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TwENTY-0NE years ago — in 1926 — the first edition of The Radio Amateur's Hand-
book 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 editions 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 over 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 Handhonk —
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 experienced amateurs well
acquainted with the practical problems in the art.

In contrast to most publications of a comparable nature. the Handhook is printed in the
format of the League’s monthly magazine, @ST. 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 precisely 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
sourec data for many service-written special courses. During the war vears the training
aspects have been given inereasing emphasis — not, however, to the detriment of other
long-established features, but rather by increasing the size and scope of the hook.

With the constant editorial problem before us of gearing each year’s edition to the needs of
amateur radio of that year. as we perceive them. it has seemed best to leave intact in this
edition the entire seetion on prineiples and design factors. large as that portion of the hook
grew during the war years. During this carly postwar period there are many new people com-
ing into amateur radio who need sound guidance, and it is a commonplace among practising
amateurs that we all grew so rusty during the war that we have forgotten many of even the
simple and fundamental things in radio. The preservation of this material in a connected and
related manner scems to our staff to be the best possible way of presenting it during this
transition period. The section of the book dealing with the construction of equipment, on the
other hand, has been thoroughly revised in terms of postwar practices and postwar com-
ponents. Many new picces of apparatus, employing the best known amateur technique, have
been designed and built for this year’s edition, and proved by thorough testing, so that we are
confident that other amateurs will find them reliable guides in their constructional projects.

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 ehapter 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 readily identified as the seventh illustration in Chapter
Eleven. There is a carcfully-prepared index at the rear of the book.

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

e Ke~xverin B. WArNER
' Managing Secretary, A.R.R.L.
WesT Hartrorp, Coxy.
December. 1946
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THE AMATEUR’S

CODE

¢ ONE -

The Amateuris Gentlemanly .. . He never knowingly uses
the air for his own ammusement 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.

e TWO »

The Amateur is Loyal . . . Ile owes his amateur radio to
the Anmerican Radio Relay League, and he offers it his
unswerving loyalty.

e THREE -

The Amateur is Progressive ... He Lkeeps his station
abreast of science. It is built well and efficiently. IHis
operating practice is elcan and regular.

e« FOUR -

The Amateur is Friendly . . . Slow and patient sending
when requested, friendly advice and counsel to the be-
ginner. kindly assistance and codperation for the broad-
cast listener; these are marks of the amateur spirit.

* FIVE -

The -Amateur is Balanced . .. Radio is his hobby. He
never allows it to interfere with any of the duties he owes
to his honie, his job, his school, or his community.

e SIX o

The Amateur is Patriotic . . . Ilis knowledge and his sta-
tion are always ready for the service of his country and
his connmunity.
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CouxrLEss thousands of persons all
over the world have enjoyed the thrills' and
pleasures of amatcur 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 subsequent 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 1 bore
little resemblance to radio as we know it. today,
except in prineiple. Transmitting and reeciving
equipment was of a type now long obsolete.
No U. 8. amateur had cver 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
accomplished only by relays. “Short waves”
meant 200 meters; the entire spectrum below
that was a vast silence undisturbed by any
signals. By 1912, howcver, there were numer-
ous Government and commercial stations and
hundreds of amateurs; regulation was needed;
and laws, 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 how, and DX jumped from local to 500-
mile and even ocecasional 1,000-nmile two-way
contacts. Because all long-distance messages
had to be relayed, relaying developed into a
fine art —an ability that was to prove in-
valuable when the Government suddenly called
hundreds of skilled amateurs into war service
in 1917. Meanwhile U. S. amatcurs 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 synonvmous with subse-
quent amateur progress and short-wave de-
velopment. Conceived and formed by the
famous inventor, the late Hiramn Perey Maxim,
ARRL was formally launched in carly 1914, It

had just begun to exert its full foree 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,
phase of amateur development but came very
near marking its end for all time. The fate of
amateur radio was in the balance in the davs
immediately following the signing of the Armis-
tice. The Government, having had a taste of
supreme authority over communieations in
wartime, was more than half dnclined 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 silenee. . . . The League's oflices
had been closed for a year and a half, its roe-
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 dircetors. The
situation was discouraging: amateur radio still
banned by law, former members seattered, 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 1.
Warner as the League's first paid sceretary,
floated a bond issue among old League mem-
bers to obtain moncy 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
aspeets. Wartime needs 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 inereased
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,
27K, with the best receiving equipment avail-
able. Tests were run, and thirly American sta-
tions were heard in Burope. In 1922 another
trans-Atlantic test was carried out and 315
Ameriean calls were logged by European ama-
teurs and one Freneh and two British stations
were heard on this side.

Tivervthing now was centered on one objee-
tive: two-way amateur communication across
the Atlantie! It must he possible -— but some-
how it couldn't quite be done. More power?
Many already were using the legal maximum.
Better reccivers? They had superheterodynes.
Another wavelength? What about those un-
disturbed wavelengths below 200 meters? The
engincering world thought they were worth-
less — but they had said that about 200 met-
ors. 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
suceessful. Reports indieated that as the ware-
length dropped the results were belter. A growing
execitement began to spread through amateur
ranks.

Finally, in November, 1923, after some
months of carcful preparation, two-way ama-
teur trans-Atlantic communication was accon-

plished, when Sehnell, 1MO, and Reinartz,
INAM (now WOUZ and W3IBZ, respec-

tively) worked for several hours with Deloy,
8ARB, in France, with all three stations on 110
meters! Additional stations dropped down to
100 meters and found that they, too, could
casily work two-way across the Atlantic. The
exodus from the 200-meter region had started.
The “short-wave’” era had begun!

By 1924 dozens of commereial 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 bhands of frequencics
for the different serviees. Although thought
atill centered around 100 meters, League offi-
cials at the first of these conferences, 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 Q30s with Aus-
tralin, New Zealand and South Afriea soon
heeame commonplaee. Then how about 20 me-
ters? This new band revealed entirely unex-
peeted possibilities when 1XAM worked 618
on the West Coast, direet, at high noon. The
dream of amateur radio — daylight DX!—
was finally true.

From then until ©* Pearl Harbor,” when U. S,
amatcurs were again closed down “‘for the
duration,” amateur radio thrilled with a series
of unparalleled accomplishments. Countries
all over the world came on the air, and the
world total of amateurs passed the 100,000
mark. . . . ARRLrepresentatives 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 socicties. . . . The League began is-
suing certificates to those who could prove
they had worked all six continents. By 1941
aver five thousand WAC certifieates had been
issued!

Amateur radio is a grand and glorious
hobby but this fact alone would hardly merit
such wholchearted 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 skiiled
radio personnel in time of war. Another asset
is best deseribed as “public service.”

About 4,000 amateurs 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 years 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 1T 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 Forces, Coast. Guard and Marine
Corps. Altogether, more than 25,000 radio
amateurs served in the armed forces of the
United States. Other thousands were engaged
in vital civilian electronic research, develop-
ment and manufacturing.

The “public service’” record of the amateur
is a brilliant tribute to his work. These activi-
ties can be roughly divided into two classes,
expeditions and emergencies. Amateur co-
aperation with expeditions began in '23 when a
League member, Don Mix, 1TS, of Bristol,
Conn. (now assistant technical editor of QST),
accompanicd MacMillan to the Arctic on the
schooner Bowdoin with an amateur station.
Amateurs in Canada and the United States pro-
vided the Lome 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
vears no expedition has taken the field without
such plans.

Since 1913 amateur radio has been the prin-
cipal, and in many casex the only. means of
outsidde communication in several hundred
storm., flood and carthquake emergencies in
this country. The 1936 castern states flood, the
1937 Ohio River Valley flood, and the South-
ern California 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,
slect storms, forest fires, blizzards -— amateurs
played a major role in the relief work and
carned 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 cmergency-preparedness
program, registering personnel and equipment
in its Emergency Corps and putting into cf-
feet a comprehensive program of coiperation
with the Red Cross.

Throughout these many years the amateur
was carcful 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 vieinity 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 developed to meet its special
problems. Beginning in 1934 a series of inves-
tigations by the brilliant experimenter, Ross
Hull (later QST's editor), developed the theory
of v.af. wave-bending in the lower atmos-
phere and led amateurs to the attainment of
better distances; while occasional manifesta-
tions of ionospheric propagation, with still
greater distances, gave the band uniquely-cr-
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! It is a
tribute to these indefatigable amateurs that
today's concept of v.h.f. propagation was de-
veloped largely through amateur research.

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 receiver — and,
in 1936, the ““noise-silencer” cireuit 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 cquipment.

Emergency relief, expedition contact, cx-
perimental work and countless instances of
other forms of public serviee — rendered, as
they always have been and always will be,
without hope or expectation of material re-
ward — madce amateur radio an integral part
of our peacetime national life. The importance
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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 {o represent the
amateur in legislative matters. 1t is pledged to
promote interest in two-way amateur com-
munication and experimentation. 1t 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 purposes 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. S. and six Canadian divisions.
The affairs of the League are managed by a
Board of Direetors. One director is clected
every two years by the membership of each
U. 8. division, and a Canadian General Man-
ager is elected every two years by the Cana-
dian membership. These directors then choose
the president and vice-president, who are also
membersof the Board. The managing seeretary,
treasurer and communications manager are
appointed by the Board.

ARRL owns and publishes the monthly
magazine, QNT. Acting as a bulletin of the
League'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 DPercy
Maxim Memorial 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.
Separate transmitters of maximum legal power
on each 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 Department
concerned  with the operating activities of
League members. A large field organization is
headed by a Section Communications Manager
in cach of the eountry's seventy-one sections.
There are appointments for qualificd members
as Official Relay Station or Official ’Phone
Station for traffic-handling; as Official Ob-
server for monitoring frequencics and the
quality of signals; as Route Manager and
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"Phone Activitics Manager for the establish-
ment of trunk lines and networks; as Emer-
geney Cobrdinator for the promotion of
amateur preparcdness to cope with natural
disasters. Mimecographed 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 funetion “in the public inter-
est, convenicnce and necessity.” A special sec-
tion is reserved ecaeh month in QST for ama-
teur news from every section of the country.

¢ Amateur Licensing in
the United States

The Communications Aet lodges in the Fed-
eral Communications Commission authority
to classify and license radio stations and to
preseribe vegulations 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. Am-
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.c., for personal noncommercial
aims flowing from an interest in radio tech-
nique. An amateur station may not be used for
material compeunsation of any sort nor for
broadeasting. Narrow bands of frequencies are
allocated exclusively for use by amateur sta-
tious. Transmissions may be on any frequency
within the assigned bands. All the frequencies
may be used for e.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 Me. must be adequately-
filtered direct current. Emissions must be free
from spurious radiations. The licensec must
provide for measurement of the transmitter
frequeney and establish a procedure for check-
ing it regularly. A complete log of station oper-
ation must be maintained, with specified 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.
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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 condijtion to
anyone who successfully completes the exam-
ination. When you are able to copy 13 words
per minute, have studicd basic transmitter
theory and are familiar with the law and ann-
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 1946, FCC announced its final de-
termination of postwar frequency allocations
above 25 Mec., with certain alterations and
additions to prewar amateur frequenecies. Sim-
ilarly the Commission announced proposed
allocations below 25 Me., these still being un-
der consideration as this is written in the late
summer of 1946. The final recommendations
for the region below 25 Mec. will then be sub-
jeet to further consideration at the next in-
ternational conference.

Meanwhile, as of our press date, the follow-
ing are ‘the postwar amateur bands:

3.500- 4,000 kc. 50~ 54 Me. 2,300~ 2,450 Me.
7,000~ 7,300 * 144- 148 * 3.300- 3,500 *
T4,000-14,400 ** 235~ 240 ** 5,650~ 5,850 **
27,185-27.455 * 420- 450 ** 10,000-10.500 *

28,000-29,700 % 1,215-1,295 ‘*  21,000-22,000 *

The future of the prewar amateur band at
1.75 Me. has not been determined as of this
date but, at the least, it is expected that the
amateur, along with other services, will be
given nonexclusive rights in the frequencies
1750-1800 ke. for the maintenance of emer-
geney networks and necessary tests and drills
incident thereto. There is also a pending pro-
posal for a new amateur band at 21 Me. but
this will not likely be made available until after
the agreement of the next world conference.

It should be carefully noted that as of this
writing the 420 Me. band has not yet been
opened in its entirety to amateur use, being
still partly in use by other services as a result
of the war. Moreover, the portion of each band
available for ’phone operation is customarily
varied from time to time in accordance with
changes in amateur operational habits. In such
respects each amateur should keep himself
currently informed by consulting QST or by
writing ARRL for latest information.
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¢ 2-1 Fundamentals of a Radio
System
THE Basts of radio communication
is the transmission of cleetromagnetic waves
through space. The production of suitable
waves constitutes radio transmission, and their
detection, or conversion at a distant point into
the intelligence put into them at the originat-
ing point, is radio reception. There are several
distinet 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
electromagnetic waves. The message to be
conveyed must be superimposed on that power
by suitable means, a process callod modulation.
As the waves spread outward from the
transmitter they rapidly become weaker, so
at the receiving 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 clectrie 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 arve 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
called molccules. The molecule, the smallest
subdivision of a substance rctaining all its
characteristic properties, is constructed of
atoms of the elements comprising the substance.

Atoms in turn are made up of partieles, 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
containing both “positive” and ‘“‘negative”
charges, with the positive predominating so
that the nature of the nucleus is positive.
The charges in the nucleus are elosely bound
together. Exterior to the nucleus are negative
charges — clectrons — some of which are not
so closely bound and ean be made to leave the
vicinity of the nucleus without too much urg-
ing. These clectrons whirl around the nuecleus
like the planets around the sun, and their orbits
are not random paths but gecometrically-
regular ones determined by the charges on the

nueleus and the number of electrons. Ordinarily
the atontis eleetrically neutral, the outer nega-
tive cleetrons balancing the positive nucleus,
but when something disturbs this balance
cleetrical activity becomes evident, aud it is
the study of what happens in this unbalanced
condition that makes up clectrieal theory.

Electrons are exceedingly small particles —
sosmall 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 clec-
trons are firmly bouund 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, poreelain, 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 expenditure of
energy — and there is also no such thing as a
perfect insulator. The measure of the difticulty
in moving an electron by clectrical means is
called reststance. Good conductors have low re-
sistance, good insulators very high resistance.
Between the two are materials which are
neither good conduetors nor good insulators,
but they are nonctheless useful since there is
often need for intermediate values of resistance
in clectrical cireuits.

Conduction — Under the influecnce of a
suitable force — that is, an clectric 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 clectrie current. The intensity of the
current depends upon the amount of force
exerted on the electrons, 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, conduetion in liquids and gases, al-
though different in detail, is similar in prinei-
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 ecircuit.
The cireuit is said to be apen when no charges
can move, because of a break in the path. It is
closed when no break existz -~ when switches
are closed and all connections are made.

q 2-3 Static Electricity

The elcctric 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 erackling when a hard-rubber comb is
run through hair on a dry winter day is an
example of an eclectric charge generated by
friction. Objects can have either a surplus or a
deficieney of electrons — a surplus of electrons
is called a megative 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 objeet similarly is called a
positive pole.

Attraction and repulsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. Thix can be demonstrated by
giving charges of opposite polarity to two very
light, well-insulated conductors, 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 he 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 ohject will transfer to the positively
charged object (i.e., the one deficient in elec-
trons) and the two charges will neutralize,
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Fig. 201 — Attraction and repulsion of charged objects,
as demonstrated by the familiar pith-ball experiment,

leaving both bodies uncharged. If the charges
are not equal, the weaker 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 exercixed
between them. Consequently, the bits of foil
tend to spring away from cach other. Unlike
charges attract, like charges repel.
Electrostatic field — From the foregoing it
is evident that an electric charge can exert a
force through the space surrounding the
charged object. The region in which this force
is exerted 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
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Fig. 202 — Lines of foree from a charged object ex-
tend outward radially. Although only two dimensions

arc shown, the field extends in all directions from the
charge, and should be visualized 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 foree per unit
aren 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 <ituation, since in practice the charged
object could not be completely ixolated. The
presence of other charges, or simply of in-
sulators or conductors, in the vieinity will
greatly change the configuration of the field.
The direction of the field, as indicated by the
arrowheads, is away from a positively charged
object; if the charge were negative, the direc-
tion would be toward the charge.

It should be understood that the field pie-
ture as represented above is merely a con-
venient method of explaining observed effects,
and is not to be taken too literally. The electric
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-
renient to talk of lines of foree and to measure
the field intensity in terms of number of lines
per unit area.

The intensity of the field dies away with
distance from the charged object in a manner
determined by its shape and the circum-
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 practieal ap-
plications the field intensity is inversely pro-
portional to the distance involved, and not to
its square.

Electrostatic induction — If a piece of
conducting material is brought near a charged
object, the field will exert a force on the elec-
trons of the metal so that those free to move
will do so. If the object 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 com-
pletely neutralized by the induced charge; in
other words, the field does not penetrate the
conductor. In radio work this principle 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
from the charged objeet. On taking the con-
ductor out of the ficld the clectrons will re-
distribute themselves so that the charges dis-
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-B, the induced positive charge will tend to
move as far as possible from the source of the
field (that ix, electrons will low from the earth
to the conductor). 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 ecarth
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. Once the field is
established and ix constant, no further ex-
penditure of encrgy is required. The energy
supplied to establizh 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 cnergy is given any object (a 10-
pound weight, for instance) when it is lifted
against the gravitational pull of the earth, If
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Fig. 203 — Electrostatic induction. The field from the
positively charged body attracts electrons, which ac-
cumulate to form a negative charge. The opposite end of
the conductor consequently acquires a positive charge.
"Ihis charge way 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 clectrostatic ficld is made to
disappear its potential energy is transformed
into a movement of electrons; in other words,
into an eleetrie 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 (ealled 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 ficld. In practice, absolute
potential is of less interest than the difference
of potential between two points in the ficld.

Potential difference — If two objects are
charged differenily, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the volt.
The greater the potential difference. the
higher (numerically) the voltage. This voltage
excrts an clectrical pressure or force as explained
above, and is often called electromotive foree
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. IFrom 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 eleetrons: in other words, its relative
polarity 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 i 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 proportionality can be changed
to an equality:

Q =CFE

where Q is the quantity of charge. E is the po-
tential, and C ix a constant depending upon the
charged object (usually 2 conductor) and its
surroundings and is called the capacity of the
object. Capacity is the ratio of guantity of
charge to the potential resulting from it, or

Q

E
When Q is in coulombs and F in volts, (' 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-
tical purposes. In radio work, the microfarad
(one millionth of a farad) and the wmicro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated ufd. and pufd., respectively.



16

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 guantity 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
(Fig. 204), is brought near a second eonductor,
B, which is charged, the former will acquire a
charge by clectrostatic 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 dicleetric is ealled 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 tliem decreases as they are moved
closer together,

Fig. 204 — 'T'he principle of the condenser,

If insulating or dicleetric 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 dielectric. 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 molecule
with a positive charge facing the negatively
charged econductor. 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 diclee-
tric of a charged condenser thus is under
mechanical stress, and if the potential differ-
ence between the plates of the condenser is
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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.c., 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 circuits, all based on their ability to
store cnergy 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.

Dwlectric
Metal
plates Fig. 205 — A simple condenser,
consisting of two metal plates
separated by dielectric material.
7o sourcg of
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¢ 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 clectric current through the metal
(§ 2-2). The specd 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 ncarly 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
circuit, 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 foree is trans-
mitted by means of a rigid rod. A force ap-
plied to one end of the rod is transmitted
practically instantancously 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,

_9
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where I is the intensity or magnitude of the
current, @ is the quantity of electricity, and ¢
is the time. If Q isin coulombs and ¢ in seconds,
the unit for 7 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 radio 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.

Experimental measurements have shown
that the current which flows in a given metallie
conductor is directly proportional to the ap-
plied e.mn.f., =0 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

Flectrode

~ Source of +
fee———  potential
D/ffgﬁence
Fig. 206 — Hlustrating conduction through a gas at
low pressure. Positive ions are attracted to the negative
electrade, while electrons are attracted to the positive
clectrode. ‘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 frec electrons — that is, clee-
trons not attached to an atom — and also
some atoms lacking an electron. ‘Thus there are
both positively and negatively charged parti-
cles in the gas, as well as many neutral atoms.
An atom lacking an electron is called a positive
ton, while the free electron is called a negative
ion. The term ion ix, in fact, applied to any
elemental particle which has an electrie charge.

If the gas is in an electrice field, the free elec-
trons will be attracted toward the source of
positive potential and the positive ions will be
attracted toward the source of negative poten-
tial. If the gasisat atmospheric pressure neither
particle can travel very far before meeting an
ion of the opposite kind, when the two com-
bine to form a ncutral 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 pieces
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 clectrodes 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 cffect of the field is to accelerate its
motion. If the field is strong enough the ions
will nequire such veloeity that when one hap-
pens to collide with a neutral atom the foree
of the collision will knock an electron out of
the atom, so that this atom also becomes
fonized. T'he process is cumulative, and the
freed clectrons are attracted to the positive
electrode while the positive ions are attracted
to the negative clectrode. This movement 6f
charged particles constitutes an electrie cur-
rent through the gas.

Since an ion must acquire a certain velocity
before it can knock an electron out of a neutral
atom, a definite field strength is required be-
fore conduection ean take place in a gas. That
is, a certain value of potential difference,
called the donizing potential, 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, onee the gus is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient velocity to muaintain the ionization.
The ionizing potential required depends upon
the kind of gas and the pressure. lonization is
usually accompanied by a colored glow, differ-
ent gases having different charaeteristic colors.

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

Fig. 207 — Flectrolytic conduction. When an e.mif. is
applicd to the electrodes, negative ions are attracted to
the positively charged plate and positive ions to the nege
atively charged plate. The batte which is the source
of the e.m.f., is indicated by its customary svmhol,
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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 cleetric
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 gascous constituents, hvdrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the
source of potential difference. The energy used
in decomposing the water is equivalent to an
opposing e.m.f., 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 flow in vacuum — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum. ¢.cctrons will be emitted
from the surface. The clectrons are freed fromn
this filament ov ecathode beeause it has been

Oirection

Fig, 208 — Conduction by
thermionic emission in a
vacuum tube. One battery
is used onlv to heat the
filament to a temperature
where it will emit elec-
trons. The other battery
places a potential on the
plate whichis positive with
respeet to the filament,
and as a result the elec-
trons are attracted to the
plate. The electron flow
from filament to plate
completes the circuit.

Posutive
plate

U=
heated to a temperature that gives them suffi-
cient energy of motion to allow them to break
away from the surface. The process is called
thermionic electron emission. Now, if a metal
plate is placed in the vacuum and given a posi-
tive charge with respect to the cathode, this
plate or anode will attract a number of the elec-
trons that surround the cathode. The passage
of the electrons from cathode to anode consti-
tutes an eleetrie current. All thermionic vac-
uum tubes depend for their operation on the
emission of electrons from a hot eathode.
Since the clectrons 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 cathode. If the plate is nega-
tively charged with respeet to the cathode the
electrons will be repelled back to the cathode,
henee no current will flow through the vacuum.
Consequently, a thermionic 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 hetween 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 increuse in
voltage therefore cannot canse a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the temn-
perature of the cathode and the material of
which it is constructed.

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

Primary cells — If two electrodes of dis-
similar metals are immersed in an electrolyte,
it is found that a small difference of potential
exixts between the electrodes. Such a combina-
tion is called a cell. If the two electrodes are
connected together by a conductor external to
the cell, an elecetric current will flow between
them. In such a cell, chemical energy is con-
verted into electrical energy. 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 clectrolyte, and in the
process ions are formed in the vicinity of the
electrodes. The eleetrodes acquire charges be-
cause of the electric field associated with the
charged ions. The difference of potential be-
tween the electrodes is prineipally a function of
the metals used, and is more or less independent
of the kind of electrolyte or the size of the cell.

When current is supplied to an external eir-
cuit, two prineipal effeets 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.
Since the gas bubbles are non-conducting, their
accumulation tends to reduce the effective area
of the positive clectrode, and consequently re-
duces the current. The effect is cumulative, and
eventually the electrode 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 ealled a depolarizer.

In addition to polarization effeets, a eell has
a certain amount of nternal resistance beecause
of the resistance of the electrodes and the elee-
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 clectrodes 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 eell.

Dry cells — The most familiar form of
primary cell is the dry cell. Like the elementary
type of cell just described, it has a liquid elec-
trolyte, but the liquid is mixed with other mate-
rials to form a paste. The cell therefore ean be
used in any position and handled as though it
actually were dry.
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Fig. 209 — Construction of a dry cell.

The construetion of an ordinary dry eell is
shown in Fig. 209. The container is the nega-
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 earbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, mangancse dioxide
(the depolarizer) and the electrolyte. 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 cell
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 construction 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
encrgy 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 mani-
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
deseribed 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, foreing
a current through the ccll, in the opposite
direction to the current flow when the cell is de-
livering electrical 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 encrgy.
The process 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 clectrode
which is connected to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the clectrode con-
neceted 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 cireuit for a period of time. Thisx dis-
charge of clectrical energy is accompanied by
chemical action which forms lead sulphate on
both electrodes. 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-
nected 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 electrolyte is a
solution of sulphurie 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 cell consists of a num-
ber of positive plates, all connected together,
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and a number of negative plates likewise con-
neeted 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
sepurators preferably should be porous, so that
the electrolyte can pass through them freely;
thux they do not tmpede the passage of current
from one plate to the next. There is always one
extra negative plate in such an assembly, be-
cnuse the aetive 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
abont 2.1 volts. When the e.nnf. 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, since lead sulphate is an
insulator. During the charging process water
in the electrolyte is used up, with the result
that the sulphuric 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-
ente the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
fution is <uch that a specific gravity of 1.235 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indieated by a specific gravity
of 1.150 to 1.175. The specific gravity can be
mea=ured 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 elec-
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
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rate. This means that the cell will deliver 100/8
or 12.3 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. 1t 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. 1t is, there-
fore, common practice to speak of *“11-plate,”
“1h-plate,” ete., 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
on the plates and
eventually the battery
will be usecless. When
the battery is being
charged, hydrogen
bubbles are given off by
theclectrolyte which,in
bursting at the surface,
throw out fine drops of
the clectrolyte. This is
called “gassing.” The
sulphuric-acid solution
gpray from gassing will
attack many materials,
and consequently care
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
itself.

