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SCHEMATIC SYMBOLS USED IN CIRCUIT DIAGRAMS —

‘ Plate
{ 5 .L_ FIXED RESISTOR A ) q
ANTENNA GROUND ’_W"xg‘:f: :@ :@ )
C D Frlament

VARIABLE RESISTOR, DIODE VACUUM TUBE

_L J_ POTENTIOMETER, VOLTAG E _—:@ :@
DIVIDER, RHEOSTAT, ETC. E E Plate

T T MICROPHONES

A-Single -butlon D- Dynamic Grid
FIXED CONDENSER % B-Double-butlon E- \Z/m-ty
(See Footnote 1) C-Condenser  ¥-Crystal
ELECTRICAL HEATER ELEMENT Filament
TRIODE VACUUM TUBE
_ Plate
A 8. A 8 [
VARIABLE OR ADJUSTABLE .
CO_N DENSERA WIRING-DIAGRAM DEVICES PHONO PICK-UPS G,
A- Single -section A- Wires connected Electromagnetic and crystal
B- Split- stator B- Wires not connected Cathode —~
(See footnote 2) _6-6_ MULTIGRID VACUUM TUBE
o e o .o Gl The gr/‘d:/ are u;uatg’/yt
. . numbered, el a
TWISTED-PAIR CABLE Double 5”‘9/‘-’ closest to the ca.gz?ade o
ra HEADPHONES
L9
COAXIAL CABLE :m m r
— o FILAMENT  CATHODE
o B. C.  SHIELDED WIRE OR CABLE LOUDSPEAKER OR HEATER
AIR-CORE INDUCTOR o )
A- Fixed coil or r.f choke SHIELDING
B~ Coil with fixed tap
C-Coil with variable tap J) J) J)
Wwith var BUZZER PHOTOELECTRIC ~ COLD
Small aircles indicate plug-ond-
Shck or bindingpost t/;mgilmls) CATHODE CATHODE
TERMINALS o — s _L
— 00000, — with agpropriate labels 1 r —B_B . ] s
= 1 1 1 1 1 l A HNE Wiso beant-onfining  PLATE
IRON-CORE INDUCTOR or beam-forming
A-Normally -apen electrode) . .
OR CHOKE - B-Normally - closed :
? } 4 ' — —_— i
A Bl ¢ D

—u.
B DIODE
SWITCHES A -
A B A-SPST C-DPST. —’T: [:T._ PLATE ANODES
B-S.AD.T. D-Rotary Multipoint VIBRATORS Al —>—
@ o M’”f_mcm 7 ELECTRON-RAY CATHODE-RAY
::VI B8-Self-rectifying = =

A-AIR-CORE TRANSFORMER TUBETARGET I bEs eIl
OR INDUCTIVELY-COUPLED COIS KEY JACK C)‘ )

(Arrow used only if coupling P e T METER

/s variable) (wft/'_.#; proper A @

B- LINK-COUPLED COILS PLUG identification -V,MA,etc.) Pans 8

o poled BATTERY  SINGLE CELL

—— —E— :—{||||||}—+— ——il': ézflm&ﬁ%g., T
A B —)—.

B-Polarized + - % S A
_@9_ __GD__ —t— NEON BULBOrVOLTAGE REGULATOR  +. .
IRON-CORE TRANSFORMERS . ] RECTIFIER , WRITUBE, o
A-laminated core A/tm-lpolar/zd and polarized (Usually dry-disk)
8-Powdered-iron core power receptadles ot ‘[?
(Arrows jndicate variable o(dot) & TecrysmaLs B
core or permeabjlity tuning) FUSE INDICATES GASEOUS TUB é: ;Da,eeég%gft,,;

1 Where it is nccessary or desirable to identify the clectrodes, the curved cleme, represents the outside electrode
(marked “outside foil,” “ground,” etc.) in fixed paper- and ceramic-dielectric convascrs, and the negative eleetrode
in clectrolytic condensers.

2 In the modern symhol, the curved line indieates the moving clement (rotor ples) in variable and adjustable air-
or mica-diclectric condensers.

In the case of switches, jacks, relays, cte., only the basic combinations arc sho'i. Any combination of these sym-
bols may be assembled as required, following the clementary forms shown.
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TweNTY-ONE years ago — in 1926 — the first edition of The Radio Amateur's Hand-
book was presented to the amateur world. Produced by the amatcur’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 dav.
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 copices, 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 Handbook —
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 2 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, QST. This, together with extensive and usefully-
appropriate catalog advertising by manufacturers producing equipment for the radio ama-
teur, makes it possible to distribute for a very modest charge a work which in volume of
subject matter and profusity of illustration surpasses most available radio texts selling for
several times its price.

When war came to this nation it was discovered by the military and other agencies that
the Handbook was 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

_source data for many service-written special courses. During the war years the training
aspects have been given increasing emphasis — not, however, to the detriment of other
long-established features, but rather by increasing the size and scope of the book.

With the constant editorial problem before us of gearing each year’s edition to the nceds of
amatcur radio of that year, as we perceive them, it has seemed hest to leave intact in this
edition the entire section on principles and design factors, large as that portion of the book
grew during the war years. During this early postwar period there are many new people com-
ing into amateur radio who need sound guidance, and it is & 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 seems to our staff to be the hest 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 chapter number,
the second the section number within the chapter. Cross-references in the text take such a
form as (§ 4-7), for example, which means that the subject referred to will be found discussed
in Chapter Four, Section 7. Throughout the book, illustrations are serially numbered within
cach chapter. Thus Fig. 1107 can be readily identified as the seventh illustration in Chapter
Eleven. There is a carefully-prepared index at the rear of the book.

To a long-established 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 succeed in bringing as much assistance and inspiration to amateurs and
would-be amateurs as have its predecessors.

KeNNETH B. WARNER
Managing Secretary, A.R.R.L.
WesT HarTrorp, Conn.
December, 1946
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THE AMATEUR’S

CODE

* ONE -

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

s TWO -

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

e THREE -

The Amateur is Progressive ... He keeps his station
abreast of seienee. It is built well and efficiently. His
operating pracliee is elean and regular.

e FOUR -

The Amateur is Friendly . .. Slow and patient sending
when requested, friendly advice and counsel to the be-
ginner, kindly assistanee and eo6peration for the broad-
cast listener; these are marks of the amateur spirit.

e FIVE -

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

* SIX »

The Amateur is Patriotic . . . His l{nowledgfe and his sta-
tion are always ready for the serviee of his eountry and
his eommunity.
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CountLEss thousands of persons all
over the world have enjoyed the thrills and
pleasures of amateur radio. This is a brief ac-
count of how it grew into the magnificently-
useful institution it is today.

Amateur radio is as old as the art itself.
There werc amateurs before the present cen-
tury. Shortly after the latc Marconi astounded
the world with his experiments proving that
wircless 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 Deccember 7, 1941. Plus, of
course, the new phase now opening. .

Amatcur radio of pre-World War I bore
little resemblance to radio as we know it today,
except in principle. Transmitting and receiving
equipment was of a type now long obsolete.
No U. 8. amateur had cver heard a foreign one
nor had any forcigner ever reported an Ameri-
can signal. The oceans were an impenctrable
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, however, there were numer-
ous Governinent 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 ycars rolled on, amateurs found
out how, and DX jumped from local to 500-
mile and even occasional 1,000-mile 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. amateurs began to
wonder if there were amateurs in other.coun-
tries across the scas and if, some day, we might
not span the Atlantic on 200 meters.

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

had just begun to exert its full foree in amateur
activitics 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 rcalize 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 days
immediately following the signing of the Armis-
tice. The Government, having had a taste of
supremec authority over communications in
wartime, was more than half inclined to keep
it. The war had not been ended a month before
Congress was considering legislation that would
have made it impossible for the amateur radio
of old ever to be resumed. ARRL’s President
Maxim rushed to Washington, pleaded, ar-
gued, and the bill was defeated. But there was
still no amateur radio: the war ban continued.
Repeated representations to Washington met
only with silence. . . . The League's offices
had been closed for a year and a half, its ree-
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 stitl
banned by law, former members scattered, no
organization, no membership, no funds. But
those few determined men finunced 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 secretary,
floated a bond issue among old League memn-
bers to obtain money for immediate running
expenses, bought the magazine QST to be the
League's official organ, started activities, and
dunned officialdom until the wartime ban was
lifted and amateur radio resumed again, on
October 1, 1819. There was a headlong rush
to get back on the air.

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

As DX became 1,000, then 1,500 and then
2,000 miles, amateurs began to dream of trans-
Atlantic work. Could they get across? In
December, 1921, in what has .been called the
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greatest sporting event of all time, ARRL sent
abroad an cxpert amateur, Paul F. Godley,
27ZE, with the best receiving equipment avail-
able. Tests were run, and thirty American sta-
tions were heard in Europe. In 1922 another
trans-Atlantic test was carried out and 315
American calls were logged by European ama-
teurs and one French and two British stations
were heard on this side.

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

Finally, in November, 1923, after some
months of careful preparation, two-way ama-
teur trans-Atlantic communication was accom-
plished, when Schnell, 1MO, and Reinartz,
1XAM (now W9UZ and WS3IBZ, respec-
tively) worked for several hours with Deloy,
8AB, in France, with all three stations on 110
meters! Additional stations dropped down to
100 meters and found that they, too, could
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 commercial companies
had rushed stations into the 100-meter region.
Chaos threatened, until the first of a scries of
national and international radio conferences
partitioned off various bands of frequencies
for the different services. Although thought
still 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 QSOs with Aus-
tralia, New Zecaland and South Africa soon
beeame commonplace. Then how about 20 me-
ters? This new band revealed entirely unex-
pected possibilities when 1XAM worked 6TS
on the West Coast, direct, at high noon. The
dream of amateur radio — daylight DX! —
was finally true.

