “space’ intervals).
The diode separator functions much like the
diode limiters of Fig. 35 1. exeept that the action
is reversed. Seleetion by polarity is based on the
unilateral conductivity of the diode reetifier,
and requires only that the diode be so con-

Fig. 357
Cr— 00 ufd, Ry

Cut-off biased triode amplitude separator.

Lmegohm, Ry — 50,000 ohms,
Rz — 2000 ohms, 183 — 25,000 chms,

Co— 0.5 uld.
nected as to pass positive or negative pulses, as
desired. For amplitude separation the diode is
so biased that only pulses having an amplitude
exceeding the bins voltage will be passed,

The same resemblanee applies in the ease of
triode amplitude separators. In the cut-off
separator of Fig. 357, the grid normally is
biased bevond cut-aff, When a positive volt-
age of sufficient amplitude is applied, plate
current flows. There will be no response to volt-
ages of lesser amplitude, or to negative pulses,

G 118
£ S —

C, R
] e
Input 3R, T
.

Ry

= *8

Fig. 358 - Zero-hias or positive-
grid limiter-separator,
Cy — 0.1 ufd,
Co— 0.5 uld,

K,. Rz I megobim,
Kz — 0.1 megohm

The positive-grid or bloeked-grid separator,
Fig, 3538, operates at =aturation amd is char-
acterized by a series resistor in the grid eircuit,
Positive pulses drive the tube into the positive-
grid region, where grid-current flow inereases
bias and limit= plate-current 1o a steady value
regardless of signal level. Sinee this eireuit
passes only negative pulses, it iz seleetive as to
polarity.

Differentiation and integration — I the
front of a rectangular wave is applied to an ¢’
cirenit with series capacity and shunt resisi-
ance, as in Mg 359, the voltage across the load
resistor will equal the applied voltage at the
instant of application. Then, as the condenser
acquires charge the voltage across the resistor
will decrease exponentially (§ 2-6). If the time

RC=0.001

R o e ol e

In o e o el SR b s ai.

Fig. 359 — With square wave input. the voltage wave-
shapes across R and C respeetively in an RC circuit have
the shapes shown. Note the variation in waveshapes for
different time constant=. (Time constant values given
are in terms of fractions of the period of the inpnt wave.)

constant of the cireuit is very small, the charg-
ing period will be very short. Thus the voltage
across the resistor will have the shape of a
=hort pulse, sharply peaked at the front.

Following this initial pulse, no current flows
through the resistor because the condenser is
charged to the maximum voltage of the applied
square wave. Henee the voltage across the
resistor is zero so long as the input voltage is
unchanging. At the trailing edge of the input
wave the process is repeated, exeept that the
resultant pulse has the opposite polarity since
the condenser is now discharging,

By altering the steepness of cither the as-
cending or deseending slopes of the input wave
the amplitude ol the output pulse ean be
controlled, This is the prineiple upon which
pulse selection by waveshape is based, as
illustrated in Fig. 360, A steep front produces
a sharp pulse having an amplitude equal to
the applied voliage, while a sloping front
produces a pulse of correspondingly greater
length and lesser amplitude. For sharp pulses
the time constant must be considerably shorter
than one-half exvele of the input wave. With a
longer time constant the charging period be-
comes correspondingly longer, while retaining
a logarithmie shape, and approaches the dura-
tion and form of the wave. Sueh a network is
culled a differentiating cireuit.

In a circuit with the resistor in series and
the condenser in shunt. also shown in Fig. 359,
the aetion is such that with a very short time
constant the output wave resembles that of the
input except for a slight curvature at the begin-
ning beeause of the exponential charging char-
acteristie. The amplitude is, however, greatly
reduced beeause of the voltage divider effect of
the reactance-resistance combination. Increns-
ing the time constant to a value comparable
to the duration of the constant-amplitude
portion of the input wave increases the ampli-
tude but aceentuates also both the ascending
and descending slopes of the wave.

Inereasing the time constant to a value very
long compared with the base of the input wave,
results in what is called an integrating circuit.
In this circuit diserimination or selection is

\ / \ / l \ Fig. 360 — Pulse seleetion based
on the discriminating action of

a differentiating circuit with
inputs of different wavefront
shapes. Typical input waves
are shown ahove and the re-
sulting output pulses below,
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based on the duration or frequency of the
input. wave. FFor example, if a series of short
pulses is applied, the energy stored in the
condenser by each individual pulse will be
small and will be discharged before the next
pulse arrives. If, however, a series of pulses
with longer bases and shorter intervals is
applicd, only a portion of the energy from
each pulse will
be  discharged

Cns before the next

6rid begins charg-

Glasg ing. Knergy is
Cathode therefore accu-

mulated on the

fﬁ:,%‘:f condenser un-

til a predeter-
mined ampli-
tude is estab-
lished. Thus
long-base pulses
can he sepa-
rated from
shorter pulses.

Mica

OC cuthode
consrection

I'ig. 361 — Sectional view of the
“lighthouse™ tube’™s construction,
Close  electrode  spacing  redueces
transit time while the dise clectrode
conncctions reduee lead inductance.

¢ 3-11 V.H.F. and U.H.F. Tubes

Negative-grid tubes — At very high fre-
quencies, interelectrode eapacities and  the
inductance of internal leads determine the
highest possible frequency to which a vacuum
tube can be tuned. The tube usually will not
oscillate up to this limit, however, because of
diclectrie losses, grid emission, and ‘transit-
time” effects. In low-frequency operation, the
actual time of flight of electrons between the
cathode and the anode is negligible in relation
to the duration of the eycle. At 1000 ke., for
example, transit time of 0.001 microsecond,
which is typical of conventional tubes, is only
1/1000 cyele. But at 100 Me., this same transit
time represents 1710 of a cyele, and a full
eyele at 1000 Me, These limiting factors
establish about 3000 Me. as the upper fre-
queney limit for negative-grid tubes.

With tubes of ordinary econstruction, the
upper limit of oseillation is about 150 Me. For
higher [requencies, v.hui. tubes of special con-
struction are used.
The *‘acorn’ and
“doorknob’” types and
the special v.h.f. “min-
inture” tubes, in which
the grid-cathode spac-
ing is made as little as
0.005 inch, are capable
of operation up to
about 700-800 Me.
The normal frequency
limit is around 600
Me., although output
may Dbe obtained up
to 800 Mec.

Very low interclectrode capacities and lead
inductance have been achieved in the newer
tubes of modified construetion. In multiple-

Schematie
cross-section of the or-

Fig. 362

bital-beam secondary-
electron multiplier tube.
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lead types the electrodes are provided with up
to three separate leads which, when connected
in parallel, have considerably reduced effective
inductance. In double-lead types the plate and
grid elements are supported by heavy single
wires which run entirely through the envelope,
providing terminals at either end of the bulb.
When a resonant cireuit is connected to each
pair of leads, the shunting capacity divides
between the two circuits. With linear eireuits
the leads beecome a part of the line and have
distributed rather than lumped constants.
Radiation loss is minimized and the effect of
the transit time is reduced. In “lighthouse”’
tubes or megatrons the plate, grid and eathode
are assembled in parallel planes, as shown in
Fig. 361, instead of coaxially. The uniform
coplanar eleetrode design and dise-seal ter-
minals permit very low interclectrode capaci-
ties.

In the orbital-hbeam tube, Fig. 362, a small
clectrode structure is used in combination
with a secondary-electron emitter to raise the
effective transconduetance. Electrons emitted
from the cathode, K, are accelerated through
the control grid, Gy, by a positive grid, Ga. and

Output

Coupling loop

~Resonator vutput
circuit
Collector

Grid Noi

15t lens

Fig. 363 — Schematic of the inductive output amplifier,

enter a radial eleetrostatie field established by
the eylindrieal cleetrodes, Ji and J, causing
the clectrons to move in a circular path and
driving them against the secondary-emitter
electrode, Ka. About ten secondary electrons
are emitted for each primary electron; thus
the ultimate electron flow to the plate, 7, is
considerably greater than the original current
emitted. As a result, high over-all transcon-
ductance (15,000 at 500 Mec. in an experimental
tube) is obtained without increasing transit-
time losses or internal capacities.

Inductive output amplifier — In the induc-
tive-output tube shown in Fig. 363 a high-
veloeity electron beam is intensity-modulated
by the control grid (grid No. 1). After being
accelerated and focused by the combined ac-
tion of the first and second lenses in the mag-
netic circuit and the sleeve electrodes (grids
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Fig. 364 — Simple form of cylindrieal-grid velocity-
modulated tube with retarding-field collector and
coaxial-line output cirenit, used as a superheterodyne
high-frequency oscillator or as a superregenerative
detector. Similar tubes can also be used as r.f. ampli-
fiers and frequeney converters in the 5-50-cm. regiou.

No. 2 and 3), the beam moves past a small
aperture in the ‘“dimpled sphere” cavity
resonator. The potential difference across this
gap slows down the eclectrons and thereby
causes the resonant cavity to absorb power
from the beam. Electrons passing through the
structure are decelerated by a suppressor
clectrode (grid No. 4) before reaching the final
anode or collector. The control-grid structure
gives sharp eut-off and large transconductance,
while the high accelerating potentials and small
apertures result in very short transit time and
consequently low input conductance. The in-
duetive-output. tube is useful for wide-band
operation above 500 Me., giving efliciencies
of 25 per cent or better.

Velocity modulation — In negative-grid
operation the potential on the grid tends to
reduce the electron veloceity during the more
negative half of the oscillation eyele, while on
the other half eycle the positive potential on
the grid serves to accelerate them. Thus the
clectrons tend to separate into groups, those
leaving the cathode during the negative half
evele being collectively slowed down, while
those leaving on the positive half are ac-
celerated. After passing into the grid-plate
space only a part of the electron stream follows
the original form of the oscillation eyele, the
remainder traveling to the plate at differing
veloeities, Sinee these contribute nothing to the
power output at the operating frequeney, the
ellicieney is redueed in proportion to the varia-
tion in veloeity, the output becoming zero when
the transit time approaches a half eycle.

This effeet, sueh a disadvantage in conven-
tional tubes, is an advantage in veloeity-modu-
lated tubes in that the input signal voltage on
the grid is used to change the velocity of the
clectrons in a constant-current electron beam,
rather than to vary the intensity of a constant
veloeity current flow as in ordinary tubes.

A simple form of velocity-modulation oscil-
lator tube is shown in IFig. 36+4. Electrons
cmitted from the eathode are accclerated
through a negatively biased cylindrieal grid
by a eonstant positive voltage applied to a

91

sleeve clectrode, shown in heavy lines. This
electrode, which is the velocity-modulation
control grid, consists of two hollow tubes, with
a small space at each end between the inner
tube, through which the eleetron beam passes,
and the dises at the ends of the larger tube
portion. With r.f. voltage applied across these
gaps, which are small compared to the distance
traveled by the electrons in one half e¢yele,
electrons entering the tube will be aceelerated
on positive half cyeles and decelerated on the
negative half eycles. The length of the tube is
made equal to the distance eovered by the
electrons in one-half eyele, so that the clectrons
will be further accelerated or decelerated as
they leave the tube.

As the beam approaches the colleetor elee-
trode, which is at nearly zero potential, the
cleetrons are retarded. brought to rest, and
ultimately turned back by the attraction of
the positive sleeve clectrode. The collector
electrode is, therefore, also termed a reflector.
The point at which eleetrons are returned de-
pends on their veloetty. Thus the velocity
modulation is again translated into current
modulation.

Velocity-modulated tubes operate satisfac-
torily up to 6000 Me. (5 em.) and higher, with
outputs of 100 watts or more.

The Kklyvstron — In the kystron veloeity-
modulated tube, the clectrons emitted by the
cathode are accelerated or retarded during
their passage through an eleetrie ficld estab-
lished by two grids in a eavity resonator, or
rhumbatron, called the * buncher.” The high-
frequency clectrie field between the grids is
parallel to the electron stream. This ficld ac-
celerates the electrons at one moment and

retards them at another, in accordance with
voltage applied.

the variations of the r.f.