Calibmted
Scale —|

Electrolyte--

Fig. 211 — The hydrom-

eter, a device with a
calibrated scale for
measuring the specific
gravity of the clectro-
Iyte, used to determine
the state of charge of a

A lead battery may
be charged at its nomi-
nal discharge rate; i.e.,
a 100-ampere-hour bat-
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
from a constant-potential source
(about 2.3 volts per cell), when the
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Fig. 210 — Details of typical

lead stora

se-battery construction,

rise of terminal voltage of the battery
as it accumulates a charge will auto-
matically “taper’’ the charging rate.

The solution in a lead storage bat-
tery will freeze at a temperature of
about zcro degrees Fahrenheit when
the battery is discharged, but a fully
charged battery will not freeze until
the temperature reaches about 90 de-
grees below zero, Iecping the battery
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Fig. 212 — Series, parallel, and series-parallel connee-
tion of cells. Series connection increases the total voltage
without changing current capacity; parallel connection
increases current eapacity withoat increasing voltage.

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

Cells in series and parallel — For proper op-
cration, many electrical devices require higher
voltage or current than can be obtained from
a single cell. If greater voltage is needed, eolls
may be connected in series, 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 eells.
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 6.3 volts — or, in round figures, 6 volts.
The current which may be taken safely from a
battery compuosed of cells in series is the same
as that which may be taken safely from one cell
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 eonnected requires more eurrent than
ean be taken safely from a single cell, the cells
may be conneected 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.f.s all be the
same, since if one cell generated a larger voltage
than the others it would force current through
the other cclls in the reverse direction and thus
would take most, if not all, of the load. Also. if
one cell 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-currying capacity of the battery.

€ 2-5 Electromagnetism

The magnetic 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
foree. is adopted to explain the magnetic ac-
tion, T'he 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 electrostatie field, the lines of
force do not hiave physical existence but simply
represent a convenient way of deseribing the
properties of the force.

Magnetic attraction and repulsion — The
forces exerted by the magnetie field are an-
alogous to clectrostatic forces. Corresponding
to positive and negative electric charges, it is
found that there are two kinds of magnetic
polex. 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 frecly suspended, it will
turn into such a position that one end points
toward the north. The end which points north
is called the “north-secking,” or simply tho
“north,” pole.

Unlike electric lines of foree, which termi-
nate on charges of opposite polarity (§ 2-3)
magnetic lines of force are closed wpon 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 foree of repulsion between them, while dis-
similar poles ave attracted when brought close
together. Asin the ease of electrie charges, like
poles repel. unlike poles attraet,
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Fig. 213 — (A) The field about a bar magnet. The
magnetic lines of force are continuous, part of the path
being inside the magnet and part outside. (B) Cutting a
magnet produces two magnets, each 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 picce. Such cutting ean be continued
indefinitely, and, no matter how small the
pieces 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 toset 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 field 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 possesses 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 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 loses
its magnetism quickly when there is no exter-
nal magnetizing force is called a temporary
magnel, while one which retains its magnetism
for a long time is called a permancnt magnet.
The tendency to retain magnetism is called
retentivity. The process of destroying magnet-
ism can be hastened by heating, whichincreases
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 —
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 concentric
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Fig. 214 — Whenever elec-
tric current passes through a
wire, magnetic lines of force
are set up, in the form of
concentric cireles, at right
angles to the wire, and a
magnetic field is said to exist
around the wire, The direc-
tion of this field ix 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 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 directions of the current
and of the magnetie field it sets up. Imagine the
fingers of the right hand enrled 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 S.

Magnetomotive force — The force which
causes the magnetic field is called magnetomo-
tive force, abbreviated m.m.f. It corresponds to
electromotive force or e.m.f. in the electrie cir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit arca.
Magnetomotive foree is proportional to the
current flowing. When the wire carrying the
current is formed into a coil so that the mag-
netie flux will be coneentrated instead of being
spread over a large area, the mum.f. also is
proportional to the number of turns in the coil.
Consequently 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 magnetizing effect can
be secured with a great many turns and a weak
current or with a few turns and a strong cur-
rent. For example, if 10 amperes 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 foree 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 cireuit also
must be closed so that a complete path is pro-
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
fluz, 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 flux 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.
Thereluctance 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 wonld 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 stecl. 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 densities the perme-
ability is less than its value at low or moderate
flux densities. This is beeause the flux in mag-
netic materials is proportional to the applied
m.n.f. only over a limited range. As the m.m.f.
increases more and more of the molecular
magnets within the material becowme aligned,
until eventually & point is reached where a very
great inerease in m.m.f. is required to cause a
relatively small increase in flux. This is ealled
maynetic saturation. In this region of saturation
the permeability decreases, since 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
electrostatic field (§2-3), the magnetic field
represents potential energy. Consequently the
expenditure of energy is necessary to set up a
magnetic field, but once the ficld has been es-
tablished and remains constant no further en-
ergy is consumed in maintaining it. 1f by some
means the field is caused to disappear, the
stored-up magnetic cnergy is converted to
energy 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 ficld strength is increasing 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 circuit conditions; i.e., it depends upon the
relationship between field strength and current
in the cireuit.

Induced voltage — 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 eircuit.
That is, an e.m.f. can be tnduced in a wire in a
magnetic field. However, since a change in the
field is required for energy transformation, an
e.m.f. will be induced only when there is a
change in the ficld 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. <o induced
is proportional to the rate of cutting of the
lines of force.

If the conductor is moving parallel with
the lines of foree in a field, no voltage is in-
duced since 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 force, as shown in
Fig. 215. When the conductor is stationary and
the field strength varies, the induced voltage
results from the alternate increase and decrease
in the number of lines of force cutting the wire
as the m.m.f. varies in intensity.

Direction of motion

Lines of Force :
Direction of
e induced e.m.f.

Fig. 215 — Showing how e.m.f. is induced in a conductor
moving 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
e.an.f. will cause the conductor to move downward.

Lens’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 physies that energy can neither be
created nor destroyed but only transformed.
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It ix found. therefore, that the flow of current
ereates nn opposing magnetie 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 direetion that their
reaction tends to stop the motion which pro-
duces themn.”

Motor principle — The fact that current
flowing in a conductor moving through a mag-
netic tield tends to oppose the motion indieates
that current sent through a stationary condue-
tor in a magnetie field would tend to sel the

*conductor in motion, Such is the case. 1f moving
the conductor through the field in the direction
indicated in Fig. 215 causes a current to flow
as shown, then, if the conductor is stationary
and an e.m.f. is applied to send a current
through the conductor in the =ame direction,
the conductor will tend to move aeross the
field in the opposite direction,

This principle is used in the electrie motor,
The sanwe rotating machine frequently may
be used either as a generator or motor; as a
generator it is turned mechanically to cause
an induced e.n.f., and as a motor electrie
eurrent through it causes mechanieal motion,

Self-induction — When an e.m.f. isapplied
to a wire or coil, current begins to flow and a
magnetie field is created. Just before elosing
the cireuit 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 enrrent is a conductor in a changing
ficld, an e.nif. will be induced in the wire. This
induced voltage is the e.m.f. of sclf-induction,
so catled beenuse it results from the eurrent
flowing in the wire itself.

By the principle of conservation of energy
(and Lenz's Law), the polarity of the induced
voltage must be =uch as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the circuit in the
direetion 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
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Fig. 216 — When the condncting wire is coiled, the
individual magunetie fichds 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 inductanees are shown in the bottom row.
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then it would be supplying energy to the source
of applied e.mf.). but after a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the eurrent flowing is very small at first when
the applied and indueced e.m.f.s are about
equal, but rises as the induced voltage becownes
smaller. The process is cumulative, the current
eventually reaching a final value determined
only by the resistance in the cireuit.

In foreing 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 ix equal to the amount of energy
stored in the magnetic field. neglecting heat
losses in the wire itzelf. As explained before,
no further energy is put into the field onee the
current becomes steady. However, if the cir-
cuit is opened and current flow cansed 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 induced in the
coil or wire. This voltage canses a current flow
inr the same dircetion as that of the applied
e.n.f., sinee energy is now heing restored to the
circuit. "The energy usually is dissipated in the
spark which occwrs when sueh a circuit is
opened. Sinee the field collapses very rapidly
when the switch ix 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. Tow-
ever, it is also apparent from the foregoing that
the voltage also depends upon the properties of
the circuit, sinee, if a nuniber of similar condue-
tors are in the same varying ficld, the same volt-
age will be induced in cach. By combining the
conductors properly, the total induced voltage
in such n case will be the sum of the voltages
induced in ench wire. Also, the rate of change of
field strength depends upon the strength of the
ficld set up by a given amount of current flow-
ing in the wire or coil, and thix in turn depends
upon the ampere-turns, permeability, length
and cross-section of the magnetie path, ete.

For a given eircuit, however. the field
strength will be determined by the current, and
the rate of change of the tield consequently
will bhe determined by the rate of change of
current. Henee, it is possible to group all of
these other factors into one quantity, a prop-
erty of the circuit. This property i 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 ecir-
euit.

Induetance is a property associated with all
circuits, although in many cases it may be =o
small in comparizon to other circuit properties
(such as resistance) that no error results from
neglecting it, The inductance of a straight wire
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inereases 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
“an be cecured by winding the wire into a coil
g0 that the total flux from the wire is coneen-
trated into a small space and the flux density
correspondingly increased. The unit of indue-
tance is the henry. A circuit or coil has an in-
ductance of one henry if an e.n.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 hetween capacity and the
electrostatie field. The greater the inductance,
the greater the amount of cnergy stored in the
magnetic field for a given amount of current;
the greater the eapacity, the greater the
amonnt 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 ou which the coil i wound, or
core. Formulas for computing the inductance
of air-eore 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 magnetie ficld whieh cuts Coil 2. Con-
sequently, an e.m.f. will be induced in Coil 2
whenever the field strength is changing. This
indueed e.m.f. is similar to the e.m.f. of sclf-
induetion; that is,

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

where 1/ is a quantity called the mutuval induct-
ance of the two coils, The mutual inductance
may be large or small, depending upon the
self-inductances of the coils and the propor-
tion of the total flux set up by one c¢oil which
cuts the turns of the other coil. If all the flux
set up by one coil cuts all the turns of the other
coil the mutual indnetance hus 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 mntual inductance may be rela-
tively small. Two coils having mutual induet-
ance are said to be coupled,

The degree of conpling expresses the ratio of
actual mutnal inductance to the maximnm
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 — Mutnal
inductance. When
the switch, S, is closed
current flows through
coil No. 1, setting up a
magnetie field which
induees an e f, in
the turns of coil No. 2,

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 mutnal inductance are
connected in the same cirenit, 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 mutiual
induetance in such a cireuit means that the
total inductance is greater than the sum of the
two individual inductances, while negative
inductance means that the total induetance is
less than the sum of the two individual in-
ductances, The mntual inductanee may be
maude ecither positive or negative simply by
reversing the connections to one of the coils,

€ 2-6 Fundamental Relations

Direct carrent — A current which alwavs
flows in the same direction through a cireuit is
called a direct curvent, frequently abbreviated
d.c. Current flow eaused by batteries, for ex-
ample, ix direct current One terminal of each
cell is always positive and the other always
negative, henee electrons are attracted only in
the one direction around the cireunit. To make
the current change direetion, the connections
to the battery terminals must he reversed.

Work. energy and power — When a quan-
tity of eleetricity ix 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 clectricity and the difference of
potential through wlhich it is moved; that is,

W =QFr

In the practical system of units, with Q in
coulombs and F in volts, the unit of work is
called the joule. Energy. which is the eapacity
for doing work, is measured in the snme units.

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

W = Elt

where I5 is in volts. [ in amperes, and ¢ in sec-
onds, One ampere flowing through a difference
of putential 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 clectrieal power:

P = El

The unit of clectrical 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 common name is wati-second (one joule is
equal to one watt applied for one second). The
watt-second is a relatively small unit; a larger
one, the watt-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 Elowatt (1000 watts) is used instead,
A still larger energy unit is the kilowatt-hour,
the meaning of which is easily interpreted.

Fractional and multiple units — As illus-
trated by the examples in the preceding para-
graph, it is frequently convenient to change
the value of a unit <o that it will not be neces-
sary to use very large or very small numbers,
As applied to electrical units, the practiceis to
add a prefix to the name of the fundamental
unit to indieate whether the maodified 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 ix one millionth of a volt, a
milliampere is one thousandth of an ampere, a
kilovolt is one thousand volts, and o 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, ete.), 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 is direetly proportional
to the applied electromotive force. This rela-
tionship, known as Ohm’s Law, can be written

E =1nri

where Eisthe c.m.f., /is the 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 ohm.

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

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

R=E iel
1 R

The three cquations state that, in a cireuit to
which Ohm’s Law applies, the voltage across
the circuit is equal to the current 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 equal to the
voltage divided by the resistance.

Resistance and resistirity — The resistance
of a conductor is determined by the material of
which it is made and its temperature, and is

C/l al)[(,’l’ jUO

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,

IJ
R=5rZ
A

where R is the resistance, & is a constant de-
pending upon the material of which the con-
ductor is made, L is the length and A4 the area.
For the purpose of giving a specific value to £,
L is taken as one centimeter and A as one
square centimeter (a cube of the material
measuring one centimeter on a side); &k is then
the resistance in ohms of such a cube at a
specified temperature. It is called the specific
resistance or resistirity 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
formula 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 cach 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 eireuit. the higher
is the conductance, and vice versa. The sym-
bol of condnetance is . and the relationship
to resistance is

, ! , 1
“=% =3
The unit of conductance is called the mho. A
cireuit or conductor which has a resistance of
one ohm has a conductance of one mho. By
substituting 1/G for R in Ohm's Law,
. I
I = EG 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 is frequently useful to know the rela-
tive conductivity of different materials. This
is usually expressed in per cent condnctirity, 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 — 1f two con-
ductors of different resistances have the same
current flowing through them, then by Ohm’s
Law the conductar 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-

/
G =1
E
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Fig. 218 — T'wo common types of fixed resistors. The
wireswound type is used for dissipating power of the
order of 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 tauthe,
rather than being wonnd with wire, are small in size but
do not safely dissipate much power. Schematic symbols
for fixed and variable resistors are shown at lower right.

ductor until a balance is reached between the
heat gencrated and that radiated to the sur-
rounding air or otherwise earried away.

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

P =R
and making a similar substitution for I gives
» o &

R

That is, the power u=ed in heating a resistance
(or dissipated in the resistance) is proportional
to the square of the voltage applied or to the
square of the current flowing. In these formulas
P is in watts, £ in volt= and 7 in amperes.
Further transposition of the equations gives
the following forms, useful when the resistance

and power are known:
} )
N
R

Unless the eireuit containing the resistance
is being used for the specific purpose of gen-
erating heat, the power used in heating a re-
sistanee is generaily considered as a toss, How-
ever, there are very many applications in radio
circuits where, despite the losz of power, a
useful purpose is served by introducing re-
ststance  deliberately. Resistances made to
specified values and provided with connecting
terminals are called resistors. They are fre-
quently wound on ceramic or other heat-re-
sisting tubing with wire having high resistivity.

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

k=R, (1 + at)

where R is the required resistance, Ry the
resistance at 0°C, (temperature of melting
ice), t is the temperature (Cenvigrade), and
a is the temperature coeflicient of resistance.
For copper, a is about 0.004; that is, starting at
0°C,, the resistance inereases 0.4 per cent per
degree above zero.,

E=A~PR
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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 cleetrical and radio circuits, the heat
developed by current flow may raise the tem-
perature of the resistance wire to several hun-
dred degrees . Thus the resistance at, operat-
ing temperatures ean be very much higher
than the resistanee at room temperature. Con-
sequently sueh resistors are wound with wire
which has a low temperature coefficient of
resistance, so that the resistance will be more
nearly constant under all conditions.

Resistances in series — When two or
niore rexistances are connceted so that the
same current flows through each in turn, as
shown in Fig. 219, they are =aid to be conneected
in series. Then, by Ohm’s Law,

[’:1 = 1R1
Ey = IR,
E; = IR3

etc., where the subseripts 1, 2, 3 indicate the
first, second and third resistor, and the volt-
ages Ky, Es and K3 are the voltages appearing
across the terminals of the respective resistors,
Adding the three voltages gives the total
voltage across the three resistors:

E=FE +Es+ Ey = IRy + IRy + [R5 =
TRy + Ba + Ity) = IR

That i, the voltage aeross
the resistors in series is equal
to the current multiplied by
the sum of the individual re-
istances. In the above equa-
tion, 2. which denotes this
=um, may bhe ealled the equir-
alent resistance or total re-
sistance. The equivalent
resistance of a number of
resistors connected in series
is, thercfore, equal to the
sum of the values of the in-
dividual resistors,
Resistances in parallel — When a number
of resistances are connected so that the same
voltage is applied to all, ax shown in Fig. 220,

j

E R,

N

Fig. 220 — Resistances in paradlel.

Fig, 219 — Resist-
aneces in series,

w

AAAAAAAA
VWA
»
AAAAAAA
WAAWWW

—
w

they wre =aid to be connected in parallel. By
Ohni’s Law,

E E E
I, = Jo = — Iy = —
TR 2T R 8T R

so that the total current, /7, which is the sum
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of the currents in the individual resistors, is

E E , E _
=1 10 I3 ==
I=htlitls=gtptp=

1 1 1 1
2 a2 42 YoE=
E(l(’1+1?2+R3) R
where R is the equivalent resistance -——i.e..
the resistanee through which the same total

current would flow if such a resistance were
substituted for the three shown. Therefore,
1_1 1 1
R l\’l fg 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:+G;

where G is the total conductance and Gy, G,
Gj. ete.. are the individual conductances in
paraltel.
To obtain R instead of its reciprocal the
equation above may be inverted, so that
1
B=g——71
e db s b
Ry Rs I3
The number of terms in the denominator of
this equation will, of course, be equal to the
actual number of resistors in parallel.
For the special case of only two resistancesin
parallel, the equation reduces to

- I\lR)
Ity + I

Nertes-parallel conneetion of resistors is shown
in Fig. 221. When eircuits of this type are en-
countered the equivalent or total resistance
can be found by first adding the series re-
sistances in each group, then treating each
group as a single resistor so that the formula
for resistors in parallel can be used.

Fig, 221 — Series-parallel conncetion of resistances,
V oltage and current relationships are given at the right.

Voltage dividers and potentiometers —
Nince the same current flows through vesistors
conneeted in series, it follows from Ohm’s
Law that the voltage (termed wvoltage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus, in Fig
222-4, the voltage E; across f2y is equal to the
applied voltage, E, multiplied by the ratio of

C/I a/)fer jUO

Ry to the total resistance, or

l(’) + e + I
Similarly, the voltage, Es, is equal to
R+ R g

Ry + R: + R3

Such an arrangement is called a vnltage dividler,
sinee it provides a means for obtaining smaller
voltages from a souree 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.

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-
tentinmeter.

Inductances in series and parallel — As
explained in § 2-5, inductance determines the
voltage induced when the current changes at a
given rate. That is, E = L X rate of change of
current. This resembles Ohm'’s Law, if L cor-
responds to B and the rate of change of current
to 1. Thus, by reasoning similar to that used
in the case of resistors, it can be shown that,
for inductances in series.

=L+ L+ I3

and for inductances in parallel,

2oy ts
L Lt

where the number of terms in either equation
is determined by the actual number of induce-
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 parallel — When
a number of condensers are in parallel, as in
Fig. 223-A, the same c.muf. is applied to all.
Consequently, the quantity of electricity stored
in each is in proportion to its capacity. The
total quantity stored is the sum of the quanti-
ties in the individual condensers:

Q=01 +0Q2+ Q3 =C1E + (2E 4+ CGE =
(Ci +C2+ C)E = CE

.where C is the equivalent capacity. The cquiv-

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

When eondensers are connected in series,
asin 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 4.
By electrostatic induction, an equal charge of
opposite polarity (negative in the illustration)
appears on the bottom plate of 1, and, since
the lower plate of ('; and the upper plate of Co
are connected together, this must leave an
equal positive charge on the upper plate of (s,
This, in turn, causes the lower plate of (‘2 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 ix equal to the total
quantity stored. The voltage aecross each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applied
voltage. Thus,

E-E+B+E=0+21 2.

1 (e (3
1,1, 1\ _Q
Ut =

where C is the equivalent capacity. Thix leads
to an expression similar to that for resistances
in parallel:
C=y - : L

= 9P = T =2

( 1 Co ('3
where the number of terms in the denominator
should be the same as the actual number of
condensers in series.

Time constant — When u condenser and
resistor are connected in scries with a source of
e.m.f., such as a hattery. the initial low of cur-
rent into the condenser is limited by the re-
sistance, so that a longer period of time is
required to complete the charging of the con-

Fig., 224 —
' The RL and
8, RC circuits at
s the left, to-
28 gether with
§ the curves of
X currentampli-
In’m‘/o{ LG — tnde vs. time,
closing switch, show how the
current in a
circuit com-
"t bining resist-
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% ance with in.
RE) ductance or
33 cupu(’it_vlal.(('s
3 a finite period
L ™  of time to
/mmlof TIME —— reachasteady -
dasing switch, state value.
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denser than would be the case without the
rexistor. Likewixe, 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
dixcharge the time required is proportional to
the capaeity and resistance, the product of
which is ealled the time constant of the eireuit.
If Cis in farads and & in ohms, or €/ in micro-
farads and R in megohms, 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
value. (The constant ¢ is the buse of the natural
series of logarithms.)

Calibrated
Scale

Catibrated
Scale

Maynet

Rotutable
Corl

Source

Sovrce of em f ofem.

Fig ~— Left — The " Arsonval or moving-coil meter
for Jd.e. current measurement, Current flowing throngh
the rotatable coil in the ficld of the permanent magnet
causes a foree to act on the coil. tending to turn it. The
turning tendency i< counteracted by springs (ot shown)
50 that the amount of movement is proportional 1o the
value of the current in the coil. Right — In the simpler
moving-iron-vane type, a light-weight soft-iron plunger
is attracted by current flowing in a fixed coil. As the
planger moves the pointer 1o which it is linked also
moves, until the magnetic force in the coil is balaneed
by the spiral spring restraining the plunger moyement,

In a cirenit containing inductanee and re-
sistance in series, the effect of the resistance is
to shorten the period required for the current to
reach its final value (§ 2-5) after an e.mlf. is
applied to the circnit. The time eonstant of
such a eiveuit is eqnal to 1, K, where L is in
henrys and R in ohms, It gives the time in sce-
onds required for the eurrent to reach 1~1 /¢, or
approximately 63 per cent of its final steady
value when a constant voltage is applied.

By proper application to f=sociated circuits
and devices such as vacuum tubes, it is possible
by suitable xelection of time constant {6 create
almost any desired wave or pulse shape. This
Is of practical importance in many circuit ap-
plieations in amateur transmission and recep-
tion, as in electronic keyers, antomatic volume
control, resistance-capacity filters and remote
control. Apmrt from these applications, many
of the techniques employed in television and
specialized electronic devices are based on this
prineiple.

Measuring instruments — Instruments for
measuring d.e. eurrent and voltage make use
of the foree acting on a coil carrying current in
a magnetic ficld (§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 meving 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 nmove-
ment, is shown at the left in Fig. 225. The mov-
ing-iron vane instrument shown at the right. ix
less accurate and requires higher energizing
current, making it relatively insensitive as com-
pared to the moving-coil type. Only the cheaper
measuring instruments available to amateurs
are based on this prineiple.

E d
Multiplier qb

Voltage Measurement

poooan)

Shunt *
£

Current Measurement
Fig. 220 — Circuit connections for measuring current
and voltage. ‘The shunt resistor is used for inereasing the
value of the current which the instroment can measure,
by providing an alternate path through which some of
the current can flow. The series multiplier limits the
current when the instrument is used 1o measure voltage,

N o

In such instruments the current required for
futl-scale deflection of the pointer varies from
several milliamperes to a few microamperes,
according to the sensitivity required. 1f the
instrument is to read high eurrents, it is
shunted (paralleled) by a low resistance
through which most of the current flows, leav-
ing only enough flowing through the instru-
ment to give a full-seale deflection correxpond-
ing to the total current flowing through both
meter and shunt. An instrument which reads
microamperes ix called a  microammeter or
galranometer; one calibrated m milliamperes is
alled a milliammeter: one calibrated in am-
peres is an ammeter. A roltmeter is simply a mil-
liammetcer with a high resistance in series so
that the current will be limited to a suitable
salue when the instriment is connected aeross
a voltage source: it is ealibrated in terms of
the voltage which must appear across the
terminals to cause a given value of current to
flow. The series resistance is alled a multi-
plier. A wattmeter ix a combination voltmeter
and ammeter in whieh the pointer deflection
is proportional to the power in the cireuit.

Aun ammeter or milliammeter is connected
in series with the cirenit 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 eurrent is flowing in one di-
rection. These variations are accompanied by
corresponding variations in the magnetic ficld
set up by the current, and it is thix feature
which makes the alternating current o useful.
By means of the varying field, 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, except for brief periods when
the circuit is closed or opened, the field ac-
companying a steady direct current is un-
changing, and hence there is no way of inducing
an e.n.f. except by moving a conductor
through the field (§ 2-5).