From then until * Pearl Harbor,”” when U. S.
amateurs 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. . . . ARRL representatives deliberated
with the representatives of twenty-two other

CAapter One

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

Amateur radio is a grand and glorious
hobby but this fact alone would hardly merit
such wholehearted support as was given it by
our Government at international conferences.
There are other reasons. One of these is a thor-
ough appreciation by the Army and Navy of
the value of the amateur as a sourco of skilled
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 activitics which resulted, in 1925, in
the establishment of the Naval Communica-
tions Reserve and the Army-Amateur Radio
System. In World War 11 thousands of ama-
teurs in the Naval Reserve were called to ac-
tive duty, where they served with distinetion,
while many other thousands served in the
Army, Air 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-
operation with expeditions began in '23 when a
League member, Don Mix, 1TS, of Bristol,
Conn. (now assistant technical editor of QST),
accompanied MacMillan to the Arctic on the
schooner Bowdoin with an amateur station.
Amateurs in Canada and the United States pro-
vided the home contacts. The success of this
venture was such that other explorers followed
suit. During subsequent years a total of per-
haps two hundred voyages and expeditions
were assisted by amateur radio, and for many
years no expedition has taken the field without
such plans.

Since 1913 amateur radio has been the prin-
cipal, and in many cases the only, means of
outside communication in several hundred
storm, flood and earthquake emcrgencies in
this country. The 1936 eastern 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 réle in the relief work and
earned wide commendation for their resource-
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fulness in effecting communication where all
other means had failed. During 1938 ARRL
inaugurated a new emergency-preparedness
program, registering personnel and equipment
in its Emergency Corps and putting into ef-
fect a comprehensive program of coéperation
with the Red Cross.

Throughout these many years the amateur
was careful not to slight experimental develop-
ment in the enthusiasm incident to interna-
tional DX. The experimenter was constantly
at work on ever-higher frequencies, devising
improved apparatus, and learning how to
cram several stations where previously there
was room for only one! In particular, the ama-
teur pressed on to the development of the very
high frequencies and his experience with five
meters is especially representative of his in-
itiative and resourcefulness and his ability to
make the most of what is at hand. In 1924, first
amateur experiments in the vicinity of 56 Me.
indicated that band to be practically worth-
less for DX. Nonetheless, 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.a.f. 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-er-
ratic performance. By Pearl Harbor thousands
of amateurs were spending much of their time
on this and the next higher band, many having
worked hundreds of stations at distances up to
several thousand miles — transcontinental 5-
meter DX had been accomplished! 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 contri-
butions to the art. The complete record would
fill a book! IFFrom the ARRI.’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-
hetcrodynes. During the war, thousands of
skilled amateurs contributed their knowledge
to the development of secrct radio devices,
both in Government and private laboratories.
Equally as important, the prewar technical
progress by amateurs provided the keystone
for the development of modern military com-
munications equipment.

Emergency relief, expedition contact, ex-
perimental work and countless instances of
other forms of public service — rendered, as
they always have been and always will be,
without hope or expectation of  material re-
ward — made 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 to represent the
amateur in legislative matters. It is pledged to
promote interest in two-way amateur com-
munication and experimentation. It is inter-
ested in the relaying of messages by amateur
radio. It is concerned with the advancement
of the radio art. It stands for the maintenance
of fraternalism and a high standard of conduct.
One of its prineipal 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 Directors. One director is elected
every two years by the membership of each
U. S. division, and a Canadian General Man-
ager is elected every two years by the Cana-
dian membership. These directors then choose
the president and vice-president, who are also
members of the Board. The managing secretary,
treasurer and communications manager are
appointed by the Board.

ARRL owns and publishes the monthly
magazine, QST. 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. 1t 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 Percy
Maxim Memorial Station, in Newington,
Conn. Its call is W1AW, 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 each of the country’s seventy-one sections.
There are appointments for qualified members
as Official Relay Station or Official 'Phone
Station for traffic-handling; as Official Ob-
server for monitoring frequencies and the
quality of signals; as Route Manager and
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"Phone Activities Manager for the establish-
ment of trunk lines and networks; as Emer-
geney Coérdinator for the promotion of
amateur preparedness to cope with natural
disasters. Mimcographed bulletins keep ap-
pointees informed of the latest developments.
Special activitics and contests promote oper-
ating skill and thercby add to the ability of
amateur radio to function ‘“in the public inter-
est, convenience and necessity.” A special see-
tion is reserved each month in QST for ama-
teur news from every scction of the country.

€ Amateur Licensing in
the United States

The Communications Act lodges in the Fed-
eral Communications Commission authority
to classify and license radio stations and to
prescribe regulations for their operation. Pur-
suant to the law, FCC has issuced 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. eiti-
zens who pass an cexamination on operation
and apparatus and on the provisions of law
and regulations affecting amateurs, and who
demonstrate ability to send and receive code
at 13 words per minute. Station licenses are
granted only to licensed operators and permit
communication between such stations for ama-
teur purposes, i.e., for personal noncommercial
aims flowing from an interest in radio tech-
nique. An amateur station may not be used for
matecrial compensation of any sort nor for
broadcasting. Narrow bands of frequencies are
allocated exclusively for use by amateur sta-
tions. Transmissions may be on any frequency
within the assigned bands. All the frequencies
may be used for c.w. telegraphy and some are
available for radio-tclephony 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 Mec. must be adequately-
filtered direct current. Emissions must be free
from spurious radiations. The licensee must
provide for measurement of the transmitter
frequency and establish a procedure for check-
ing it regularly. A complete log of station oper-
ation must be maintained, with 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 arc
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 physieal condition to
anyone who successfully completes the exam-
ination. When you are able to copy 13 words
per minute, have studied basic transmitter
theory and are familiar with the law and ama-
teur regulations, you are ready to give serious
thought to securing the Government amateur
licenses which are issued you, after examina-
tion at a local district office, through FCC at
Washington. A complete up-to-the-minute
discussion of license requirements, and a study
guide for those preparing for the examination,
are to be found in an ARRL publication, The
Radio Amateur’s License Manual, available
from the American Radio Relay League, West
Hartford 7, Conn., for 25¢, postpaid.

€ The Amateur Bands

During 1946, FCC announced its final de-
termination of postwar frequeney allocations
above 25 Mec., with certain alterations and
additions to prewar amateur frequencies. 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 Me. will then be sub-
ject to further consideration at the next in-
ternational confercence.

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

3,500- 4,000 ke. 50— 54 Me, 2,300- 2,450 Nec.
7,000- 7,300 ** 144- 148 ** 3,300~ 3,500 **
14,000-14,400 ** 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 Mec. has not been determined as of this
date but, at the least, it is expeeted that the
amateur, along with other services, will be
given nonexelusive rights in the frequencies
1750-1800 ke. for the maintenance of emer-
gency 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 carcfully 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 cach amatcur, 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

Tue Basis of radio communication
is the transmission of electromagnetie 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 nccessary
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 called modulaiion.

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 electric current which is then
amplified, or increased in amplitude, to a
suitable value. Then the modulation is changed
back into the form it originally had at the trans-
mitter. Thus the message becoines intelligible.

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

@ 2-2 The Nature of Electricity

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

Atoms in turn are made up of particles, or
charges, of clectricity, 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 closely bound
together. Exterior to the nucleus are negative
charges — electrons — some of which are not
so closely bound and can be made to leave the
vicinity of the nueleus without too mueh urg-
ing. These cleetrons whirl around the nucleus
like the planets around the sun, and their orbits
are not random paths but geometrically-
regular ones determined by the charges on the

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

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

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

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

Conduction — Under the influence of a
suitable force — that is, an electric field —
electrons tend to move. If the substance is one
in which electrons can be detached from atoms
as explained above, these electrons will move
through the substance. This is the process of
conduction, and the moving eclectrons consti-
tute an electric 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 deseription applies
only to conduction through solid substances.
However, conduction in liquids and gases, al-
though different in detail, is similar in prinei-

ple. These cases are treated later in chapter.

Circuits — A eircuit is simply a2 complete
path along which electrons ean transmit their

* charges. There will normally be a source of

energy (a battery, for instanee) 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 clectrons can move, with
the source of energy acting as an electron
pump and sending them around the cireuit.
The circuit is said to be open when no charges
can move, because of a break in the path. It is
closed wlen no break exists — when switches
are closed and 2ll connections are made.

€ 2-3 Static Electricity

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

Attraction and repulsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. This can be demonstrated by
giving charges of 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 togetler, it will be observed that they will
be attracted to each other. If the charges are
equal and the charged bodies are permitted to
touch, the surplus electrons on the negatively
charged object will transfer to the positively
charged object (i.e., the one deficient in elec-
trons) and the two charges will necutralize,

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 ncutralizes an
equal amount of the stronger when the two
bodies touch, upon which the excess of the
stronger charge distributes itself over both.
Both bodies then have charges of the same
polarity, and a force of repulsion is exercised
between them. Consequently, the bits of foil
tend to spring away from each other. Unlike
charges attract, like charges repel.
Electrostatic field — From the foregoing it
is evident that an 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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clectrostatic 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 ltnes of force originating on the charge and

Lines
of force
-

Fig. 202 —1ines of force 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 Jther charges of opposite polarity. These
other charges may be a very large distance
away. The number of lines of force per unit
area is, however, a measure of the intensity of
the field.