+HV
NSV,AC

Fig. 365 — Circuit diagram of the klystron oscillator,
showing the fecd-back loop coupling the frequency-con-
trolling rhutubatrons and the output loop in the catcher.
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The resulting velocity-modulated beam travels
through a field-free “‘drift space.” where the
slowly moving clectrons are gradually over-
taken by the faster ones. The eleetrons emerg-
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ing from the pair of grids therefore are =sep-
arated into groups or bunched along the
direction of motion. The velocity-modulated
clectron stream is passed to a “cateher”
rhumbatron. Again the beam passes through
two parallel grids, the rf. current ereated by
the bunching of the eleetron beam induees an
r.f. voltage between the grids, The eateher eav-
ity is made resonant at the frequeney of the
velocity-modutated electron beam, =o that an
oseillating field ix set up within it by the pus-
sage of the electron bunches through the grid
aperture.

If a feed-back loop is provided between the
two rhumbatrons, as shown in Fig. 365, oseitla-
tions will oceur. The resonant frequeney de-
pends on the electrode voltages and on the
shape of the cavities, and may be adjnsted by
varving the supply voltage and altering the
dimensions of the rhumbatrons. ‘The bunched
beam eurrent ix rich in harmonies, but the out-
put waveform isx remarkably pure beenuse the
high @ of the cateher rhumbatron suppresses
the unwanted harmonies.

Positive-grid electron oscillators — A tri-
ode in whiclt the grid rather than the plate is
positive with respeet to the eathode will ox-
cillate at frequencies higher than those at
which transit-time effects eause the tube to be
inoperative ax a normal negative-grid  os-
cillator, Oscillators of the positive-grid type
are known as **hrakeficld ™ or “electron transit-
time” oscillators, Successiul performance i
most. readily achieved with tube structures
having evlindrieal grids and plates.

This type of operation makes use of the
transit time of eleetrons from the cathode to
the grid and plate regions. Eleetrons emitted
by the cathode are accelerated toward the
positive grid, some striking it and some passing
through. Those that pass through are repelled
by the negative plate and turn around, passing
between the grid wires vnee more, In the proc-
ess, the electrons induce w.e. voltages in the
grid at a frequeney depending upon the transit
time. Some electrons may pazs back and forth
between the grid wires =everal times, while
others may strike the grid after a single round
trip. Those which remain free in the tube for
several oscillations lose energy, but those which
make only one trip gain energy. However, since

i ' I
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the former are free for a longer time there is a
net transfer of energy which can be used to
maintain o=eillations.

In this type of oscillator, shown in Fig. 366,
the frequeney is controlled primarily by the
grid voltage and the tube element spacing. The
resonant circuit must be tuned to approxi-
mately the ozcillation frequency for maximum
output.

Positive-grid oscillators ean be operated at
frequencies up to 10,000 Me. (3 en). but the
cfficiency ix usually only 2 or 3 per cent. Ninee
most of the power ix dissipated in the grid, the
tube is not capable of delivering much power.

Magnetrons — A magnetron i= fundamen-
tally o diode with exlindrieal eleetrodes placed
in a uniform magnetie fickd with the lines of
cleetromagnetic foree parallel to the clements.
The simple eyvlindrical magnetron consists of
a filamentary cathode surrounded by a con-
centrie evlindrical anode. In the more efli-
cient split-anode magnetron the evlinder is
divided longitudinally.

Magnetron oseillators are operated in two
different. wavs, Eleetrically the eireuits are
sinnifar, the difference being in the relation be-
tween electron transit time and the frequency
of oscillation.

In the negative-resistanee or dyvnatron type
of magnetron oscillator. the element dimen-
sions and anode voltage are such that the
transit time is short compared with the period
of the oxcillation frequeney. Electrons omitted
from the eathode are driven towards both
halves of the anode. 1 the potentinls of the two
halves are unequal, the effeet of the magnetic
field ix such that the majority of the electrons
travel to that half of the anode which i at the
lower potential. In other words, o decrease i
ihe potential of cither half of the anode results
in an tnercase in the electron current flowing 1o
that hall. T'he magnetron consequently exhib-
its negative-resistance characteristies (§ 3-7).
Negative-resistance magnetron oscillators are
uscful between 100 and 1000 Me. Under the
best operating conditions efliciencies of 20 to
25 per cent may be obtained. Ninee the power
loss i the tube appears as heat in the anode,
where it s readily dissipated, relatively large
power-handling capaeity can be obtained.

Orrection of magnetic field—

Dun:k‘w;%yndu: teeld

Flament Anode

€
I ®)

Fig. 367 — Conventional magnetrons, with equivalent
~chematic symbols at the right. A, simple eylindriral
magnetron. B, split-anode negative-resistance magnetron,
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In the transit-time magnetron the frequency
is determined primarily by its dimensions and
by the eclectric and magnetie field intensities
rather than by the tuning of the tank circuits.
The efficiencey is much better than that of a
positive-grid oxcillator and good power output
can be obtained even on the superhighs.

In a nonoscillating magnetron with a weak
magnetic field, eleetrons traveling from the
eathode to the anode move almost radially,
their trajectories being bent only slightly by
the magnetic field. With increased magnetic
ficld the electrons tend to spiral around the
filament, their radial component of veloeity
being much smaller than the angular com-
ponent. Under critical conditions of magnetie
field strength, a cloud of electrons rotates
about the filament. It extends up to the anode
but does not actually reach it.

The nature of these eleetron trajectories is
shown in Fig. 368. Cases A, B, and €' corre-
spond to the non-oseillating condition, For a

(A ® © ()] ®
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Fig. 368 Flectron trajectories for inereasing values of
magnetic field strength, 1. Below is shown the corre-
sponding curve of plate carrent, 1, Oscillations commence
when I reaches a eritical value, 1 progressivels hicher
order modes of oscillation occur beyond  this pomnt,

small magnetie field (A) the trajeetory is bent
slightly near the anode. This bending tnereases
for a higher magnetie field (B) and the elee-
tron moves through quite a large angle near
the anode before reaching it, signifying a large
inerease of space charge near the anode. For o
strong magnetie ficld (C) electrons start radi-
ally from the eathode but are =oon bent and
curl about the filament in the form of a long
spiral before reaching the anode. This means a
very long transit time and a very large space
charge in the whole region where the spiraling
takes place. Under eritical conditions (1), no
current flows 1o the anode and no eleetron s
able to move from cathode to anode, but a large
space charge sUll exists between the eathode
and anode. The spiraling hecomes a set of eon-
centric eireles, and the entire space-charge
distribution rotates about the filunent.

Figs. 368-E, -F and -G depict higher order
(harmonic-type) modes of operation in which
the space charge oscillates not only symmetri-
cally but in transverse dircetions contrasting
to the vibrations of the fundamental.

In a transit-time magnetron oscillator the
intensity of the magnetic field is adjusted so
that, under statie conditions, eleetrons leaving
the cathode move in curved paths which just
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Fig. 399 — b A magnetron circuits, A, split-anode ty pe,
B, four-anode type with opposite electrades paralleled.

A
Transmission Line
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fail to reach the anode. All eleetrons are there-
fore defleeted back to the cathode, and the
anode current is zero. When an alternating
voltage is applicd between the two halves of
the anode, causing the potentials of these halves
to vary about their average positive values, the
conditions in the tube beeome analogous to
those in o positive-grid oscillator. If the period
of the alternating voltage is made equal to the
time required for an eleetron to make one
complete rotation in the magnetie field. the
a.c. component of the anode voltage reverses
direction twice with each electron rotation.
Some clectrons will lose energy to the cleetric
field, with the result that theyv are unable to
reach the cathode and continue to rotate
about it. Meanwhile other eleetrons gain energy
from the field and are returned 1o the eathode.
Sinee those eleetrons whielt lose energy remain
in the interclectrode space longer than those
which gin energy, the net effeet is a transfer of
energy from the clectrons to the eleetrie field.
This encrgy ean be apphed to sustain oseilla-
tions in & resonant transmission line conneeted
between the two halves of the anode.
split-anode magnetrons for whef. are con-
strieted with a eavity resonator built into the
tube structure, as illustrated 1 g, 370, The
assembly s a block of copper which
assists in heat dissipation. At extremely high
frequencies operation is improved by subdivid-
ing the anode structure into from 4 to 16 or
more segments. the resonant eavities for each
anode coupled by slots of eritical dimensions
to the common cathode region, as in Fig. 371,

solid

Fig. 370 —
Split-anode
magnetron
with ntegral
resonant anode
cavity for
use at wh.f.

Fig. 371
Multisegrment
magnetron
with four res-
——onant cavitics.
T'his construe-
tion is used for
extremely high
frequencics.

4 IREEE
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Cavities

The cfficieney of multi-segment magnetrons
reaches 63 or 70 per cent. Slotted-anode mag-
netrons with four segments function up to
30,000 Me. (I cm.) delivering up to 100 watts
at efficiencies greater than 50 per cent. Using
larger multiples of anodes and higher-order
modes, performance ean be attained at 0.2 eni.




Chapter JFour

R.-F. Power Generation

Transmitter Requirements

q 4-1

General requirements — To minimize in-
terference when a large number of stations
muas=t work in one frequeney band, the power
output of a transmitter must he as stable in
frequeney and as free from spurious radiations
as the state of the art permits, The steady r.f.
output, called the carrier (¥ 5-1), must be free
from amplitude variations attributable to rip-
ple from the plate power supply (¥ 8-1) or
other causes, its frequency should be unai-
feeted by variations in supply voltages or in-
advertent ehanges in circuit constants, and
there should be no radiation on other than
the intended frequeney. The degree to which
these requirements can be met depends upon
the operating frequencey.

Design principles — The  design of  the
transmitter depends on the output frequeney,
the required power output and the type of
operation  (e.w. telegraphy or ‘phone). For
c.w. operation at low power on medium-high
frequencies (up to 7 Me. orso), astmple erystal
oxcillator cireuit can meet the requirements
satisfactorily. However, the stable power out-
put which can be taken from an oscillator is
limited, =o that for higher power the oscillator
is used simply as a frequency-controlling ele-
ment, the power being raised to the desired
level by means of amplifiers. The requisite fre-
queney stability can be obtained only when
the oscillator is operated on relatively low fre-
quencies, xo that for output frequencies up to
about 60 Me. it is necessary to inerease the os-
cillator frequeney by multiplieation (harmonic
gencration § 3-3), which usually is done at
fairly low power levels and bhefore the final
amplification.  An  amplifier which  delivers
power on the frequency applied to its grid eir-
cuit is known as a ~traight amplifice; one which
gives harmonie output is known as a frequency
multiplier. An amplifier used principally to
isolate  the frequency-controlling  oscillator
from the effects of changes in load or other va-
rintions in following amplifier stages is called a
buffer amplifice. A complete transmitter there-
fore may consist of an oscillator followed by
one or more buffer amplifiers, frequency multi-
pliers  and  straight amplifiers, the number
being determined by the output frequency and
power in relation to the oscillator frequency
and power. The last amplifier is called the final
amplifier, and the stages up to the last com-
prise the ceciter. Transmitters usually wre de-
signed to work in a number of frequeney bands
so that means for changing frequencey in har-
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monic steps usually is provided, generally by
means of plug-in induetances.

The general method of designing a transmit-
teris to deeide upon the power output and the
highest output frequency required, and also
the number of bands in which the transmitter
is to operate, The latter usually will determine
the oscillator frequeney, since it is general
practice to set the oscillator on the lowest fre-
quency band to be used. The oscillator fre-
queney seldom is higher than 7 Me. exeept in
some portable installations where tubes and
power must be conserved. A suitable tube (or
pair of tubes) should be scleeted for the final
amplificr, and the required grid driving power
determined from the tube manufacturer’s data.
Thix sets the power required from the preeed-
ing stage. From this point. the same process is
followed back to the oscillator, ineluding fre-
queney nultiplieation  wherever  necessary.
The selection of a suitable tube complement.
requires o knowledge of the operating ehar-
acteristies of the various types of amplifiers
and oscillators. These are discussed in the
following scetions.