Alternating currents may be generated in
several ways. Rotating electrical 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 directron 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 a maximum in one direc-
tion. comes back down to zero, builds up to a
maximum in the opposite direction and comes
back to zero. The eurve follows the sine law
and is known as a sine wave, because of the
wavelike nature of the curve which results
when sine values arve plotted on rectangular
cobrdinates as a funetion of angle or time.

Frequeney — The complete wave shown in
Fig. 227 ix called a eycle, and the length of time
required to complete one cyele is called the
period. Fach half of the eycle, during which the
current is flowing in one direction, although its
strength ix varving, ix known as an alteration.
The number of eyveles the wave goes through
each sceond of time is called the frequency.
In radio work, where frequencies are extremely
large. it is convenient to use two other units,
Filoeyeles per second (exeles persecond + 1000)
and megaeveles per second (eyeles per second
+ 1.000,000). These are usually abbreviated
ke. and Me., respectively. Occasionally these
abbreviations are written kes. and Mes. to indi-
cate “kiloeyeles per second” and ““megacycles
per second” rather than simply **kilocyeles”
and “megacyeles.” but it is understaod that
“per second” is meant when the shorter forms
are used. :

'/Peak value
1ok---
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effective (rms.)valuves
0107 -f =~~~ of current and voltage
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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 ¢yele. 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, n quarter revolu-
tion 90 degrees, and so on. The periodic wave
of alternating current may be treated simi-
larly, one complete cycle equalling one revo-
lution or 360 degrees, one alternation (half
cyele) 180 degrees, and so on. With the eyele
divided up in this way. the sine 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
eycle 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, whence a
eyele is equal to 27 radians, or a half evele to
= radians. The expression 2xf, for which the
symbol w is often used, simply means eleetrieal
degrees per cycle times frequency, and is
called the angular velocity. Tt gives the total
number of electrical radians passed through by
a current of given frequency in one second.

Peak, instantancous, effective and average
ralues — "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 eycle. This is not necessarily
true of waves having shapes other than the
true sine form,

The value of current or voltage existing at
any particular point of time in the evele is
called the ¢nstantaneons 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.

Since both the voltage and current are
swinging continuously between their positive
maximum and negative maximum values, it
might be wondered how one ean speak of so
many amperes of alternating current when the
value is changing continuously. The problem is
simplified in practical work by considering that
an alternating current has an effective value
of one ampere when it produces heat, in flowing
through a given resistance, at the same average
rate as one ampere of continuous direet current
flowing through the same resistance. 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,

Bt = \/ T5Eem

For this reason, the effective value of an alter-
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nating current or voltage is also known as the
root-mcan-square, or ron.s., value. Hence, the
effective value is the square root of 14, or 0.707,
times the maximum value.

In a purely a.c. cireuit the average current
over a whole eyele must be zero, beeause 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 correxpond
to a direet (although intermittent) current,
and hence must be excluded because a purely
alternating current was assumed. The “aver-
age” value of an alternating current ix defined
as the average current during the part of the
cvele when the current is fowing in one direc-
tion only. It is of particular importance when
alternating current is changed to direct current
by the methods 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, effecetive amd average, are related to each
other as follows:

Enwe = Ecit X 1414 = Epo X 1.57
El-ff = Enmx X 0.707 = E:l\'c X L11
Eyoe = Enax X 0.636 76 X 0.9

The relationships for current are cquivalent
to those given above for voltage.

Phase — As the next few paragraphs will
show, the eurrent and voltage in an alternat-
ing-current. cireuit may not pass through their
maximum and minimum values at the same
time, even though both are sine waves of the
same frequency. The time at which a particu-
lar part of the eyele (xuch as the positive peak)
oceurs i 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 actual differ-
ence in time between the two instants at which
the two waves reach corresponding parts of
their eveles, but it ix 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
cycle 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 frequeney
are defined in the same way. When two such
currents are combined the resultant ix a 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 sume instant. The 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 eaxe, 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 field causes the continuous gen-
eration of an c.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
<ine wave. it ean be shown that the rate of
change is greatest when the current is passing
through zero and least when the current s
maximum. For this reason, the indueed voltage
is maximum when the current is zero and zero
when the enrrent is maximum. The direetion or
polarity of the induced voltage is such as to
tend to sustain the enrrent flow when the eur-
rent is deereasing and to prevent it from flow-
ing when the current is increasing (§ 2-5). As
« result. the indueed voltage in an induetance
lags 90 degrees behind the current.

By Lenz's Law, the
Eac gl_
E

induced voltage must
I
AN
\/

always oppose the ap-
plied voltage; that is
the induced and ap-
plied voltages must be
in phase opposition, or
180 degrees out  of
phase.  Consequently,
the applied voltage
leads the current by 90
degrees. Or. using the
voltage as a reference,
the current in an in-
ductance lags 90 de-
- grees, or one-quarter
eycle, behind the volt-
age. These relation-
ships are shown in Fig.
228.

When the current is
Increasing in either direetion, encrgy is being
stored in the magnetie field. At such times the
voltage has the same polarity as the current, so
that the produet of the two, which gives the
instantancous power fed to the inductance, is
positive. When the carrent is decreasing energy
is being restored 1o the cireuit and the applied
voltage has the opposite polarity, so that the
product of current and voltage is negative. This
is also shown in Fig. 228, Positive power means
power taken from the source (i.c.. the source of
the applied e.nuf.). while negative power means
power returned to the source. Power ix alter-
nately taken and given back in each quarter
evele, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when considering a whole
evele. In a practical inductance the wire
will have some resistance. so that some of the
power supplied will be consumed in heating
the wire, but if the resistance of the cireuit is
small compared to the inductance the power
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Fig. 228 — Voltage, cur-
rent wnd power relations
in an alternating-current
circnit consisting of in-
ductance only.
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cousumption 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 «
charge while the voltage is rising and loses its
charge while the voltage is decreasing. The
quantity of eleetricity 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
maxinim. As a result, the current flowing into
or out of the condenser is greatest when the
voltage ix 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 cvele ix restored to the eircuit on the dis-
charge part, and the total energy consumed in
a whole evele therefore is zero. A condenser
operating on a.c. takes no average power from
the source, except for such actual energy losses
as may ocenr as the result of heating of the
dielectrie (§ 2-3). The energy loss in air con-
densers used in radio cireuits 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. Thix is just the opposite to the in-
ductance case.
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N and power relations in an
alternating-current eircuit
consisting of capacity omnly.
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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
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dissipation in the resistance. The relationships
are shown in Fig. 230.

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

The a.c. spectrum — Alternating currents
of different frequencies have different proper-
ties and are useful in a variety of wayvs. For the
transmission of power to light homes, run mo-
tors and perform familiar
everyday tasks by elee-
trical means, low fre-
quencies are most suit-
able. Frequencies of 23,
50 and 60 eyveles are in
common e, the latter
being most. widely used
i this country. The
range of frequencies be-
tween  about 15 and
15,000 eyvcles is known as
the audio-frequency range,
because when  frequen-
cies of this order are con-
verted from w.c. into air
vibrations, as by a loud-
speaker or telephone re-
ceiver, they are distin-
guishable as sounds hav-
mg a tone pitch propor-
tional to the frequency.
Frequencies above 15,000 cveles (15 kilo-
cycles) are used for radio communication, be-
cause at frequencies of this order it is possible
to convert electrical energy into radio waves
which ean be radiated over long distanees.

For convenience in reference. the following
classifications for radio frequencies have been
recommended by an international technieal
conference and are now increasingly in use:

10 to 30 kiloeveles

30 to 300 kilocyeles

300 to 3000 kiloeycles

3 to 30 megacycles

30 to 300 megucycles

300 to 3000 megacycles
3000 to 30,000 megacycles
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Fig. 230 — Voltage,
current and power re-
lations in an alternat-
ing-current ¢ uit
consisting  of resist-
ance only.

Very-low frequencies
Low frequencies
Mediim frequencies
High frequencies
Very-high frequencies
Ultrahigh frequencics
Superhigh frequencies

TUntil recently. other terminology was used;
for example, the. region above 30 megaeyeles
formerly was cousidered the “ultrahigh” fre-
quencies.

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

Iig. 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 ohtained from the combination
of two such waves, since the shape of the com-
bined wave will depend upon the amplitude
and phase of the 1wo component waves.

The squure wave, ulso shown in Fig. 231,
consists of u fundamental and an infinite numn-
ber of harmonies. This type of wave is useful in
a variety of applications.

€ 2-8 Ohm’s Law for Alternating
Currents

Resistanee — Since current and voltage are
always in phase through a resistanee. the in-
stuntuneous reluations for e, are equivalent to
thoze in d.c. circuitz. By definition, the effee-
tive units ol current and voltage for a.c. are
made equal to those for d.e. in resistive cir-
cuits (§2-7» Therefore the varions formulas
expressing Ohm's Law for d.e. c¢ireuits apply
without any change to a.e. civeuits contuining
resistance only, or for purely resistive parts of
complex a.e. cireuits, Nee § 2-6.

In applying the formulis, it must be remems-
bered that consistent units must be used. For
example. if the instantancous value of eurrent
is used in finding voltage or power, the voltave
found will be the instantaneons voltage and the
power will be the instantaneous power. Like-
wise. if the effective value is used for one quan-
tity in the formula, the unknown will he ex-
pressed in effee-
tive value. U'n-
less otherwise
indicated, the
cffective  value
of current  or
voltage is  al-
ways understood
to be meant
when reference
18 made to *eur-
rent”’ or ‘“volt-
age.”

Reactance —
In the preced-
ing  seetion it
was shown that
energy-storage ,—’[;’,__LT_
effects i induct- sovare wave
ance and capac- Fia 231
Iitance  cause n
phase difference
to exist between
the applied volt-
age and the cur-

FUNDAMENTAL

RESULTANT

Combination of a
f“ll‘l:l“ll'“lill «'I”’l llill’-
monic with the amplitude and
phase relation=hips <hown gives
the non-~inusoidal resultant, The
square wanv e, below, (-onluin:un
mumiber of  harmonies,

~ceond

tnbinite



34

rent that flows as a result. Beeause of this,
Ohm'’s Law cannot be applied in its entirety to
a.e. circuits containing inductance and/or
capacitance, particularly for the caleulation of
power consumed. However, the amplitude of
the current that flows in such eircuits is directly
proportional to the voltage applied. just as it is
in purely resistive cireuits. In other words, both
inductance and eapacity offer opposition to
current flow, and thix opposition can be meas-
ured in ohms just as it is in the case of resist-
ance. But the opposition is called reactance to
indieate that it does not consume power and
thereby distinguish it from resistance.

Ohm'’s Law formulas extended to include re-
actance are quite similar to the formulas for
resistive circuits:

r=2
X
where X is the symbol for reactance.

Reactance differs from resistance in another
respect — its value, for a given amount of in-
ductance or capacity, varies with the fre-
quency of the current flowing, whereas resist-
ance is not inherently affected by frequency.
However, the reactance of a given inductance
or capacity is constant for all values of applied
voltage o long as the frequency s constant.

Inductive reactance — When alternating
current flows through an inductance it must
tuke just the right value to make the induced
voltage equal the applied voltage (§2-7).
Since the induced voltage is equal to the in-
ductance multiplied by the rate of change of
the current, it is evident that the larger the
‘alue of inductance considered, the smaller the
rate of current change required to induce a
given voltage. If the frequency is fixed, the
rate at which the alternating current changes
is simply proportional to the amplitude of the
current. Henee a small current will suffice if the
inductance is large, while a large current will
be required if the inductance is small, assuming
that the applied voltage is the same in both
cases. In other words. the reactance of an in-
duetance is directly proportional to the value
of the inductance, at a fixed frequency.

However, the rate of change of current is
proportional to frequency as well as to amnpli-
tude, because the greater the number of c¢ycles
per second the more rapidly the current goes
through its regular variations. Consequently,
increasing the frequency will have the same ef-
fect ax increasing the amplitude of the current
insofar as the induced voltage is concerned; or,
to put it another way, if the frequency is in-
creased the amplitude may be decreased in the
game proportion to maintain the same induced
voltage in a given inductance. Smaller current
amplitude through a fixed value of inductance
means that the reactance is higher, so it is ap-
parent that the reactance of an inductance in-
creases with increasing frequency.

Thus three faetors, inductance, current am-
plitude, and frequency (angular veloeity) de-

E = XI X =

~
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termine the induced voltage. Combining them,
we have, for sine-wave current,
E = 2qfLI, orIE = 2#fL
Since X = E/I, then
X1 = 2afL

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

The fundamental units (ohms, cycles,
henrys) must be used in the above equation,
or appropriate factors inserted if other units
are employed. If inductance is in millihenrys,
the frequeney should be stated in kilocyeles: if
induetance is in microhenrys, the frequeney
should be given in megacycles, to bring the
answer in ohms.

Capacitire reactance — The quantity of
electricity stored in a condenser depends upon
the capaeity and the applied voltage (Q = CE).
and if losses are negligible the same quantity of
electricity ix taken out of the condenser on dis-
charge. Current must 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.c.
voltage is applied to a condenser the alternate
movement of a quantity of eleetricity to charge
and discharge it as the applied voltage rises
and falls and reverses polarity, constitutes cur-
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 greater the rute of
change the faster the given quantity of clec~
tricity is moved. The amplitude is also propor-
tional to the capacitance of the condenser,
since a larger capacitance will take a larger
quantity of clectricity at a given voltage. Since
the rate of change of voltage is proportional to
the amplitude of the voltage and its frequency,
then for a sine-wave voltage

E 1
= 21/CE, or = = ——
I' = 2:fCE, or 7 =575
Since X = E/I, then
Xe =576

where the subseript C indicates that the reac-
tance is capacitive. Capacitive reactance is
inversely proportional to capacity and to the
applied frequency. l'or a given value of capac-
ity, the reactance decreases as the frequency
increases.

Fundamental units (farads, eycles per sec-
ond) must be used in the right-hand side of the
cquation to obtain the reactance in ohms. Con-
version factors must be used if the frequency
and capacity are in units other than cycles
and farads. 1f € is in microfarads and f in
megacyeles, the conversion factors cancel.

Impedanece — In any series circuit the same
current flows through all parts of the cireuit.
If a resistance and inductance are connected
in series to form an a.c. circuit they both carry
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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
current by 90 degrees. In a d.e. circuit with
resistances in series, the applied voltage is
equal to the sum of the voltages across the in-
dividual resistances (§ 2-6). This is also true of
the a.c. circuit with resistance and inductance
in series if the instantaneous voltages are added
algebraically to find the instantaneous 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 eannot be
added directly. The same considerations hold
in the case of resistance and capacity in series.

In either case the total voltage is given by
the following expressions:

E*=FEv 4+ E% or E = VE*®, ¥ B

where Ex indicates the voltage across the re-
actance, which may be either inductive or
capacitive, and Eg is the voltage across the
resistance.

Since Ep = IR and Ey = IX, substitution
gives

E=1Rr*+ X2 or?=\/[gz+xz

E/I is called the impedance of the circuit and is
designated by the letter Z. Ience,

Z =R+ Xx?
The impedance determines the voltage which
must be applied to the circuit to cause a given
current to flow. The unit of impedance is,
therefore, the ohm, just as in the case of re-
sistance and reactance, which also determine
the ratio of voltage to current. Ohm’s Law for
alternating current circuits then becomes

E E

1 7 Z I’ E=1Z

It should be noted that the equivalent OLim's
Law relationship for power in a d.c. ecircuit
does not apply directly in the case of an a.c.
circuit where Z replaces R. As will be ex-
plained, the power factor of the circuit must be
taken into consideration. .

In summary, impedance is a generalized
quantity applying to a.c. or d.c. circuits, sinm-
ple or complex. In a d.c. circuit orin an a.c. eir-
cuit containing resistance only, the phase angle
is zero (current and voltage are in phase) and
the impedance is equal to the resistance.

In an a.c. circuit containing reactance only
the phase angle is 90 degrees, with current lag-
ging the voltage if the reactance is inductive
and current leading the voltage if the reactauce
is capacitive. In either case, the impedance is
equal to the reactance.

In an a.c. circuit containing both resistance
and reactance the phase angle may have any
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value between zero 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 valuc of impedance,
in oltms, may be found from the equation given
above.

Power is consumed in a cireuit 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
inductance, capacity and resistance all are in .
series in an a.c. circuit, the voltage relations
are a combination of the separate cases just
considcred. The voltage across each element
will be proportional to the resistance or react-
ance of that element, since the current is the
same through all. The voltages across 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 current by 90 de-
grees. This means that the two voltages tend
to cancel; in fact, if the voltage across only the
inductance and capacity in series is considered
(leaving out the resistance), the total voltage
is the difference between the two voltages.

The total reactance in a series ecircuit is,
therefore, the difference between the indjvid-
ual inductive and capacitive reactances; or

‘Y = ‘YL - ‘\’c

If more than one inductance clement is pres-
ent in the circuit, the total inductive reactance
is the sum of the individual reactances; simi-
larly, the same is true for capacitive react-
ances. Inductive reactance is conventionally
taken as “positive” (4+) in sign and capaci-
tive reactance as “negative”’ (—). With this
convention, algebraic addition of all the re- .
actances in a series circuit gives the total re-
actance of the circuit.

Parallel circuits with I, C and R— The
equivalent resistance of a number of resistances
in parallelin an a.c. circuit is found by the same
rules as in the case of d.c. circuits (§ 2-6).
Parallel reactances of the same kind have an
equivalent reactance given by a similar rule:

1

X =1 1 1
E+E+X—3 ......

This formula applies to reactances of the same
sign; it cannot be used if both inductive and
capacitive reactance 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 circuit. That is,

I =17+ I8
The impedance of the circuit is equal to E/I,so
_ E

By assuming some convenient value for the ap-
plied voltage 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 used for either
inductive or capacitive reactance. When induc-
tive reactance and capacitive reaclance are in
parallel, the current through the induetance is
180 degrees out of phase with the current
through the condenser, hence the total current
is the differencc between the two currents. This
difference may be substituted for Ix in the
above equations.

It is of intercst to note that, since the total
current flowing in a circuit containing induc-
tive and capacitive reactance in parallel is the
difference between the currents in the two
branches, the impedance of such a paraliel
combination always is larger than the re-
actance of either branch alone. Any resistance
which also may be in parallel is unaffected,
since the current taken by the resistance is de-
termined solely by the applied voltage.

With series-parallel circuits the solution be-
comes considerably more complicated, since
the phase relationships in any parallel branch
may not be cither 90 degrees or zero. However,
the majority of parallel circuits 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. circuit containing both resistance and
reactance is consumed cutirely in the resist-
ance, hence is equal to /*R. However, the
reactance is also effective in determining the
current or voltage in the circuit, even though
it consumes no encrgy. Hence the product of
volts times amperes (which gives the power
consumed in d.c. circuits) for the whole circuit
may be several times the actual power used up.
The ratio of power dissipated (watts) to the
volt-ampere product is called the power factor
of the circuit, or
Watts

Power factor = ——
Volt-amperes

Distributed 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 reactance of coudensers becomes
infinitely low at high frequencies. All coils have
some capacity between turns, and the react-
ance of this capacity can become low enough
at some high frequencies to tend to cancel the
high reactance of the coil. Likewise, the leads
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-frequency 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.e. circuits may be divided or multiplied to
give convenient numerical values to different
orders of magnitude, just as in d.c. circuits
(§ 2-6). Because the rapidly reversing current
is accompanied 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 frequencies suitabie instruments can
be constructed by making the current produce
both magnetic fields, one by means of a fixed
coil and the other by the moving coil. Instru-
ments having movements of this kind are
variously known as dynamometer, electrodyna-
mometer and electrodynamic types. )

Another tvpe of instrument suitable for
measuring alternating current is less expensive
in construction and therefore more widely used.
This is the repulsion-type moving-iron a.c.
ammeter shown in Fig. 232. Fundamentally,
the movement is based on the same principle
as the inexpensive moving-iron-vane meter for
d.c. shown in Fig. 225. In the repulsion-type
instrument current flowing through the sta-
tionary coil magnetizes two iron vanes, one

Fig. 232 — Ammeter
based on a repulsion.
type moving-iron
movement used for
a.c. measurements,

fixed and the other attached to the movable
pointer shaft. Inasmuch as the two vanes are
in the same plane and magnetized by the same
source, the magnetic effeet upon them by the
current through the coil will be identical re-
gardless of its 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
seale. The degree of travel is controlled by a
spring which brings the pointer to rest at a
point where the electrical and mechanical
forces balance, and returns the pointer to zero
on the scale when current flow ceases.

Such instruments are used for measurement
of either current or voltage. However, when
employed 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. For 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 tvpe
described above are inaccurate beeause of dis-
tributed capacity and other effects, and the
only reliable type of dircet-reading instrument
is the thermocouple ammeter or milliaimmeter.
This is a power-operated device consisting of a
resistanee 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
developing a small d.e. voltage between the
terminals when heated. This voltage, which
is proportional to the heat applied to the
couple, is used to operate a d.c. instrument
of ordinary design.

€ 2-9 Thke 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 eoil causes an
induced e.m.f. which is opposed to the applied
e.nm.f. The induced e.m.f. results from the vary-
ing magnetie field accompanying the flow of al-
ternating current. If a sccond coil is brought
into the same field, a similar e.m.f. likewise
will be induced in this coil. This induced e.m.f.
may be used to force a current through a wire,
resistance or other eleetrical device connected
to the terminals of the second coil.

Two coils operating in this 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 primary coil, and the other
is called the secondary coil. lnergy may be
taken from the sccondary, being transferred
from the primary through the medium of the
varving magnetic field.

Types of transformers — The uscfulness
of the transformer lies in the fact that energy
can be transferred from one eirenit to another
without direct 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 ouly a 440-
volt source is available, a transformer can be
used to change the source voltage to that re-
quired. The transformer. of course. ean be used
only on a.c., since no voltage will be induced in
the secondary if the magnetic field is not
changing. If d.c. is applied to the primary of a
transformer, & voltage will be induced in the
secondary only at the instant of closing or
opening the primary circuit. since it is only at
these times that the field is changing.

As shown in Fig. 233 the primarv and
secondary coils of a transformer may be
wound on a core of magnetic materinl. This in-
creases the inductance of the coils so thut a
relatively smuall 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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alxo tends to insure that practically all of the
field set up by the curvent in the primary coil
will cut the turns of the secondary coil. ow-
ever, the core introdnces a power loss becanse
of hysterisis, an effect which oceurs because the
iron tends to retain its magnetism, and hence
requires the expenditure of energy to overcome
thix residual magnetism every time the ulter-
nating current reverses in direction, and be-
cause of eddy currents, or currents induced in
the core by the varying magnetic field.

Iron Core

Dr/'mar./

Jewm/a,y

—_—

L

SYMBOLS

Fig. 233 — The transformer. Power is transferred from
the primary coil to the secondary by means of the mite-
netic field. The upper <vmbol at right indicates an iron-
core transformer, the lower one an air-core transformer.

Core los=es increase with frequeney 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
either 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 Iatter case the core is not used as
a means of carrying the magnetic field from the
primary to the secondary, but simply to give a
Larger induetance with a fixed number of turns.
In radio-frequency  transforniers relatively
little of the mugnetic flux set up by the
primary cuts the turns of the sccondary. The
dizcussion in this section is confined to low-
frequency iron-core transformers, where prac-
tically all of the primary flux cuts the see-
ondary. Ruadio-frequency transformers are
considered in § 2-10.

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

B, ="2E,
ny
where Es is the secondary voltage. I, = the
primary voltage, and n, and n, are the number
of turns on the sccondary and primary, respee-
tively. The ratio n, n, is called the turns ratio
of the transformer.



38

This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. If some of the mag-
netie flux follows a path which does not make it
cut the secondary turns then the secondary
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-
netie field affecting the secondary) by causing
the rate of change of flux to be less in the see-
ondary than in the primary. In general, the
equation can be used only when both coils are
wound on a eloged 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 discussed above is usu-
ally called the magnetizing current of the trans-
former. Like the current in any inductance, it
lags the applied voltage by 90 degrees, neg-
leeting the xmall energy losses in the resistance
of the primary coil and in the iron core.

When current is drawn from the sccondary
winding. the secondary 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 current will depend upon
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
ficld must be maintained. Consequently. the
primary current must change in such a way
that the effect of the field set up by the sec-
ondary eurrent is completely caneeled. This is
accomplished when the primary draws addi-
tional current that sets up a field exactly
equal to the field set up by the secondary cur-
rent, but which opposes the secondary field.
The additional primary current is thus 180 de-
grees out of phase with the secondary current.

In rongh caleulations on transformers it is
convenient to negleet the magnetizing current
and to assume that the primary current is
caused entirely by the secondary load, This is
jnstifiable, because in any well-designed trans-
former the magnetizing eurrent is quite small
in comparison to the load current when the
latter is near the rated value.

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

ngly =mp Ip
Hence,

I,="21,

np

The load current in the primary for a given
load current in the sccondary 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 cireuit will be identical with that
existing between the secondary current and
voltage. This is because the applied voltageand
induced voltage are 180 degrees out of phase,
and the primary current and secondary current
likewise are 180 degrees out of phase.

Energy relationships; efliciency — A trans-
former cannot create 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,

P,,=nP.~

where P, is the power taken from the sec-
ondary, P is the power input to the primary,
and n is a factor which always is less than 1.
It is called the efficiency of the transformer and
is usually expressed as a percentage. The effi-
cieney of small power transformers such as are
used in radio reeeivers and transmitters may
vary between about 60 per cent and 90 per
cent, depending upon the size and design,
Leakage reactance — In a practical trans-
former not all of the magnetic flux is common
to both windings, although in well-designed
transformers the amount of flux which cuts one
coil and not the other is only a small percentage
of the total flux. This leakage fluz acts in the

_same way as flux about any coil which is not

coupled to another coil; that is, it gives rise to
seli-induction. Consequently, there is a small
amount of leakage inductance associated with
both windings of the transformer, but not
common to them. Leakage inductance acts in
exactly the same way as an equivalent amount
of ordinary inductance inserted in series with
the cireuit. 1t has, therefore, 2 certain react-
ance, depending upen the amount of induct-
ance and the frequeney. Thisreactance is called
leakage reactance.