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

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

The intensity of the field dies away with
distance from the charged objeet in 2 manner
determined by its shape and the eircum-
stances of its surroundings. In the case of an
isolated charge at a point (an infinitesimally
small objeet), the field strength is inversely
proportional to the square of the distance.
However, this relationship is not true in many
other cases; in some important practical 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 indicated in Fig. 203, the free electrons will
move toward the end of the conductor nearest
the charged body, leaving a deficiency of clec-
trons at the other end. Henee, 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 object. On taking the con-
ductor out of the field the electrons 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 is, 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 earth
or to other objects. The polarity of the induced
charge always is opposite to the polarity of the
clhiarge 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 is constant, no further ex-
penditure of energy is required. The energy
supplied to establish the field is stored in the
ficld; thus the field represents potential energy
(that is, energy available for use). The poten-
tial energy is acquired in the same way that
potential energy is given any object (a 10-
pound weight, for instance) when it is lifted
against the gravitational pull of the earth. If

*)

Gresiete

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 ebarge.
This charge may be *‘drained off ™" to earth as shown at B.
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the weight is allowed to drop, its potential
energy is changed into the energy of motion.
Similarly, if the electrostatic field is made to
disappear its potential energy is transformed
into a movement of electrons; in other words,
into an electric current.

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

Potential difference — If two objects are
charged differently, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the volt.
The greater the potential difference, the
higher (numerically) the voltage. This voltage
exerts an electrical pressure or force as explained
above, and is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges in order to have a difference of
potential; both, for instance, may be negative,
so long as one charge is more intense than the
other. From the viewpoint of the stronger
charge, the weaker one appears to be positive
in such a case, since it has a smaller number
of excess electrons; in other words, its 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 is proportional to the strength
of the field. In turn, field strength is propor-
tional to the charge or quantity of electricity
on the charged object, so that potential also is
proportional to charge. By inserting a suitable
constant, the proportionality can be changed
to an equality:

Q =CE

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

When @ is in coulombs and E in volts, C is
measured in farads. A conductor has a capacity
of one farad when the addition of one coulomb
to its charge raises its potential by one volt.
The farad is much too large a unit for prac-
tical purposes. In radio work, the microfarad
(one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated ufd. and pufd., respectively.
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The capacity of a conductor in air depends
upon its size and shape. A given charge on a
small conductor results in a more intense
electrostatic field in its vicinity than the same
charge on a larger conductor. This is because
the charge distributes itself over the surface,
hence its density (the quantity of electricity
per unit area) is smaller on the larger conduc-
tor. Consequently, the potential of the larger
eonductor 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 conductor,
B, which is charged, the former will acquire a
charge by clectrostatic induction. Since the
charge on 4 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 capacily has been
increased by the presence of the second con-
ductor. The combination of the two conductors
scparated by a diclectrie is called a condenser.

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

+ + B +

Fig. 204 — The principle of the condenser.

If insulating or dielectric material other
than air is inserted between the conductors, it
is found that the potential difference is lowered
still more — that is, thére 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
clectrostatic 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 conductor. Since the electrons are
firmly bound in the atoms of the dielectric,
there is no flow of current and the total charge
on each atom is still zero, but there is a
tendency toward separation which causes a
reaction on the electrostatic field. The dielec-
tric of a charged condenser thus is under
mechanical stress, and if the potential differ-
ence between the plates of the condenser is
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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.e., 2 vacuum) rather than to
air, but the dielectric constant of air is so nearly
that of 2 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 energy in the clectric 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.

Fig. 205 — A simple condenser,
consisting of two metal plates
separated by dielectric material.

€ 2-4 The Electric Current

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

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

Q

t
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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 is in 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 & 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 metallic
conductor is directly proportional to the ap-
plied e.m.f., so long as the temperature of the
conductor is held constant. There is no e.m.f.
so small but that some current will flow as a
result of its application to a metallic conductor.

Gas at Jow
pressure

Electrode

- Source of +
e Dpfential =t

Difference
Fig. 206 — lllustrating conduetion through u gas at
low pressure. Positive ions are attracted to the negative
electrode, while electrons are attracted to the positive
cleetrode. 'This takes plaee only after the gas is ionized.

Gaseous conduction — In any gas or mix-
ture of gases (such as air, for example) there
are always some free electrons — that is, elec-
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
ion, while the free elcctron is called a negative
ton. The term idon is, in fact, applied to any
elemental particle which has an electric charge.

If the gas is in an electric field, the free elec-

trons will be attracted toward the source of .

positive potential and the positive ions will be
attracted toward the source of negative poten-
tial. If the gasis at atmospheric pressure neither
particle can travel very far before meeting an
ion of the opposite kind, when the two com-
bine to form a neutral atom. Since a neutral
atom is not affected by the electric field, there
is no flow of current through the gas.
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However, if the gas is enclosed in a glass
container in which two separate metal 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 electrodes the
ions can travel a considerable distance before
meeting another ion or atom. The farther the
ion travels the greater the velocity it acquires,
since the effect of the field is to accelerate its
motion. If the field is strong enough the ions
will acquire such velocity that when one hap-
pens to collide with a neutral atom the force
of the collision will knock an electron out of
the atom, so that this atom also becomes
tonized. The process is ecumulative, and the
freed electrons are attracted to the positive
electrode while the positive ions are attracted
to the negative electrode. This movement of
charged particles constitutes an electric cur-
rent through the gas.

Since an ion must acquire a certain velocity
before it can knock an electron out of a neutral
atom, a definite field strength is required be-
fore conduction can take place in a gas. That
is, a certain value of potential difference,
called the fonizing 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, once the gas is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient velocity to maintain the ionization.
The ionizing potential required depends upon
the kind of gas and the pressure. Ionization is
usually accompanicd by a colored glow, differ-
ent gascs having diffcrent characteristic colors.

Current flow in liquids— A very large
number of chemical compounds have the pe-
culiar characteristic that, when they ure put
into solution, the component parts become
ionized. For example, common table salt
(sodium chloride), each molecnle 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 electron
deficient) and a chlorine ion (negative, with
one excess electron). This can only oceur so
long as the salt is in solution — take away the

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

In this process, the water is decomposed into
its gaseous constituents, hydrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the
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 racuum — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum, €.ectrons will be emitted
from the surface. The electrons are freed from
this filament or cathode because it has been

Direclic
of Flow -

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

Positive
Hot plate
Filament :
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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 electric current. All thermionic vac-
uum tubes depend for their operation on the
emission of electrons from a hot cathode.
Since the electrons emitted from the hot
cathode are negatively eharged, 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 respect to the cathode the
electrons will be repelled back to the cathode,
hence 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 between the
plate and cathode. However, the relationship
between current and applied voltage is not a
simple one. If the voltage is made large enough
all the electrons emitted by the cathode will be
drawn to the plate, and a further increase in
voltage therefore cannot cause a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the tem-
perature of the cathode and the material of
which it is construected.

Direction of current flow — Use was being
made of electricity for a long time before its
electronic nature was understood. While it is
now clear that current flow is a drift of nega-
tive electrical charges or electrons 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 current 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 specifically mentioned
there can be, of course, no doubt as to the
meaning; but when the dircetion of current
flow is specified, it may be taken, by conven-
tion, as being opposite to the dircetion of elee-
tron movement.

Primary cells —If two clectrodes of dis-
similar metals are imniersed in an clectrolyte,
it is found that a small difference of potential
exists 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 electric current will flow between
them. In such a cell, chemical energy is con-
verted into electrical encrgy. The difference of
potential arises as a result of the fact that ma-
terial from one or both of the electrodes goes
into solution in the electrolyte, and in the
process ions are formed in the vicinity of the
electrodes. The clectrodes acquire charges be-
eause of the electric field associated with the
charged ions. The difference of potential be-
tween the clectrodes is principally 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 cir-
cuit, two prineipal effects occur within the cell.
The negative electrode (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 electrode, and conscquently re-
duces the current. The effect is cumulative, and
eventually the electrode will be completely
covered and no further eurrent can flow. This
effect is ealled polarization. If the bubbles are
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removed, or prevented from forming by chemi-
cal means, polarization is reduced and current
can flow as long as there is material in the nega-
tive electrode to furnish the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called a depolarizer.

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

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

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 can be
used in any position and handled as though it
actually were dry.

Helal )
qu’ffve gr’l;n'na!) Carbon Rod
Sealing
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Fig. 209 — Construction of a dry cell.

The construction of an ordinary dry cell is
shown in Fig. 209. The container is the nega-
tive electrode and is made of zine. Next to it is
a section of blotting material saturated with
the electrolyte, a solution of sal ammoniac.
The positive electrode is a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, manganese dioxide
(the depolarizer) and the 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 continnously. Larger
cells, such as the comrmon ““No. 6 cell, can
deliver currents of a fraction of an ampere con-

tinuously, or currents of several amperes for
very short periods of time. The total amount of
energy delivered by a dry cell is larger when the
cell is used only intermittently, as compared
with continuous use. The cell will deteriorate
even without use, and should be put into serv-
ice within a year or so from the time it is manu-
factured. The period during which it is usable
(without having been put in service) is known
as the ‘“‘shelf life”” of the cell or battery.
Secondary cells — The types of cells just
described are known as primary cells, because
the electrical energy is obtained directly from
chemical energy. In some types of cells the
chemical actions are reversible; that is, forcing
a current through the cell, in the opposite
direction to the current flow when the cell is de-
livering clectrical energy, causes just the re-
verse chemical action. This tends to restore the
cell to its original condition, and electrical
energy is transformed into chemical energy.
The process is called charging the cell. A cell
which must first be charged before it can de-
liver electrical energy is called a secondary cell.
A simple form of secondary cell can be made
by immersing two lead electrodes in a dilute
solution of sulphurie acid. If a current is forced
through the cell, the surface of the electrode
which is connected to the positive teriinal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the electrode con-
nected to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source can be disconnected, and the
cell will be found to have an e.m.f. of about 2.1
volts. It will furnish a small current to an ex-
ternal circuit for a period of time. This dis-
charge of electrical 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 deseribed, but the con-
struction of the cell is considerably more com-
plicated. To obtain large currents it is neces-
sary to use elecirodes having a great deal of
surface area and to put them as close together
as possible. The electrodes 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 sulphuric acid in water. When the
cell is charged, the lead oxide in the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current capacity, a cell consists of 2 num-
ber of positive plates, all connected together,
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and a number of negative plates likewise con-
nected together. They are arranged as shown
in Fig. 210, with alternate negative and posi-
tive plates kept from touching by means of
thin separators of insulating material, generally
treated wood or perforated hard rubber. The
separators preferably should be porous, so that
the electrolyte can pass through them freely;
thus they do not impede the passage of current
from one plate to the next. There is always one
extra negative plate in such an assembly, be-
cause the active material in the positive plate
expands when the cell is being charged and if
all the expansion took place on one side the
plate would be distorted out of shape.