Above 100 Me. and higher frequencies these
methods of transmitter design tend to become
rather cumbersome, beeause of the necessity for
a large nuniber of frequency multiplier stages.
However, in this frequency region less severe
stability requirements arve iimposed heeause the
transmission range is limited (§ 9-3) and the
possibility of interference to other communica-
tion is reduced. Simple oscillator transmitters,
without frequency multiplication or buffer am-
plificrs, are widely used.

Vacuwm tubes — The type of tube used in
the transmitter has an important effeet on the
cireuit design. Tubes of high power sensitivity
(§ 3-3) =uch as pentodes and beam tetrodes
give larger power aniplification ratios per stage
than do triodes, hence fewer tubes and stages
may be used to obtain the same output power,
On the other hand triodes have certain oper-
ating advantages, sueh as simpler power sup-
ply circuits and relatively simpler adjustment
for modulation (§ 5-3), and in addition are
considerably less expensive for the same power
output rating. Consequently it is usually more
economical to use triodes as output amplifiers,
even though an extra low-power amplifier
stage may be necessury,

At frequencies in the region of 50 Me. and
above it is neeessary to seleet tubes designed
particularly for operation at very-high fre-
quencies, since tubes built primarily for lower
frequencies may work poorly or not at all.
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Q 4-2 Self-Controlled Oscillators

Adrvantages and disadvantages — The
chief advantage of a self-controlled oscillator
is that the frequeney of oseillation is deter-
mined by the constants of the tuned cireuit,
and henee readily ean be set to any desired
value. However, extreme care in design and
adjustment are essentinl to secure satisfactory
frequeney stability (§ 3-7). Since frequeney
stability is generally poorer as the load on the
oscillator is increased, the self-controlled ox-
cillator should be used purely to control fre-
quency and not for the purpose of obtaining
appreciable power output in transmitters in-
tended for working below 60 Me.

Oscillator cirenits — The inherent stability
of all of the oscillator circuits deseribed in
§ 3-7 ix about the =ame, xince stability isx more
a function of choice of proper cirenit values and
of adjustment than of the method by which
feed-hack ix obtained. However, some cireuits
are more convenient to use than others, par-
ticularly from the standpoint of feed-back ad-
justment, mechanical considerations (whether
the tuning condenser rotor plates ean be
grounded or not, ete.), and uniform output
over a1 considerable frequency range. In all sim-
ple circuits the power output must he taken
from the frequency-determining tank eireuit,
whielt means that, aside from the effeet of
loading on frequeney stability, the following
amplifier stage can react on the oscillator and
cause a change in the frequeney.

Factors influencing stability — "The causes
of frequencey instability and the necessary
remedinl steps have been dizcussed in § 3-7.
These uapply to all oseillators, In the case of
the clectron-coupled oseillator the ratio of
plate to scereen voltage has marked effect on
the stability with changes in supply voltage:
the optimum ratio is generally of the order
of 3:1, but should bhe determined experimen-
tally for each case. Sinee the eathode is above
ground potential, means should be taken to
reduce the effects of heater-to-cathode eapaei-
tanee or leakage which, by allowing o small
a.c. voltage from the heater supply to de-
velop between eathode and ground, may emnse
modulation (§ 5-1) at the supply frequeney.

Fig. 101 - Flec-
tron-coupled os-
cillator  circait.
Ry should be
100,000 ohms or
maore, the grid
condenser 100
pufd, and the
other fixed con-
densers 0.002 to

0.1 ufd.

L

This effect, which is usually appreciable only
at 14 Me. and higher, may be reduced by
by-passing the heater as in Fig. 401 or by op-
crating the heater at the same r.f. potential as
the eathode. The latter may be accomplished
by the wiring arrangement shown in Ilig, 402.
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Tank-circuit (— The most important
single factor in determining frequency stabil-
ity is the Q of the oxcillator tank eircuit. The
effective () must be ax high as possible for hest
stability. Sinee oscillation is accompanied by
grid-current flow  the grid-cathode  cireuit

Fig. 402 — Method of
operating the heater at —
cathode r.f. potential in

an electron-coupled o--

cillator, 12 should have

the same numberof turns by
as the cathode section of
Ly and should he elosely
coupled (preferably in-
terwound ), Condenser ¢
may be 0.01 to 0.1 ufdd,
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eonstitutes a resistance load of appreciable
proportions, the effeetive resistance being low
enonugh to be the determining factor in estab-
lishing the effective parallel impedance of the
tank circuit. Consequently, if the ends of the
tank are connected to plate and grid, as is
usual, a ligh effeetive @ ean he obtained only
by deerensing the L € ratio and making the
inherent resistance in the tank as low as pos-
sible, ‘The tank resistance ean be deereased by
using low-losx insulation and by winding the
coil with lirge wire. With ordinary construe-
tion. the optimum tank capacity is of the order
of 500 to 1000 gufd. at a frequency of 3.5 Me.

The effective eireuit @ ean be raised by in-
creasing the resistance of the grid eircuit and
thus deerensing the loading. I'his ean he ac-
comphshed through redueing the oseiltator grid
current, which may he accomplished by using
minimum feed-back for stable oseillation, plus
a high value of grid-teak resistance.

A high-Q tank cireuit ean flso be obtained
with a higher L' ratio by “tapping down”
the tube connections on the tank (§ 2-10).
Thix ix advantageous in that a coil with higher
inherent @ can be used; also, the circulating
r.f. current in the tank ecircuit is reduced so
that drift from coil heating is deereased. How-
cver, under some conditions parasitic oscilla-
tions may be set up (§ +=10).

Plate  supply — Since  the  oseillator  fre-
queney will be affected to some extent by
changes in plate-supply voltage, it is necessary
that the latter be free from ripple (§ 84) which
would eause frequencey variations at the ripple-
frequency rate (frequeney modulation). 1t is ad-
vantageous to use n voltage-stabilized power
supply (§ 8-8). Sinee the oxeillator usually is
operated at low voltage and current, VR-type
gaseous regulator tubes are quite suitable.

Power level — The self-controlled oscillator
should be designed purely for frequency con-
trol and not to give appreciable power output,
henee small tubes of the receiving type may be
used. The power input ordinarily is not more
than n watt or two, subsequent buffer ampli-
fiers being used to inerease the power to the
desired level. The use of receiving tubes is
advantugeous mechanieally, since the small
clements are less suseeptible to vibration and
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usnally are securely braced to the envelope of
the tube.

Oscillator adjustment — The adjustment
of an oscillatoi consists prineipally in observ-
ing the design principles outlined in the pre-
ceding paragraphs. Frequencey stability should
be checked with the aid of a stable receiver.
An auxiliary erystal oscillator may be used as a
standard for checking dyvnamic stability and
drift, the self-controlled oscilintor being ad-
justed to approximately the swme frequency
£0 that an audio-frequency beat (§ 2-13) can
be obtained. I it is possible to vary the osal-
lator plate vaoltage (an adjustable resistor of
50,000 or 100,000 ohims i serie~ with the plate
supply lead will give copnsiderable vanation),
the change in frequency with change in plate
voltage may be observed and the operating
conditions waried until nunimum frequency
shift results. The principal factors affeeting
dynamie stability will be the tank circuit
L/t ratio, the grid-leak resistance, and the
amount of feed-back. In the electron-roupled
circuit the latter may be adjusted by changing
the cathode tap on the tank coil; eritical ad-
justment is required for optimum stability.

Drift may be checked by allowing the oscil-
lator to operate eontinuously from a cold start,
the frequency change being observed at reg-
ular intervals, Drift may be minimized by us-
ing less than the rated power input to the plate
of the tube, by censtruction which prevents
tube heat from reaching the tank eircuit cle-
ments, and by use of large wire in the tank coil
to reduce tomperature rise from internal heating.

In the clectron-coupled oscillator having a
tuned plate cireuit (Fig. 334). resonanee at the
fundamental and harmonic frequencies of the
oscillator portion of the tube will be indieated
by a decrease in plate current as the plate tank
condenser is varied. This < dip’ is less marked
at the fundamental than on harmonies,

¢ 4-3 Crystal Control

Characteristiecs — Piezoclectric  erystals
(§ 2-12-1)) are widely used for controlling the
frequencey of transmitting oscillators, hecnuse
the extremely high @ of the crystal and the
necessarily loose conpling between it and the

Fig. 403 — Triode erystal oscillator. The tank eon-
denser, Cr, may be a 100-gefd. variable, with [y propor-
tioned so that the tank will tune to the erystal frequency.
Cz should be 0001 ofd. or larger. 'Vhe grid leak, K,
will vary with the ty pe of tubes high-g tubes take values
of 2500 to 10,000 ohms, while medinm and low.g types
take values of 10,000 to 25,000 ohms. A small flashlight
bulb or r.f. milliammeter (§ 4-3) may be inserted at X.
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oscillator tube make the frequency stability
of a crystal-controlled oscillator very high.

The ability to adhere closely to a known fre-
queney is the outstanding charncteristic of a
crystal oseillator, This alzo is a disadvantage, in
that a different erystal is required for each fre-
queney on which the transmitter is to operate.

Power limitations — The temperature of
a crvstal depends not only on the temperature
of 1ts surroundings but also on the power if
minst dissipate while oseillating, sinece power
dissipation eauses heating (§ 2-6. 2-8). Clonse-
quently, the ervstal temperature i operation
mayv be considerably above that of the sur-
rounding air. To mimnuze heating and fre-
queney  drift (§3-70, the power  dissipated
must be kept to a mininnnmn,

If the crvstalis made to oscillate too strongly,
as when it s used inoan oscillator arent with
high plate voltage and excessive feed-back, the
amphtude of the mechanieal vibration will
become great enough to crack or puncture the
quartz. An indication of the vibration amph-
tude Gind power dissipated) can be obtaimed by
conneeting an .. current-indicaing deviee of
suilabie range in series with the erystal, Safe
rA. ervstal currents range from 50 to 200 milli-
anperes, depending apon the type of erystal
cut. A flashiight bulby or diad light of equivalent
current rating makes a good current indicator,
By choosing a bulb of lower rating than the
current speeified by the manufaciurer ax sufe
for the partienlar type of erystal used, the bulb
will serve as a fuse, burning out bhefore a cur-
rent dangerous to the erystal is reached. The
60-mia, and 100-ma. bulhs may be used for this
purpose.

Crystal monntings — To make use of the
crvstal, it must be mounted between two metal
clectrodes, There are two types of mountings,
ane having n small air-gap between the top
plateand the eryatal and the other maintaining
both plates in contact with the erystal. It is ex-
sentinl that the surfaees of the metal plates in
contaet with the ervstal be perfeetly flat. In
the air-gap type of holder, the frequency of
oscillation depends to some extent upon the
size of the gap, By using a holder having a top
plate with closely adjustable spacing, a con-
trollable frequeney variation can he obtained.
A suitable 3.5-Me. erystal will oxeillate without.
greal varintion in power output over a range of
about & ke. N- and Y-eut erystals arve not
generally suitable for this type of operation;
they have a tendeney to *jump ™ in frequeney
with different air gaps.

A holder having a heavy metal bottom plate
with a large surface exposed to the air is ad-
vantageous in that it radiates quickly the
heat generated in the erystal, thereby reducing
temperature effects.  Different  plate  sizes,
pressures, cte., will cause slight changes in
frequency, so that if a erystal is being ground
to an exact frequency it should be tested in the
same holder and in the same oscillator cirenit
with which it will be used in the transmitter,
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Fig. 404 — Tetrode or
pentode crystal oscil-
lator. 1'ypical values:
Ci1, 100 puufd., with L
wound to suit fre-
quency; Ce, Ca, 0.001
wfd. or larger: Cy, 0.01
ufd.s Ry, 10,000 to
50,000 ohms (valne de-
1termined by trial)s
Rz, 250 to 400 ohms.