In the primary the practical effect of leak-
age reaetance is equivalent to a reduction in
applied voltage, since the primary current
flowing through the leakage reactance causes
a voltage drop. This voltage drop inerecases
with increasing primary current, hence it in-
creases as more eurrent is drawn from the sec-
ondary. The induced voltage consequently de-
creases. since the applied voltage (which the
induced voltage must equal in the primary)
has been effectively reduced. The secondary
induced voltage also decreases proportionately.
When current flows in the secondary circuit
the sccondary leakage reactance causes an
additional voltage drop, which results in a
further reduction in the voltage available from
the secondary terminals. 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 they result in g
lower sccondary voltage under load than is in-
dicated by the turns ratio of the transformer.

WAV

— o]

Fig. 234 — The equivalent circuit of a transformer in-
cludes the effects of leakage inductance and resistance of
both primary and secondary windings. The resistance
Reis an equivalent resistance representing the constant
core losses. Since these are comparatively small, their of-
fect may be neglected in many approximate calculations.

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

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

E, I, =E,I

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

that

E, _E, n,\?

Ip i (n.)
Since Z = E/I, E,/I, is the impedance of the
load on the secondary circuit, and E,/1,1s 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 source of power,
is equal to the secondary load impedance multi-
plied by the square of the primary-to-second-
‘ary turns ratio. This primary impedance is
called the reflected impedance or reflected load.
The reflected impedance will have the same
phase angle as the secondary load impedance,
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 practical cases. The impedance
ralio 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.

Impedance matching — Many devices re-
quire a specific value of load resistance (or
impedance) for optimum operation. The re-
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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. This is called /mpedance matching. From
the preceding paragraph,

o (Zs

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

Transformer construction — Transformers
are generally built so that flux leakage is mini-
mized insofar as possible. The magnetic path
is laid out so that it is as short as possible, since
this reduees its reluctance and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to minimize flux leak-
age. Two core shapes are in common use, as
shown in Fig. 235. In the shell type both wind-
ings 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
is sometimes done when it is necessary to mini-
mize capacity effects between the primary and
secondary, or when there is a large difference of
potential between primary and secondary.

Core material for small transformers is
usually silicon steel, called ““transformer iron.”
The core is built up of thin sheets, called
laminations, insulated from each other (by a
thin coating of shellae, for example) to prevent
the flow of eddy currents which are induced in
the iron at right angles to the direction of the
field. If allowed to flow, these eddy currents
would cause considerable loss of energy in
overcoming the resistance of the core material.
The separate laminations are overlapped, to
make the magnetic path as continuous as
possible and thus reduce 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

 e—

LAMINATION SHAPE

CORE TYPE

Fig.235 — Two common types of transformer construc-
tion. Core pieces are interleaved to provide a continu-
ous magnetic path with as low reluctance as possible.




type of core material used, the frequency, and
the magnetomotive force required to force the
fux 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 laver. Thicker insulation is used
between separate coils and between the coils
and the core.

In power transformers distributed capacity
in the windings is 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 special types of windings
designed to minimize distributed capacity.

The autotransformer — The transformer
principle can be utilized with only one winding
instead of two, as shown in Fig. 236; the princi-
ples just discussed apply equally well. The
autotransformer has the advantage that, since

L Iron. Core Fig. 236 — The auto-trans-
former is based on the trans-
former principle, but uses
i only one winding. The line

Line and load currents in the
Y common winding (A) flow in
A opposite directions, so that
p the resultant current is the
difference between them, The
voltage aeross A is propor-
tional to the turns ratio.

Y

Load

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

' 2-10 Resonant Circuits

Principle of resonance — It has been shown
(§ 2-8) that the inductive reactance of a coil
and the 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 equal. Since 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 current. The
frequency at which this occurs is known as the
resonant frequency of the circuit and the circuit
is said to be in resonance at that frequency, or
tuned to that frequency.
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Series circuits — The frequency at which a
series circuit is resonant is that for which
X7, = Xe. Substituting the formulas for in-
ductive and capacitive reactance (§ 2-8) gives

1
2xfC
Solving this equation for frequency gives
N 1

Ir/IC
This equation is in the fundamental units —
cycles per second, henrys and farads — and so,
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.=><106

2r/LC

where f is the frequency in kilocycles per sec-
ond, 2 is 6.28, L is the inductance in micro-
henrys (uh.), and C is the capacitance in micro-
microfarads (uufd.).

The resistance that may be present does not
enter into the formula for resonant frequency.

When a constant a.c. voltage of variable fre-
quency is applied, as shown in Fig. 237-A,
the current flowing through such a circuit will
be maximum at the resonant frequency. The
magnitude of the current at resonance will be
determined by the resistance in the cireuit. The
curves of Fig. 237 illustrate this, curve a being
for low resistance and curves & and ¢ being
for increasingly greater resistances.

In the cireuits used at radio frequencies the
reactance of either the coil or condenser at
resonance is usually several times as large as
the resistance of the cireuit, although the net
reactance is zero. As the applied frequency de-
parts from resonance, say on the low-frequency
side, the reactance of the condenser increases
and that of the inductance decreases, so that
the net reactance (which is the difference be-
tween the two) increases rather rapidly. When
it becomes several times as high as the resist-
ance, it becomes the chief factorin determining
the amount of current flowing. Hence, for cir-
cuits having the same values of inductance and
‘capacity but varying amounts of resistance,
the resonance curves tend to coincide at fre-
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Fig. 237 — Characteristics of series-resonant and par-
allel-resonant eirenits with variations in resistance, &.
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quencies somewhat removed from resonance.
The three curves in the figure show this tend-
ency.

Parallel circuits — The parallel-resonant
circuit is illustrated in Fig., 237-B. This cir-
cuit also contains inductance, capacitance 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 connec-
tion with parallel inductance and capacity
(§ 2-8), the total current through such a com-
bination is less than the current flowing in the
branch having the smaller reactance. If the
currents through the inductive and capacitive
branches are equal in amplitude and exactly
180 degrees out of phase, the total current,
called the line current, will be zero no matter
how large the individual branch currents may
be. The impedance (Z = E/I) of such a cir-
cuit, viewed from its parallel terminals, would
be infinite. In practice the two currents will not
be exactly 180 degrees out of phase, because
there is always some resistance in one or both
branclies. This resistance makes the phase re-
lationship between current and voltage less
than 90 degrees in the branch containing it,
hence the phase difference between the cur-
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 he very
small if the resistance is small compared to the
reactance, and thus the parallel impedance at
resonance may be very high,

As the applied frequency is increased or de-
creased from the resonant frequency, the re-
aetance of one branch decreases and that of
the other branch increases, The branch with
the smaller reactance takes a larger current. if
the applied voltage is constant, and that with
the larger reactance takes a smaller current,
As a result, the difference between the two
currents becomes larger as the frequency is
moved farther from resonance. Since the line
current is the difference between the two cur-
rents, the current increases when the frequency
moves away from resonance; in other words,
the parallel impedance of the circuit decreases.

The variation of parallel iinpedance of a
parallel-resonant eircuit with frequency is il-
lustrated by the same curves of Fig. 237 that
show the variation in current with frequency
for the series-resonant cireuit. The parallel
impedance at resonance increases as the series
resistance is made smaller,

In the case of parallel circuits, resonance
may be defined in three ways: the condition
which gives maximum impedance, that which
gives a power factor of 1 (impedance purely
resistive), or (as in series circuits) when the in-
ductive and capacitive reactances are equal. If
the resistance is low, the resonant frequencies
obtained on the three bases are practically
identical. This condition usually is satisfied in
radio work, so that the resonant frequency of a
parallel circuit is generally computed by the
serics-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-
nallv. When the current is alternating, the in-
ternal magnetie field induces a voltage inside
the conductor which opposes the applied volt-
age and becomes larger as the center of the con-
ductoris approached. As a result, the current is
foreed to distribute itself so that the greater
proportion flows near the surface and less near
the center. This is known as skin effect.

Skin effect is negligible at low frequencies,
but increases with inereasing frequency to such
an extent that at radio frequencies the major
portion of the current flows near the surface. In
the u.h.f. range, all the current may be concen-
trated within one or two thousandths of an
inch of the surface, so that for all practical pur-
poses the current flows entirely on the surface.

Since little current flows in the interior of a
conductor at radio frequencies, the effect is the
same as though the current were flowing in a
thin condueting tube. This is the same as re-
ducing the cross-sectional area of the con-
duetor, which inereases its resistance. Conse-
quently =kin ¢ffect inereases the rexistanece of a
solid conductor s compared to its value for
d.e. and low-frequeney a.e.

Low resistance at radio frequencies can be
achieved by using conductors with large sur-
face area. Since the inner part of the conductor
does not carry current, thin-walled tubing may
be used for coils equally as well as solid wire of
the same diameter.

In the case of inductance coils, the magnetic
field close to the wire causes the current to tend
to concentrate in the part of the conductor
where the ficld is weakest, again causing an ef-
fective decrease in the conduetor size and rais-
ing the resistance. These effeets, plus the ef-
feets of stray currents flowing through the dis-
tributed capacity (§ 2-8) between turns, raise
the effective resistance of a coil at radio fre-
quencies to many times the d.c. resistance of
the wire.

Sharpness of resonance — Ax the internal
series resistance is increased the resonance
curves become “flatter” for frequencies near
the resonance frequency, as shown in Fig. 237.
The relative sharpness of the resonance curve
near resonance frequency is a measure of the
sharpness of tuning or selectivity (ability to dis-
criminate between voltages of different fre-
quencies) in such circuits. This is an important
consideration in tuned cireuits for radio work.

Flvicheel effect; )— A resonant circuit
may be compared to a flywheel in its behavior.
Just as such a wheel will continue to revolve
after it is no longer driven, so also will oscillu-
tions of electrical energy continue in a resonant
circuit after the source of power is removed.
The flywheel continues to revolve because of
its stored mechanical energy; current flow
continues in a resonant cireuit by virtue of the
energy stored in the magnetic field of the coil
and the electric 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 encergy, and eventually all
the energy is so dixsipated. The length of time
the oscillations will continue is proportional to
the ratio of the cnergy stored to that dissi-
pated in cach evele of the oscillation. This ratio
is called the Q (quality factor) of the circuit.

Since energy is stored by either the induct-
ance or capacity and may be dissipated in
cither the inductive or capacitive branch of the
cireiit, a () can be established for cither the in-
duetance or eapacity alone as well as for the
entire circuit. It ean be shown that the energy
stored is proportional to the reactance and
that the encrgy dissipated ix proportional to
the resistance, so that, for either inductance or
eapacity associated with resistance,

Q= X
R

This relationship is useful in a variety of cir-
cuit. problems.

In resonant circuits at frequencies below
about 28 Me. the internal resistanee is almost
wholly in the eoil: the condenser resistance
may be neglected. Consequently, the @ of the
cireuit as a whole ix determined by the Q of the
coil. Coils for use at frequencies below the very-
high-frequeney region may have Qs ranging
from 100 to =everal hundred, depending upon
their size and construetion.

The sharpuess of resonance of a tuned cir-
cuit is directly proportional to the  of the
cirenit. As an indieation of the effeet of Q, the
current in a seriex cirenit drops to a little less
than half its resonance value when the applied
frequency is changed by an amount equal to
1/0 times the resonant frequeney. The paral-
lel impedance of a parallel circuit similarly de-
ereases with change in frequency. For example,
in a circuit having a Q of 100, changing the ap-
plied frequeney by 17100th of the resonant
frequency will deerease the parallel impedance
to less than half its value at resonance.

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

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

If, for example, the inductive reactance of
a circuit is 200 ohmx, the capacitive reactance
is 200 ohms. the resistance 5 ohms, and the
applied voltage is 50, the two reactances cancel
and there will be but the 5 ohms of pure re-
sistance to limit the current flow. Thus the cur-
rent will be 50 5, 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 to applied
voltage is equal to the ratio of the reactance of
the coil or the condenser to the resistance.
Since the latter ratio equals the @ of the cir-
cuit. the reactive voltage equals the applied
voltage times the @ (200/5 or 40 X 50 = 2000
volts).

Parallel-resonant circuit impedance —
The parallel-resonant cirenit offers pure re-
sistance (its resonant tmpedance) between its
terminals because the line current is practically
in phase with the applied voltage. At frequen-
cies off rexonance the eurrent increases through
the braneh having the lower reactance (and
viee versa) so that the eireuit becomes reae-
tive, and the resistive component of the im-
pedance deereases as shown in Iig. 238.

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

Z, = X}/R = XQ

where X is the reactance of either the coil or
the condenser and & is the internal resistance.

Q of loaded circuits — In many applica-
tions, particularly in receiving, the only power
dissipated is that lost in the resistance of the
rosonant cireuit itself. Hence the coil should be
designed to have as high @ as possible. Since,
within limits, increasing the number of turns
raises the reactance faster than it raises the
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Fig. 238 — 'The impedance of a parallel-resonant resist-
ance circuit is shown here separated into its reactance
and resistance components. 'F'he parallel resistance of the
circuit is equal to the parallel impedanee at resonance.




] S
g/oc m'ca/ana/ /eac/[o jun(/amenfa/é

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
cnergy to a load, ax in the case of the resonant
cireuits used in transmitters, the energy con-
sumed in the cireuit itxelf is usually negligible
compared with that consumed by the load. T'he
equivalent of such a circuit can be represented
as shown in Fig. 230-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 in-
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 cireuit. (The
parallel impedance of the tuned circuit alone
is resistive at resonance, so that the impedance
of the combined circuit may be caleulated from

w E* g

Fig. 239 — The equivalent cirenit of a resonant cire
cuit delivering power to a load. ‘The resistor K represents
the load resistance. A1 (13) the load is tapped across
part of L, which by transformer action is equivalent to
using a higher load resistance across the whole eircuit.
the formula for resistances in parallel. If one
of two resistances in parallel has 10 times the
resistance of the other. the resultant resixt-
ance is practically cqual to the smaller resist-
ance.) The error will be small, therefore, if the
losses in the tuned circuit alone are neglected.
Then, since Z = XQ, the Q of a circuit loaded
with a resistive impedance is

where Z is the load resistance connected across
the circuit and X ix the reactance of either the
coil or condenser. Henee, for a given parallel
impedance, the effective Q of the circuit in-
chiding the load is inversely proportional to
the reactance of either the coil or the con-
denser. A circuit loaded with a relatively low
resistance (a few thousand ohms) must there-
fore have a large capacity and relatively small
induetance to have reasonably high Q.

From the above it is evident that connecting
a resistance in parallel with a resonant circuit
decreases the impedance of the circuit. How-
ever. the reactances in the circuit are un-
changed, hence the reduction in impedance is
equivalent to a reduction in the Q of the cir-
cuit. The same reduction in impedance also
could be brought about by inereasing the series
resistance of the circuit. The equiralent series
resistance introduced in a resonant circuit by
an actual resistance connected in parallel is
that value of resistance which, if added in
series with the coil and condenser, would de-
crease the circuit ) to the same value it has
when the parallel resistance is connected.
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When the rexistance of the resonant circuit
alone can be neglected, the equivalent re-
sistance is

X:

7z
the symbols having the same meaning as in the
formula above.

The effect of a load of given resistance on
the @ of the circnit can be changed by con-
necting the load acros< only part of the circuit.
The most common mcthod 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 conueeting a higher value of load
resistance across the whole circuit. This is
similar in principle to impedance transforma-
tion with an iron-core transformer (3 2-9).
However, in the high-frequency resonant cir-
cuit the impedance ratio does not vary exactly
as the =quare of the turn ratio. beeause all the
magnetic 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-
quency of a circuit shows that the same fre-
quency abways will be obtained so long as the
product of L and €' is constant. Within this
limitation, it is evident that L can be large and
C small. L smail and ' large. ote. The relation
between the two for a fixed frequencey is ealled
the L/C ratio. A high-C' cireuit is one which
has more capacity than “normal’ for the fre-
quency; a low-C cirenit one which has less than
normal capacity. These terms depend to a
considerable extent upon the particular appli-
cation considered, and have no exact numeri-
al meaning.

LC constants — Ax pointed out in the pre-
ceding paragrapl, the produet of inductance
and capacity is constant for any given fre-
quency. It is frequently convenient to use the
numerical value of the LC ronstant when a
number of calculations have to be made in-
volving different L, 'C ratios for the same fre-
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quency. The constant for any frequency is
given by the following equation:
o — znf._;z_sn

where L is in microhenrys, ¢ in micromiero-
farads, and fis in megacycles.

€ 2-11 Coupled Circuits

nergy transfer; loading — Two circuits
are said to be coupled when energy can be
transferred from one to the other. The circuit
delivering energy is called the primary cireuit;
that receiving energy is called the secondary
circuit, The energy may be practieally all
dissipated in the secondary circuit itself, as in
receiver eirenits, or the secondary may simply
act ax a medium through which the energy is
transferred to a load resistance where it does
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work. In the latter ease, the coupled circuits
may act as a radio-frequency impedance-
matching device (§2-9) where the matching
can be aceomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
coupling between the primary and secondary.

®w

®

©)
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Fig. 240 — Basic methods of eireuit coupling.

Coupling by a common circuit element —
One method of coupling between two resonant
circuits is to have some type of circuit element
common to both circuits. The three variations
of this type of coupling (often called direct
coupling) shown at A, B and C of Fig. 240,
utilize a common inductance, capacity and
resistance, respectively. Current circulating
in one LC branch flows through the common
element (L, C., or R.) and the voltage devel-
oped across this element causes current to flow
in the other LC branch. The degree of coupling
between the two circuits becomes greater as the
reactance (or resistance) of the common ele-
ment is increased in comparison to the remain-
ing reactances in the two branches.

If both circuits are resonant to the same
frequency, as is usually the case, the common
impedance — reactance or resistance — re-
quired for maximum energy transfer is gener-
ally quite small compared to the other react-
ances in the circuits.

Capacity coupling— The circuit at D
shows electrostatic coupling between two reso-
nant circuits. The coupling increases as the
capacity of C. is made greater (reactance of C.
is decreased). When two resonant circuits are
coupled by this means, the capacity required
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for maximum energy transfer is quite small if
the Q of the secondary circuit is at all high.
For example, if the parallel impedance of the
secondary circuit is 100,000 ohms, the react-
ance of the coupling condenser need not be
lower than 10,000 ohms or so for ample cou-
pling. The corresponding capacity required is
only a few micromicrofarads at high frequencies.

Inductive coupling — Fig. 240-E illustrates
inductive coupling, or coupling by means of
the magnetic field. A circuit of this type re-
sembles the iron-core transformer (§ 2-9) but,
beeause only a small percentage of the flux
lines set up by one coil cut the turns of the
other coil, the simple relationships between
turns ratio, voltage ratio and impedance ratio
in the iron-core transformer do not hold. To
determine the operation of such circuits, it is
necessary to take account of the mutualinduct-
ance (§ 2-5) between the coils.

Link coupling— A variation of inductive
coupling, called link coupling, is shown in TFig.
241. This gives the effect of inductive coupling
between two coils which may be so separated
that they have no mutual inductance; the link
may be considered simply as a means of pro-
viding the mutual inductance. Because mutual
inductance between coil and link is involved at
each end of the link, the total mutual induct-
ance.between two link-coupled circuits cannot
be made as great as when normal inductive
coupling is used. In practice, however, this
ordinarily is not disadvantageous. Link cou-
pling frequently is convenient in the design of
equipment where inductive coupling would be
impracticable for constructional reasons.

The link coils generally have few turns com-
pared to the resonant-circuit coils, since the
coefficient of coupling is relatively independent
of the number of turns on either coil.

Coefficient of coupling— The degree of
coupling between two coils is a function of
their mutual inductance and self-inductances:

M
\/LxLz

where k is called the coeflicient of coupling. It is
often expressed as a percentage. The coefficient
of coupling cannot be greater than 1, and gen-
erally is much smaller in resonant circuits.
Inductively coupled circuits — Three types
of circuits with inductive coupling are in
general use. As shown in Fig. 242, one type has
a tuned-secondary circuit with an untuned-
primary coil, the second a tuned-primary eir-
cuit and untuned-secondary coil, and the third
uses tuned circuits in both the primary and

k

L.
& 0 2 Ca
Input & = output
™ ™

Fig. 241 — Link coupling. The mutual inductances at
both ends of the link are equivalent to mutual inductance
between the tuned circuits, and serve the same purpose.
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Fig. 242 — Vypes of inductively coupled circuits. In A
and B, one circuit is tuned, the other untuned. C; shows
the method of coupling between two tuned circuits.

secondary. The circuit at A is frequently used
in receivers for coupling between amplifier
tubes when the tuning of the circuit must be
varied to respond to signals of different fre-
quencies. Circuit B3 is used principally in trans-
mitters, for coupling a radio-frequency ampli-
fier to a resistive load. Circuit (' is used for
fixed-frequency amplification in receivers. The
same cireuit also is used in transmitters for
transferring power to a load which has both
reactance and resistance.

If the coupling between the primary and sec-
ondary is ‘“tight” (coeflicient of coupling
large), the effect of inductive coupling in cir-
cuits A and B, Fig. 242, is much the same as
though the circuit having the untuned coil
were tapped on the tuned cireuit (§ 2-10). Thus
any resistance in the circuit to which the un-

.tuned coil is connected is coupled into the

tuned circuit in proportion to the mutual in-
ductance. This is equivalent to an inerease in
the series resistance of the tunced eircuit, and its
@ and sclectivity are reduced (§ 2-10). The
higher the coeflicient of coupling, the lower the
@ for a given value of resistunce in the coupled
circuit. These circuits may be used for imped-
ance matching by adjustment of the coupling
and of the number of turns in the untuned coil.

If the circuit to which the untuned coil is
connected has reactance, a certain amount of
reactance will be “coupled in”’ to the tuned
circuit depending upon the amount of re-
actance present and the degree of coupling,.
The chief effect of this coupled reactance is to
require readjustment of the tuning when the
eoupling is increased, if the tuned eircuit 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 complicated than in the
simpler circuits just described. 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 vultnge) will, in turn, induce a volt-
age in the primary \V}ll('ll is opposite in phase
to the voltage acting in series in the primary
circuit. This opposing voltage redices 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 reduction in current ean be looked
upon as being caused by an increase in the re-
sistance of the primary eireuit. That is, the
effect of coupling a resonant secondary 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 decreases, since the increase in series
resistance reduces the  of the primary circuit.

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

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

These effects are almost negligible with very
“loose™ conpling (cocfficient of coupling very
<m'nll) but incerease rapidly as the coupling
inereases. Because of them, the selectivity of a
pair of coupled resonant cirenits ean be varied
over a considerable range simply by changing
the coupling between them. Typical curves
shu\\ln;. the variation of selectivity are shown
in Fig. 243, lettered in order of increasing co-
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Fig. 213 — Showing the effect on the outpnt voltage
from the secondary circuit of changing the cocflicient of
coupling between two resonant cirenits independently
tuned to the same frequeney. 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 cireuit (induced
voltage multiplied by the @ of the secondary
cireuit) 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 critical
coupling, B, is reached. At still closer coupling
the effect of the primary current “humps”’
causes the secondary voltage to show some-
what similar humps, while when the coupling
is further increased 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 — It 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-peaked,
but in no case 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 circuit is
equal to the resistance of the primary itself,
corresponding to the condition of matched
impedances. Hence, the energy transfer is max-
imum at critical coupling. The over-uall selec-
tivity of the coupled circuits at eritical coupling
is intermedinte between that obtainable with
loose coupling and tight coupling. At very loose
coupling, the selectivity of the system is very
nearly equal to the product of the selectivities
of the two circuits taken separately; that is, the
eficetive Q of the circuit is equal to the product
of the Qs of the primary and secondary.

Effect of eircuit (¢ — Critical coupling is a
function of the Qs of the two circuits taken in-
dependently. A higher coefficient of coupling
is required to reach critical coupling when the
Qs are low; if the Qs are high. as in receiving
applications, a coupling coeflicient of a few
per cent may give critical coupling.

With loaded circuits it is not impossible for
the Q to reach such low values that critical
coupling cannot be obtained even with the
highest practicable coefficient of coupling (coils
as close physically as possible). In such case
the only way to secure sufficient coupling is to
increase the Q of one or both of the eoupled
circuits. This can be done either 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, because the maximum coeflicient 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 cireuits
may be designed for a Q in the vicinity of 10
or so with assurance that suflicient coupling
will be available; if unknown, the proper Qs can
be determined by experiment.
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Shielding — Frequently it is necessary to
prevent coupling between two circuits which,
for constructional reasons, must be physically
near cach other. Capacitive coupling may
readily be prevented by enclosing one or both
of the circuits in grounded low-resistance
metallie containers, called shields. The electro-
static field from the circuit components does
not penetrate the shield, because the lines of
force are short-circuited (§ 2-3). A metallic
plate called a bhaflle shicld, inserted between
two components, may suffice to prevent elec-
trostatic coupling between them, since very lit-
tle of the field tends to bend around such a
shield if it is large enough to make the compo-
nents invisible to each other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic ficld induces a current
(eddy current) in the shield, which in turn sets
up its own magnetic ficld opposing the original
field (§2-3). The induced current is propor-
tional to the frequency and also to the conduc-
tivity of the shield, hence the shielding effect
increases with frequency and with the conduc-
tivity and thickness of the shielding material. A
closed shield is required for good magnetic
shiclding; in some cases separate shields, one
about each coil, may be required. The baflle
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 Lo be shielded 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 raiscd as well. Hence the @ of
the coil is reduced. The effect of shielding on
coil Q and inductance becomes less as the dis-
tance between the coil and shield is increased.
The losses also decrease with an increase 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 is 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 (§ 2-5), to provide a
low-reluctance path for the external flux about
the coil to be shielded. A nonmagnetic shield is
quite ineflectual at these low frequencies since
the induced current is small.