The e.m.f. of a fully charged storage cell is
about 2.1 volts. When the e.m.{. 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 ncid solution becomes more
concentrated. The higher concentration in-
creases the specific gravity of the solution, so
that the specifie gravity may be used to indi-
cate the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
lution is such that a specifie gravity of 1.285 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indicated by a specific gravity
of 1.150 to 1.175. The spocifie gravity can be
measured by means of a hydrometer, shown in
Fig. 211. For use with portable batteries, the
hydrometer usually consists of a glass tube
fitted with a syringe so that some of the 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 lewer the
specific gravity of the solution, the farther the
float sinks into it. A graduated seale 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 ean
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 12,5 amperes continuously for 8 hours after
having been fully charged. The ampere-hour
capacity of a cell will vary with the discharge
rate, becoming smaller as the rated time of
discharge is made shorter. It also depends upon
the size of the plates and their number. In
automobile-type batteries the dimensions of
the plates are fairly well standardized, so that
the ampere-hour capacity is chiefly determined
by the number of plates in a cell. It is, there-
fore, common practice to speak of *“11-plate,”
“15-plate,” etc., batteries as an indication of
the battery capacity.

Lead storage batteries must be kept fully
charged if they are to stay in good condition.
1f a discharged battery is left standing idle,

\ lead sulphate will form

(“ "? on the plates and

g eventually the battery

will be useless. When
the battery is being
charged, hydrogen
bubbles are given off by
theelectrolyte which,in
bursting at the surface,
throw out fine drops of
the electrolyte. This is
called “gassing.” The
sulphuric-acid solution
spray 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

Fig. 211 — Thc hydrom-
eter, a device with a
calibrated scale for
measuring the specific
gravity of the clectro-
Ivte, uscd to determing
the state of charge of a

itself.

A lead battery may
be charged at its nomi-
nal discharge rate; i.e.,
2 100-ampere-hour bat-
tery, 8-hour rating, can

lgad 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

Negative Po.w'tivcbplﬂtc by the hydrometer reading. Alterna-
plate {75’”’”'”4& ) assemoly . tively, the battery may be charged
”‘m”"bly\ N €/7C£;7/yte Grid from a constant-potential source
SMEZS < (about 2.3 volts per cell), when the

3 é % ; rise of terminal voltage of the battery

N[ § ) as it accumulates a charge will auto-
Acid-proof |\ % ? m’g_‘ktf;’,‘-’n/ matically ““taper” the charging rate.
‘””M”g_‘ 1E The solution in a lead storage bat-
\ Z|17 tery will freeze at a temperature of

\ % E about zero degrees Fahrenheit when

P the battery is discharged, but a fully
Seporators—3 ) PASTED PLATE charged battery will not freeze until
ASTED PLAT the temperature reaches about 90 de-

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

grees below zero. Keeping the battery
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Fig. 2]12 — Series, parallel, and series-parallel connec-
tion of cells. Series conncetion increases the total voltage
without changing current capacity; parallel canneetion
increases current capacity without increasing voltage.

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

Cells in series and parallel — For proper op-
eration, many eleetrical devices require higher
voltage or current than can be obtained from
a single cell. If greater voltage is needed, cells
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 cells.
For radio purposes, batteries of 45 and 90 volts
or more are built up in this way from 1.5-volt
dry cells. An automobile storage battery con-
sists of three lead storage cells in series, total-
ling 6.3 volts — or, in round figures, 6 volts.
The current which may he taken safely from a
battery composed of cells in series is the same
as that which may be taken safely from one cell
alone; since the sume current flows through all
cells, the current capacity is unchanged.

When the deviee or load to which the battery
is to be connected requires more current than
can be taken safely from a single cell, the cells
may be connected in parallel, as shown in Fig,.
212-B. In this case the total current is the sum
of the currents contributed by the individual
cells, each contributing the same amount if the
cells are all alike. When cells are connected in
parallel it is essential that the e.m.f.s all be the
same, since if one cell generated a larger voltage
than the others it would force current through
the other cells in the reverse direction and thus
would take most, if not all, of the load. Also, if
one 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-carrying capaeity 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
force, is adopted to explain the magnetic ac-
tion. The field is visualized as being made up of
lines of magnetic foree, the number of which
per unit area determines the field strength. As
in the case of the clectrostatic field, the lines of
force do not have physical existence but simply
represent & convenient way of deseribing the
properties of the foree.

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

Unlike electric lines of force, which termi.
nate on charges of opposite polarity (§ 2-3).
magnetic lines of force are closed upon them-
selves. This is illustrated by the field about a
bar magnet, as shown in Fig. 213-A. The lines
extend through the magnet, the direction being
taken from S to N inside the magnet and from
N to S outside the magnet. If similar poles of
two magnets are brought near each other, there
is a force of repulsion between them, while dis-
similar poles are attracted when brought close
together. As in the case of electric charges, like
poles repel, unlike poles attract.

)
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Fig. 213 — (A) The field about a bar magnet. The

magnetic lines of foree 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 pogitions shown,

some of the lines of force are eommon to both magnets,
/7
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If a bar magnet is cut in half, as in Fig.
213-B, it is found that the cut ends also are
poles, of opposite kind to the original poles on
the same piece. Such cutting can be continued
indefinitely, and, no matter how small the
pieces are made, there are always two opposite
poles associated with each piece. In other
words, a single magnetic pole cannot exist
alone; it must always be associated with a pole
of the opposite kind.

To explain this property of a magnet, it is
considered that each molecule of a magnetic
substance is itself a miniature magnet. If the
material is not magnetized, the molecules are
in random positions and the total magnetic ef-
fect is zero since there are just as many mole-
cules tending to set up a magnetic field in one
direction as there are others tending to set up a
field in the opposite direction. When the sub-
stance becomes magnetized, however, the
molecules are aligned so that most or all of the
N poles of the molecular magnets are turned
toward one end of the material while the §
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 permanent magnel.
The tendency to retain magnetism is called
retentivity. The process of destroying magnet-
ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechanical shock, which
also tends to disturb the molecular alignment.

Electric current and the magnetic field —
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 eclec-
tric current passes througha
wire, magnetie lines of force
are set up, in the form of
concentric circles, at right
angles to the wire, and a
magnetic field is said to exist
around the wire. The direc-
tion of this field is controlled
by the direetion of current
flow, and can be traced by
means of a small compass.
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circles around i1t and lie in planes at right
angles to 1t, as shown in Fig. 214. The direction
of this field is controlled by the direction of
current flow.

There is an easily remembered method for
finding the relative directions of the current
and of the magnetic field it sets up. Imagine the
fingers of the right hand curled about the wire,
with the thumb extended along the wire in the
direction of current flow (the conventional
direction, from positive to negative, not the
direction of 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.mn.f. It corresponds to
electromotive force or e.m.f. in the electric cir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit area.
Magnetomotive foree is proportional to the
current flowing. When the wire carrying the
current is formed into a coil so that the mag-
netic flux will be concentrated instead of being
spread over a large area, the m.m.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 magnctizing effect is 10 am-
perc-turns. If there is one ampere flowing in 10
turns of wire, the magnctomotive force also is
10 ampereturns.

'The magnetic circuit — Since magnetic
lines of force are always closed upon them-
selves, it is possible to draw an analogy be-
tween the magnetic circuit and the ordinavy
electrical circuit. The electrical circuit 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
Aluz, is equivalent in the magnetic circuit to
current in the electric circuit. However, it is
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usual practice to express the strength of the
field in terms of the number of lines per unit
area, or fluz density. The unit of flux density
is the gauss, which is equal to one line per
square centimeter, but the terms ‘‘lines per
square centimeter” or “lines per square inch”
are commonly used instead.

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

The permeability of magnetic materials de-
pends upon the density of magnetie 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 because the flux in mag-
netic materials is proportional to the applied
m.m.f. only over a limited range. As the m.m.f.
increases more and more of the molecular
magnets within the material become aligned,
until eventually a point is reached where a very
great increase in m.m.f. is required to cause a
relatively small increase in flux. This is called
magnetic 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.n.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 field has been es-
tablished and remains constant no further en-
ergy is consumed in maintaining it. If by some
means the field is caused to disappear, the
stored-up magnetic energy is converted to
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 field 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 existenee. Thereafter the eurrent 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 cireuit, 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 cirenit conditions; i.e., it depends upon the
relationship between field strength and current
in the circuit.

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 electrieal circuit.
That is, an e.m.f. can be nduced in 2 wire in 2
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 field with respect to the wire.

This change may be an actual change in the
field strength or may be caused by relative
motion of the field and wire; e.g., a moving
field and a stationary wire, or & 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 c.mn.f. so induced
is proportional to the rate of cutting of the
lines of force.