¢ 4-4 Crystal Oscillators

Triode oscillators — The triode crystal os-
cillator eircuit (§ 3-7) is shown in Fig. 403.
The limit of plate voltage that can be used
without endangering the crystal is about 250
volts. With the r.f. crystal current limited to a
safe value of about 100 ma., the power output
obtainable is about 5 watts. The oscillation
frequency is dependent to some extent on the
plate tank tuning, beeause of the change in in-
put capacity with changes in effective ampli-
fication (§ 3-3).

Tetrode and pentode oscillators — Since
the power output of u erystal oscillator is lim-
ited by the permissible r.f. erystal current
(§ 4-3), it is advantageous to use an oscillator
tube of high power sensitivity (§ 3-3) such as
a pentode or beam tetrode (§ 3-3). Thus for a
given erystal voltage or current more power
output may be obtained than with the triode
oscillator, or for a given output the crystal
voltage will be lower, thereby reducing erystal
heating. In addition, tank-circuit tuning and
loading react less on the erystal frequency be-
cause of the lower grid-plate capacity (§ 3-3).

Fig. 404 shows a typical pentode or tetrode
oscillator circuit. Pentode and tetrode tubes
originally designed for audio power work are
excellent erystal-oscillator tubes. The screen
voltage is generally of the order of half the
plate voltage for optimum operation. Small
tubes rated at 250 volts for audio work may be
operated with 300 volts on the plate and
100-125 on the screen as erystal oscillators.
The screen is at ground potential for r.f. and
has no part in the operation of the circuit
other than to set the operating characteristics
of the tube. The larger beam tubes may be
operated at 400 to 500 volts on the plate and
250 on the sereen for maximum output.

Pentode oscillators operating at 250 to 300
volts will give 4 or 5 watts output under nor-
mal conditions. Beam-type tubes such as the
61.6 and 807 will give 15 watts or more at
maximum plate voltage.

The grid-plate capacity may be too low to
give suflicient feed-back, particularly at the
lower frequencies, in which case a feed-back
condenser, 5, may be required. Its capacity
should be the lowest value which will give stable
oscillation; 1 or 2 uufd. is generally suflicient.
Ry and C4 may be omitted, connecting the
cathode directly to ground, if plate voltage is
limited to 250 volts. C; (if needed) may be
formed by two metal plates Y4-inch square
spaced 14 inch. If the tube has a suppressor
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grid, it should be grounded. X indicates where
a flashlight bulb may be inserted (§ 4-3).

Circuit constants — Typical values for
grid-leak resistances and by-pass condensers
are given in Figs. 103 and 404. Since the
erystal is the frequency-determining element,
the @ of the plate tank eircuit has a relatively
minor effeet on the oscillator frequency. A @
of 12 (§ 4-8) is satisfactory for average condi-
tions, but some departure from this figure will
not greatly affect the performance of the
oscillator.

Adjustment of ervstal oscillators — The
tuning characteristies and procedure to be fol-
lowed in tuning are essentially the same for
triode, tetrode or pentode crystal oscillators.
Using a plate milliammeter as an indicator
of oscillation (a 0-100 ma. d.c. meter will have
ample range for all low-power oscillators), the
plate current will be found to be steady when
the circuit is in the non-oscillating state, but
will dip when the plate condenser is tuned
through resonance at the crvstal frequency.
Iig. 405 is typical of the behavior of plate cur-
rent as the tank condenser capaeity is varied.
An r.f. indicator, such as a small neon bulb
touched to the plate end of the tank coil, will
show a1 maximum indication at point A. How-
ever, when the oseillator is delivering power to
a load 1t is best to operate in the region B-C
sinee the oscillator will be more stable and
there is less likelihood that a slight change in
loading will throw the cireuit out of oscillation,
which is likely to happen when operation is too
near the eritical point, .1. The erystal current
also 1s lower in the B-C region.

When power is taken from the oscillator the
dip in plate current is less pronouneed, as in-
dicated by the dotted curve. The greater the
power output, the smaller the dip in plate cur-
rent. If the load is made too great, oscillations
will not start. Loading is adjusted by varying
the coupling to the load circuit (§ 2-11).

Loaded

Fig. 105 — Curves showe-
ing d.c. plate current vs.
plate-circuit tuning in a
crystal oscillator, both
with and without load.
These curves apply equally
to the triode, tetrode or
peatode crystal oscillator,

ALATE CURRENT

ax ryminG capaciTy M7

The greater the loading, the smaller the volt-
age fed back to the grid circuit for excitation
purposes. This means that the r.f. voltage
across the erystal also will be reduced under
load, henee there is less erystal heating when
the oscillator is delivering power than when it
is unloaded.

Failure of a crystal circuit to oscillate may
be causcd by any of the following:

1) Dirty, chipped or fractured erystal.

2) Imperfect or unclean holder surfaces.

3) Too tight coupling to load.

4) Plate tank circuit not tuning correctly.

5) Insufficient feed-back capacity.




Fig, 406 — Pierce os-
cillator eireuit, Ry is
25.000 to 50,000 ohma,
Rz is 1000 ohmx; Rs,
73,000 ohms for a 61703
Cr, 0001 t0 001 ufd.;
Cz and Cs, 0,01 ufd.
For values of Cz and
Cs, see text.

oscillator — This circuit, Fig. 406,

Pierce
is equivalent to the ultraudion cireuit (§3-7).
with the erystal replaeing the tuned circuit.

Although the output is small, it has the ad-
vantage that no tuning controls are required.
The circuit requires eapacitive coupling to a
following stage. The amount of feed-back ix de-
termined by the condenser, ('s; its capacity
must be determined by experiment, usual val-
ues being between 50 and 150 uufd. To sustain
oscillation, the net reactance (§2-8) of the
plate-cathode cireuit mu=t be capacitive; this
condition is met so long as the inductance of
the r.f. choke, together with the inductance
of any coils associated with the input circuit
of the following stage and the tube and stray
capacities, forms a cireuit tuned to a lower
frequency than that of the erystal,

Tubes such as the triode 6C5 and pentode
616 are suitable for use in this eircuit. (When a
triode is used the sereen-voltage dropping
resistor, I,. and by-pass condenser, Cy, in Fig,
406 should, of course, be omitted.) The applied
plate voltage should not exceed 300, to prevent
erystal fracture. ‘The capacity of the output-
coupling condenser, €5, should be adjnsted
by experiment so that the oseillator is not over-
loaded: usually 100 gefd. is a satisfactory value.
€ 4-5 Harmonic-Generating Crystal
Oscillators

Tri-tet oscillator — 'I'he Tri-tet oscillator
circuit is shown in Fig, 107. In this circuit the
screen grid is operated at ground potential
and the cathode a2t an r.f. potential above
ground. The sereen-grid acts as the anode of a
triode ervstal oscillator, while the plate or out-
put circuit ix tuned to the oseillator frequeney
or, for harmonie output, to a multiple of it.

RBesides giving harmonice output, the Tri-tet
circuit has the “buffering’ feature of electron-
coupling between ervstal and ontput circuits
(§ 4-2). I'his makes the erystal frequency less
susceptible to changes in loading or tuning, and
hence improves the stahility.

If the output circuit is to be tuned to the
same frequency as the erystal, a tube having
low grid-plate capacity (§ 3-2, 3-5) must be
used. Otherwise there may be excessive feed-
back with consequent danger of fracturing the
crystal. The eathode tank cireuit, £y €'y, is not
tuned to the frequeney of the erystal, but to a
considerably higher frequeney. Recommended
values for L) are given under the diagram. €y
should be set to as near minimum capacity as is
consistent with good output. This reduces the
crystal voltage.
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With pentode-type tubes having separate
suppressor connections, the suppressor may be
either connected directly to ground or oper-
ated at about 50 volts positive. The latter
method will give somewhat higher output.

With transmitting pentodes or heam tubes
operated at 500 volts on the plate an output of
15 watts can be obtained on the fundamental
and nearly as mueh on the second harmonie.

Grid-plate oscillator — In the grid-plate
oscillator, Fig. 408, the erystal is connected be-
tween grid and ground and the eathode tuned
cirenit, Co and RFC, is tuned to a frequency
lower than that of the erystal. This cireuit gives
high output on the fundamental crystal fre-
queney with low ervstal current, The output on
even harmonies (2nd, 4th, ete)) is not so great
as that obtainable with the Tri-tet. but on odd
harmonies (3rd, 5th, c¢te)) the output is ap-
preciably better.

If harmonic output ix not needed, ('a may be
a fixed capacity of 100 pufd. The eathode coil,
RFC, may be a 2.5-mh. choke, since the in-
ductance is not eritical.

Output power of 15 to 20 watts at the erystal
fundamental may be obtained with a tube
such as the 6L6G at plate and screen voltages
of 400 and 250, rexpectively,

Tuning and adjustment — The tuning pro-
cedure for the Tri-tet oscillator is as follows:
With the eathode tank condenser at about
three-quarters seale turn the plate tank con-
denser until there is a sharp dip in plate cur-

-8 +56. +8B

Fig. 407 — I'ri-tet osciflator cirenit, using pentodes (A)
or beam l((rmh B (B) Cy and C2 drn ’()().ppfd variable
condensers, Ca, Cy, "Cs, Cs, may be 0,001 to 0.01 ufd.s

their values are not eritical. Ry, 20,000 to 100,000 ohmﬂ
Rz should be 400 ohms for 400- or 500-volt operation.
T'he following speeifications for the cathode eoils, L, are
based on a diameter of 114 inches and a length of 1 inch;
turns should be spaced evenly to fill the required length:
for 1.75-Mec. erystal, 32 turns; 3.5 Me., 10 turns; 7
Me., 6 turns, The sereen should be operated at 250 volts
or less, Audio heam tetrodes such as the 616 and 6L6G
should he used only for second-harmenie output. A flash-
light bulb may be inserted at the point marked X (§ 4-3).
The L /C ratioin the plate tank, L2(z, should be such that
the capacity in use is 75 10 100 uufd. for fundamental
output and about 25 uufd. for second-harmonic output,
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6VEG. 6L6,6L66

Grid-plate erystal oscillator eireuit. In the
cathode cireuit, RFC i< a 2.5.mh. r.f. choke. Other con-
atants are the same as in Fig, 107, \ erystal-current in-
dicator may be inserted at the point marked X (§ 1-3).

Fig. 108

rent, indicating that the plate eircuit ix in
resonance. The erystal should be oscillating
continuously, regardless of the setting of the
plate condenser. Set the plate condenser so
that plate current is minimum. The load cir-
cuit may then be coupled and adjusted so
that the oscillator delivers power. The mini-
mum plate current will rise; it may be neces-
sary to retunethe plate condenser when the load
is coupled to bring the plate current to a1 new
minimum. Fig, 409 shows the typical behavior
of plate current with plate-condenser tuning.

After the plate cireuit is adjusted and the
oscillator is delivering power, the eathode
condenser should be readjusted to obtain
optimum power output. ‘T'he setting should be
as far toward the low-capacity end of the seale
as is consistent with good output: it may, in
fact. be desirable to sacrifice a little output if
s0 doing lowers the current through the erystal
and thus reduces heating,

For harmonie output the plate tank circuit
is tuned to the harmonie instead of the funda-
mental of the crystal frequency. A plate-cur-
rent dip will oecur at the harmonie. If the
cathode condenser is adjusted for maximum
output at the harmonie, this adjustment will
usually serve for the fundamental as well. The
erystalshould be checked for exeessive heating,
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the most effective remedy being to lower plate
and /or screen voltage or to reduce the loading.
Maximum r.f. voltage across the erystal is de-
veloped at maximum load, so heating should
be checked with the load coupled.

When a fixed cathode condenser is used in
the grid-plate osecillator the plate tank circuit is
simply resonated, as indicated by the plate-
current dip, to the fundamental or & harmonic
of the output frequency, loading being ad-
justed to give optimum power output. If the
variable cathode condenser is used, it should be
set to give, by observation, the maximum
power output consistent with safe erystal cur-
rent. The variable condenser i uscful chiefly in
increasing the output on the third and higher
harmonies: for fundamental operation, the
cathode eapacity is not eritieal and the fixed
condenser may be used,

Fig. 109 — Curves show-
ing d.e, plate current vs,
plate-condenser  tuning,
both with and withont
load. for the ‘I'ri-tet oseil-
lator. The setting for
minimum plate eurrent
may shift with loading.