Filters — By suitable choice of circuit ele-
ments a coupling system 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 filter, and in the
above case is known as a low-pass filter.

If frequencies above the cut-off frequency are
passed and those below attenuated, the filter is
a high-pass filter. Simple filter circuits of both
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types are shown in Fig. 244, along with typieal
frequency-response curves. The fundamental
circnit, from which more complex filters are
constructed, isx the l-seclion. Fig. 214 also
shows m-seetion and T-xeetion filters, both con-
strueted from the basie I-section,

A hand-pass filter; also shown in Iig. 244,
is a combination of high- and low-pass filter
clements designed to pass without attenwation
all frequencies between two seleeted cut-off
[requencies, aud to attenuate all frequencies
outside these limitz. The group of frequencies
which is passed by the filter is called the pass-
band. Two resonant eireuits with greater than
eritieal coupling represent. a common form of
band-pass filter.

In curves of Fig. 244, A shows the attenua-
tion at high frequencies of a single-section low-
pass filter with high-Q components; B illus-
trates the extremely sharp cut-off obtainable
with a more claborate three-section filter.
Curve C is that of a high-pass section having
high Q. comparable to A. D shows the attenna-
tion by a less-efticient. section having some re-
sistance in the inductance bhranch. Curves E,
F and G illustrate various band-pass charac-
teristies, 12 being a low-) narrow-band filter,
F a high-Q narrow-band, and G a wide-band
high-Q two-scetion filter.

TFilter cireunits are frequently encountered
both in low-frequency and r.f. applications.
The proportions of L and C for proper opera-
tion depend upon the load resistance connected
across the output terminals, L being larger and
C smaller as the load resistanee is increased.
The type of section does not affeet the at-
tenuation curve, provided the input and out-
put resistances are correet. In a symmetrical
filter the input and output impedances must
be equal to the impedanee for which the filrer
is designed. Assuming these relationships, the

Fig. 245 — L-scction and w.sec-

following design equations apply to the sections
illustrated in Fig. 2.1t

Low-pass filter:
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In these formulas. R is the terminal imped-
ance and fo the design cut-off frequeney for
fow-pass and high-pass filters. For band-pass
filters, f1 and fa are the pass-band limits and
S the middle frequeney. Lz Co the parallel
shunt elements.

The resistance-capacity filter, shown in I'ig,
245, is used where both d.e. 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-
ployved where the direct current is small so
that d.c. voliage drop is not excessive, or
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when a voltage drop actually is required.
The time eonstant, 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.

E
D.C.orA.C.

® ®

Eact

EAC
Bridge circuits utilizing resistanee, induet-
ance and capacily arms, both alone and in combination.

Fig. 240

Bridge circuits — A bridge eircuit iz a deviee
primarily used in making measurements ol re-
sistance, reactance or impedance (§ 2-8), and
frequency, although bridges also have other
applications in radio eircuits,

The fundamental form is shown in Fig,
216-A. It conzists of four resistances (called
arms) econnected in series-parallel to a source
of voltage, E, with a sensitive galvanometer,
M, connceted between the junctions of the
series-connected pairs. When the equation

R
e R,

is satisfied there is no potential difference be-
tween points A and /8 since the drop across R
equals that across I’y and the drop across Ry
equals that across Rz, Under these conditions
the bridge is said to be balanced. and no eurrent
flows throngh A, If 23 is an unknown resist-
ance and Ry ts a variable known resistance,
I3 ean be found from the following equation
after /2y has been adjusted to balunce the
bridge (null indication on 3M):

R,

Ry = — Ry

R and Rs are known as the rativ arms of the
bridge: the ratio of their resistances is usually
adjustable (frequently in steps of 1. 10, 100,
etc.), =0 that a single variable resistor. Ry, can
serve as a standard for measuring widely dif-
ferent vahies of unknown resistance,

C/l al)[(,’l‘ juo

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 branch, as
shown in I’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 o suitable null indicator. The bridges
at E and I are commonly used in r.f. neutral-
izing circuits (§4-7); the voltage from the
source, E., is balanced out at X.

€ 2-12-A Linear Circuits

Standing waves — If an electrical 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 is 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 flow toward the open end, and reflec-
tion will occur continuously. If the wire is long
enough so that time comparable to a half ¢ycle
or more is required for current to travel to the
open end. the phase relations between the re-
fleeted current and outgoing current will vary
along the wire. At one point the two currents
will be 180° out of phase and at another in
phase, with intermediate values between. As-
suming negligible losses. the resultant eurrent
along the wire, as measured by a current-indi-
cating instrument such as a thermo-couple
ammeter, will vary in amplitude from zero to a
maximum value. Such a variation is called a
standing ware. 'The voltage along the wire also
goes through standing waves, reaching its
maximum value where the current is minimum
and vice versa.

When the wire is cut to such a length that
the current traverses it in one direction in
exactly the time of one-half ecycle, a single
standing wave will occur along the wire and the
wire is said to be resonant to the applied fre-
quency. Althonugh the inductance and capacity
are distributed along the wire rather than be-
ing concentrated in a coil and condenser, such a
wire 1s in many ways equivalent to an ordinary
resonant cireuit.

Frequency and wavelength — 1t is possible
to describe the constants of such line circuitsin
terms of inductance and capacitance, but it
is more convenient to give them simply in
terms of fundamental resonant frequency or of
length. Since the velocity at which the current
travels i1s 300,000 Lilometers (186,000 miles)
put scconud, the wacelength, or distance the cur-
rent will travel in the time of one cyele, i3

300,000
A= —
fkcv

where X is the wavelength in meters and f;.. is
the frequencey in kilocycles,
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Fig. 217 — Standing-wave current distribution on a
wire operating as an oscillatory cirenit, at the fundamen-
tal, second harmonic and third harmonie frequencies.

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (capacitance and inductance) resonatces
only at one frequeney, circuits such as an-
tennas which contain distributed constants
resonate readily at frequencies which are very
nearly integral multiples of the fundamental
frequency. These frequencies are, therefore, in
harmonic relationship to the fundamental fre-
quency, and hence are referred to as harmon-
ies (% 2-7). In radio practice the fundamental
itself is called the first harmonic. the frequency
twice the fundumental is called the second har-
monic, and so on.

Fig. 247 illustrates the distribution of cur-
rent on a wire for fundamental, second and
third harmonic excitation. There is one point
of maximum current with fundamental opera-
tion, two when operation is at the second har-
monic, and three at the third harmounie; 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 ecalled
anti-nodes (also known as “loops”) and the
points of zero current are called nodes.

In the case of the harmonic current curves,
the half-wave curves are drawn alternately
above and below the referenee line to indicate
that the phase of the current reverses in cach
half wavelength. In other words, if current in
one half-wave scetion is flowing to the right,
for example, the current in the adjuacent 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 cach half-wave sce-
tion, «ince the ammmeter eannot indicate phase.

Radiation resistance — Sinee a line cireuit
has distributed induetance and apacity, cur-
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Fig. 248——Slunding wave and instantaneous enrrent
(shown by the arrows) in o fohled resonant-line circnit.
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rent flow causes storage of energy in mag-
netic and clectrostatie fields (3 2-3, 2-3). As
the ficlds travel outward from the wire at the
speed of light, some of the energy escapes fron
the circuit in the form of clectromagnetie
waves; that is, energy is radiated from 1he
wire. Such a wire ix, in fact. an antenna,
Since the energy radiated by the line or un-
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
value of the equivalent resistanee is fonnd
from the ordinary Ohnv’s Law formula.
R = P/I* where P is the power radiated and /
is the current in the wire, I, the equivalent re-
sistanee, is called radiation resistance.

Tico-conductor lines — The eflective re-
sistance of a resonant straight wire is fairly
high, because a large proportion of the power
supplied to siuch a wire is radiated. In many
casex it s necessary to transfer power from one
point to another with the least possible lows
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 I<ige.
248, the currents in adjacent sections of {lic
two wires are flowing in opposite directions,
consequently the fields set up by the two
oppose ecach other and there is very little
radiation.

The quarter-wave folded line in Fig. 248 has
a total length of one-half wavelength. henee is
resonant to the frequency corvesponding to its
length. Sinee the current is large and the volt-
age is low at the closed end, the impedance at
thix point is quite low. On the other hand, the

High 1< A !
/mpe%ncc - J 4 !
h I A O ——— e ——— 7
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Conduc tors

Shwrt-cuircuited-

Fig. 219 — A quarter-wave coinialdine resonant cirenit,

voltage is high and the current is very low af
the open end, so at this point the Hupedanee is
high. These properties of a quurter-wave two-
conductor line have applications to he de-
scribed later.

A folded line also may be constructed in the
form of two coaxial or concentric conductors,
as shown in [ig, 249. In effect, this line is di-
rectly comparable with the parallel conducror
line. exeept that one conduetor may be said to
have been rotated around the other in o com-
plete circle. The coarial line has even lower
radiation resistunce thin the folded-wire line,
since the outer conductor aets a« o shicld
Stauding Waves exist but ure coutined to the
vutside of the inner couduetor and the inside of
the outer conductor, since skin eficet prevents
the currents from penetruting to the other
sides. Thus such a line will huve no radio-fre-
quency poteutiuls on its exposed surfaces, and
no radiation can oceur. Beeause of the low
radiation resistanee and the relatively large
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condueting surfaces, such self-enclosed reso-
nant lines can be made 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 eoaxial
lines is the “trough’ line in which a tubular
inner conductor is enclosed within a rectangular
sheet-nmetal box or trough, usually left open on
one side to facilitate tapping or other adjust-
ments. The absence of shielding on one side
does not affect the performance materially. and
the simplicity of construction is an advantage.

The term transmission line iz generally ap-
plied to all lines whether they are actually used
as a means for transferring radio-frequency
power between two points or whether they are
used as replacements for coil-and-condenser
resonant circuits. The lines shown in Figs. 248
and 249 are “short” lines of the type fre-
quently used for the Iatter purpose. Ior trans-
ferring power the line may be many wave-
lengths long, depending upon the distance over
which the power ix to be transmitted. Further-
more, a line used for this purpose is not neces-
sarily resonant; in fact, it may be desirable to
avoid resonance effeets entirely.

If o transmission line could be made infi-
nitely long, power would 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 would not exist. Such a line
would present a constant impedance in the
form of a pure resistance to an input at any
frequency, and hence would show no resonance
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effects. Practically. the characteristics of an in-
finitely-long line can be simulated by terminat-
ing a line of finite length in a load resistance
equal to the characteristic impedance of the line.
This and other general properties of transniis-
sion lines are discussed in the following para-
graphs.

Characteristic impedance — The charac-
teristic impedance of a transmission line, also
known as the surge impedance. is defined as
that impedance which a long line would present
to un electrical impulse induced in the line.
In an ideal line having no resistance it is equal
to the =quare root of the ratio of inductance to
capucity per unit length of the line.

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

Parallel-conductor line:
Z =276 log-% ®)

where Z is the surge impedance, b the spacing,
center to center, and a the radius of the con-
ditetor. The quantities b and @ must be meas-
ured in the same units (inches, cm., ete.).

Coazial or concentric line:
Z = 138 log b (6)
a

where Z again is the surge impedance. In this
case, b is the inside diameler (not radius) of
the outer conductor and a is the outside diam-
eter of the inner conductor, The formula is true
for lines having air as the dielectric, and approxi-
mately so with ceramic insulators so spaced
that the major part of the insulation is air.

The surge impedance for both parallel and
coaxial lines using various sizes of conductors
is given in chart form in Fig. 2i0.

When a solid insulating material is used be-
tween the conductors, the increase in line
capacity causes the impedance to decrease by
the factor 1 /+/K, where K is the dielectric con-
stunt of the insulating material.

Although two-conductor lines have lower
radiation, a single-conductor line can be used
for transferring power if it is terminated in its
characteristic impedance. Under such eircumn-
stances the current in the line will be small, and
since radiation is proportional to current the
radiation also will be small. The characteristic
impedance of a single-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 frequencies
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 a node (standing-wave ratio) de-
pends upon the ratio of the resistance of the
load connected to the output end of the line
(its termination) to the characteristic imped-
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ance of the line itself. That is,
Z, Z,
Standing-ware ratio = — or — )]
Zg Z'

where Z, is the characteristic impedance of the
line and Z, is the terminating resistance. Z, is
generally called an impedance, although it
must be non-reactive and therefore must cor-
respond to a pure resistance for the line to oper-
ate as described. For example, this means that
if the load or termination is an antenna, it must
be resonant at the operating frequency.

The formula is given in two ways heeause it
is customary to put the larger number in the
numerator, so that the ratio will not be frae-
tional. As an example, a 600-ohm line termi-
nated in a resistance of 70 ohms will have a
standing wave ratio of 600/70, or 8.57. The
ratio on a 70-ohm line terminated in a resist-
ance of 600 ohms would be the same. Thus,
if the current as measured at a node is 0.1 am-
pere, the current at a loop will be 0.857 ampere.

A line terminated in a resistanee equal to its
characteristic impedance is equivalent to an
infinitely long line; consequently there is no
refleetion, and no standing waves will appear.
The standing wave ratio thercefore is 1. The
input end of such a line appears as a pure re-
sistance of a value equal to the characteristic
impedanee of the line.

Electrical length — The electrical length of
a line is not exactly the same as its physical
length for reasons corresponding to the end cf-
fects in antennas (§ 10-2). Spacers used to
separate the conduectors have dielectric eon-
stants larger than that of air, so that the waves
do not travel quite as fast along a line as they
would in air. The lengths of electrical quarter
waves of various types of lines can be calcu-
lated from the formula

246 XV
Freg. (Mc.)
where 1 depends upon the type of line. For
lines of ordinary construction, V is as follows:

Length (feet) =

Parallel wire line V =0.975
Parallel tubing line V =0.9
Concentrie line (air-insulated) V = 0.85
Coneentric line (rubber-insu-

lated) V = 0.56-0.65

Twisted pair

Reactance, resistance, impedance — The
input end of a line may show reactanee as well
as resistance, and the values of these quantities
will depend upon the nature of the load at the
output 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
souree of power. Assuming that the load at the
output end of the line is purely resistive, a line
less than a quarter wavelength long electrically
will show inductive reactance at its input ter-
minals when the output termination is less
than the charaeteristic impedance, and capaci-
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Fig. 251 — Input reactive characteristics of resistance-
terminated transmission lines as a function of line length,

tive reactance when the termination 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 propertics are shown in Fig, 251, With
still longer lengths, the reactance characteris-
ties reverse in each succeeding quarter wave-
length. The input impedance is purcly resistive
if the line is an exact multiple of a quarter
wave in length. The reactance at intermediate
lengths is 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 effects will be small
even when the line length is not an exaet mul-
tiple of a quarter wavelength. If the standing-
wave ratio is large, the input reactanee must he
canceled 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 electrically will
be equal to the immpedance connected at its
output end; the same thing is true of a line any
integral multiple of a half-wave in length.
Such a line can be considered to be a one-to-one
transformer. However, if the line is a quarter-
wave (or an odd multiple of a quarter-wave)
long, the input impedance will be equal to

Z*

Zi = —

Z,
where Z, is the eharacteristic impedance of the
line and Z, the impedance connected to the out-
put end. That is, & quarter-wave section of line
will mateh two impedances, Z; and Z:, pro-
vided its characteristic impedance, Z,, is equal
to the geometrie mean of the two impedances.
A quarter-wave line may, therefore, be used
as an tmpedance transformer. By suitable sclec-
tion of constants, a wide range of impedance-
matching values ean be obtained.

Since the inmpedance measured between the
two conductors anywhere along the line will
vary hetween the two end values, a quarter-
wave line short-eireuited at the output end
can be used as a linear transformer with an ad-
justable impedance ratio. For best operation,
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Fig. 252 — Fquivalent coupling circuits for parallel-
line, coaxial-line and conventional resonant cireuits.

the {wo terminating impedances must be of the
same order of magnitude. Iowever, a series of
quarter-wave sections can be used to obtain a
step-by=step match of two terminal im-
pedances efficiently if they are widely different.

Tmpedance-matehing or transformation with
transmission-line sections may also be effected
by taps on quarter-wave resonant lines em-
ployed as coupling cireuits in the same manner
as conventional coil-condenser cireuits. The
equivalent relationships between parallel-line,
conxial-line and coil-nnd-condenser cireuits for
this purpose are shown in Fig, 252.

Other impedance-matching arrangements
employ the use of matehing stubs or equivalent
soctions so arranged o as to balance out the
reactive component introduced by the coupled
cirenit. These are employed primarily in con-
nection with antenna feed systems and are
described in detadl in § 10-8.

Transmission lines as circuit elemments —
Sections of transmission lines, together with
combinations of such sections, can be used to
<imulate practically any electrical cireuit prop-
erty. Transmission lines can be used as re-
sistanee, inductance and eapacity, as well as for
resonant cireuits, impedance-matching trans-
formers, filters, and even as insulators.

When a short-cireuited quarter-wavelength
Jine is connected between a**hot” circuit and
gronnd, the input end offers an extremely high
rexiztive impedance. In other words, the trans-
mission line is virtually an insulator.

Thus the former can be used in lieu of r.f.
chokes, while the latter can serve as by-pass
condensers.

The reactive characteristics of open- and
closed-end lines are summarized in Fig. 253.

Resonant lines as tuned circuits— In
resonant circuits as employed at the lower fre-
quencies it is possible to consider each of the
reactance components as a separate entity. A
coil is used to provide the required inductance
and a condenser is connected across it to pro-
vide the necessary capacity. The fact that the
coil has a certain amount of sel-capacity of its
own, as well as some resistance, while the con-
denser also possesses a small self-inductance,
can usually be disregarded.

At the very-high and ultrahigh frequencies,
however, it is no longer possible to separate
these components. The connecting leads whieh,
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 frequency. Thus the
energy in the field surrounding the “‘coil,”” may
in purt be radiated. At a sufliciently high fre-
quency the loss by radiation may represent a
major portion of the total encrgy in the circuit.
Qince energy which cannot be utilized as in-
tended is wasted, regardless of whether it is
consumed as heat by the resistance of the wire
or simply radiated into space, the effect is as
though the resistance of the tuned circuit were
greatly increased and its Q greatly reduced.

For this reason. it is common practice to
utilize resonant sections of transmission line as
tuned circuits at frequencies above 100 Mc. A
quarter-wavelength line, or any odd multiple
thercof, shorted at one end and open at the
other, exhibits large standing waves. When
a voltage of the frequency at which such a
line is resonant is applied to the open end, the
response is very similar to that of a parallel
resonant cireuit; it will have very high input
impedance at resonance and a large current
flowing at the short-circuited end.

Insulating lines of this sort are com- Charactenistics of Charactenistics_of
monly cmplo_\'ed in ultl':lhigh {re- OPEN LINE SECTIONS SHORTED LINE SECTIONS
quency work, Such insulators can be watwe Loy Quput End [ Reactumce curse JRdue fengts| Qi | PSS Seion
used to provide a d.e. path between t G = * UG
the r.f. conductor aud chassis, and at n §§l L] ™ Ez {
the same time cffectively block the T § Fod L_'r‘ §:1 4
flow of r.f. current. Cx ! L * u'

A transmission line terminated in Ll (il w8l |
its characteristic impedance affords a é i ¢ l | 5 §El |
pure resistance at high frequencies, P 3% L {7
and so may be used as a non-reactive b/_‘ 5§ l %—JI L "5‘1 1y
rc.\-i:\-mr. I'ntorr'nin:lt,ed ]il}(‘S afford a mmm é %‘%I 4 —*—r'{ T §§ I/
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|

tive reactance, while open-circuited

lines have pure capacitive reactance.  Fig. 253 —Open and closed transmission lines as circuit elcments.
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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
characteristics as those of the tuned circuit.
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 exact 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.h.f. circuits operating above 300 Mec.,
the spacing between conductors becomes an
appreciable fraction of a wavelength. To keep
the radiation loss as small as possible the
parallel conductors 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-diameter conductors should not be
reduced to much less twice the diameter be-
cause of what is known as the prozimity effect,
whereby another form of loss is introduced
through eddy currents set up by the adjacent
fields. Because the cancellation is no longer
complete, radiation from an open line becomes
so great that the @ is greatly reduced. Conse-
quently, at these frequencies coaxial lines must
be used. The coaxial line is advantageous at the
lower frequencies, as well, but because it is
more complicated to construet and adjust-
ments are more difficult the open type of line
is generally favored at these frequencies.
Transmission-line filter networks — The
same general equations can be applied to any
type of electrical petwork whether it be an
actual section of transmission line, a combina-
tion of lumped-circuit elements, or a combina-
tion of transmission-line elements. Ordinary
electric filters (§ 2-11) at lower frequencies use
combinations of coils and condensers, but con-
ventional circuit elements cannot be used at
extrenely high frequencies. However, combi-
nations of transmission-line sections or com-
binations of transmission lines and parallel-
plate condensers may be used for the clements
of very-high-frequency filter networks, instead.
Construction — Practical information con-
eerning the construction of transmission lines
for such specific uses as feeding antennas and
as resonant circuits in radio transmitters will
be found in the constructional chapters of this
Handbook. Certain basic considerations appli-
cable in general to resonant lines used as circuit
clements may be considered here, however.
While either parallel-line or coaxial sections
may be used, the latter are preferred for higher-
frequency operation. Representative methods
for adjusting the length of such lines to reso-
nance are shown in Fig. 254. At the left, a 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 circuit. In the center, the same effect
is accomplished by using a telescoping tube in
the cnd of the inner conductor to vary its
length and thereby the effective length of the
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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
iHustrated. The arrangement with the loading
capacity at the open end of the line has the
grealest 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 Q 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 disc at the end of the
line must be designed to make perfect electrical
contact. The voltage is a mininium 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 clamp 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
distunce away from the shorting plug at a
point where the voltage is suflicient to break
down the film between the collar and conductor.

Two methods of tuning parallel-conductor
lines are shown in Fig. 255. The sliding short-
circuiting strap can be tightened by means of
screws and nuts to make good clectrical con-
tact. 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

L]
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Fig. 255 — Methods
of tuning parallel-
type resonant lines,
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of the line. Although a low-capacity variable
condenser of ordinary construction can be
used, the circular-plate type shown is symmet-
rical and thus does not unbalance the line. It
alxo has the further advantage that no insulat-
ing material is required.




Fig. 256 — Evolution of a wave guide from a two-wire transmission line,

¢ 2-12-B Wave Guides and Cavity
Resonators

Hollow 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 earrying a enr-
rent in the same sense that the wires of a two-
conductor line do, but rather as a boundary
which confines the waves to the enclosed space.
Skin effect prevents any electromagnetic ef-
fects from being evident outside the guide.
The v.h.f. energy is injected at one end, either
through capacitive or inductive coupling or by
radiation, and is received at the other end. The
wave guide then merely confines the energy of
the fields, which are propagated through it to
the receiving end by means of reflections
against its inner walls.

The difliculty of visualizing energy transfer
without the usual closed circuit can be relieved
somewhat by considering the guide as being
evolved from an ordinary two-conductor line,

In Fig. 256-A, several closed quarter-wave
stubs are shown connected in parallel across a
two-wire transmission line. Since the open end
of each stub is equivalent to an open circuit,
the line impedance is not affected by their
presence. Enough stubs may be added to form
a U-shaped rectangular tube with solid walls,
as at B, and another identical U-shaped tube
may be added edge-to-cdge to form the ree-
tangular pipe shown in Fig. 256-C. As bhefore,
the line impedance still will not be affected.
But now, instead of a two-wire transmission
line, the encrgy 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 electric and mag-
netic 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. Ifit did, only waves of the proper length
to correspond to the stubs would be propa-
gated through the tube, but the fact ix that
such waves do mot pass through the guide.
Only waves of shorter length — that ix, higher
frequency — can go through. The distance z
represents half the cut-off wavelength. or the
shortest. wavelength which ix unable to go
through the guide. Or, to put it another way,
waves of length equal to or greater than 2xr
cannot be propagated in the guide.
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A second point of differ-
ence 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 frequency in

free space, whereas the
wavelength along a two-

conductor transmission line
is 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 is based on
the assumption that the guide material is a
perfeet eonductor of electricity. Typieal dis-
tributions of eleetric and magnetic fields in a
rectangular guide are ~hown in Fig. 257, It
will be observed that the intensity of the elec-
trie field is greatest at the center along the
dimension, diminishing to zero at the end
walls. The latter is a necessary condition, sinee
any electric field parallel to the walls at the
surface would cause an infinite current to flow
in a perfect conductor. This represents an inm-
possible situation,

Zero clectrie field at the end walls will result
if the wave ix considered to consist of two sepa-
rate waves moving in zig-zag fashion down the
guide, reflected back and forth from the end
walls as shown in Fig. 258. Just at the walls,
the positive crest of one wave meets the nega-
tive crest of the other, giving eomplete cancel-
lation of the electrie fields. The angle of ve-
flection at which this cancellation oceurs de-
pends upon the width x of the guide and the
length of the waves; Fig. 258-A illustrates the
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Fig. 257—]“i_(-|d distribution in a rectangular wave
guide. The TE1re 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
value, 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 a straight line
the encergy does not travel through the guide as
rapidly as it does in space. A further conse-

POSITIVE CREST

------ NEGATIVE CREST
o ’ R id z Y ¥
. . ¥
< KK
~ Ag

Aq
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Fig. 258 — Reflection of two eompeonent waves in a rec-
tangular guide, M = wavelength in sparc. Ag = wave-
length in guide, Direction of wave motion iz perpendicn-
lar to the wave front (crests) as shown by the arrows.

quence of the repeated reflections is that the
points of maximum intensity or wave crests
are scparated more along the line of propaga-
tion in the guide than they are in the two sepa-
rate waves. In other words, the wavelength in
the guide is greater than the free-space wave-
length. This is also shown in Fig, 238,

Modes of propagation — Fig. 257 repre-
sents o relatively simple distribution of the
eleetriec and magnetie fields. There is in gen-
eral an infinite number of ways in which the
ficlds can arrange themselves in a guide <o long
as there is no upper limit to the frequency to
be transmitted. Fach field conficuration is
ealled a mode. All modes may be separated into
two general groups. One group, designated
T (transverse magnetic), has the magnetie
field entirely transverse to the direction of
propagation, but has a component of clectrie
field in that direction. The othier type, desig-
nated Tk ttransrerse clectric) has the cleetrie
field entirely transverse, but has a component
of magnetic field in the direction of propuga-
tion. T'M waves are sometimes ealled [9 waves,
and T waves are sometimes called 71 waves,
but the TM and T'L designations are preferred.