If the conductor is moving parallel with
the lines of force 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

SE

=

Lines ot'f‘orcef
Direction of
- induced e.m.f,

Fig. 215 — Sbowing bow e.m.f.is induced in a eonductor
moving through a stationary magnetic field, cutting the
lines of force. Conversely, a current sent through the
eonductor in the same direction by means of an external
e.m.f. will cause tbe conductor to move downward.

Lensz’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, mechanieal
work is done in moving the conductor when an
induced current flows in it. If this were not so
the indueed voltage would be creating eleetrical
energy, in violation of the fundamental prin-
ciple of physics that energy can neither be
created nor destroyed but only transformed.
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It is found, therefore, that the low of current
creates an opposing magnetic force tending to
stop the movement of the wire. The statement
of this principle is known as Lenz’s Law: “In
all cases of electromagnetic induction, the in-
duced currents have such a direction that their
reaction tends to stop the motion which pro-
duces them.”

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

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

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

By the principle of conservation of energy
(and Lenz's Law), the polarity of the induced
voltage must be such as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the ecircuit in the
direction opposite to that of the current caused
by the applied voltage. At the instant of closing
the circuit the field changes at such a rate that
the induced voltage equals the applied voltage
(it cannot exceed the applied voltage, because
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Fig. 216 — When the condueting wire is coiled, the
individual magnetic ficlds of each turn are in such a
direction as to produce a field similar to that of a bar
magnet. The schematie symbols for inductance are
shown at the right. The symbol at the left in the top
row indicates an iron-core inductance; at the right, air
core. Variable inductances are shown'in the bottom row.
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then it would be supplying energy to the source
of applied e.mn.f.), but after a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the current flowing is very small at first when
the applied and induced e.m.f.s are about
equal, but rises as the induced voltage becomes
smaller. The process is cumulative, the current
eventually reaching a final value determined
only by the resistance in the circuit.

Inforeing current through the circuit against
the pressure of the induced or “back” voltage,
work is done. The total amount of work done
during the time that the current is rising to its
final value is equal to the amount of energy
stored in the magnetic field, neglecting heat
losses in the wire itself, As expluined before,
no further energy is put into the field once the
current becomes steady. However, if the cir-
cuit is opened and current flow causcd by the
applied e.m.f. ceases, the ficld 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 causes a current flow
in the same direction as that of the applied
e.m.f., since energy is now being restored to the
circuit." The energy usually is dissipated in the
spark which occurs when such a circuit is
opened. Since the field collapses very rapidly
when the switch is opened, the induced e.n.f.
at such a time can be extremely high.

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

For a given circuit, however, the field
strength will be determined by the current, and
the rate of change of the field consequently
will be determined by the rate of change of
current. lHence, it is possible to group all of
these other factors into one quantity, a prop-
erty of the circuit. This property is called 7n-
ductance. When this is done, the equation giv-
ing the vulue of the induced voltage becomes:

Induced voltage
= L X rate of change of current

where L is the value of inductuance in the eir-
cuit.

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

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

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

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

Induced e.m.f.
= A X rate of chauge of current.

where A is a quantity called the mutvalinduct-
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 coil which
cuts the turns of the other coil. If all the flux
sct up by one coil cuts all the turns of the other
coil the mutual indnetance has its maximum
possible value, while if only a small part of
the flux set up by one coil cuts the turns of
the other the mutual inductance may be rela-
tively small. Two coils having mutual induct-
ance are said to be coupled.

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

Fig. 217 — Mutual
inductance. When
the switch, 8, is closed
current flows through
coil No, 1, settingup u
magnetic field which
induces an e.m.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 mutual inductance are
connected in the same cireuit, the directions
of the respective magnetic ficlds 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 mnutual
induetance in such a circuit means that the
total incluctance is greater than the sum of the
two individual inductances, while negative
inductance means that the total inductance is
less than the sum of the two individual in-
ductances. The mutual inductance may be
made either positive or negative simply by
reversing the conuections to ene of the coils.

€ 2-6 Fundamental Relations

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

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

W = QF

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

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

W = EIt

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

P = EI

The unit of electrical power is the watt.
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In practical work, the term “joule’ is sel-
dom used for the unit of work or energy. The
more 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 kilowatt (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 2 unit so that it will not be neces-
sary to use very large or very small numbers.
As applied to electrical units, the practice is to
add a prefix to the name of the fundamental
unit to indicate whether the modified unit is
larger or smaller. The common prefixes are
micro (one millionth), milli (one thousandth),
kilo (one thousand) and mega (one million).
Thus, a microvolt is one millionth of a volt, 2
milliampere is one thousandth of an ampere, &
kilovolt is one thousand volts, and so on.

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

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

E = RI

where Eis the c.m.f., I is the current, and Risa
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
electrical circuits use metallic conduction.

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

E E
E 1 ! R

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

R=k£
A

where R is the resistance, k is a constant de-
pending upon the material of which the con-
ductor is made, L is the length and A the arca.
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); & is then
the resistance in ohms of such a cube at a
specified temperature. It is called the specific
resistance or resistivity of the material. If the
resistivity is known, the resistance of any
conductor of known length and uniform cross-
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 each second (§ 2-8).

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

1 1
G i R G
The unit of conductance is called the mho. A
circuit or conductor which has a resistance of
one ohm has a conductance of one mho. By
substituting 1/G for R in Ohm’s Law,
I
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 conductivity, the
conductivity of annealed copper being taken
as 100 per cent. A table of per cent conductivi-
ties is given in Chapter Twenty.

Power used in resistance — If two con-
ductors of different resistances have the same
current flowing through them, then by Ohm’s
Law the conductor with the larger resistance
will have a greater difference of potential
across its terminals. Consequently, more en-
ergy is supplied to the larger resistance, since
in a given period of time the same amount of
electricity is moved through a greater potential
difference. The energy appears in the form of
heat in the conductor. With a steady current,
the heat will raise the temperature of the con-

I
=_ = EG
G % I
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Terminals —

) s ELxpased wire
Cea%x Wire-wound C" L
“Pigtail*
1 Ype
SYMBOLS

Fig. 218 — Two eommon types of fixed resistors. The
wire-wound type is used for dissipating power of the
order of 5 watts or more, “Pigtail” resistors, usually
mnade of carbon or other resistance material in the form
of a molded rod or as a thin coating on an insulating tube,
rather than being wound with wire, are small in size but
do not safely dissipate much power. Schematie symbols
for fixcd and variable resistors are shown at lower right.

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

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

P = IR
and making a similar substitution for I gives
E2
P ==
R

That is, the power used 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, E in volts and / in amperes.
Further transposition of the equations gives
the following forms, useful when the resistance

and power arc known:
P
I = 4l%
\/Iz

E = /PR

Unless the circuit containing the resistance
is being used for the specific purpose of gen-
erating heat, the power used in heating a re-
sistance is generally considered as a loss. How-
cver, there are very many applications in radio
circuits where, despite the loss of power, a
useful purpose is served by introducing re-
sistance 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 increases
with an increase in temperature. The resist-
ance of a wire at any temperature is given by

R=Ro(1+at)

where R is the required resistance, Ry the
resistance at 0°C. (temperature of melting
ice), ¢ is the temperature (Centigrade), and
a is the temperature coefficient of resistance.
For copper, a is about 0.004; that is, starting at
0°C., the resistance increases 0.4 per cent per
degree above zero.
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Temperature coefficient of resistance be-
comes of importance when conductors operate
at high temperatures. In the case of resistors
used in electrical and radio circuits, the heat
developed by current flow may raisc the tem-
perature of the resistance wire to several hun-
dred degrees F. Thus the resistance at operat-
ing temperatures can be very much higher
than the resistance at room temperature. Con-
sequently such resistors arc wound with wire
which has a low temperature coefficient of
resistance, so that thie resistance will be more
nearly constant under all conditions.

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

Ey = IR,
Ey= IR,
E; = IR,

etc., where the subscripts 1, 2, 3 indicate the
first, second and third resistor, and the volt-
ages E1, E; and Ej; are the voltages appearing
across the terminals of the respective resistors.
Adding the three voltages gives the tofal
voltage across the three resistors:

E=FE +E +E =IR + IRy + IR; =
I(Ry+ Ry + R3) = IR

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

Fig. 219 — Resist-

ances in series.
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Fig. 220 — Resistances in parallel.

they are said to be connected in parallel. By
Ohm'’s Law,

E E E
S et Iq = 2
I N =& s

so that the total current, I, which is the sum
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of the currents in the individnal resistors, is

E E E
1_11+12+13_IT1+?€—2+7€_:_

1 1 1 1
(ki +d) -7

R . Ry + Rs R
where R is the equivalent resistance —i.e.,
the resistance through which the same total
current would flow if such a resistance were
substituted for the three shown. Therefore,

1 1 1 1

+ +

R R, Re Rj
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=G1+G; +G3

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

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

1
S
Ry Ra 3

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

_ R Ry
R + R

Series-parallel connection of resistorsisshown
in Fig. 221. When circuits 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 connection of resistances.
Voltage and current relationships are given at the right,

Voltage dividers and potentiometers —
Since the same current, flows throngh resistors
connected in series, it follows from Ohm’s
Law that the voltage (termed wvoliage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus, in Fig.
222-A, the voltage E; across R; is equal to the
applied voltage, E, multiplied by the ratio of
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I to the total resistance, or
R (¢ S
Ry + Ry + Iis
Similarly, the voltage, Ez, is equal to
Bi+R g
Ry 4+ Ry + R3
Such an arrangement is called a voltage divider,
since it provides a means for obtaining smaller
voltages from a source of fixed voltage. When
current is drawn from the divider at the various
tap points the above relations are no longer
strictly true, for then the same current does not
flow in all parts of the divider. Design data for
such cases are given in § 8-10.