PLATE CURRENT

e

TUNING CAPACITY

Q 4-6 Interstage Coupling
Requirements — I'he purpose of the inter-
stage coupling system is to transfer, with as
little encrgy loss as possible, the power devel-
oped in the plate eireuit of one tube (the driver)
to the grid circuit of the following amplifier
tube or frequeney multiplier. The circuits in
practical use are based on the fundamental
coupling arrangements deseribed in § 2-11. In
the process of power transfer, impedance trans-
formation (§2-9) frequently is necessary =o
that the proper exeiting voltage and enrrent
will be available at the grid of the driven tube.

d}——)
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Fig. 410 — Direct- or capacity-coupled driver and amplifier stages. The coupling capacity may be from 50 uufd.
to 0.002 wfd.; it is not critical except where tapping the coils for control of excitation is not possible. Parallel
plate feed to the driver and series grid feed to the amplifier may be substituted in any of these circuits (§3-7).
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Capacity coupling — Fig. 410 shows several
types of capacitive eoupling. In each case, C
is the coupling condenser. The eoupling con-
denser serves also as a blocking condenser
(§ 2-13) to ixolate the d.c. plate voltage of the
driver from the grid of the amplifier. The ecir-
cuits of C and D are preferable when a bal-
anced circuit is used in the output of the
driver; instead of hoth tubes being in parallel
across one side, the output eapacity of the
driver tube and the input eapaeity of the am-
plifier are across opposite sides of the tank
cireuit, thereby preserving a better cireuit bal-
ance. The cireuits of E and F are designed for
coupling to a push-pull stage.

In A, B, E and I', excitation is adjusted by
moving the tap on the eoil to provide an opti-
mum impedance mateh. In E and I, the two
grid taps should be maintained cquidistant
from the center-tap on the coil.

While capacitive coupling is simplest from
the viewpoint of construetion, it has certain
disadvantages. The input capacity of the am-
plifier is shunted across at least a portion of the
driver tank eoil. When added to the output
capacity of the driver tube, this additional ea-
pacity may be =uflicient, in many easex, to
prevent use of o desirable L/ ratio in cireuits
for frequencies above about 7 Me.

Link coupling — At the higher frequencies
it ix advantageous in reducing the effeets of
tube capaeities on the L (' ratio to use separate
tank cireuits for the driver plate and amplifier
grid, coupling the two eircuits by means of a
link (§2-11) 'This method of coupling also
has some construetional advantages, in that
separate parts of the transmitter may be con-
strueted as separate units without the neces-
sity for running long leads at high r.f. potential,

DRIVER AMP
@) = g Link” L =
+8 -c
DRIVER AMP:

Lok ”

£ }'

Fig. 411

Link coupling hetween driver and amplifier.
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Circuits for link coupling are shown in Fig.
411. The coupling ordinarily is by a turn or
two of wire eloscly coupled to the tank induct-
ance at a point of low r.f. potential, such as the
center of the coil of a balanced tank circuit or
the “ground” end of the coil in a single-ended
cireuit. The link line usually consists of two
eloscly spaced parallel wires; occasionally the
wires are twisted together, but this usually
causes undue losses at high frequencies.

It is advisable to have some means of vary-
ing the coupling between link and tank coils.
The link coil may be arranged to be swung in
relation to the tank coil or, when it consists of
a large turn around the outside of the tank coil,
may be split into two parts which ean be pulled
apart or elosed somewhat in the fashion of a
pair of calipers. If the tank coilz are wound on
forms. the link may be wound close to the main
coil.

With fixed coils, some adjustment of cou-
pling usually can be obtained by varying the
number of turns on the link. In general, the
proper number of turns for the link must be
found by experiment.

€ 4-7 R.F. Power-Amplifier Circuits

Tetrode and pentode amplifiers — When
the input and output circuits of an r.f. ampli-
fier tube are tuned to the same frequeney it
will useillate as o tuned-grid tuned-plate oscil-
lator, unless some menns is provided to climi-
nate the effects of feed-back through the plate-
to-grid eapacity of the tube (§3-5). In all
transmitting r.i. tetrodes and pentodes, this
capacity is reduced to a satisfactory degree hy
the internal shielding between grid and plate
provided by the sereen. Tetrodes and pentodes
designed for audio nse (such as the 6L6, 6V6,
61°6, ete.) are not sufficiently well sereened for
use as r.0. amplifiers without employing suit-
able means for nullifying the effect of the grid-
plute capaeity.

Typical circuits of tetrode and pentode r.f.
amplifiers are shown in Fig. 412. The high
power sensitivity (§ 3-3) of pentodes and tet-
rodes, makes them prone to self-oxcillate with
very small values ol feed-back voltuge, how-
ever, so that particular care must be used
to prevent feed-back by means external to the
tube itself. This ealls for adequate isolation of
plate and grid tank circuits to prevent unde-
sired magnetie or capacity coupling hetween
them. The requisite isolation can be secured
either by keeping the eirenits well separated
and nounting the coils so that magnetic cou-
pling is minimized, or by the use of interstage
shielding (§ 2-11).

Triode amplifiers — The feed-back through
the grid-plate eapacity of o triode cannot be
eliminated, and therefore special cireuit means
called neutralization must be used to prevent
oscillation. A properly neutralized triode am-
plifier then behuves as though it were operating
at very low frequencies, where the grid-plate
capacity feed-back is negligible (§ 3-3).
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Fig, 412 'I's pical tetrode-pentode v f amplifier eirenits,
Ciy — 0.01 ufd, ¢ 0,001 ufd. (-1 See § 1.8,
In circuits for terrodes, the suppressor-grid connection
and its associated by-pass condenser are omitted.

Neutralization — Neutralization  amounts
to taking some of the radio-frequency current
from the output or input circuit of the am-
plifier and introducing it into the other circuit
in such a way that it effectively cancels the
current flowing through the grid-plate capuacity
of the tube, thus rendering it impossible for the
tube to =upply its own excitation. For com-
plete neutralization of the amplifier. the two
currents must be opposite in phase (§ 2-7) and
equal in amplitude.

t
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Fig. 413 — Neutralized triode amplifier eirenits,

C.L —See §4-8. (;-L, — Grid tank cireuit.

Plate nentralization is shown in A, B and C. while
show types of grid neutralization, Either capacitive or link coupling may be used with the cirenits of A, B or C.

(» — Neutralizing condensera.
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The out-of-phase current (or voltage) ean be
obtained quite readily by using a balanced
tank cireuit for either grid or plate, taking the
neutralizing voltage from the end of the tank
opposite that to which the grid or plate is
connected. The amplitude of the neutrulizing
voltage ean be regulated by means of a small
condenser, the newtralizing condenser, having
the same order of capacity as the grid-plate
capacity of the tube. Circuits in which the
neutralizing voltage is obtained from a bal-
anced grid tank and fed to the plate through
the neutralizing condenser are grid-neutralized
circuits, while if the neutralizing volinge is
obtained from a balaneed plate tank and fed to
the grid the cireuit s plate-neutralized.

Plate-neutralized cireuits — The cireuits
for plate neutralization are shown in Fig. 413
at A, Band C. In A, voltage indueced in the
extension of the tank coil is fed back to the
grid through the neutralizing condenser, (', to
balance the voltage appearing between grid
and plate. Tn this cireuit, the capacity required
at C, increases as the tank eoil extension is
made smaltler: in general, neutralization ix sat-
isfactory over onlyv a =mall range of frequencies
since the coupling between the two seetions of
the tank coil will vary with the amount of
eapacity in use at (7,

In B the tank eail is eenter-tapped to give
cqual voltages on either side of the center tup,
the tank eondenser heing across the whole ¢oil,
The neutralizing eapacity is approximately
equal to the grid-plate capacity of the tube, in
this case. A dizadvantage of the circuit, when
used with the single tank condenser shown, is
that the rotor of the condenser is above ground
potential, and henee small capacity changes
cau=cd by bringing the hand near the tuning
control (hand capacity) cause detuning. In gen-
eral, neutralization is complete at only one

Iotwplif T\f\ F 5

Output  circutts | Ly TH

E_, Cubput
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D, E and I
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frequency since the plate-cathode capacity of
the tube is across only half the tank coil; also,
it i ditficult to secure an exact center-tap. Both
of these factors cause unbalance, which in turn
eauses the voltages across the two halves of the
coil to differ when the frequeney is changed.
The eircuit of C also uses a center-tapped
tank circuit, the voltage division being secured
by use of a balanced (split-stator) tank con-
denser, the two condenser sections being iden-
tical. Cn is approximately equal to the grid-
plate capacity of the tube. In this circuit the
upper seetion of the tank condenser is in paral-
lel with the output capacity of the tube, hence
the circuit can be completely neutralized at
only one setting of the tank condenser unless a

Fig. 14— Compen-
sating forunbalanee in
the single-tube neu-
tralizing  circuit, €,
the balancing vonden-
ser. has a maximum
capacity somewhat
lareer than the output
capacity of the tube,

compen=ating capacity (Fig. 414) is conneeted
across the lower seetion. It is adjusted =o the
neutralizing condenser need not be changed
when frequeney is shifted. In practice. if the
capacity in use in the tank circuit is large com-
pared to the plate-eathode eapacity the unbal-
ancing effect is not serious.

Grid-neutralized  circuits — I'ypical  cir-
cuits employing grid neutralization are shown
in Fig. 413 at D, I and F. The prineiple of bal-
ancing out the fecd-back voltage is the same as
in plate neutralization. However, in these cir-
cuits the neutralizing voltage may be either in
phase or out of phase with the excitation volt-
age on the grid =ide of the input tank eirenit
depending upon whether the tank is divided by
menns of a balineed condenser or a tapped ecoil,
Cirenits such as those at D amd L neatradized
by ordinury procedure (deseribed below, will
be regenerative when the plue voltage is ap-
plied; the eircuit at 1" will be degenerative, In
addition the normal unbalaneing effeets previ-
ously deseribed are present, so that grid neu-
tralizing is less satisfactory than the plate
method.

Induective neutralization — With this type
of neutralization, inductive coupling between
the grid and plate cireuits is provided in such a
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way that the voltage induced in the grid coil by
magnetic coupling from the plate coil opposes
the voltage fed back through the grid-plate
capacity of the tube. A representative eireuit
arrangement, using a coupling link to provide
the ntual inductance (§2-11), is shown in
Fig. 415-A. The link coils are of one or two
turns coupled to the grounded ends of the tank
coils. Neutralization is adjusted by moving the
link coils in relation to the tank eoils. Reversal
of connections to one coil may be required for
proper phasing. Ordinary inductive coupling
between the two coils also could be used, but it
is less convenient. Induetive neutralization is
complete only at one frequeney sinee the effee-
tive mutual induetanee changes to some extent
with tuning, but ix useful in eases where the
grid-plate eapacity of the tube is very small
and suitable cireuit bulanee cannot be obtained
by using nceutrealizing condensers,

Another form of neutralization, known as
“eoll™ or “shunt’ neatralization, is shown at
B. Its operation is based on making the induet-
anece ol L, such that, together with the grid-
plate capacity of the tube, it resonates at the
operating frequeney. (5 is merely a plate-volt-
age blocking condenser. If the O of the coil
is sufliciently high, the parallel resonant im-
pedance between grid and plate is mueh higher
than the grid-eathode eirenit tmpedance. Be-
causze the system is difficult to adjust and fune-
tions xatizfactorily only at one frequeney, it is
used chiefly in fixed-frequeney transmitters.
The variation in Fig, 414-C 1s useful for v.h.f.
In this arrangement the coil is replaced by a
parallel line, the effeetive length of which is
adjusted until it ix resonant when loaded by
the grid-plate capacity.