The particular mode of transmission is
identified by the group letters followed by two
subseript  numerals: for example, T,
T M. ete. The number of possibie modes in-
creases with frequency for a given =ize of guide.
There is only one possible mode (ealled the
dominant mode) for the lowest frequency that
can he transmitted. The dominant mode is the
one generally used in practical work.

Wave-guide dimensions —In  the rec-
tangular guide the critical dimension is z in
Fig. 256: this dimension must be more than 15
wavelength at the lowest frequency to be
transmitted. In practice, the y dimension usu-
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ally i made about ecqual to ¥4z to avoid the
possibility of operation at other than the
dominant mode.

Other cross-sectional shapes than the rec-
tangle can be used, the most important being
the circular pipe. Muceh the same considera-
tion= apply as in the rectangular case.

Wavelength formulas for rectangular and
cireular gnides are given in the following table,
where ris the width of a rectangular guide and
r is the radius of a circular guide. All figures
are in terms of the dominant mode.

Rectangular Circular
Cut-off wavelength. .. ... ... ... 3 3.41r
Longest wavelength transmitted with
little attenuution. .. ... soacoaoaa 1.6z 3.2r
Shortest wavelength  before  next
mode becomes possible . ... Llr 2.8r

Cavity resonators — At low and medium
radio frequencies resonant circuits usually are
composed of *lumped” constants of L and C;
that i<, the inductance is concentrated in a coil
and the capacity concentrated in a condenser.
However, as the {requency is increased coils
and condensers must be reduced to imprac-
ticably small phy=ical dimensions. Up to a cer-
tain point this difliculty may be overcome by
using linear circuits (¥ 2-12-B) but even these
fuil at extremely high frequencies. Another
kind of circuit particularly applicable at wave-
lengths of the order of centimeters is the cav-
ity resonator, which may be looked upon as a
seetion of a wave guide with the dimensions
chosen <o that waves of a given length can be
maintained inside.

The derivation of one type of cavity resona-
tor from an ordinary LC circuit is shown in
Fig. 259. As in the case of the wave-guide
derivation, this picture must be accepted with
some reservations, and for the same reasons.

Considering that even a straight piece of wire
has appreciable inductance at very-high fre-
quencies, it may be scen in Fig. 259-A and -B
that a direct short aeross a two-plate con-
denser with air diclectrie is the equivalent of a
tuned circuit with a typical coiled inductance.
With two wires between the plates, as shown
in I'ig. 259-C, the circuit may be thought of as

L@ S (@)
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Fig. 259 — Steps in the derivation of a cavity resonator
from a conventional coil-and-condenser tuned circuit.
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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 section of line a quarter-wavelength
long would appear as an open circuit when
viewed from one of the plates with respect to
the other end of the section.

Increasing the number of parallel wires be-
tween the plates of the condenser would have
no effect on the equivalent circuit, as shown at
D. Eventually, the closed figure at E will be
developed. Since each wire which is added in D
is like connecting inductances in parallel, the
total induetance across the condenser becomes
increasingly smaller as the solid form is ap-
proached, and the resonant frequency of the
fizure therefore becomes higher.

If energy from some v.h.f. source now is in-
troduced into the eavity in & manner such as
that shown at I, the circuit will respond like
any equivalent coil-condenser tank circuit at its
resonant frequency. A cavity resonator may
therefore be used as a u.h.f. tuning clement,
along with a vacuum tube of suitable design,
to form the main components of an oscillator
circuit which will be eapable of funetioning at
frequencies considerably  beyond the maxi-
mum limits possible when conventional tubes,
eoils and condensers are employed.
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SQUARE PRISM

SPHERE SPHERE WITH
REENTRANT CONES

Fig. 2600 — Forms of cavity resonators,

CYLINDER

Other shapes than the eylinder may be uxed
as resonators, among them the reetangular
box, the sphere, and the sphere with re-entrant
cones, as shown in Iig. 260. The resonant fre-
quency depends upon the dimensions of the
cavity and the mode of oscillation of the waves
(comparable to the transmission muodes in a
wave guide). For the lowest modes the reso-
nant wavelengths are as follows:

Cylinder. .o vvereenin e

Square box.

Nphere. . ...

Sphere with re-entrant cones . 4r

The resonant wavelengths of the cylinder
and square box are independent of the height
when the height is less than a halt wavelength.
In other modes of oscillation the height must
be a multiple of a half wavelength as measured
inxide the cavity. Fig. 259-F shows how a
evlindrical cavity ean be tuned when operating
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in such a mode. Other tuning methods inchude
placing adjustable tuning paddles or “slugs”
inside the cavily so that the standing-wave
pattern of the electric and magnetic fields can
be varied.

A form of eavity resonator in wide practical
use is the re-entrant eylindrical type shown in
Ifig. 261. It is useful in connection with vae-

CROSS-SECTIONAL VIEW

Fig. 261 — Re-entrant cylindrical cavity resonator.,

uum-tube oscillators of the types described
for u.h.f. use in Chapter Three. In construction
it resembles a coneentric line closed at both
ends with eapacity loading at the top, but the
actnal mode of oscillation may differ consid-
erably from that occurring in coaxial lines. The
resonant frequency of such a cavity depends
upon the diameters of the two cylinders and
the distance d between the ends of the inner
and outer eylinders. '

Compared to ordinary resonant cireuits,
cavity resonators have cxtremely high Q.
A value of @ of the order of 1000 or more is
readily obtainable, and @ values of several
thousand can readily be secured with good
design and construction.

Coupling to wave guides and cavity res-
onators— Iinergy may be introduced into or
abstracted from a wave guide or resonator by
means of either the electric or magnetic field.
The energy transfer frequently is through a
coaxial line, two methods for coupling to which
are shown in Fig, 262, The probe shown at A
ix simply a short extension of the inner con-
duetor of the coaxial line, so oriented that it
i= parallel to the electrie lines of foree. The
loop shown at B is arranged so that it encloses
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 eavity; the coupling
will be maximum when the coupling device

is in the most intense field.

(8)

Fig. 262 — Coupling to wave guides and resonators.

Coupling can be varied by turning either the
probe or loop through a 90-degree angle.
When the probe is perpendicular to the elee-
tric lines the coupling will be minimun; simi-
larly, when the plune of the loop is parallel
to the magnetic lines the coupling will have
its least possible value.
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€ 2-12-C Lumped-Constant Circuits

V.hf. resonator ecircuits— 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 difliculties, 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 circuits is based on the
use of dises combining half-turn inductance
loops with semi-circular 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 short-eircuited-turn
effect, these further reduce the inductance.

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

Fig. 263 — Coneentric-
evlinder or “pot”.type
tank for v.h.f. The
equivalent eireuit dia-
gram is also shown.
Connections are made
to the terminals marked
T Formaximum ( the
ratio of b to ¢ should
be between 3 and 5.

d
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*“Pot”-tvpe tonk circuits — The Tumped-
constant concentric-element tank in Fig. 263,
commonly referred to as the “pot’” circuit,
is equivalent to a very short coaxial line (no
linear dimension should exceed 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, B and C, plus the capacity be-
tween the plates at the bottoms of the eylinders.

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

L =0.0117 Iogg uh.

0.6225 d ——
= 0. S b?
C = 1 a -+ (L‘)b) wfd.
og -l—) €

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

-

€

Fig. 261 — “Butterfly™ tank circuits for v.h.f., showing
front and cross-section views and the equivalent cireuit.

while =till having high @ and reasonable physi-
cal dimensions. The circuit at Ais derived from
a conventional balanced-type variable condens-
er. The inductance is in the wide circular band
connecting the stator plates. At its minimum
setting the rotor plate fills the opening of the
loop, reducing the inductance to a minimum,
Connections are made to points 1 and 2.
This basie strueture eliminates all connecting
leads and avoids all sliding or wiping electrical
contuacts 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 located at point 4, however.

In the modification shown at D, two sectoral
stators are spaced 180 degrees, thereby achiev-
ing the electrical symmetry required to permit
tapping for balanced operation. Connections
to the cirenit should be made at points 1 and 2
and it may be tapped at points 3 and 3’. which
are the electrical midpoints. Where magnetic
coupling is employed, points 4 and 4’ are suit-
able locations for coupling links.

The capacity of any butterfly circuit may be
computed by the standard formula for parallel-
plate condensers given in Chapter 20. The
maximum inductance can be obtained approxi-
mately by finding the inductance of a full ring
of the same diameter and multiplying the re-
sult by a faetor 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
eonnected in parallel. In practice, units of four
to cight plates prove most satisfactory. The
ring and stator may either be made in one piece
or with separate scctoral stator plates and
spacing rings assembled with machine screws.
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C 2-12-D Piezoelectric Crystals

Piesoelectricity — Properly ground plates
or bars of quartz and certain other crystalline
materials, such as Rochelle salts, show a me-
chanical strain when subjected to an electrie
charge and, conversely, a difference in po-
tential between two faces when subjected to
mechanical stress. The relationship between
mechanical force and electrical stress under
such conditions is known as the piezoclectric
effect. The charges appearing on the erystal as
a result of mechanical force applied to the crys-
tal, or of mechanical vibration of the erystal
itself, are termed piczoelcctricity.

Piezoelectric crystals may be employved as
devices cither for changing mechanical energy
to electrical energy or for changing clectrieal
encrgy to mechanical cenergy. In the former
category are such deviees as crystal micro-
phones and phonograph pickups: in the latter,
crystal headphones, erystial loud-speakers and
erystal recording heads.

A properly cut crystal is a mechanical vibra-
tor electrically equivalent to a series-resonant
circuit of very high @, and so can be also used
for many of the purposes for which ordinary
resonant circuits are used. The resonant fre-
quency depends upon shape, thickness, length
and cut.

Natural quartz crystals are usually in the
form of a hexagonal prism terminated at one
or both ends by a six-sided pyramid. Joining
the vertices of these pyramidal ends, and per-
pendicular to the plane of the hexagonal cross
seetion, is the optieal or Z axis. The three clec-
trical or X axcs lic in a plane perpendicular to
the optical axis and passing through opposite
corners of the hexagon. The three mechanical
or Y axes lie in the same plane but perpen-
dicularly to the sides of the hexagon.

Active plates cut from a raw crystal at
various angles to its optical, electrical and
mechanical axes have differing characteristies
as to thickness, frequency-temperature coelfi-
cient, power-handling capabilities, ete. The
basic cuts are designated X and Y after their
respective axes, but a variety of specialized
cuts, such as the AT, are in more common use.

Frequency-thickness ratio— At frequen-
cies above about 500 ke. the thickness of the
crystal is the principal frequency-determining
factor, the other dimensions being of relatively
nunor importance. Thickness and frequency
are related by a constant, K, such that

_K
)

1

where [ is the frequency in megacyeles and ¢
the thickness of the crystal in mils. For the
X-cut, K = 112.6; Y-cut, K = 77.0; AT-cut,
K = 66.2, BT-cut, K = 97.3.

At frequencies above about 10 DMe. the
crystal becomes very thin and correspondingly
fragile, so that crystals scldom are manu-
factured for fundamental operation above this
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frequeney. Direet crystal control on 14 and 28
Me. is secured by use of “harmonie’ erystals,
which are ground to be aetive oscillators when
excited at a harmonie (usually the third).

Temperature cocefficient of frequency —
The resonant frequency of a crystal varies with
temperature, the variation depending upon the
type of cut. The frequency change is usually
expressed as a coclficient relating the number
of cveles of frequency change per megacyele
per °C. 1t may be cither positive (increasing
frequency with increasing temperature) or
negative (deereasing frequency with increaxing
temperature). X-cut crystals have a negative
cocflicient of 15 to 25 cyeles/Me./°C. The co-
efficient of Y-cut crystals may vary from —20
cveles/Me. /°C. to +100 eycles/Me./°C.

Variations in frequency caused by tempera-
ture changes can be minimized by proper
cutting of the plate. By orienting the plate
through various angles in relation to its optical,
electrical and mechanieal axes. a compensatory
relationship can be derived between the dimen-
sions of the plate, its density, and its elastic
constants — the components responsible for
the temperature cocflicient.

The AT cut is the type perhaps most exten-
sively used for transmitter frequency control.
This plate can be ground to almost any fre-
queney between 300 and 5000 ke. Its comple-
ment. the BT cut, is used for frequencies within
the range 4500 to 10,000 ke.

For frequencies below 500 ke.. CT and DT
shear-type cuts have been developed which
depend not upon thickness hut on length and
width for determining frequency. Plates of
the CT and DT type vibrating at a harmonic
mode are designated ET or I'T cuts.

The low-drift types described above show a
zero temperature coefficient through only a
few degrees of change. Another type of cut,
the GT, will drift less than 1 cyele/Me./°C.
over a temperature change of 100° C. In this
plate a face shear vibration is changed into
two longitudinal vibrations coupled together.
At a cortain ratio of length to width one mode

Fig. 265

- Mades of vibration for various crystal cuts.
A — Fundamental (above) and harmonic (below) of the

CFand DT
N1 eut.

AT and BT cuts. B —The G'T" cut. €
cuts (abose) and E'T and F'1 cuts (below ). D
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Fig. 266 — Frequeney change in parts per million vs.
variation in temperature in °C. for various crystal cuts,

has a zero temperature cocfficient, making it
especially useful as a frequency standard. The
MT cut, which also vibrates longitudinally,
can be used from 50 to 100 ke. The N1 eryvstal
is a flexurally vibrating cut having a low tem-
perature coeflicient in the range from 4 to 50
ke. MT and NT cuts are useful for phase-
modulated f.m. transmitters.

€ 2-13 Miscellaneous Circuit Details

Combined a.c. and d.c. — There are many
praetical instances of simultancous flow of
alternating and direet currents in a eireuit.
When this occurs there is a pulsating curront,
and it is said that an alternating current is
superiniposed on a direct eurrent. As shown in
Fig. 267, the maximum value is equal to the
d.c. value plus the a.c. maximum. while the
minimum value (on the negative a.e. peak) is
the difference between the d.e. and the maxi-
mum a.c. values. The average value (§ 2-7) of
the current is simply equal to the direct-cur-
rent component alone. The effective value
(§ 2-7) of the combination is equal to the
square root of the sum of the effective a.c.
squared and the d.c. squared:

I = ’\/Iacg +Idc2

where I, is the effective value of the a.c.
component, I is the effective value of the com-
bination, and 74 is the average (d.c.) value of
the combination.

Beats — If two or more alternating currents
of different frequencies are present in a normal
circuit they will have no particular effect upon
one another and can be separated again by the
proper selective circuits. However, if two (or
more) alternating currents of different frequen-
cies are present in an clement having unilateral
or one-way current flow properties. not only
will the two original frequencies be present in
the output but also currents having frequencies
equal to the sum, and difference, of the original
frequencies. These sum and difference frequen-
cies are called the beat frequencies. For ex-
ample. if frequencies of 2000 and 3000 ke. are
present in a normal eireuit only those two fre-
quencies exist. but if they are passed through a
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unilateral elenient there will be present in the
output not only the two original frequencies of
2000 and 3000 kec. but also currents of 1000
(3000 — 2000) and 5000 (3000 + 2000) ke.
Suitable circuits can be used to select the
desired beat frequeney. The human ear has
unilateral characteristics and is, therefore,
capable of hearing audible beat frequencies.
Electronie devices of this nature are called
mixers, converters, and detectors.

By-passing — In combined circuits, it is fre-
quently necessary to provide a low-impedance
path for a.c. around, for instance, a source of
d.c. voltage. This can be done by using a by-
pass condenser, which will not pass direet cur-
rent but will readily permit the flow of alter-
nating current. The ecapacity 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.c. impedance of the device being hy-
passed. The lower the renctance, 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
circuit to which it may be connected by in-
serting an induetance of high reactance (called
a choke coil) between the two cireuits. This will
permit the direet current to flow without hin-
drance, since the resistance of the choke coil
may be made quite low, but will effectively
prevent the alternating current from flowing
where it is not wanted.

If both r.f and low-frequency (audio or
power) currents are present in a circuit, they
may be confined to desired paths by similar
means, since an inductance of high reactance
for radio frequencies will have negligible re-
actance at low frequencies, while a condenser
of low reactance at radio frequencies will have
high reactance at low frequencies.

Grounds — The term “ground” is fre-
quently encountered in discussions of eircuits.
Normally it means the voltage reference point

Fig. 267 — Pulsat-
ing current, com-
posed of an alternat-
ing current or volte
age superimposed on
a steady direct cur-
rent or voltage.

CURRENT OR VOLTAGE

o
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in the circuit. There may or may not be an ac-
tual connection to earth, but it is understood
that a point in the circuit said to be at ground
polential could be connected to earth without
disturbing the operation of the circuit in any
wuy. In direct-current circuits, the negative
side generally iz gronnded. The ground symbol
in circuit diagrams is used for convenience in
indicating common connections between vari-
ous parts of the circuit, as through a metal
chassis, and. with respeet to actual ground,
usually has the meaning indieated above.




C/lapfer jﬁree

/I/ac‘uum juéed

¢ 3-1 Diodes

Rectification — Practically all of the vac-
uum tubes used in radio work depend upon
thermionic conduection (§ 2-4) for their opera-
tion. The simplest type of vacuum tube is that
shown in Fig. 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 is at a positive potential with respect to
the cathode.

Beeause of the nature of thermionic con-
duction, the tube is a conductor in one direc-
tion only. If a source of alternating voltage is
connected between the cathode and plate, then
clectrons will flow only on the positive half-
cyeles 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 direct
current. This alternating current can be any-
thing from the 60-cycle kind to the highest
radio frequencies.

Rectification finds its chief applications in
detecting radio signals and in power supplies.
These are treated in Chapters Seven and
Eight, respectively.

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

The power consumed in the tube is the prod-
uect of the plate voltage multiplied by the plate
current, just as in any d.e. eircuit. In a vacuum
tube this power is dissipated in heat developed
in the plate and radiated to the bulb.

PLATE CURRENT

(] FLATE VOLIAGE

Fig. 301 — The diodc or two-element tube and a typical
characteristic curve showing plate eurrent vs. voltage.

Space charge— With the cathode tem-
perature fixed the total number of electrons
eniitted is alwayvs the same, regardless of the
plate voltage. Fig. 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 cathode, being themselves
negatively charged, tend to repel the similarly
charged electrons leaving the cathode surface
and cause them to fall back on the cathode.
This is called the space-charge effect. As the
plate voltage is raised more and more clectrons
are attracted to the plate, until finally the space
charge effect is completely overcome. When
this occurs all the electrons emitted by the
cathode are attracted to the plate, and a fur-
ther increase in plate voltage can cause no
further increase in plate current. This condi-
tion is called saturation.

q 3-2 Triodes

Grid control — 1f a third element, called the
control grid, or simply the grid, is inserted be-
tween the cathode and plate of the diode, the
space-charge cffect can be controlled. The tube
then becomes a triode (three-clement tube) and
is useful for more things than rectification. The
grid is usually in the form of an open spiral or
mesh of fine wire. If the grid is connected ex-
ternully to the cathode so that it is at the same
potential as the cathode, and a steady voltage
from a d.c. supply is then applied between the
cathode and plate (the positive of the “B” sup-
ply is always connected to the plate), there
will be a constant flow of electrons from cath-
ode to plate through the openings of the grid,
much as in the diode. However, if the grid is
given a positive potential with respect to the
cathode, the space charge will be partially
neutralized and there will be an increase in
plate current. If the grid is made negative with
respect to the cathode, the space charge will
be reinforeed and the current will decrease,

This effect of grid voltage ean be shown by
curves in which plate eurrent is plotted against
grid voltage. At any given value of grid volt-
age the plate current will <till depend upon the
plate voltage, so if complete information about
the tube is to be secured it is necessary to plot
a series 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, is shown in Fig. 303.

So long as the grid has a negative potential
with respect to the cathode, clectrons emitted
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Fig. 302 — Tllustrat-
ing the construction of
an clementary 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
symbols follow those
of the usual schematic
diagrams, while the
schematic tube symbol
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. Hence, under these conditions, the grid
consumes no power. However, when the grid
becomes positive with respect to the cathode,
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 curves 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 characteristics of a triode. These are
the plate voltage vs. plate current characteris-
tic, which shows the relationship between plate
voltage and plate current for various fixed
values of grid voltage, and the constant-cur-
rent characteristic, which shows the relation-
ship between plate voltage and grid voltage for
various fixed values of plate current.

Amplification — The grid evidently acts as
a valve to control the flow of plate current, and
it is found that it has a much greater effect 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 small voltage acting on the
grid is equivalent to a large voltage acting on
the plate indicates the possibility of emplifica-
tion with the triode tube; that is, the genera-
tion of a large voltage by a small one, or the
generation of a relatively large amount of
power from a small amount. The many uses of
the clectronic tube nearly all are based upon
this amplifying feature. The amplified power or
voltage output from the tube is obtained, not
from the tube itself, but from the source of
e.m.f. connected between its plate and cathode.
The tube simply controls the power from this
source, changing it to the desired form.

To utilize the controlled power, a device for
consuming it, or for transferring it to another
circuit, must be connected in the plate circuit,
since no particularly useful purpose would be
served in having the current mercly flow
through the tube and the source of e.m.f. Such
a device is called the load, and may be either 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 umplification factor of
the tube, usually represented by the CGreek
letter x. 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. Strictly speak-
ing, very small changes in both grid and plate
voltage must be used in determining the am-
plification factor. because the curves showing
the relationship between plate voltage and
plate current, and between grid voltage and
plate current, are not perfectly straight, expe-
cially if the plate current is nearly zero. This
indieates that the amplification factor varies
at different points along the curves, and dif-
ferent values will be obtained as larger or
smaller voltage differences are taken for the
purpose of caleulating it. The expression for
amplification factor can be written:

A 1By
BE= AR,

where A E, indicates a very small change in
plate voltage and A E, is the change in grid
voltage producing the same plate current
change. The symbol A (the Greek letter delta)
indicates a =mall inerement. or small change.

The amplification factor is 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 cireunit of
the tube has resistance. However, there is no
simple relationship between plate voltage and
plate current, <o that in general the plate cir-
cuit of the tube does not follow Ohm’s Law.
Under a given set of conditions the application
of a given plate voltage will cause a certain
plate current to flow, and if the plate voltage
is divided by the plate current a “resistance”
value will be obtained which frequently is
called the “d.c. 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, since the plate current
also depends upon the grid voltage when the
plate voltage is fixed.

In applications of the vacuum tube, it is more
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Fig. 303 — Grid voltage vs, plate current curves at vari-
oux fixed values of plate voltage (E») for a typical small
triode. Charaeteristic curves of this type can be taken
by varying the battery voltages in the cireuit at the right.




62

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.c. plate
resistance of the tube. This resistance, which us-
ually is designated r,, 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 characteristic curves, That is,

AE,
Al

Tp

where A E, 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. 1t depends as well upon the structure of
the tube; low-z tubes have relatively low plate
resistance and high-g tubes have high plate
resistance.

Transconductance — The effect of grid
voltage upon plate current is expressed by the
grid-plate transconductance of the tube. Trans-
conductance is a general term giving the rela-
tionship between the voltage applied to one
electrode and the current which flows, as a
result, in a second electrode. As in the previous
two cases, it is defined as the change in eurrent
through the sccond electrode caused by a
change in voltage on the first. Thus the grid-
plate transconductanee, commonly called the
mutual conductance, is
Y
ALK,
where g, is the mutual conductance, A I, the
change in plate current, and A E, the changein
grid voltage, the plate voltage being fixed. As
before, the sign A indicates that the changes
must be small. Transconductance is measured
in mhos, since it is the ratio of current to volt-
age. The unit usually employed in connection
with vacuum tubes is the micromho (one mil-
lionth of a mho), beeause the conduetances are
small. By eombining with the two preceding
formulas, it can be shown that g, = u/rp.

The mutual conductance of a tube is a rough
indieation of its merit as an amplifier, since it
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Fig. 30.f — Plate voltage vs. plate enrrent curves at
various fixed values of negative grid voltage for the same
triode as that used 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 can be used to ad-
vantage in the control of amplification, since
the amount of amplification can be varied over
wide limits simply by adjusting the value of a
steady voltage applied to the grid.