E,

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-
tentiometer.

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

L=1IL+ L+ L3

and for inductances in parallel,

L=— 1
R AR
Ly L Lj

where the number of terms in either equation
is determined by the actual number of induc-
taneces 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 e.m.f. is applied to all.
Consequently, the quantity of electrieity 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=0Q+Q:+Qi=CE 4+ CE + CE =
(C; +C: +C3)E =CE
where C is the equivalent capacity. The equiv-

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

When condensers are connected in series,
as in Fig. 223-B, the application of an e.m.f. to
the ciréuit causes a certain quantity of elec-
tricity to accumulate on the top plate of Ci.
By electrostatic induction, an equal charge of
opposite polarity (negative in the illustration)
appears on the buttom plate of C1. and, since
the lower plate of (1 and the upper plate of C3
are connected together, this must leave an
equal positive charge on the upper plate of Cs.
This, in turn, causes the lower plate of Cs 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 vther words
the same quantity of elcetricity is placed on
each condenser, and this is equal to the total
quantity stored. The voltage across each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applied
voltage. Thus,

Q , @ + Q

E=E1+E2+E3=a+(7g C_3=

1 1 1
Wetam+m) =
where C is the equivalent capacity. This leads

to an expression similar to that for resistances
in parallel:

1
QI
] 1 1
aTeta

where the number of terms in the denominator -

should be the same as the actual number of
condensers in series.

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

Fig. 224 —
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denser than would be the case without the
resistor., Likewise, when the condenser is dis-
charged through a resistor a measurable period
of time is taken for the current flow to reach a
negligible value. In the case of either charge or
discharge the time required is proportional to
the capacity and resistance, the product of
which is called the time constant of the circuit.
If C is in farads and R in ohms, or € 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 e is the base of the natural
series of logarithms.)

Calib
Yibpted

Source
of em.f

Source of em f

Fig. 225 — Left — The d"Arsonval or moving-coil meter
for d.c. eurrent measurement. Current flowing thrangh
the rotatable coil in the field of the permanent magnet
eauses a force to act on the coil, tending to turu it. The
turning tendency is eounteracted by springs (not shown)
so that the amount of movement is proportional to the
value of the current in the coil. Right — In the simpler
moving-iron-vane type, a light-weight soft-iron plunger
is attrueted by current flowing in a fixed coil. As the
plunger moves the pointer to which it is linked also
moves, until the magnetic force in the coil is balanced
by the spiral spring restraining the plunger movement.

In a circuit containing inductance 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.m.f. is
applied to the circuit. The time constant of
such a circuit is equal to L/R, where L is in
henrys and R in ohms. It gives the time in sec-
onds required for the current to reach 1-1/e, or
approximately 63 per eent of its final steady
value when a constant voltage is applied.

By proper application to associated circuits
and devices such as vacuum tubes, it is possible
by suitable selection of time constant to create
almost any desired wave or pulse shape. This
is of practical importance in many cireuit ap-
plications in amateur transmission and recep-
tion, as in electronic keyers, automatic volume
control, resistance-capacity filters and remote
control. Apart 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.c. current and voltage make use
of the force acting on a coil carrying current in
a magnetic field (§ 2-5), produced by a per-
manent magnet, to move a pointer along a
calibrated scale. The magnetic field may be
produced by a permanent magnet acting upon
a moving coil, or by a fixed coil acting upon a
moving iron vane or plunger,
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The first type of instrument, based on what
is known as the d’Arsonval moving-coil move-
ment, is shown at the left in Fig. 225. The mov-
ing-iron vane instrument shown at the right is
less accurate and requires higher energizing
current, making it relatively insensitive as com-
pared to the moving-coil type. Only the clieaper
measuring instruments available to amateurs
are based on this principle.

p————y

Shunt W

Voitage Measurements
Current Measurement
Fig. 226 — Circuit connections for measuring current
and voltage. ‘T'he shunt resistor is used for increasing the
value of the current which the instrument 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 to measnre voltage.

In such instruments the current required for
full-scale deflection of the pointer varics from
several milliamperes to a few microamperes,
according to the sensitivity required. If the
instrument is to read high currents, 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-scale deflection correspond-
ing to the total current flowing through both
meter and shunt. An instrument which reads
microamperes is called a microammeter or
galvanometer; one calibrated 1n milliamperes is
called a milliammeter; one calibrated in am-
peres is an ammeter. A voltmeter is simply a mil-
linmmeter with a high resistance in series so
that the current will be limited to a suitable
value when the instrument, is connected across
a voltage source; it is calibrated in terms of
the voltage which must appear across the
terminals to cause a given value of current to
flow. The series resistance is called a multi-
plier. A wattmeter is a combination voltmeter
and ammeter in which the pointer deflection
is proportional to the power in the circuit.

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

( 2-7 Alternating Current

Description — An alternating current is one
which periodically reverses its direction of
flow. In addition to this alternate change in
direction, usually the amount or amplitude of
the current also varies continually during the
period when the current is flowing in one di-
rection. These variations are accompanied by
corresponding variations in the magnetic field
set up by the current, and it is this feature
which makes the alternating current so useful.
By means of the varying 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 um-
changing, and hence there is no way of indircing
an e.m.f. except by moving a conductor
through the field (§ 2-5).

Alternating currents may be generated in
several ways. Rotating clectrical 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-
clines are not suitable for producing currents
which reverse direction thousands or millions
of times each second. The thermionic vacuum
tube is used for this purpose, as described in
Chapter Three. .

The simplest form of alternating current (or
voltage) is shown graphically in Iig. 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 curve follows the sine law
and is known as a sine ware, because of the
wavelike nature of the curve which results
when sine values are plotted on rectangular
codrdinates as a function of angle or time.

Frequency — The complete wave shown in
Fig. 227 is called a cycle, and the length of time
required to complete one cycle is called the
period. Fach half of the eycle, during which the
current is flowing in one direction, although its
strength is varying, is known as an alteration.
The number of eycles the wave goes through
each second of time is called the frequency.
In radio work, where frequencies are extremely .
large, it is convenient to usc two othef units,
kilocycles per second (cyeles persecond = 1000)
and megacycles per second (cyeles per second
+ 1,000,000). These are usually abbreviated
ke. and Me., respectively. Oceasionally these
abbreviations are written kes. and Mes. to indi-
cate “‘kilocycles per second” and ““megaeycles
per second” rather than simply “kilocycles”
and ‘“‘megacycles,” but it is understood that
“per second”’ is meant when the shorter forms
are used.

Peak value
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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 cycle, the
point has come back to its original starting
place. Its position at any instant can be ex-
pressed in terms of the angle between two lines,
one drawn from the center of the wheel to the
point at the instant of time considered, the
other drawn from the wheel center to the start-
ing point. In making one complete revolution
the point has travelled through 360 degrees, a
half revolution 180 degrees, a quarter revolu-
tion 80 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
cycle) 180 degrees, and so on. With the eycle
divided up in this way, the sine curve simply
means that the value of cwrrent at any instant
is proportional to the sine of the angle which
corresponds to the particular fraction of the
cycle considered.

The concept of angle is universally used in
alternating currents. Generally, it is expressed
in the fundamental form, using the radian
rather than the degree as a unit, whence a
cycle is equal to 27 radians, or a half cycle to
= radians. The expression 2xf, for which the
symbol w is often used, simply means clectrical
degrees per cyecle times frequency, and is
called the angular velocity. It gives the total
number of electrieal radians passed through by
a current of given frequency in one second.

Peal:, instantaneous, effective and arverage
ralues — The highest value of current or volt-
age during the time when the current is flowing
in one direction is called the mazimum or peak
value. For the sine wave, the peak has the same
absolute value on both the positive and nega-
tive halves of the cycle. This is not necessarily
true of waves having shapes other than the
truc sine form.

The value of current or voltage existing at
any particular point of time in the cycle is
called the instantaneons 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 can 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 dircet current
flowing through the same resistance. This
effective value is the square root of the mean
of all of the instantaneous current values
squarcd. In the case of the sine-wave form,

Beu = v/ 42,

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

In a purely a.c. circuit the average current
over a whole cycle must be zero, because if the
average current on, say, the positive half of the
cycle were greater than the average on the
negative half, there would be a net current flow
in the positive direction. This would correspond
to a direct (although intermittent) current,
and hence must be excluded because a purely
alternating current was assumed. The “aver-
age’’ value of an alternating current is defined
as the average current during the part of the
cycle when the current is flowing in one 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, effcetive and average, are related to each
other as follows:

Emnx = Eel( X 1414 = Enva X 1.57
Eetr = Eiax X 0.707 = Epye X 1.11
Ea\-c = Em:\x X 0.636 = Ecﬂ X 0.9

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

Phase — As the next few paragraphs will
show, the current and voltage in an alternat-
ing-current circuit may 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 eycle (such as the positive peak)
occurs is called the phase of the wave. If two
waves are not exactly in step there is a phase
difference between them. The phase difference
can be expressed in terms of the actual differ-
ence in time between the two instants at which
the two waves reach corresponding parts of
their cycles, but it is generally more convenient
to measure it in angular units. A phase differ-
ence of 90 degrees, for example, means that one
wave reaches its maximum value one-quarter
cycle before the other wave reaches its maxi-
mum value in the same direction.