Push-pull  neutralization — With  push-
pull circuits two neutralizing condensers are
used, asx shown in Fig. o116, In these eirenits, the
grid-plate capacities of the tubes and the neu-
tralizing eapacities form a eapacity bridge
(§ 2-11) which is independent of the grid and
plate tank cireuits. The neutralizing eapacities
are approximately the same as the tube grid-
plate capacities. With cleetrically similar tubes
and symmetrieal construetion (stray eapacities
to ground cqual on both sides of the circuit),
the neutralization is complete and independent
of frequeney. A circuit using a balanced con-
denser, as at B, is preferred, since it is an aid
in obtaining good circuit balance.
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Fig. ‘ll..;-—_ lndu.clnc m:ulrullznll(m cirenits, A, link neatralization. B, “coil™ or shunt
neutralization. C, modilied shunt neutralizing circuit for v.h.f, using a half-wave line,
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Frequency effects — The effects of slight
dissymmetry in a neutralized circuit become
more important as the frequency is raised, and
may be suflicient at the very-high frequencies
(or even lower) to prevent good neutralization.
At these frequencies the inductances and stray
capacities of even short leads become impor-
tant elements in the cireuit. while input load-
ing effects (§7-6) may make it impossible to
get proper phasing, particularly in single-tube
circuits. In such cases the use of a push-pull
amplifier, with its general freedom from the
effeets of dissymmetry, is not only much to be
preferred but may be the only type of cireuit
which ean be satisfactorily neutralized.

Neutralizing condensers — In most eases
the neutralizing voltage will be cqual to the
r.f. voltage between the plate and grid of the

Fig. 116 — "Cross-nentralized™ pushopull r.f. amplifier
cireuits. Either capacitive or link coupling may he used.
C-k — See § 18, Cn — Neatralizing condensers,
C1—0.01 pufd. C2 — 0.001 wfd. or larger.

tube, so that for perfeet balance the capacity
required in the neutralizing condenser theoret-
ically will be equal to the grid-plate capacity.
If, in the circuits having tapped tank coils, the
tap is more than half the total number of turns
from the plate end of the coil, the required neu-
tralizing capacity will increase approximately
in proportion to the relative number of turns in
the two sections of the coil.

With tubes having grid and plate con-
nections brought out through the bulb, a con-
denser having at about half-scale or less a ca-
pacity equal to the grid-plate capacity of the
tube should be chosen. If the grid and plate
leads are brought through a common base the
capacity needed is greater. because the tube
socket and its associated wiring adds some ca-
pacity to the actual interelement capacities.
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When two or more tubes are connected in
parallel, the neutralizing capacity required
will be in proportion to the number of tuhes,

The voltage rating of neutralizing con-
densers must at least equal the r.f. voltage
across the condenser plus the sum of the d.e.
plate voltage and the grid-bias voltage.

Neutralizing procedure — The procedure
in neutralizing is essentially the same for all
tubes and circuits. The filament of the tube
should be lighted and excitation from the pre-
ceding stage fed to the grid eireuit. There
should be no plate voltage on the amplifier.

The grid-circuit milliammeter makes a good
neutralizing indicator, If the circuit is not com-
pletely neutralized. tuning of the plate tank eir-
cuit through resonance will change the tuning of
the grid eireuit and affect its loading, causing a
change in the rectified d.c. grid current. The
setting of the neutralizing condenser which
leaves the grid current unaffected as the plate
tank is tuned through resonance is the correet
one. If the cireuit is out of neutralization, the
grid current will drop perceptibly. as the plate
tank is tuned through resonance. As the point
of neutralization is approached, by adjusting
the neutralizing eapacity in small steps the dip
in grid current as the plate condenser is swung
through resonance will become less and less
pronounced, until, at exact neutralization,
there will be no dip at all. Further e¢hange of
the neutralizing capacity in the same direction
will bring the grid-current dip back. The neu-
tralizing condenser should alwayvs be adjusted
with a serewdriver of insulating material to
avoid hand-eapacity effects.

Adjustment of the neutralizing condenser
may affeet the tuning of the grid tank or driver
plate tank, so both cireuits should be retuned
each time a chauge is made in neutralizing
capacity. In neutralizing a push-pull amplifier
the neutralizing condensers should be adjusted
together, step by step, keeping their capacities
as equal as possible.

With single-ended circuits having split-stator
neutralizing, the behavior of the grid meter
will depend somewhat upon the type of tube
used. If the tube output eapacity is not great
enough to upset the balance, the action of the
meter will be the same as in other circuits.
With high-capacity tubes, however, the meter
usually will show a gradual rise and fall as the
plate tank is tuned through resonance, reach-
ing a maximum right at resonance when the
circuit is properly neutralized.

When an amplifier is not neutralized a neon
bulb touched to the plate of the amplifier tube
or to the plate side of the tuning condenser will
glow when the tank circuit ix tuned through
resonance, providing the driver has suflicient
power. The glow will disappear when the am-
plifier is neutralized. However, touching the
neon bulb to such an ungrounded point in the
circuit may introduce enough stray capacity
to unbalance the circuit slightly, thus upsetting
the neutralizing.
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Fig. 417 — Inverted amplifier. ‘The number of turns at
L should be adjusted by experiment to give optimum erid
excitation. By-pass condenser C is 0.001 ufd. or larger.

A flashlight bulb connected in series with a
single-turn loop of wire 214 or 3 inches in
diameter, with the loop coupled to the tank
coil, also will serve as a neutralizing indicator.
Capacitive unbalance can he avoided by
coupling the loop to the low-potential part of
the tank coil.

Incomplete neuatralisation — If o setting
of the neutralizing coudenser can be found
which gives minimum r.f. current in the plate
tank circuit without completely eliminating it,
there may be magnetic or capaeity coupling
between the input and output circuits external
to the tube itself. Short leads in neutralizing
circuits are highly desirable, and the input
and output inductances should be so placed
with respeet to each other that magnetic
coupling is minimized. Usually thix requires
that the axes of the coils must be at right
angles to caeh other. In some cases it may be
necessary to =hield the input and output cir-
cuit= from each other. Magnetie coupling can
be detected by disconnecting the plate tunk
from the remainder of the ecircuit and testing
for r.f. in it (by means of the flashlight lamp
and loop) as the tank condenser is tuned
through resonance. The driver stage must be
operating while this is done, of course.

With single-cnded amplifiers there are many
stray capacities left uncompensated for in the
neutralizing process, With large tubes, expe-
cially those having relatively high interelee-
trode capacitios, these commonly neglected
stray eapacities can prevent perfect neutraliza-
tion. Symmetrieal arrangement of a push-pull
stageisabout the only way to obtuin practically
perfeet balanee throughout the amplifier.

The neutralization of tubes with extremely
low grid-piate capacity, such as the 6L6, is
often difficult, since it frequently happens that
the wiring itself will introduce suflicient ca-
pacity between the right points to “over-
neutralize” the grid-plate capacity. The use
of a neutralizing condenser only aggravates
the condition. Induective or link neutralization,
as shown in Fig. 415, has been used suecessfully
with such tubes.

The inverted amplifier— The circuit of
Iig. 417 avoids the necessity for neutralization
by operating the contiol grid of the tube at
ground potential, thus muking it serve as a
shield between the input and output ecircuits.
It is particularly useful with tubes of low
grid-plate capacity, which are difficult to neu-
tralize by ordinary methods. Excitation is ap-
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plicd between grid and eathode through the
coupling coil, L: since this coil is common to
both the plate and grid cireuits the amplifier
is degenerative with the eircuit  constants
normaly weed, henee more excitation voltage
and power are required for a given output than
ix the ease with a neutralized amplifier. The
tube used must have low plate-eathode ca-
pacity (of the order of | upfd. or less) since
larger values will give suflicient feed-back to
permit it to oscillate, the circuit then becom-
ing the ultraudion (§ 3-7). Tubes having suf-
ficiently low plate-cathode capacity  (audio
pentodes, for example) can be used without
danger of oseillation at frequencies up to per-
haps 30 Me. or so.

¢ 4-8 Power Amplifier Operation
Eficieney — An rf. power amplifier is
usuzdly operated Class-(* (§ 3-4) to obtain a
reazonably  high  value of plate efficieney
(§3-3). The higher the plate efliciency the
higher the power input that can he applied to
the tube without execeding the plate dissipa-
tion rating (§ 3-2), up to the limits of other
tube ratings (plate voltage and plate current),
Plate efliciencies of the order of 75 per cent are
readdily obtainable at frequencies up to the
30 50-Me. region. The orer-all efliciency of the
amplifier will he Jower by the power lost in
the tank and conpling eirenits, so that the ac-
tual efticieney i~ less than the plate eflicieney.
Operating angle — The operating angle is
the proportionate part of the exciting grid-
voltage eyele (§2-7) during which plate cur-
rent flows, ax shown in Fig, 418. For Class-C
operation, it ix usually in the vicinity of 120-150
degrees. With other operating considerations,
thiz angle result< in anoptimum relationship be-
tween plate efficieney and grid driving power.
Load impedance — The load impedance
(§ 3-3) for an r.f. power amplifier is adjusted,
by tuning the plate tank eircuit to resonance,
to represent g pure resistance at the operating
frequeney (3 2-10). Its value, which usually is
in the neighborliood of a few thousand ohms, is
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Fig. 418 — Instantaneous voltages and currents in a
Class-C amplifier operating under optimum conditions,
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adjusted by varying the loading on the tank
circuit, eloser coupling to the load giving lower
values of load resistance and vice versa
(§ 2-11). The load may be cither the grid cir-
cuit of a following stage or the antenna eircuit,

For highest efficiency the value of load re-
sistance should be relatively high, but if only
limited execitation voltage is available greater
power output will be secured by using a lower
value of load resistance. I'he latter adjustment
ix accompanied by a decerease in plate effi-
cieney. The optimum load resistance is that
which, for the maximum permissible peak
plate current, causes the minimum instan-
tancous plate voltage (Fig. 418) to be equal to
the maximum instantancous grid voltage re-
quired to cause the peak plate current to flow;
this gives the optimum ratio of plate effi-
cieney to required grid driving power.

R.f. grid voltage and grid bias — For most
tubes optimum operating conditions result
when the minimum instantancous plate volt-
age is 10 to 20 per cent of the die. plate voltage,
so that the maximum instantancous positive
grid voltage must be approximately the sume
figure. Since plate current starts flowing when
the instantanecous voltage reaches the eut-off
value (§ 3-2), the due. grid voltage must be con-
siderably higher than cut-off to confine the
operating angle to 150 degrees or less (with grid
biax at cut-off, the angle would he 1850 degrees).
Foran angle of 120 degrees, the rf. grid voltage
must reach 50 per cent of its peak value (§ 2-7)
at the cut-off point. The corvesponding figure
for an angle of 150 degrees is 25 per eent. Henee,
the operating bias required is the cut-off value
plus 25 to 50 per eent of the peak r.f. grid volt-
age. These relations ave shown in Fig. 118, The
grid bias should be at least twice cut-off if the
amplifier is to be plate madulated, so that the
operating angle will be not less than 180 de-
grees when the plate voltage vises to twice the
steady d.c. valiue (§ 5-3). Beeause of their rela-
tively high amplification factors, with most
modern tubes Class-C" aperation requires con-
siderably more than twice cut-off bins to make
the operating angle fall in the region mentioned
above. Suitable operating conditions are usu-
ally given in the data accompanying the type
of tube used.

Grid bias may be secured cither from a bias
source (fired bias), a grid leak (§ 3-6) of suit-
able value, or from a combination of both.
When a bias supply is used, its voltage regula-
tion <hould be taken into consideration (§ 8-9).

Driving power — As indicated in Fig. {4138,
grid current flows only during a small portion
of the peak of the r.f. grid voltage cyvele. The
power consumed in the grid cireuit therefore is
approximately equal to the peak r.f. grid volt-
age multiplied by the average rectified grid
current as read by a d.e. milliammeter. The
peak r.f, grid voltage, if not included in the
tube manufacturer's operating data, can be
estimated roughly by adding 10 to 20 per cent
of the plate voltage to the operating grid bias,
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assuming the operating conditions are as de-
seribed above.