Statie and dynamic curves— Curves of the
type shown in Figs. 301 and 303 are called
static curves. They show the current which
flows when various voltages are applied di-
rectly to the tube electrodes. Another useful
set of static curves is the “plate family,” or
plate voltage v=. plate current characteristic. A
tvpical set of curves of this type is shown in
Tig. 304,

A curve showing the relationship between
grid voltage and plate current when a load
resistance is connected in the plate circuit is
called n dynamic characteristic curve. Nuch
a curve includes the effect of the load resist-
ance. and hence is more indicative of the per-
formance of the tube as an amplifier. With
a fixed value of plate-supply voltage the actual
value of voltage between the plate and cathode
of the tube will depend upon the amount of
plate current flowing, since the plate current
also flows through the load resistance and
therefore results in a voltage drop which must
be subtracted from the piate-supply voltage.
The dynamie curve includes the cifeet of this
voltage drop. Consequently, the plate cur-
rent always is lower, for a given value of grid
bias and plate-supply voltage. with the load
resistance in the eireuit than it is without it.

Representative dynamie characteristies are
shown in Fig. 305. These were taken with the
same type of tube whose static curves are
shown in Fig. 303. Different curves would be
obtained with different values of plate-supply
voltage, I this set is for a plate-supply
voltage of 300 volts. Note that increasing the
value of the load resistance reduces the plate
current at a given bias voltage, and also that
the curves are straighter with the higher values
of loud resistance. Zero plate current always
oceurs at the same value of negative grid bias,
sinee at zero plate current there is no voltage
drop in the load resistance and the full supply
voltage is applied to the plate.

Fig. 306 shows how the plate current re-
sponds to an alternating voltage (signal) ap-
plied to the grid. If the plate current is to have
the same waveshape as that of the signal, it is
necessary to confine the operation to the
straight section of the curve. To do this, it is
necessary to scleet an operating point near the
middle of the straight portion; this operating
point is determined by the fixed voltage (bius)
applied to the grid. The alternating signal
voltage then adds to or subtracts from the grid
bias, depending upon whether the instantane-
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ous signal voltage is negative or positive with
respect to the cathode, and causes a corre-
sponding variation in plate current. The maxi-
mum departure of instantaneous grid voltage
or plate current from the operating point is
called the swing. The varying 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 called the cut-off point. The
value of negative grid voltage at which cut-off
occurs depends upon the amplification faetor
of the tube and the plate voltage. It is approxi-
mately equal to the plate-supply voltage di-
vided by the amplification factor,

Interelecirode capacitics — Any pair  of
elements in a tube forms a miniature condenser
(§ 2-3), and, although the capacities of these
condensers muay be only a few micromicro-
farads or less, they must frequently be taken
into aceount in vacuum-tube circuits. The ca-
pacity from grid to plate (grid-plate capuocity)
has an important effect in many applications.
In triodes, the other capacities are the grid-
cathode and  plate-cathode. In multi-clement
tubes (§ 3-6), similar capacities exist between
these and other electrodes. With sereen-grid
tubes, the terms “input’ and “output’ ca-
pacity mean, respectively, the capacity meas-
ured from grid to all other elements conneeted
together and from plate to all other elements
connected together. The same terms are used
with triodes but are not so easily defined, since
the effective capacities existing depend upon
the operating conditions (§ 3-3).

Tube ratings — Specifications of suitable
operating voltages and currents are called tuhe
ratings. Ratings include proper values for fila-
ment or heater voltage and current, plate volt-
age and current, and similar operating specifi-
cations for other elements. An important rating
in power tubes is the maximum safe plate dissi-
pation, or the maximum power that can be dis-
sipated continuously in heat on the plate(§ 3-1).

q 3-3 Amplification

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

If a sine-wave signal having a peak value of
2 volts is applied in series with the bias voltage
in the grid circuit, 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 occurs at the instant the grid
voltage is —7 volts, and has a value of 1.35

GRIO VOLTAGE

Fig. 305 — Dynamic characteristics of a small triode
with various load resistances from 5,000 to 100,000 ohms.

ma. At intermediate values of grid voltage, in-
termediate plate-current values will occur. The
instantaneous voltage between the plate and
cathode of the tube also is shown on the graph.
When the plate current is maximum the in-
stantancous voltage drop in R, is 50,000 X
0.00265 or 132.5 volts, and when the plate
current is minimum the instantancous voltage
drop in R, is 50,000 X 0.00135 or 67.5 volts.
The actual voltage between plate and cathode
is therefore the difference between the plate-
supply voltage, 300 volts, and these voltage
drops in the load resistance, or 167.5 and 232.5
volts, respectively.

The varying plate voltage is an a.c. voltage
superimposed (§2-13) on the steady plate-
cathode voltage of 200 volts, which was pre-
viously determined for no-signal conditions,
The peak value of this a.c. output voltage is
the difference between either the maximum or
minimum plate-cathode voltage and the no-
signal value of 200 volts. In the illustration
this difference is 232.5 — 200 or 200 — 167.5,
or 32.5 volts. Since the grid signal voltage has
a peak value of 2 volts, the voltage amplifica-
tion ratio of the amplifier is 32.5/2 or 16.25.
That is, approximately 16 times as much volt-

{ Plate Current
: Operating Point
‘§ __________
3
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q
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Fig. 306 — 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 signal applicd to the grid, a
varying voltage drop appears across the load, Ky, as
shown by the dashed curve, [5p. Ip is the plate current,

age will be obtained from the plate circuit as
is applied to the grid eireuit.

It will be observed that only the alternating
plate and grid voltages enter into the caleula-
tion of the amplification ratio. The d.e. plate
and grid voltages are of course essential 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
cquivalent generator which has an internal re-
sistance equal to the a.c. plate resistance 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 cenerator, together with the load resist-
anece, .. ix shown in Fig, 308, This simplifica-
tion enables ready ealeniation of the amplifica-
tion. If the generated voltage is wf,. then the
cime enrrent flows through 7, and R, and
henee the voltage drop across R, which is the
uselul output voltage, is

R 7

P = (% o+ Iy

sinee R, and 7, together constitute a voltage
divider (§ 2-6). The voltage-amplifieation ratio
is given by the output voltage divided by the
input voltage, henee dividing the above ex-
pression by )y gives the following formula for
the amplification of the tube:

Amplification = “—RP—-
Tt R,

Thiz expression shows that, to obtain a large
voltage-amplification ratio, it is necessary to
make the plate load resistance, [y, large com-
pared to the plate resistance, rp, of the tube.
The maximum possible amplification, obtained
when 12, is infinitely larger than r,, is equal to
the g of the tube. A tube with a large value of ¢
will, in general, give more voltage amplification
than one with a medium or low value. How-
ever, the advantage of the high u is less than
might be expected, because a high-u tube
nsually also has a eorrespondingly high value
of r.. so that a high vatue of load resistance
must be used to realize an appreciable part of
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the possible amplification. This in 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 ealled voltage amplificrs.

Power in grid circuit — In the operation
depicted in Fig. 306, the grid is always negative
with respect to the cathode. 1f the peak signal
voltage is larger than the bias voltage, the grid
will be positive with respect to the cathode
during part of the signal cycle. Grid current will
flow during this time, and the signal source
will be called upon to furnish power during the
period while grid current is flowing. In many
cases the signal source is not capable of furnish-
ing appreciable power, so that care must be
taken to avoid “driving the grid positive.”

When dealing with small signals the source
of signal voltage frequently has high internal
resistance, so that a considerable voltage drop
occurs in the source itself whenever it is called
upon to furnish grid current. Since this voltage
drop occurs only during part of the cycle, the
voltage applied to the grid undergoes a change
in waveshape because of the current flow. This
is shown in Fig. 309, where a sine-wave signal
is generated but, because of the internal resist-
ance of the source, is distorted at the grid of the
tube during the time when grid current flows.

1f the internal resistance of the signal source
is low, so that the internal voltage drop is
negligible when current flows, this distortion
does not oceur. With such a source, it is pos-
sible to operate over a greuter portion of the
amplifier characteristie.

Harmonie distortion — If the operation of
the tube is not confined to a straight or linear
portion of the dynamic characteristic, the
waveshape of the output voltage will not be
exactly the same as that of the signal voltage.
This is shown in Fig. 310, where the operating
point is sclected so that the signal voltage
swings into the curved part of the character-
istic. While the upper half-cycle of plate cur-
rent reproduces the sine-wave shape of the
positive half-cyele of signal voltage, the lower
half-cyele of plate current is considerably dis-
torted and bears little resemblance to the upper
half-cycle of plate current.

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

Fig. 308 — Equivalent
cireuit of the vacuum-
tube amplifier. The
tube is replaced by an
equivalent generator
having an internal re-
sistance equal tothe
a.c. plate resistance
of the vacuum tube.
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sulting from grid-current flow, deseribed in the
preceding paragraph, also is harmonic distor-
tion. Ilarmonic distortion from either or both
causes may arise in the same amplifier.

Harmonic distortion may or mav 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.

Frequency distortion — Another type of
distortion, known as frequency distortion, oc-
curs 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 harmonic distortion. It
can be shown by a frequency-response curee or
graph in which the relative amplification 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 circuit is shown
in Fig. 311, where the amplifier is coupled to a
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 amplification, usually work-
ing into still another amplifier.

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

The purpose of the coupling econdenser, C.,
is to transfer to the grid of the following tube
the a.c. voltage developed across R,, and to
prevent the d.c. plate voltage on tube 4 from
being applied to the grid of tube B. The grid
resistor, £, transfers the bias voltage to the grid
of tube B and prevents short-circuiting the a.c.
voltage through the bias battery. Since no grid
current flows, there is no d.c. voltage drop in
R,; consequently the full bias voltage is ap-
plied to the grid. In order to obtain the maxi-

Fig. 309 — Distortion of an-
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 — point T-
wheuever the applied signal ( 141
voltage is more than 3 volts O

positive. If there is appro-
ciable internal resistance, as
indicated in the second draw-
ing, there will be a voltage
drop in the resistance when-
ever current is flowing but
not during the period when
no current flows, The signal
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will reach the grid unchanged 4

30 long as the instantancous J

voltage is less than 3 volts -5

positive, but the voltage at CEAERATEDRSCAtt
the grid will be less than the 7 Timeof ~
instantancous voltage when *5) P\ Criscurent =
the latter is above this fig- o A - —

urc. ‘The shape of the nega-

tive half-cycle is unaltered. ACTUAL SIGNAL AT GRID
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Fig¢. 310 — Harmonic distortion resulting from choice
of an operating point on the curved part of the tule
characteristic. The lower haif-cyele of plate current doe-
not have the same shape as the grid voltage causing it.

mum a.c. voltage at the grid of tube B the
reactance of the coupling condenser mnst be
small compared to the resistance of 72, so
that most of the voltage will appear across R,
rather than across C.. Also, the resistance of &,
must be large compared to 2, becuuse, so far
as the a.c. voltage developed in R, is con-
cerned, R, is in parallel with 2, and therefore
is just as much a part of R, as though it were
connected directly in parallel with it. (The
impedance of the plate-supply battery is as-
sumed to be negligible, so thut there is no a.c.
voltage drop between tfie lower end of £, and
the common connection between the two
tubes.) In practice the maximum usable value
of Ry is limited to from 0.5 to about 2 megohms,
depending upon the characteristies of the tube
with which it is associated. H the value is made
too high, stiay eleetrons collecting on the grid
may not “leak off " back to the cathode rapidly
enough to prevent the accumulation of a nega-
tive charge on the grid. This is equivalent to
an increase in the negative grid bias, and hence
to a shift in the operating point.

The equivalent circuit of the amplifier now
includes C., R,, and a shunt capacity, C,, which
represents the input capacity of tube B and
the plate-cathode capacity of tube A, to-
gether with such stray capacity as exists in the
circuit. The reactance of C, will depend upon
the frequency of the voltage being amplified,
and, since C, is in parallel with £, and R, it also
becomes part of the load impedance for the
amplifier. At low frequencies — below 1000
cycles or so — the reactance of C, usually is so
high that it has practically no effect on the
amplification, but, since the reactunce de-
creases at higher frequencies, it is found that
the amplification drops off rapidly wlen the
reactance of C, becomes comparable to the
resistance of R, and R, in parallel. To main-
tain the amplification at high frequencies, it
is necessary that 2, be relatively small if (', is
large, or that C, be small if 12, is large.

Under the best conditions, in practice C, will
be of the order of 15 pufd. or more. while it is
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possible for it to reach values as high as a few
hundred ppfd. The larger values are encoun-
tered when tube B is a high-u triode, as de-
seribed in a later paragraph. Even with a low
value of shunt eapacity, the shunt reactance

Fig. 311 — Ty pical resistance-coupled amplifier cirenits,

will decrease to a comparatively low value at
the upper limit of the audio-frequency range;
a shunting capacity of 20 ppfd., for example,
represents a reactance of about 0.5 megohm
at 15,000 eveles, and henee is of the sume order
as R, for the type of tubes with which such a
low value of capaeity would be associated. In
order to secure the same amplification at high
ax at low frequencies, therefore, it is necessary
to sacerifice low-frequeney amplification by re-
ducing the value of R, to the point where the
reactance of C, at the highest frequeney of
interest is considerably larger than K.

At radio freguencies the reactance of s be-
comes so low that the amount of amplification
it is possible to realize is negligible compared
to that which ean be obtained in the audio-
frequency range. The resistance-coupled am-
plifier, therefore, is used principally for audio-
frequency work.

Impedance-coupled amplifiers — i either
the plate rexistor or grid resistor (or both) in
the amplifier deseribed in the preceding para-
graph ix replaced by an induetance, the ampli-
fier is said to be im pedance-coupled. "The induet-
anee or impedance is commonly substituted for
the plate load resistor, o that the usual cirenit
for such an amplifier is as given in Fig. 312,

Considering the operation of the tube from
the standpoint of the equivalent eircuit of
Fig. 308, it is evident that a voltage drop would
exist across a reactance of suitable value sub-
stituted for the indicated load resistance, Iy,
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 cause a sclf-
induced e.m.f. having a value proportional to
the rate of change 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 cause
a corresponding a.c. voltage to appear across
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the eoil terminals. This induced veltage is the
useful output voltage of the tube.

The amplitude of the output voltage can be
caleulated, 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 fact that the
phase relationship between current and voltage
is not the same in an impedanee as it is in a
resistanee. In practice, the plate load induet-
ance ix shunted by the tube and stray capaci-
ties of the eircuit as well as by its own distributed
capacity. Since the greatest amplilication will
be sccured 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 capacities. the circuit as a
whole will be parallel-resonant at some fre-
quencey near the middle of the audio-frequency
range. Under these conditions the load im-
pedanee has its highest possible value, and is
approximately resistive rather than reactive.

The equation for amplification with resist-
ance coupling shows that, when R, is several
times the plate resistance, r,, a further increase
in R, results in comparatively little increase in
amplification. The load circuit of an imped-
ance-coupled amplifier usually has an im-
pedance value quite high in comparison to the
plate resistance of the tube with which it is
used, so that the load impedance can vary over
a considerable range without much effect on
the amplitication. This gives the impedance-
coupled amplifier an amplification vs. frequency
characteristie whicli is fairly “flat” — that is,
the amplification is practically constant with
changes in frequency — over a considerable
portion of the audio-frequency range. How-
ever, the performance of the impedance-coupled
amplifier is not ax good in this respect as that
of a well-designed resistance-coupled amplifier.

If the impedance of the load eireuit is high
compared to the plate resistance of the tube,
which will be the case if the tube is a low-p
triode and normal inductance values (a few
hundred henrys) are used in the plate eircuit,
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Fig. 312 — lmpedance-coupled amplifier.

the amplification in the optimum frequency
range will be practically equal to the p of the
tube. At lower frequencies the impedance de-
ereases beeanse of the decreasing reactance of
the coil. while at higher frequencies the im-
pedance again decreases beeanse 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
resistanee coupling.
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The frequency-response characteristic of the
impedance-coupled amplifier depends eonsid-
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 be used at radio
frequencies, since the induetance can be ad-
justed to resonate with the shunt eapacities at
practically any desired frequeney.

Transformer-coupled — amplifiers — The
coupling impedance in Fig. 312 may be re-
placed by a transformer, connected as shown in
Fig. 313. A.c. voltage is developed across the
primary of the transformer in the sume way as
in the case of impedance coupling. The seeond-
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 capacity shunting the primary of an
audio-frequency transformer usually cnnses
the primary eircuit to be parallel-resonant at
some frequency in the middle of the audio-
frequency range. At the medium audio fre-
quencies, therefore, the voltage across the
primary is practically equal to the applied grid
voltage multiplied by the g of the tube. The
voltage across the secondary will be the pri-
mary voltage multiplied by the secondary-to-
primary turns ratio of the transformer, so that
the total voltage amplification ix g times the
turns ratio. The amplifieation at low frequen-
cics depends upon the ratio of the primary
reactance to the plate resistance of the tube,
as in the case of inipedance-coupled amplifiers.

At some high frequeney, usually in the range
5000-10,000 eycles with ordinary transformers,
the leakage inductance (§ 2-9) of the secondary
becomes series resonant with the effective ca-
pacity shunting the secondary. 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 amplifier. At
frequencies above this resonance point amplifi-
cation decreases rapidly, beeanse as the re-
actance of the shunting capacity decreases it
tends to act more and more as a short cireuit
across the secondary of the transformer. The
relative height of the high-frequency peak de-
pends principally upon the effective resistance
of the secondary eircuit. This cffective resist-
ance includes the actual resistance of the
secondary coil and the “reflected’” (§ 2-9) plate
resistance of the tube, thix resistance 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 can be redueed by connecting a 0.25
to 1 megohm resistor aeross the transformer
secondary. While this helps to flatten the fre-
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queney response curve, it also reduces the
amplification at medium and low frequencies.
Transformer coupling is most suitable for
trindes of low or medinum g and having medium
values of plate resistance. This is because the
primary inductance required for good am-
plification at low frequencies is proportional to
the plate resistance of the tube with which the
transformer ix to be used, and in practice it is
ditficult to obtain high primary inductance, a
large secondary-to-primary turns ratio (“step-
up ratio”), and low distributed capacity in the
windings all at the same time. Increasing the
primary inductanee usually means that the
turns ratio must be reduced, because the in-
crease in distributed capacity as the coils are
made larger tends to bring the resonant peak
down to a relatively low frequency unless the
secondary induetance is decreased to compen-
sate for the increase in capacity. The step-up
ratio seldom ix more than 3 to 1 in transformers
designed for good frequency response.

Fig. 313 — Travsformer-coupled amplifier.

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

Phase relations in plate and grid cireuits
— When the exciting voltage on the grid has
its maximum positive instantaneous value. the
plate current also is maximum (§ 3-2), so that
the voltage drop across the resistance con-
nected in the plate cireuit of a resistance-
coupled amplifier likewise has its greatest
valie. The actual instantaneous voltage be-
tween plate and eathode is therefore minimum
at the same instant, beeanse it is equal to the
d.c. supply voltage (whicl 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 other part of the cvele.
At this instant, therefore, the voltage between
plate and cathode is maximum.

These variations in plate-cathode voltage
constitute the a.c. output of the tube, superim-
posed on the mean or no-signal plate-cathode
voltage. Since the alternating plate-cathode
voltage is decreasing when the instantaneous
grid voltage is increasing (becoming more
positive with respect to the cathode), 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
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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 E, in Fig. 307.

The same phase relationship between signal
and output voltages holds when the amplifier
is impedance- or transformer-coupled, in the
frequeney region where the load ucts like a
parallel-resonant circuit. Iowever, if the load
is reactive 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 reactance of the shuut-
ing eapacitics becomes important.) Since the
reactance varies with the applied signal fre-
queney, the phase relationship between signal
voltage and output voltage depends upon the
frequeney in such cases.

Input capacity and resistance — When an
alternating voltage is applied between the grid
and cathode of an amplifier tube, an alternat-
ing current {lows through the small condenser
formed by these elements (§3-2) just as it
would in any other condenser. Similarly, an
alternating current also flows in the condeunser
formed by the grid and plate, sinee there is un
alternating difference of potential between
these elements. When the tube is amplifving,
the alternating plate voltage and signal voltaze
are effectively applied in series across the grid-
plute condenser, as indieated in Fig. 14 As
described in the preceding paragraph, in the
resistance-coupled amplifier the two voltages
are out of phase with respect to the cuthode,
but inspection of the cireuit shows thut they
are in phuse so far as the grid-plate condenser
is concerned. Consequently, the voltage applicd
to the grid-plate capacity is the sum of the
alternating grid and plate voltages, or £, + L,
Since I, is equal to A X E,, where A is the
voltage amplitication of the tube and cireuit,
the a.c. voltage between the grid and plate is
E, (1 4+ A). The current, /, flowing in the
grid-plate capacity iz £, (1 4 4) divided by
the reactance of the grid-plate condenser. and
thus is proportional to the grid-plate capacity.

The signal voltuge must help in causing this
relatively large current to flow, and, since the
reaetance as viewed fromn the input eircuit

Fig. 314 — The a.c. voltase appearing between the
grid and plate of the amplitier is the zum of the signal
voltage and the output voltage, as shown by this sim.
vlified circuit. In~tantanecous polarities are indicated.
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is X, = E, I, the input reactance becomes
smaller as the current becomes larger. That is,
the effective input capacity of the amplifier is
inereased when the tube is amplifying. From
the above, the inerease in input capacity is
approximately proportional to the voltage am-
plification of the cirenit and to the grid-plate
capacity of the tube. The totul input capuacity
is the sum of the grid-cathode capacity and this
additional effective capacity. The total input
capacity of an amplifier may reach values
ranging from 50 to a few hundred micromicro-
farads, if the voltuge amplification is high and
the grid-plate eapucity relatively large. Both
usually are true in a high-g triode.

When the load is reactive the a.e. grid and
plate voltages still aet in series across the grid-
plate condenser, but since they ure not exactly
180 degrees out of phase with respect to the
cathode they ure not exactly in phase with
respect to the grid-plate capaeity. The lack of
exact phase relationship indicates that resist-
ance as well as eapacity is introduced into the
input circuit. Analysis shows that, when the
reactance of the lond circuit is capacitive. the
resist:unce component is positive — that is, it
represents a loss of power in the input circuit
— and thut when the load circuit hus inductive
reactance the resistance component is negative.
Negative resistunce indicates that power is
being supplied to the grid circuit from the plate.

Feed-back — 1f some of the amplified en-
ergy in the plate circuit of an amplifier is
coupled back into the grid cireuit, the ampli-
fier is said to have feed-back. If the voltage fed
from the plate circuit to the grid cireuit is in
such phase that, when it is added to the signal
voltage already existing, the sum of the two
voltaves is larger thun the original signal volt-
age, the feed-back is said to be positive. Posi-
tive feed-back usuallv is ealled regeneration. If
regeneration exists in a circuit the total am-
plifieation is increased because the feed-back
increnses the amplitude of the signal at the
grid and this lurger 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 eircuit. Many types of
cirenits ean be used to secure positive feed-
back. A simple one is shown in Fig. 315, The
feed-back coil, L, a third winding on the grid-
eircuit transformer, is connected in series with
the primary of the transformer in the plate
circuit. so that some of the amplified voltage
appears across its terminals. This induces a
voltage in the secondary, S, of the grid-cireuit
transformer whiceh, if the winding directions of
the two coils are correct, will increase the value
of signal voltage applied to the grid.

Positive feed-back 1s accompanied by a
tendeney to give maximum amplification at
only one frequency, since the feed-back voltage
will tend to be highest at the frequency ut
whicl the original amplification is greatest. 1t
therefore increases the seleetivity of the ampli-
fier, and hence is nsed chieflv where high gain
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and sharpness of resonance both are wanted.

If the phase of the voltage fed buck to the
grid eircuit 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 negatirc. Negative feed-back frequently
is called degeneration. In this ease the total
amplification ix deereased, sinee the grid signal
has been made smaller. and henee the amplified
output voltage is smaller for a given original
signal than it wonld be without feed-back.

The amount of voltage fed back will depend
upon the actual amplifieation of the tube and
circuit, and if the amplification ratio tenda to
chinge, as it may at the extreme high or low
frequencies in the audio-frequency range, the
feed-back voltuge will be reduced when the
amplifieation decreases. For 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
5020 or 2.5 volts. But suppose that 10 per
cent of the output voltage (3 volts) is fed buaek
to the grid circuit in opposite phasc to the
applied grid voltage. Then, since it is still nee-
essary to have a 2.5-volt =ignal to produce
50 volts output, the applied voltage must be
25+ 5 or 7.5 volts. Now suppose that at
some other frequency the voltage gain drops
to 10. Then for the same 30-volt output a 5-
volt signal is required, but since the feed-huck
voltage is still 5 volts the total required signal
is now 10 volts. With feed-back the gain in the
first case was 50/7.5 volts or 6.66 and in the
second case 50 10 or 5, the gain in the sceond
case being 75 per cent as Ligh ux in the first.
Without teed-back the gain in the second cuse
was 50 per cent as high a< in the first. The
cffeet of feed-back therefore is to muke the
resultant gain more uniform, despite the tend-
ency of the amplifier itself to discriminate
against certain frequencies.

Negative feed-back also tends to decrease
harmonic distortion arising in the plate circuit
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 circuit contains the
distortion but in opposite phase to the distor-
tion components in the plute circuit, hence the
two tend to cancel cuch other. For similar
reasons. the over-all amplification is less (de-
pendent upon the value of load impedance used
in the plate circuit: in fact, if a large amount of
negative feed-back is used in an amplifier it is
even possible to substitute tubes of rather
widely different characteristies without much
effect on the over-all performanee.

Both positive and negative feed-back may be
applied over several stages of an amplilier,
rather than being applied directly from the
plate cireuit to the grid circuit of a single stuge.