The phase rclationships between two cur-
rents (or two voltages) of the same frequency
arc defined in the same way. When two such
currents are combined the resultant is a single
current of the same frequency, but having an
instantaneous amplitude equal to the algebraic
sum of the amplitudes of the two components
at the same 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 numerical sum of the
maximum values of the individual eurrents; if
they are 180 degrees out of phase, one reaches
its positive maximum at the instant the other
reaches its negative maximum, hence the re-
sultant current is the difference between the
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two. In the latter case, if the two currents have
the same amplitude the resultant current is
zero.

Current, voltage and power in an in-
ductance — When alternating current flows
through an inductance, the continually vary-
ing magnetic field causes the continuous gen-
eration of an e.m.f. of self-induction (§2-5).
The induced voltage at any instant is propor-
tional to the rate at which the current is
changing at that instant. If the current is a
sine wave, it can be shown that the rate of
change is greatest when the current is passing
through zero and least when the current is
maximum. For this reason, the induced voltage
is maximum when the current is zero and zcro
when the current is maximum. The direction or
polarity of the induced voltage is such as to
tend to sustain the current flow when the cur-
rent is deereasing and to prevent it from flow-
ing when the current is increasing (§2-5). As
a result, the induced voltage in an inductance
lags 90 degrees hehind the current.

By Lenz’s Law, the

A induced voltage must

fc 2L always oppose the ap-

plied voltage; that is,

+

. the induced and ap-
3 plied voltages must be
3 in phase opposition, or
S 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
cycle, behind the volt-
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Fig. 228 — Voltage, cur-

rent and power relations  age.  These relation-
in an alternating-current f IR
circuit consisting of in- ships are shown in Fig.
ductance only. 228.

When the current is
Increasing in either dircction, energy is being
stored in the magnetic field. At such times the
voltage has the same polarity as the current, so
that the product of the two, which gives the
instantaneous power fed to the inductance, is
positive. When the current is decreasing energy
is being restored to the circuit 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.e,, the source of
the applied e.m.f.), while negative power means
power returned to the source. Power is alter-
nately taken and given back in each quarter
eyele, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when considering a whole
cycle. 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 circuit is
small compared to the inductance the power
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consumption is very small compared to the
power which is alternately stored and returned.

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

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

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

and power relations in an
alternating-current circuit

consisting of capacity only.

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

| AMPLITUDE

+

POWER




é)/ecfrica/ancl /eaclio junc{amenfa/é

dissipation in the resistance. The relationships
are shown in Fig. 230.

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

The a.c. spectrum — Alternating currents
of different frequencies have different proper-
ties and are useful in a variety of ways. For the
transmission of power to light homes, run mo-

. tors and perform familiar
€ everyday tasks by elec-
‘:" % trical - means, low fre-
quencies are most suit-
able. Frequencies of 25,
50 and 60 cycles are in
common use, the latter
being most widely used
in this country. The
range of frequencies be-
tween about 15 and
15,000 cycles is known as
the audio-frequency range,
because when frequen-
cies of this order are con-
verted from a.c. into air
vibrations, as by a loud-
speaker or telephone re-
ceiver, they are distin-
guishable as sounds hav-
ing a tone pitch propor-
tional to the frequency.
Frequencies above 15,000 cycles (15 kilo-
cycles) are used for radio eommunication, be-
cause at frequencies of this order it is possible
to convert electrical energy into radio waves
which can be radiated over long distances.

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

10 to 30 kilocycles
30 to 300 kilocyeles
300 to 3000 kilocyeles

+
m

TIME —
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Fig. 230 — Voltage,
current and power re-
lations in an alternat-
ing-current circuit
consisting of resist-
ance only.
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Very-low frequencies
Low frequencies
Medium frequencies

3 to 30 megacycles

30 to 300 megacycles

300 to 3000 megacycles
3000 to 30,000 megacycles

High frequencies

Very-high frequencies -

Ultrahigh frequencies
Superhigh frequencies

Until recently, other terminology was used;
for example, the region above 30 megacycles
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 analysis
that any such waveform can be resolved into a
number of components of differing frequencies
and amplitudes, but related in frequency in
such & way that all are integer multiples of
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the lowest frequency present. The lowest fre-
quency is called the fundamental, and the
multiple frequencies are called harmonics. Thus
a wave may consist of fundamental, 3rd, 5th,
and 7th harmonics, meaning, if the funda-
mental frequency is say 100 cycles, that fre-
quencies of 300, 500 and 700 cycles also are
present in the wave.

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

The square wave, also shown in Fig. 231,
eonsists of a fundamental and an infinite num-
ber of harmonics. This type of wave is useful in
a variety of applications.

¢ 2-8 Ohm’s Law for Alternating
Currents

Resistance — Since current and voltage are
always in phase through a resistance, the in-
stantaneous relations for a.c. are equivalent to
those in d.c. circuits. By definition, the effec-
tive units of current and voltage for a.c. are
made equal to those for d.c. in resistive cir-
cuits (§2-7). Therefore the various formulas
expressing Ohm’s Law for d.c. circuits apply
without any change to a.e. eircuits containing
resistance only, or for purely resistive parts of
complex a.c. circuits. See § 2-6.

In applying the formulas, it must be remem-
bered that consistent units must be used. For
example, if the instantaneous value of current
is used in finding voltage or power, the voltage
found will be the instantaneous 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 be ex-

pressed in effec-
tive value. Un- /\ /\
FUNDAMENTAL \/ \/

2n0 WEW
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Fig. 231 — Combination of a
fundamental and second har-
monic with the amplitude and
phase relationships shown gives
the nou-sinusoidal resultant. The
square wave, below. conlnins.an
infinitc numher of harmomes.

less otherwise
indicated, the
effective  value
of eurrent or
voltage is al-
ways understood
to be meant
when reference
is made to ‘‘cur-
rent”’ or ‘““volt-
age.”’
Reactance —
In the preced-
ing seetion it
was shown that
energy-storage
effects in induct-
ance and capac-
itance cause a
phase difference
to exist between
the applied volt-
age and the cur-
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rent that flows as a result. Because of this,
Ohm’s Law cannot be applied in its entirety to
a.c. circuits containing inductance and/or
capacitance, particularly for the calculation of
power consumed. However, the amplitude of
the current that flows in such circuits is directly
proportional to the voltage applied, just as it is
in purely resistive circuits. In other words, both
inductance and capacity offer opposition to
current flow, and this opposition can be meas-
ured in ohms just as it is in the case of resist-
ance. But the opposition is called reactance to
indicate 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:

E=XI X-=

~lty

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 {re-
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 so long as the frequency is constant.
Inductive reactance — When alternating
current flows through an inductance it must
take 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
value 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. Hence 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-
ductance 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 ampli-
tude, because the greater the number of cycles
per second the more rapidly the current goes
through its regular variations. Consequently,
increasing the frequency will have the same ef-
fect as 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
same 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 factors, inductance, current am-
plitude, and frequency (angular velocity) de-
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termine the induced voltage. Combining them,
we have, for sine-wave current,

E = 2qfLI, orIE = 2zfL

Since X = E/I, then
Xy = 2xfL

where the subscript 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 frequency should be stated in kilocycles; if
inductance is in microhenrys, the frequency
should be given in megacycles, to bring the
answer in ohms.

Capacitive reactance — The quantity of
electricity stored in a condenser depends upon
the capacity and the applied voltage (@ = CE),
and if losses are negligible the same quantity of
electricity is taken out of the condenser on dis-
charge. Current 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 electricity is put into the
condenser or taken out (§ 2-4). When an a.c.
voltage is applied to a condenser the alternate
movement of a quantity of electricity 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 rate of
change the faster the given quantity of elec-
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 electricity 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
I= 21rfCE, or 7- —-2—70-
Since X = E/I, then
1
Xe = 2xfC

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

TFundamental units (farads, cycles per sec-
ond) must be used in the right-hand side of the
equation 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. If C is in microfarads and f in
megacycles, the conversion factors cancel.

Impedance — In any series circuit the same
current flows through all parts of the circuit.
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.c. 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 cannot 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? = E’x + E%p,or E = \/E? + E’x

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 Er = IR and Ex = IX, substitution
gives

E=I\/132+X2,or?=\/1i!2+x2

E/I is called the empedance of the circuit and is
designated by the letter Z. Hence,

Z =R + X?
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

7 VA 77 E =17

It should be noted that the equivalent Ohm’s
Law relativnship for power in a d.c. circuit
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, sim-
ple or complex. In a d.c. cireuit orin an a.c. cir-
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 reactance
is eapacitive. 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 value of impedance,
in chms, may be found from the equation given
above.

Power is consumed in a circuit 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
considered. 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 circuit is,
therefore, the difference between the individ-
ual inductive and capacitive reactances; or

X =X, - X¢

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 “ncgative” (—). With this
eonvention, algebraie addition of all the re-
actances in a series circuit gives the total re-
actance of the circuit.

Parallel circuits with L, C and R— The
equivalent resistance of & numnber of resistances
in parallel in 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:

B S
X=1 Y 1 ...
X1 Xy X3

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 =VIi+ 1}
The impedance of the circuit is equal to E/I, so
Z = o

. VI + 13

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 cireuit.

The formulas above may be used for either
inductive or capacitive reactance. When indue-
tive reactance and cupacitive reactance are in
parallel, the current through the inductance is
180 degrees out of phase with the current
through the condenser, hence the total current
is the difference between the two currents. This
difference may be substituted for Ix in the
above equations.

It is of interest to note that, since the total
current flowing in a circuit containing induc-
tive and capacitive reactance in parallel is the
difference between the currents in the two
branches, the impedance of such a parallel
combination always is larger than the re-
actance of either branel alone. Any resistance
which also miay 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 either 90 degrees or zero. However,
the majority of parallel circuits used in radio
work can be solved by the rather simple ap-
proximate methods described in § 2-10.