At frequeneiex up to 30 Me. or so, the grid
losses are practically entirely those resulting
from grid-eurrent flow. At the very-high fre-
quencies, however, dicleetric losses in the glass
envelope and base materials become appre-
ciable, together with losses caused by transit-
time effects (§7-6), and may necessitate
supplyving several times the driving power indi-
cated above. At any frequeney, the driving
stage should be capable of a power output
two to three times the power it is expected the
grid circuit of the amplifier will eonsume. This
is necessary beeause losses in the tank and
coupling cireuits must also be supplied, and
also to provide reasonably good regulation of
the rd. grid voltage. Good voltage regulation
(see § 8-1 for general definition) insures that
the waveform of the excitation voltage will not
be distorted beeause of the changing load on
the driver during the r.f. eycle.

Grid impedance — During most of the r.f.
grid-voltage eyele no grid current is flowing, as
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Fig. 119 — Chart showing tank capacities required
for a ) of 12 with sarions ratios of plate voltage to
plate current, for various frequencies. In cireuits F, G,
I (Fig. 120). the capacities shown in the graph may be
divided by four. [n cirenits C, Do F. 1L J and K, the
capacity of ecach section of the split-stator condenser
may be one-half that shown by the graph. 'The values
given by the graph should be nsed for cireuits A and B.
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indicated in Fig. 418, hence the grid impedance
is infinite. During the peak of the cycle, how-
ever, the impedance may drop to very low
values (of the order of 1000 ohms), depending
upon the type of tube. Both the minimum and
average values of grid impedance depend to a
considerable extent on the amplification factor
of the tube, heing lower with tubes having large
amplification factors.

The average grid impedance is equal to E*/P,
where I is the romes. (§ 2-7) value of rf.
grid voltage and 7”2 is the grid driving power.
Under optimum operating conditions, values of
average grid impedance ranging from 2000 ohms
for high-g tubes to four or five times asx much
for low-u tvpes are representative. Values in
the vicinity of 4000 to 5000 ohms are typical
of modern triodes with amplification factors
of 20 to 30.

Because of the large change in impedance
during the cyele, it is necessary that the tank
cireuit associated with the amplifier grid have
fairly high ). This is essential to provide suf-
ficlent, storage capuacity so that the voltage
regulation over the evele will be good. The
requisite Q@ may be obtained by adjusting the
L/C ratio or by tapping the grid circuit across
only part of the tank (§ 4-6).

Tank-circuit  ( — Besides serving as a
means for transforming the actual load resist-
ance to the regnired value of plate load im-
pedance for the tube, the plate tank circuit
also should suppress the harmonices present in
the tube output as a result of the non-sinusoidal
plate current (§ 2-7, 3-3). For satisfactory har-
monic suppression, a Q of 12 or more (with the
circuit fully loaded) ix desirable. A Q of this
order also is helpful from the standpoint of
securing adequate coupling to the load or an-
tenna cireuit (§ 2-11). The proper @ can be ob-
tained by suitable selection of L€ ratio in
relation to the optimum plate load resistance
for the tube (§ 2-10).

®
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For a Class-C amplifier opcrated under opti-
mum conditions as described above, the plate
load impedance is approximately proportional
to the ratio of d.c. plate voltage to d.c. plate
current, For a given effective @ the tank ea-
pacity required at a given frequency will be
inversely proportional to the parallel resistance
(§ 2-10), so that it will also be inversely pro-
portional to the plate-voltage/plate-current
ratio.

The tank eapacity required on various ama-
teur bands for a @ of 12 is shown in Fig. 419 as
a funetion of thix ratio. The capacity given is
for single-ended tank eircuits, as shown in Fig.
420 at A and B. When a balaneed tank cireuit
is used the total tank capacity reguired is re-
duced to one-fourth this value, becanse the tube
is connected across only half the eireuit (§ 2-9).
Thus. if the plate-voltage plate-current ratio
calls for a capacity of 200 wufd. in a single-
ended circuit at the desired frequency, only 50
wufd. would be needed in a balanced eirenit. If
a split-stator or balanced tank condenser is
used each section should have a capaeity of
100 pufd., the total capacity of the two in series
being 50 pufd. These are “in use’” eapacities;
not simply the rated maximm eapacity of the
condenser. Larger values may be used with an
inerease in the effeetive Q.

To reduce energy loss in the tank cireuit, the
inherent Q of the coil and condenser should be
high. Since transmitting coils usually have Qs
ranging from 100 to several hundred, the tank
transfer efliciency generally is 90 per cent or
more. An unduly large € L ratio is not advisa-
ble sinee it will resuit in large circulating r.f.
tank current and henee relatively Targe losses
in the tank. with a consequent reduction in the
power available for the load.

Tank constants — When the eapacity nee-
essary for a Q of 12 has been determined from
Fig. 419, the inductance required to resonate
at the given frequency can be found by means

0.002

)

Fig. 420 — In cirenits A, B, C D and B, the peak voltage E will be approximately equal to the d.c. plate voltage
applied for c.w. or twice this value for “phone. In cirenits F, G, 11, L J and K, E will be twice the d.c. plate voltage
for e.w. or four times the plate voltage for *phone. The circuit is assumed to be fully loaded. Tubes in parallel in
any of the circuits will not affect the peak voltage. Cirenits A, C, E, F, G and I require that the taok condenser
be insulated from chas<is or ground and that it be provided with a suitably insulated shaft coupling for tming.
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of the formula in § 2-10. Alternatively, the re-
quired number of turns on coils of various
construction can be found from the charts of
Figs. 421 and 422,

Fig. 421 is for coils wound on receiving-type
forms having a diameter of 113 inches and
ceramic forms having a diameter of 134 inches
and winding length of 8 inches. Sueh coils
would he suitable for oscillator and buffer
stages where the power is not over 50 watts.
In all cases, the number of turns given must be
wound to fit the length indicated and the turns
should be evenly spaced.

Fig. 422 gives data on eoils wound on trans-
mitting-type ceramic forms. In the case of the
smallest form, extra curves are given for
double spacing (winding turns in alternate
grooves). This is sometimes advisable in the
case of 11- and 28-Me. eoils when only a few
turns are required. In all other cases, the speci-
fied number of turns should bhe wound in the
grooves without any additional spacing.

Ratings of components — The peak voltage
to be expected between the plates of o tank
condenser depends upon the arrangement of
the tank circuit as well as the d.c. plate voltage.
Peak voltage may be determined from Fig. 420,
which shows all of the commonly used tank-
eircuit arrangements. These estimates assume
that the amplifier is fully loaded; the voltage
will rise considerably should the amplifier be
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Fig. 121 — Coil-winding data for recciving-type forms,
diameter 11, inches. Curve A — winding length, 1
inch; Curve B — winding length, 11, inches; Curve
C — winding length, 2 inehes. Curve C is al<o snitable
for coils wound on 13{-inch diameter transmittinga
type ceramie forms with 3 inches of winding length.,

operated without load. The figures include a
reasonable factor of safety.

The condenser plate spacing required to
withstand any particular voltage will vary
with the construetion, Most manufaeturers
specify peak-voltage ratings in describing their
condensers.,

Plate or screen by-pass condensers of 0.001
ufd. should be satisfactory for frequencies as
low as 1.7 Me¢. Cathode-resistor and filament
by-passes in r.f. cireuits should be not less than
0.01 ufd. Fixed condensers used for these pur-

500/ - 1A

400 N <,

350 |— T SN2 IR,

300 __f_“ N }\/')6‘ h@q

250 |- NN N /‘7(~ A’l‘,
o A NEER S Rt
%150--+__-X \5\&%}% I

P !

3'33 . NN LN
L BN N, ST
on ~C N 5 c-‘&:\-.l__ .

0 4 -
§ N
N |
°
3
2 ]
3
§
A Y

7 8910 20 24 28 30 3240
NUMBER OF TURNS ON CO/L,

Fig, 122 — Coil-winding Jdata for  ceramie transmit-
ting-type forms. Curve A — ceramic form 2V einch

effeetive diameter, 26 grooves, 7 per inch: Curve B —
same as A, but with turns wound in aliernate ErOOVes:
Curve € — ceramic form 27 .inch effective diameter,
32 grooves, 7.0 turns per inch, approximately: Curve
D) — ceramie form d-inch effectiv e diameter, 28 grooy es,
5.85 turns per inch, approximately: Curve K — ceramie
form S-inch effective diameter, 20 grooves, 7 per inch,
Coils may he wound with cither No. 12 or No. 14 wire.

poses should have voltage ratings 23 to 50 per
cent greater than the maximum d.e. or a.c,
voltage aeross them,

Interstage coupling condensers should have
voltage ratings 50 to 100 per cent greater than
the =um of the driver plate and amplifier grid-
biasing voltages.

€ 4-9 Adjustment of Power Amplifiers

Excitation — The effectiveness of adjust-
ments to the coupling between the driver plate
and amplifier grid cireuits can be gauged by the
relative values of amplifier rectified grid cur-
rent and driver plate current, the ohject being
to obtain maximum grid current with minimum
driver loading. The amplifier grid eircuit rep-
resents the load on the driver stage. and the
average grid impedanee must therefore be
transformed to the value for optimum driver
operition (§ 1-8).

With capacity coupling, either the driver
plate or amplifier grid must be tapped down on
the driver tank eoil, as shown in IFig. 410 at A
and B, unless the grid impedance is approxi-
mately the right value for the driver plate load,
when it will be satisfactory to conncet hoth
clements to the end of the tank. If the grid im-
pedance is lower than the required driver plate
load, Iig. 410-A is used; if higher, Fig. 410-1.
In cither case, the coupling which gives the
desired grid current with minimum driver load-
ing should be determined experimentally by
moving the tap. Should both plate and grid be
connected to the end of the cireuit it is some-
times possible to control the loading, when the
grid impedance is low, by varying the eapacity
of the eoupling condenser, (', but this method
is not altogether satisfuetory since it is simply
an expedient to prevent driver overloading
without giving suitable impedanee matching,
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In push-pull circuits the methed of adjust-
ment is similar, except that the taps <hould
be kept symmetrically located with respect to
the center of the tank cireuit.

With link coupling, Iig. 411, the object of
adjustment is the same. The two tanks arc
first tunced to resonanee, as indicated by maxi-
mum grid eurrent, and the coupling adjusted
by means of the links (§ 4-6) to give maximum
grid current with minimum driver plate cur-
rent. This usually will suffice to load the driver
to its rated output, provided the driver plate
and amplifier grid tank eircuits have reasonable
values of Q. If the Q) of one or both of the cir-
cuits is too low, it may not be possible to load
the driver fully with any adjustment of link
turns or coupling at cither tank. In such a case,
the Qs of the tank eircuits must be inereased to
the point where adequate eoupling is seeured.
If the driver plate tank is designed to have a Q
of 12, the difficulty almost invariably is in the
amplifier grid tank. The @ ean be increased to a
suitable value cither by adjustment of the L/C
ratio or by tapping the load across part of the
coil (§2-10).

Whatever the type of coupling. a preliminary
adjustment should be made with the proper
bias voltage and or grid leak, but with the
amplifier plate voltage off; then the amplifier
should be carcfully neutralized. After neutrali-
zation the driver-amplifier coupling should be
readjusted for optimum power transfer, after
which plate voltage may be applied and the
amplifier plate cireuit adjusted to resonance
and coupled to its load. Under actual operating
conditions the grid current deereases below the
value obtained without plate voltage on the
amplifier and the effective grid impedance
rises, hence the final adjustment is to re-check
the coupling to take care of this shift.

With recommended bias, the grid current ob-
tained before plate voltage is applied to the nm-
plifier should be 25 to 30 per eent higher than
the value required for operating conditions.
If thix value is not obtained, and the driver
plate input is up to rated value, the reason may
be either improper matching of the amplifier
grid to the driver plate or simply insuflicient
power output from the driver to take care of all
losses. Driver operating voltages should be
cheeked to assure they are up to rated values.
If batteries are used for bias and are not strictly
fre<h, they should be replaced, since batteries
which have been in use for some time often
develop high internal resistance which effec-
tively acts as additional grid-leak resistance.
If a rectified a.c. bias supply is used, the
bleeder or voltage-divider resistances should
be cheeked to make eertain that low grid cur-
rent is not caused by greater grid-circuit re-
sistance than is recommended. In this connec-
tion it is helpful to measure the actual bias
when grid current is flowing, by means of a
high-resistance d.e. voltmeter. There is also
the possibility of loss of filament emission of
the amplifier tube, cither from prolonged serv-
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ice or from operating the filament. under or
over the rated voltage.