Power amplification — In the types of wn-
plifiers previously deseribed, the chief consid-
~ration was that of sceuring as much voltage
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guin us possible within the permissible limits
of harmonic diztortion and frequency response
characteristic. Sueh amplifiers are prineipally
used to furnish an amplified signal voltage,
which in turn ean be supplied to a suceceding
amplifier. If the succeeding amplifier is oper-
afed in sueh a wuy that its grid iz never driven
positive with respect to its cathode, grid cur-
rent does not flow. and hence the power re-
guirements are negligibly smull. However, if an
amplifier is used to actuate some power-con-
suming device, such as a londspenker or a
succeeding amplifier in which it is permissible
to drive the grid into the positive region, the
primary consideration is that of obtaining the
maximun power output consistent with the
permizsible distortion. In such a ¢ase the volt
age at which the power is sceured is of little
consequence, since a transformer may be used
to chunge the voltage to any desired value,
within reasonable limits. Ilence, the voltage
gain of u power amplifier is of little importance.

In power-amplitier operation the grid may or
may not be driven into the positive region, de-
pending upon the purticular applicution. The
present discussion wall be eonfined to the triode
amplifier operating without grid current; other
types are considered in § 3-4. The principles
upon which such a power amplitier operates ure
practically identical with those already de
seribed. The chief differences between a volt-
age amplifier and 2 power wmplifier lie in the
selection of tubes and in the choice of the value
of load resistunce. As previously described, if
voltage gain is the primary consideration the
load resistance should be as large as possible
in compuarison to the plate resistance of the
tube. It can be shown that. in any clectrieal cir-
cuit. maximum powcr output is secured when
the resistance of the load is made equal to the
internal resistancee of the source of power. Thi
Is true whether the power source is a battery,
agenerator or a vacuum tube. In the ease of the
vacuum tube the internal resistance is the
plate resistance of the tube, so that for maxi-
nium power output the load resistance zhould
be made equal to the plate resistance. How-
ever, when the tube is operated with so low ¢
calue of load resistance there is considerable
harmonie distortion, and optimum power out
put, representing un aceeptable compromise
hetween distortion and the power obtainable, is
secured when the load resistanee is approxi-
mately twice the plate resistanee,
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Fig. 315—An elementary form of feed-back cireuit. The
fecd-back may e either positive or negative, depending
upon how the coil L is connceted in the circuit. This type
of viccuit illustrates the principle of feed-back, butit i
not practieal for usein an actnal andio-frequencs amiplifier,
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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 beeause the impedance of the
desired load =cldom is the proper value for ob-
taining optimum power output from the ampli-
fier. Consequently, the load impedance must he
changed to a value suitable for the plate circuit
of the amplifier tube. This can be done by
the use of transformers, as deseribed in § 2-9,

Output
frwz.re'armer

load

(-

Fig. 310 An clementary  power-amplitier eirenit in
which the puser-consaming load is coupled to the plate
circuil through an impedanee-matehing transformer,

A basic power-nmplifier cireuit 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
ampliticr. 1f there is no preceding amplifier, the
ntethod of conpling will depend prineipally on
the characteristies of the souree of the signal.

In Fig. 316 the load is represented as a re-
sistance. An actnal lond may have a renctance
as well as a resistanee component, but only
the resistance will consume power (§ 2-8).

Power amplification ratio— The ratio of
a.e. output power to the a.e. power consumed
in the grid cireuit (driving power) is called the
powcr amplification ratio or simply powcr am-
plification of the amplifier. If the amplifier
operates without grid enrrent the a.e. power
consumed in the gridd virenit is negligibly small,
so that the power amplification ratio of such an
amplifier is extremely large. With other types
of operation the power amplifieation ratio may
be relatively small, as deseribed in § 3-4,

Plate efficieney — The ratio of a.c. output
power to the d.c. power supplied to the plate
cireuit is ealled the plale efficicney of the amplie
fier. 1t is expressed as a percentage:

% plate efficieney = % X 100
where P, is the a.c. output power, E the plate
voltage and I the plate eurrent, the latter two
being d.c. values,

The plate efficieney of amplifiers designed
for minimum distortion and a high power am-
plifieation ratio (operation without grid cur-
rent) is relatively low — of the order of 15 to
30 per cent. For minimum distortion 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 dynamie 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 comparison to the d.c. plate power input.

Higher plate cfliciency can be seeured by
increasing the alternating component of plate
current, but this is accompanied by increased
distortion. Special types of amplifiers have
been devised to compensate for this distortion,
as describud in the next section. In some appli-
cations, as in r.f. power amplification, the fact
that the signal applied to the grid is greatly
distorted is of no consequence, so that such
amplifiers can have high plate efliciency.

Power sensitivity — The ratio of a.c. power
output to alternating grid voltage is ealled the
power sensitivity of an amplifier. [t provides a
convenient measure for comparing power tubes,
especially those designed for audio-frequency
amplification where the operation is to be with-
out grid current, since it expresses the relation-
ship between power output and the amount of
signal voltage required to produce the power.

The term power sensitivity also is used in
connection with radio-frequency power ampli-
fiers, in which case 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
circuit is said 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
connected in parallel. In this case the similar
elements in all tubes are connected together.
This 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.

1f the amplifier operates in such a way as to
consume power in the grid circuit, the grid
power required also is in proportion to the
number of tubes used.

Push-pull  operation — An  increase in
power output can be secured by connecting
two tubes in push-pull, the grids and plates
of the two tubes being connected to opposite
ends of the circyit as shown in Tig. 317. A
“balanced” circuit, in which the cathode re-
turns are made to the midpoint of the input
and output devices, is necessary with push-
pull operation. At any instant the ends of the
seecondary winding of the input transformer,
T4, will be at opposite potentials with respect
to the cathode connection, so that the grid of
one tube is swung positive at the sume 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
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plate current of one tube is rising while the
plate current of the other is falling, henee the
nanme “push-pull.” In push-pull operation the
even-harmonic (seeond, fourth, ete.) distortion
is caneclled in the symmetrieal plate cireuit. so
that for the same power output the distortion
will be less than with parallel operation.

The exciting voltuge measured between 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 called the
decibel, abbreviated b, The number of deci-
bels is 10 times the logarithm of the power
ratio, or
Py
db. = 10 log 1')2
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
-arying 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 increase is 3 db., or
three steps of intensity: if it is donbled again
the increase is again 3 db., or three further dis-
tinguishable steps. Ruecessive amplifications
expressed in decibels can be added to obtain the
over-all amplification.

A power loss also can be expressed in deci-
bels. A decrease in power is indicated by a
minus sign (e.g., — 7 db.), and an increase in
power by a plus sign (e.g., + 4 db.). Neguative
and positive quantities ean be added numeri-
cally. Zero db. indicates the reference power
level, or & power ratio of 1.

Applications of amplification — The ma-
jor uses of vacuum-tube amplifiers in rudio
work are for amplifying at audio and ruadio fre-
quencies (§2-7). The audio-frequeney ampli-
fier generally is nsed to amplify without dis-
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PUSH-PULL
Fig. 317 — Parallel and push-pull a.f. amplifier circuits.
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crimination at all frequencies in a wide range
(say from 100 to 3000 ¢veles for voice comnu-
nication), and therefore is associated with non-
resonant or untuned circuits which offer a uni-
formload over the desired range, The radio-fre-
queney amplifier. on the other hand, generally
is used to amplify selectively at @ single radio
frequency, or over a smull band of frequencies
at most, and therefore is associated with res-
onant cireuits tunable to the desired frequency.,

An audio-frequency amplifier mav be con-
sidered a broad-hand wwplificr: most radio-
frequeney amplifiers are designed to have rela-
tively narrow bandwidths.

In audio eircuits 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. T'o get the alternating
voltuge (grird suing) required for the grid of
such a tube, voltage amplifiers are used cm-
ploving high-g tubes which greatly inerense
the voltage amplitude of the signal. Voltage
amplifiers are used in the radio-frequency
stages of receivers as well as inaudio amplitiers:
power amplifiers are used in the radio-fre-
queney stages of transmitters.

€ 3-4 Classes of Amplifiers

Reason for elassification — 1t is convenient
to divide amplitiers into groups according to
the work they are intended to perform, as re-
lated to the operating conditions necessary to
accomplish the purpose, This nuhes identifien-
tion easy and obviates the necessitv for giving
a detailed deseription of the operation when
speeific operating data are not reguired.

Class 4 — An amplilier operated as shown
in I'ig. 306 or 307, in which the output wave-
shape is a faithful reprodiction of the input
waveshape, is known as o Class-.1 amplifier.

As generully used. the grid of a0 Class-A
amplifier never is driven positive with respect
to the eathode by the exciting signal, and never
is driven so far negative that plate-current
cut-off is reached. The plate current is con-
stant both with and without wid exeitation.
The chief cluracteristies of the Cliss-A am-
plifier are low distortion, relatively low power
output for u given size of tube, aud a high
power-amplification ratio. The plate efficiency
15 relatively Tow (§ 3-3).

Class-A power amplitiers find application as
output amplificrs in awdio systems and as
drivers for Class-I3 power amplifiers. Class-A
voltage amplifiers are found in the stages pre-
ceding the power stage or stages in such ap-
plications, and as r.famplifiers in receivers,

Class B— The Cluss-B amplifier is prima-
rily one in which the output current, or alter-
nating component of the plate current, is
proportional to the amplitude of the exeiting
grid voltage. Rince power is proportional to the
square of the current, the power output of a
Class-B amplifier is proportional to the square
of the exciting grid voltage.
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£y Fig. 316 — Class.B
) amplifier operation,

In Class-B service the grid bias is set so
that the plate current is relatively low without
grid excitation: the exciting signal amplitude is
made such that the entire linear portion of the
characteristic is used. Fig. 318 illustrates opera-
tion with the tube biused practically to ecut-
off, In thiz condition plate current flows only
Juring the positive half-cyele of excitation, No
plate current fows during the negative halt-
eyvele. The shape of the plate curreat pulse is
essentially the same as that of the positive
«wing of the signal voltage. Sinee the plate
eurrent is driven up toward the saturation
point, it is usually necessary for the grid to he
driven positive with respect to the cathode
during part of the grid swing. Grid current
flows, therefore, and the driving source must
furnish power to supply the grid losses.

Class-B amplifiers are characterized by me-
dium power output, medium plate efficicney
30 to GO per cent at maximum signal), nnd
a moderate ratio of power amplification. At
radio frequencics they are used as linear am-
plificrs to raise the output power level in radio-
telephone transmitters after modulation.

For Claxs-B audio-frequency amplification
two tubes must be used, the secand tube work-
ing alternately with the first so 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 is 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, 7., with a similariy
divided primary, is connected to the plates of
the tubes. When the signal voltage in the upper
half of Ty is positive with respeet to the center

T
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Vig. 319 — Showing how the outputs of the two tubes

in push-pull arc combined in the Class.B andie amplifier.
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cannection (cender tap), the upper tube draws
pliate current while the lower tube is idle; when
the lower half of T; becomes positive, the
lower tube draws plate current while the upper
tube is idle. The voltages induced in the
primary of 72 combine in the sceondary to
producean amplified reproduction of the signal.

Class AB — The similarity between the
('lass-A B amplifier, Fig. 319, and the ordinary
push-pull circuit (Fig. 317) will be noted.
Actually. the only difference lies in the method
of operation. If the bias is adjusted so that the
tubes draw a moderate value of plate current
with no signal, the amplifier will operate Claxs
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 efficiency at high signal levels,
mauking poxsible the use of relatively small
tubes in audio power amplifiers,

A further distinetion ean be made between
amplifiers which draw grid current and those
which do not. The Class-A By amplifier draws
no grid eurrent and thus conzumes no power
from thie driving source. The Claxs-A By am-
plifier draws grid current at higher signal levels,
and power must be supplied to its grid circuit.

PLare current, Ip

Fig. 320 — Cla<s-C
amplitier operation.

Class C— The Class-C amplifier is one op-
erated so that the alternating eomponent of
the plate current is directly proportional to the
plate voltage. The output power is therefore
proportional to the square of the plate voltage.
Other characteristies inherent to Class-C oper-
ation are high plate efliciency, high power out-
put, and relatively low power amplification.

The grid bias is set at a value at least twice
that required for plate-current cut-off without
excitation. Thus plate current flows during
only a fraction of the positive excitation
evele. The exciting signal should be of suffi-
¢ient amplitude to drive the plate current to
the saturation point, as shown in Tig. 320
Since 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 evcle, robbing the plate of
<ome that it would normally attract. Thix
eauses the droop at the upper bend of the char-
weteristic, and also miy cause the plate-current
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 cirenit.
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€ 3-5 Cathodes; Grid Bias

Types of cathodes — There ure two general
types of cathodes, known as directly heated and
indirectly heated. In the former the heating cur-
rent is 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 eleetrically-separate heating
clement ax shown in Fig. 321,

Directly-heated or filament-type eathodes
may be of pure tung=ten. tungsten having a
small amount of thorium dissolved in it, or
tungsten coated with rare carths (oxide-coated
typej. The latter give the largest amount of
cleetron emission per watt of heating power.
Thoriuted tungsten filanents are intermediate
in electron-emitting efficicney, and are used
universally in small and medium-power trans-
mitting tubes. Indireetly-heated eathodes are
invartably of the oxide-coated type.

When directly-heated cathodes are operated
on alternating current, the evelie variation of
current causes the plate current of the tube
to vary at the supply-frequency rate, produeing
hum in the outpat. Tum from this source is
eliminated in the indirectly heated eathode.
Thix type ix alxo known as the eqai-polential
cathode sinee all of it 1= at the samne potential,
in contraxt to the directly heated filament
where o voltage drop ocenrs along the wire.

The souree of filament power for a direetly
heated cathode — battery or transformer
necessarily is direetly connected to the tube
cireuit. With an indireetly heated cathode the
source of heating power can be entirely inde-
pendent of the tube cireuit,

The operating temperature of a thoriated
tung=ten filament is fairly eritical, and the
specified filament voltage should be main-
tained within n few per cent. These tilnnent <.
as well us oxide-coated cathodes, eventually
“lose crission’": that ix, the emission efh
cieney of the eathode decreases until sutticient
cleetron emission for satisfuctory tube oper-
ation cannot be obtained without raising the
cathode temperature to an unsafe value.

/

A B < ] £
Fig. 321 — Types nf cathode construction. Dircctl
heated cathodes or filaments are shown at A, B, and Cy
The inverted V filament is uwied in small receiving
tubes, the M in both receiving and transmitting tubes.
The spiral filament is a transmitting-tube type. The
indirectly 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 w. runcel th.
magnetic fields set up by the cureent throngh the heater,
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Cathode circuits; filament center tap —
When o filament-type cuthode is heated by
a.c.. hum can be minimized by muking the two
ends of the filiment have equal and opposite
potentials with respeet to a center point, usu-
ally grounded (§ 2-13), to which the grid and

) ®
olate g[ld 1 Plate
return returrn recurn
G —:{ él) I:~ C.
2200000/
Fig, 322 — Filament transformer center-tap connections,

pliate return cireuits are conneeted, 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 B. The
by-pass condensers, () and (s, are used in
r.f. circuits to avoid having the r.f. current
flow through the transformer or resistor.

The heater supply for tubes with indireetly
heated eathodes =ometimes is center-tapped
for the same purpose: more frequently, how-
ever, one side of the heater s grounded.

Methods of obtaining grid bias — Grid
biux miay 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 iz indicated in Tig. 323-A. A second
method, utilizing a cathode resistor, is shown at
B d.e. plate current flowing through the re-
sistor ennses a voltage drop which, with the
connections shown, has the right polarity to
biax the grid negutively with respeet to the
eathode. The value of the resistor is deter-
mined by the bias required and the plate cur-
rent which flows at that valne of bias, as found
from the tube characteristic curves: with the
voltage and current known, the resistance ean
be determined by Ohm’s Law (§ 2-6)

_E X 100y
Ir

where . = cathode bias resistor in ohms
% desired bias voltage
l. = total d.c. cathode current in milli-
amperes.
I1 the tube is a multi-element type, the sereen-
and suppressor-grid currents should be added
to the plate current to obtain the total cathode
current, The control-grid current also should
be included if the control grid is driven positive
The a.c. component of plate current flowing
through the cathode resistor will cause an a.c
voltage drop which gives negative feod-back
(§ 3-3) into the grid circuit, and thus reduces
the amplification. To prevent this, the re-
sistor usually is by-passed (§2-13), C. being
the cathode by-pass condenscr. To bo effective,
rhereactance of the by-pass condenser must be
dundl comparad 1o R at the frequency being

(15
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amplified. This condition generally is satisfied
if the reactance is 10 pereent or less of the
athode resistance, In audio-frequeney ampli-
fiers, the lowest frequency at which full ampli-
fication must be seeured should be used in eal-
culating the required capacity.

© B4

Fig. 323 — The three basic methads of obtaining arid
bias. A, fixed bias; B, cathode bias; C, grid-leak bias.

A third hiasing method is by use of a grid
leak. R in Tig, 323- This requires that the
exciting voltage be positive with respeet to the
enthode during part of the evele, so that grid
cnrrent will flow, The flow of grid current
through the grid deak causes o voltage drop
across the resistor, which gives the grid a nega-
tive bias. The time constant (3 2-63 of the grid
leak and grid condenser should be large in com-
parison to the time of one eyele of the exciting
voltage, =o that the grid bias will be substan-
tially constant and will not follow the varia-
tions in a.e. grid voltage. For grid-leak bias,

£ X 1000
Ry =-""——
I
where 2. is the grid-leak resistancee in ohms,
E the desired bias voltage and /; the d.e. grid
current. in ma.

For two tubes operated in push-pull or
parallel with o common cathode- or grid-leak
resistor, the required resistance becomes one-
half that for a single tube. In push-pull Class-A
. circuits operating at andio frequencies, it is
unnecessary to hyv-pass the cathode resistor,
In this case the a.c. component of eathode
current in one tube is out of phase with the
a.c. component in the other, so that the two
cancel eaclo otner,

The choice of a binsing method depends
upon the type of operation. Fixed bias usually
is required where the doe. plate current of the
amplifier varies in operation, as in Class-B
audio-frequency amplifiers; if cathode bias is
used the bias voltage would vary with the
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plate current. Since the plate current of a
Class-A amplifier is 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 respect to the cathode,
since in such a case there is no grid eurrent and
hence no voltage drop in the grid leak. Grid-
leak bias is chiefly used for r.f. power amplifiers
and for certain types of deteetors. In power
amplifiers, a combination of two or even all
three types of bias may be used on one tube.

 3-6-A Multi-Grid Tubes

Radio-frequency amplification — As  de-
scribed in § 3-1. the reactances of the grid-to-
ciathode and plate-to-cathode capacities (to-
gether with unavoidable stray capacities) in a
vacuum tube become very low at frequencies
higher than the audio-frequeney range. As a
result, ordinary resistanee, impedance or trans-
former coupling ecannot be used at radio
frequencies because these eapacities aet as low-
reactance by-passes across the input and out-
put circuits, Ience the total impedance in
cither the plate or the grid circuit is too low
for appreciable voltage to be developed.

This situation ean be overcome by using
resonant circuits as impedances for radio-
frequency amplification. As deseribed in § 2-10,
the parallel impedance of a resonant cireuit
ean reach quite high values when the @ is high.
Values of parallel-resonant impedance suitable
for effective amplification are readily obtain-
able with reasonably well-designed  cireuits,
The tube and stray capacities become part
of the tuning capacity and thus are made to
serve nuseful purpose. However, the circuits
have maximum impedance at the resonant
frequency only, henee the amplification will
decrease at frequencies somewhat removed
from resonance. Thus a radio-frequeney ampli-
fier must be designed for a =pecific frequency.

An clementary cireuit illustrating the prin-
ciples of r.f. amplification ix shown in Fig. 324,
The grid eircuit, Li('y, and the plate circuit,
LoC'5, must be tuned to the same frequency for
maximum amplifieation. But if the plate eir-
cuit is tuned slightly to the high-frequency
side of resonance it will show inductive re-
actance, and as described in § 3-3 energy will
be trausferred from the plate circuit to the
grid circuit under such conditions. f enough
energy is transferred the tube will generate a
self-sustaining r.f. current, in which case it is
said to be oscillating. When oscillation com-
mencees the eireuit ceases to amplify incoming
signals, since it is generating a signal of its
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Fig. 324 — Flewentary radio-frequency amplifier.
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own. Unfortunately, it is almost impossible
to prevent such oscillation in a simple triode
amplifier such as is shown in Fig. 324,

Special “neutralizing ™ cireuits (§ 4-7) have
been devised to prevent oscillation with triode
amplifiers, but most of these are more suitable
for use in transmitting applications, where the
amplifier does not have to be tunable over a
wide range of frequencies, than in receivers.
However, oscillation ean be avoided by using
a circuit in which the feed-back is negative
rather than positive, as indicated in the next
paragraph.

Grounded-grid amplifier — In the cireuit
of Fig. 325 the grid of the tube ix connected 1o
ground and the cathode is conneected to the

Output

_‘:ch :Lc,,

Fig. 325 — Grounded-grid amplificr civcuit,

high-potential side of the input resonant eir-
cuit, reversing the usual connections. The
output circuit is connected in the customary
way between plate and ground. Nince the
alternating component of plate current must
flow through the tuned input eireuit to return
to the cathode there is feed-back from the
plate to the grid cireuit, but it is negative
rather than pozitive feed-back. Ifence thix
coupling between the two eircuits will not
cau=e oscillation.

However, it is still possible for the circuit to
oscillate if there is capacity coupling between
the plate and cathode. The grounded grid
prevents this coupling by aeting as a shield
between the other two elements (§ 2-11). The
circuit Is most suecessful with tubes having
very low plate-to-cathode capacity. It is used
principally at ultra-high frequencies (where
the screen-grid tubes deseribed in the next
paragraph become ineffective as amplifiers
with tubes designed especially for the purpose.

The r.f. chokes in the ecathode circuit are
used toisolate the heater from ground and thus
eliminate the effect of the capacity between
cathode and heater. This capacity tends to
short-cireuit the tuned input circuit and thus
prevents the amplifier from operating properly.

Screen-grid tubes — The grid-plate capac-
ity can be climinated, or at least reduced to a
negligible value, by inserting a sccond grid
between the control grid and the plate us indi-
cated in Iig. 326. The second grid, called the
screen grid or shield grid, acts as an electro-
static shield (§ 2-11) between the control grid
and plate. It is made in the form of a grid or
coarse screen rather than as a solid metal sheet,
so that electrons can pass through it to the

75

plate; a solid shield would entirely prevent the
flow of plate current. The sereen grid is con-
nected to the cathode throuzh a byv-pass con-
denser, which has low impedance at the radio
frequency being amplified. The electrie lines
of force from the plate terminate on the sereen
grd, very little of the field zetting through to
the control grid; similarly, the field <et up by
the control grid doex not penetrate past the
sereen grid. Thus there is no common field
between the control grid and plate; henee no
capaeity between these two tube elements.
Sinee the eleetrie 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 churge is concentrated, the plate is
unable to exert an attraction upon the elee-
trons in thix region. Consequently, the plate
voltage cannot control the flow of plate current
as it does in a triode. In order to get cleetrons
to the plate. it ix neces=ary to apply a positive
potential /with respeet to the cathode) ta the
sereen. The sereen then attracts electrons much
as does the plate in a triode tube. In traveling
toward the screen the electrons acquire veloe-
ity, =0 that most of them <hoot between the
sereen wires into the field from the plate. Those
that pass through and are uttracted to the
plate constitute the plate current of the tube.
A certain proportion (o strike the sereen,
however, with the result that some current
alzo flows to the screen grid. The scereen cur-
rent will be low compared to the plate current
in a tetrodc. or four-eleent tube. however,
Secondary  emission — When an electron
traveling at appreciable velocity through a
tube strikes the plate it dizlodees other elee-
trons. These “splah ™™ from the plate into the
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Fig, 326 — Representative arrangement of  elements
in a sereen-grid tube, with front part of plate and sereen-
erid eut away, ‘The sereen grid usually is made longer
than cither the conteol grid or plate, <o that the shielding
will be as effective as possibles In this drawing the eone
trol erid connection i~ made throuch a ¢ap on the top of
the tube, thus eliminating the capacity which would ex-
ist hetween the plate and grid Tead wires if both pas-ed
through the hase. Some modern tibes which have hoth
leads going throvgh the hase vse¢ special <hiclding and
construction to eliminate capacity. Syimhaols for pentode
and tetrade tubes: [ heater: G cathode: G control
grid; 1) plate: =, t Nupe. snppressor grid,

Sereen o
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interclement space, a phenomenon called sec-
ondary emission. In a triode ordinarily oper-
ated with the grid negative with respect to
cathode, secondary electrons are repelled back
into the plate and cause no disturbance. In
the screen-grid tube, however, the positively
charged screen attracts the secondary clec-
trons, causing a reverse current to flow be-
tween =creen and plate. The effeet is particu-
larly  marked when the plate and =creen
potentials are nearly equal, which may be the
case during the part of the a.c. eyele when the
instantancous 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 be inserted between the
screen and plate. This grid, which is connected
directly to the cathode, repels the relatively
low-velocity secondary clectrons. They are
driven back to the plate without appreciably
obstructing the regular plate-current flow.

Although the screen grid in either the tetrode
or pentade greatly reduces the influence of the
plate upon plate-current flow, it is quite ob-
vious that the control grid still can control the
plate current in essentially the same way that
it does in a triode, since the control grid is still
in the space-charge region. Conscquently, the
grid-plate transconductance (or mutual con-
ductance) of a tetrode or pentode will be of the
same order of value as in a triode of corre-
sponding structure. On the other hand, sinee
the plate voltage has very little effect on the
plate-eurrent flow, both the amplification factor
and plate resistance of a pentode or tetrode are
very high, as is apparent from the definitions of
these constants (§3-2). In sxmall 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. Beeause of the high plate resistance,
the actual voitage amplification possible with
a pentode is very mueh less than the large am-
plification factor might indicate. In resistance-
coupled audio-frequeney amplifiers, voltage
amplification or gain of 100 to 200 is typical.

A typieal 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 curves are
practieally horizontal onee the plate voltage is
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