Plate tuning — In preliminary tuning, it is
desirable to use low plate voltage to avoid
possible damage to the tube. With excitation
and plate voltage applicd, rotate the plate tank
condenser until the plate eurrent dips. Then set
the condenser at the minimum plate-current
point (rexonance). When the resonance point
has been found, the plate voltage may be
increased to its normal value.

With adequate excitation, the off-resonance
plate current of a triode amplifier may be two
or more times the normal operating value.
With sereen-grid tubes the off-resonance plate
current may not be much higher than the nor-
mal operating value, since the plate current is
principally determined by the screen rather
than the plate voltage.

Under rensonably eflicient operating condi-
tions the minimum plate current with the
amplificr unloaded will be a small fraction of
the rated plate current for the tube (usually a
fifth or less), since with no load the parallel
impedance of the tank ecircuit is high. If the ex-
citation ix low the “dip” will not be very
marked, but with adequate excitation the
plate current at resonance without loading will
be just high enough so that the d.e. plate
power input supplies all the lostes in the tube
and cireuit. As an indication of probable effi-
cieney, the minimum plate current value
should not be taken too seriously, because
without load the @ of
the cireuit is high and
the tank current rela-
tively large. When
the amplitier is de-
livering power to a

Joad, the circulating
current drops consid-
crably and the tank
losses correspondingly
deerease. High mini-
mum unloaded plate

PLATE CURRENT

TUNING CAPACITY

Fig, 423 — 'I'ypical behav-
jor of d.e. plate current
vs. tuning capacity in the
plate circuit of an amplifier.

current is chicfly en-

countered at 28 Me. and above, where tank
losses are higher and the tank L/C ratio is
usually lower than normal because of irre-
ducible tube capacities. The effect is particu-
larly noticeable with sereen-grid tubes, which
have relatively Ligh output capacity. Because
of the decrease in tank r.f. current with loading,
however, the actual cflicicney under load is
reasonably good.

With the load (antenna or following amplifier
grid circuit) connected, the coupling between
plate tank and load should be adjusted to make
the tube take rated plate current, keeping the
tank always tuned to resonance. As the output
coupling is increased the minimum plate cur-
rent wlso will inerease, about as shown in Fig.
423. Simultancously the tuning becomes less
sharp, because of the increase in effective re-
sistance of the tank. If the load circuit simu-
lates a resistance, the resonance setting of the
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tank condenser will be practically unchanged
with loading; this is gencrally the caxe, since
the load cireuit usually is also tuned to reso-
nanee. A reactive load (sueh as an antenna or
feeder system not tuned exactly to resonance)
muy  cause the tank condenser setting to
change with loading, since reactance as well as
resistanee is coupled into the tank (§ 2-11).

Power outpui — As o cheek on the opera-
tion of an amplifier, its power output may be
measured by the use of a load of known re-
sistance, eoupled to the amplifier output as
shown in Fig. 424, At A a thermoammeter, 3/,
and a noninductive (ordinary wire-wound re-
sistors are not satisfactory) resistance, F, are
connected across a coil of a few turns coupled
to the amplifier tank coil. The higher the re-
sistance of R, the greater the number of turns
required in the coupling coil. A resistor used
in this way is generally called a “dummy an-
tenna,” since its use permits the transmitter
to be adjusted without aetuully radiating
power. The loading may readily be adjusted
by varying the coupling between the two coils,
so that the amplifier draws rated plate current
when tuned to resonance. The power output is
then calculated from Ohm’s Law:

P (watts) = I°R

where I is the eurrent indicated by the thermo-
ammeter and R is the resistance of the non-
inductive resistor. Speelal resistanee units are
available for this purpose, rauging from 73 to
600 olims (simulating antenna and transmis-
sion-line impedanees) at power ratings up to
100 watts. For higher powers, the units may be
connected in series-parallel. The meter scale
required for any expected value of power out-
put may also be determined from Ohin’s Law:

P
I=JE

Ineandescent light bulbs ean be used to re-
place the special resistor and thermoammeter.
The lamp should be equipped with « pair of
leads, preferably soldered to the terminals on
the lamp base. The coupling should be varied
until the greatest brilliance is obtained for a
given plate input. In using lamps as dummy
antennas a size corresponding to the expected
power output should be selected, so that the
lamp will operate near its normal brilliancy.
Then, when the adjustments have been com-
pleted, an approximation of the power output
can be obtained by eomparing the brightness of
the lamp with the brightness of one of similar
power rating in a 115-volt socket.

The civeuit of Fig. 424-B is for resistors or
lamps of relatively high resistance. In using
this circuit, care should be taken to avoid ac-
cidental contact with the plate tank when the
power is on. This danger is avoided by circuit
C, in which a separate tank circuit, L€, tuned
to the operating frequeney, is coupled to the
plate tank circuit. 'The loading is adjusted by
varying the number of turns across which the
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dummy antenna is connected on L and by
changing the coupling hetween the two coils.
With push-pull amplifiers, the dummy antenna
should be tupped equally on either side of the
center of the tank when the circuit of TFig.
424-B 1s used.

Harmonic suppression — The most  im-
portant step in the elimination of harmonie
radiation (§ 4-8, 2-12) is to use an output tank
cireuit having a ¢ of 12 or more. Beyond this
it is desirable to avoid any considerable amount
of over-excitation of a Class-C' amplifier, since
excitation in excess of that required for normal
Class-C operation further distorts the plate-
current pulse and increases the harmonie con-
tent in the output of the amplifier even though
the proper tank @ is used. If the antenna sys-
tem in use will aceept harmonie frequencies
they will be radiated when distortion is present,
and consequently the antennua coupling system
preferably should be selected with harmonic
transfer in mind (§ 10-6).

Harmonic content ean be reduced to some
extent by preventing distortion of the r.f.
grid-voltage waveshape. This can be done by
using a grid tank circuit with high effective
Q. Link coupling between the driver and final
amplifier are helpful, since the two tank cir-
cuits provide more attenuation than one at the
harmonic frequencies, owever, the advan-
tages of link coupling in this respeet may be
nullified unless the () of the grid tank is high
cunongh to give good voltage regulation, which
minitizes harmonie transter and thus pre-
vents distortion in the grid cireuit,

The stray capacity hetween the antenna
coupling coil and the tank coil may be suflicient
to couple harmonic energy into the antenna
syvstem. This coupling may be eliminated by
the use of clectrostatic shielding (Faraday
shield) between the two coils. Iz, 425 shows
the construetion of such a shield, while Fig. 426
illustrates the manner in which it is installed.
The construction shown in Fig. 425 prevents
eurrent flow in the shield, which would occur
if the wires formed closed ecircuits since the
shiceld 1s in the magnetic ficld of the tank coil.

Tank cireuit
R
¢ 2 ®
Fig. 4210 — "Dummy P
antenna”™ cireuits for @k cirewt
checking poweroutput a
and making operating -
adjustment=inder load 7 ®
without applyving power |
to the actual antenna,
‘ Tank ctreuit
) :
2 = #C ©
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& Conﬂﬁé‘fleons Fig. 125 — The Faraday elcc-
trostatic shield for eliminating
capacitive transfer of har.
monie energy. It is made of
parallel conductors, insulated
from cach other except at one
end where all are joined. Suff
wire or small diameter rod
may be used, spaced about the
diameter of the wire or rod.
The shield should be larger
than the diameter of the coil.
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Should this occur, there would be maguetie
shielding as well as electrostatic; in addition,
there would be a power loss in the shield.

Improper operation — Inexact neutraliza-
tion or stray coupling between plate and grid
circuits may result in regeneration. Thix effect
is most evident. with low excitation, when the
amplifier will show a sudden inerease in output
when the plate tank eircuit is tuned slightly
to the high-frequeney side of resonanece. It is
accompanicd by a pronounced inerease in
grid current.

Self-oxcillation is apt to oceur with tubes of
high power sensitivity, such ax the r.f. pentodes
and tetrodes. In event of either regeneration
or oscillation, eircuit components should he
arranged so that those in the plate cireuit are
well isolated from those of the grid cireuit.
Plate and grid leads should be made as short
ax possible and the sereen should be by-passed
ax cloxe to the socket terminal ax possible.
eylindrieal shield surrounding the lower portion
of the tube up to the lower edge of the plate is
sometimes required.

“Dauble resonance,”” or two tuning spots on
the plate-tank condenser, one giving minimum
plate eurrent and the other maximum power
output, may occur when the tank cireuit Q ix
too low (§2-10). A similar effect also occurs
at times with =creen-grid amplifiers when the
sereen-voltage regulation (§ 8-1) is poor, as
when the sereen is supplied through a dropping
rexistor. The screen voltage deereases with a
decrease in plate current. beeause the sereen
current increaxes under the same conditions,
Thus the minimum plate-current point causes
the sereen voltage, and henee the power out put,
to be lesx than when a slightly higher plate
current is drawn.

A phenomenon known asx “grid emission”
may oceur when the amplifier tube is oper-
ated at higher than rated power dissipation on
either the plate or grid. It ix particularly likely
to oceur with tubes having oxide-coated cath-
odes, sueh as the indireetly heated types. Tt is
caused by the grid reaching o tempel vture high
enough to cause clectron cemission (§ 2-4).
The electrons xo emitted are attracted to the
plate, further increasing the power input and
heating, so that grid emission is charaeterized
by gradually inereasing plate current and heat
which eventually will ruin the tube if the power
is not removed. Girid emission can be prevented
by operating the tube within its ratings.
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€ 4-10 Parasitic Oscillations

Description — If the circuit conditions in
an oscillator or amplifier are such that self-
oscillation exists at some frequencey other than
that desired, the spurious oseillation is termed
parasitic. The energy required to maintain a
parasitic ascillation is wasted insofar as useful
output ix concerned, hence an oscillator or
amplifier having paraxities will operate at re-
duced eflicieney. In addition, its behavior at
the operating frequency often will be erratic.
Parasitic oseillations may be either higher or
lower in frequeney than the operating frequeney.,

The parasitic oscillation usually starts the
instant plate voltage is applied. or, when the
amplifier is biased beyond cut-off, at the instant
excitation ix applied. In the latter case, the
oscillation frequently will be self-sustaining
after the exeitation has been removed. At other
times the oscillation may not be self-sustaining,
becoming active only in the presence of exeita-
tion. [t may be apparent only by the produe-
tion of abnormal key clicks (§ 6-1) over a wide
frequeney range, or by the presence of xpurious
side-bands (§ 5-2) with "phone modulation.

Low-frequency parasitics — Parasitic os-
cillations at low frequencies (usually 500 ke. or
less) are of the tuned-plate tuned-grid type,
the tuned eireuits being formed by r.f. chokes
and associated by-puss and coupling condens-
ers, with the regular tank tuning condensers
having only a minor effeet on the oscillation,
The operating-frequeney tank coil has negligi-
ble inductance for such low frequencies and
may be short-circuited without affeeting the
oscillations. The ozeillations do not oceur when
no r.f. chokes are used, hence whenever possible
in =eries-fed circuit~ xuch chokes should be
omitted. With ~ingle-ended amplifiers, it is
usually possible to arrange the circuit so that
cither the grid or plate eireuit needs no choke.
In push-pull stages having chokes in both plate
and grid cireaits, it iz helpful to connect an
unby-passed grid leak from the choke to the
biax supply or ground, thus placing the re-
sistance in the parasitie cirenit and tending to
prevent oscillation. When the driver plate
cirenit has parallel feed and the amplifier grid
ciremt series feed (§ 3-7) this type of oscillation
cannot oceur if no choke i used in the series
gr