Power fuctor — The power dissipated in
an a.c. circuit containing both resistance and
reactance is consumed eutirely in the resist-
ance, hence is equal to I?R. However, the
reactance is also effective in determining the
current or voltage in the circuit, even though
it consumes no energy. 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 = ————
7 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 condensers 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
condcnser 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.c. 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 suitable instruments can
be constructed by making the current produce
botli 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, electrodyha-
mometer and electrodynamic types.

Another type 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. measurcments.

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 effect 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
scale. 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 type
described above are inaccurate because of dis-
tributed capacity and other effects, and the
only reliable type of direct-reading instrument
is the thermocouple ammeter or milliammeter.
This is a power-operated device consisting of a
resistance wire heated by the flow of r.f. cur-
rent through it, to which is attached a thermo-
couple or pair of wires of dissimilar metals
joined together and possessing the property of
developing a small d.c. 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 The Transformer

Principles —It has been shown in the pre-
ceding sections that, when an alternating volt-
age is applied to an inductance, the flow of
alternating current through the coil causes an
induced e.m.f. which is opposed to the applied
e.m.f. The induced e.m.f. results from the vary-
ing magnetic ficld accompanying the flow of al-
ternating current. If a second 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 2 wire,
resistance or other electrical 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. Energy may be
taken from the secondary, being transferred
from the primary through the medium of the
varying magnetic field.

Types of transformers — The usefulness
of the transformer lies in the fact that energy
can be transferred from one circuit 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 only a 440-
volt source is available, a transformer can be
used to change the source voltage to that re-
quired. The transformer, of course, can 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, a 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 primary and
secondary coils of a transformer may be
wound on a core of magnetic material. This in-
creases the inductance of the coils so that a
relatively small number of turns may be used
to induce a given value of voltage with a small
current. A closed core (one having a continuous
magnetic path) such as that shown in Fig. 233

.
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also tends to insure that practically all of the
field set up by the current in the primary coil
will cut the turns of the secondary coil. How-
ever, the core introduces a power loss because
of hysterests, an effect which occurs because the
iron tends to retain its magnetism, and hence
requires the expenditure of energy to overcome
this restidual magnetism every time the alter-
nating current reverses in direction, and be-
cause of eddy currents, or currents induced in
the core by the varying magnetic field.
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Fig. 233 — The transformer. Power is transferred from
the primary eoil to the seeondary by means of the mag-
petie field. The upper symbol at right indieates an iron-
core transformer, the lower one an air-core transformer.
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Core losses increase with frequency to such
an extent that they become excessive at radio
frequencies if a transformer is wound on the
type of core used for power and audio frequen-
cies. Transformers for use at radio frequencics
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 latter case the core is not used as
a means of carrying the magnetic ficld from the
primary to the secondary, but simply to give a
larger inductance with 1 fixed number of turns,
In radio-frequency transformers relatively
little of the magnetic flux set up by the
primary cuts the turns of the secondary. The
discussion in this section is confined to low-
frequency iron-core transformers, where prac-
tically all of the primary flux cuts the sec-
ondary. Radio-frequency transformers are
considered in § 2-10.

Voltage and 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 transformer are in the same field, it fol-
lows that the induced voltages will be pro-
portional to the number of turns on each coil.
In the case of the primary, or coil connected to
the source of power, the induced voltage is
practically equal to, and opposes, the applied
voltage. Hence, for all praetical purposes,

E, ="F,
Ny
where E; is the secondary voltage, E, is the
primary voltage, and n; and n, are the number
of turns on the secondary and primary, respec-
tively. The ratio ns/n, is called the turns ratio
of the transformer.
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This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. If some of the mag-
netic 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-
netic field affecting the secondary) by causing
the rate of change of flux to be less in the sec-
ondary than in the primary. In general, the
equation can be used only when both coils are
wound on a closed core of high permeability, so
that practically all of the flux can be confined
to definite paths.

Effect of secondary current — The primary
current which has been 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-
lecting the small energy losses in the resistance
of the primary coil and in the iron core.

When current is drawn from the secondary
winding, the 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 circuit. In every case
there will be an effect upon the original field.
To maintain the induced primary voltage equal
to the applied voltage, however, the original
field must be maintained. Consequently, the
primary current must change in such a way
that the effect of the field set up by the sec-
ondary current is completely canceled. This is
accomplished when the primary draws addi-
tional current that sets up a field exactly
equal to the field 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 rough calculations on transformers it is
convenient to neglect the magnetizing current
and to assume that the primary current is
caused entirely by the secondary load. This is
justifiable, because in any well-designed trans-
former the magnetizing current is quite small
in comparison to the load current when the
latter is near the rated value.

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

n Iy =mp Iy
Hence,

I, ="1,

Np

The load current in the primary for a given
load current in the secondary is proportional
to the turns ratio, secondary to primary. This
is the opposite of the voltage relationships.

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

Energy relationships; efficiency — 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,

Po='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-
ciency of small power transformers such as are
used in radio receivers and transmitters may
vary between about 60 per cent and 90 per
cent, depending upon the size and design.

Leakage reactance — In a 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
self-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 circuit. It has, therefore, a certain react-
ance, depending upon the amount of induct-
ance and the frequency. This reactance is called
leakage reactance.

In the primary the practical effect of leak-
age reactance is equivalent to a reduction in
applied voltage, since the primary current
flowing through the leakage reactance causes .
a voltage drop. This voltage drop increases
with increasing primary current, hence it in-
creases as more current 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 secondary 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 secondary windings of the
transformer also causes voltage drops when
current is flowing, and, although these voltage




. g/eclrica/ ano[ %ao[io junc/amenlag

drops are not in phase with those caused by
leakage reactance, together they result in a
lower secondary voltage under load than is in-
dicated by the turns ratio of the transformer.

SEC. Es

Fig.” 234 — The equivalent circuit of a transformer in-
cludes the effects of leakage inductance and resistance of
both primary and seeondary windings. ‘I'he resistanee
R is an cquivalent resistanee representing the constant
core losses. Since these are comparatively small, their ef-
fect may be neglected in many approximate ealeulations.

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 reaetance, the
primary and secondary volt-amperes are equal;
that is,

E,I,=E1I

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

that
E, _ E (’L)
1, I, \n

Since Z = E/I, E,/I, is the impedance of the
load on the secondary circuit, and E,/I, is 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 tho 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
ratio of the transformer consequently is con-
sidered to be equal to the square of the turns
ratio, both ratios being taken from the same
winding to the other.

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 ecalled
upon to change the actual load to the desired
value. This is called impedance matching. From
the preceding paragraph,

N _ |Zs

Ny Zy
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 reduces its reluctance and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to minimize flux leak-
age. I'wo 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 & 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 shellac, 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

CORE TYPE

Fig. 235 — Two common types of trapsformer construc-
tion. Core picces are interlcaved to provide a continu-
ous magnetic path with as low reluctance as possible.
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type of core material used, the frequency, and
the magnetomotive force required to force the
flux through the iron. As a rough indication,
windings of small power transformers fre-
quently have about two turns per volt for a
core of 1 square inch cross-section and a mag-
netic path 10 or 12 inches in length. A longer
path or smaller cross section would require
more turns per volt, and vice versa.

In most transformers the coils are wound in
layers, with a thin sheet of paper insulation be-
tween each layer. 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

—1-/ran Core Fig. 236 — The auto-trans-
former is based on the trans-
former principle. hut uses
only oue winding. The line
and load currents in the
T common winding (A) flowin
opposite directions, so that
the resultant current is the
difference between them. The
voltage across 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 eircuit
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
X1 = Xc. Substituting the formulas for in-
ductive and capacitive reactance (§ 2-8) gives

1
2rfL = ——
f 247C
Solving this equation for frequency gives

1
21r.‘ /LC

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
1
=—_ X 10°
d 2r/LC

where f is the frequency in kilocycles per sec-
ond, 2= is 6.28, L is the inductance in micro-
henrys (xh.), 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 circuit. The
curves of Fig. 237 illustrate this, curve a being
for low resistance and curves b and ¢ being
for increasingly greater resistances.

In the circuits 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 circuit, 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 (whicl is the difference be-
tween the two) increascs rather rapidly. When
it becomes several times as high as the resist-
ance, it becomes the chief factor in 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 circuits with variations in resistance, E.
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quencies somewhat removed from resonance.
The three eurves in the figure show this tend-
ency.

Parallel circuits — The parallel-resonant
circuit is illustrated in Fig. 237-B. This cir-
euit 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
branches. 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 ecancel com-
pletely. However, the line current may be 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-
ereased from the resonant frequeney, the re-
actance 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 rcactance takes a smaller current.
As a result, the difference between the two
eurrents becomes larger as the frequency is
moved farther from resonance. Since the line
eurrent 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 impedance of a
parallel-resonant circuit with frequency is il-
lustrated by the same curves of Fig. 237 that
show the variation in current with frequency
for the series-resonant circuit. The parallel
impedance at resonance increases as the series
resistance is made smaller.

In the ease of parallel eireuits, 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-

duetive and eapacitive 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
series-resonance formula given above.
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Resistance at high frequencies — When
current flows in a conductor a magnetic field is
set up inside the conductor as well as exter-
nally. When the current is alternating, the in-
ternal magnetic field induces a voltage inside
the conductor which opposes the applied volt-
age and becomes larger as the center of the con-
ductor is approached. As a result, the current, is
forced to distribute itself so that the greater
proportion flows near the surface and less near
the center. This is known as skin effect.

Skin effect is negligible at low frequencies,
but increases with increasing 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 eurrent were flowing in a
thin conducting tube. This is the same as re-
ducing the cross-sectional area of the con-
ductor, which increases its resistance. Conse-
quently skin effect increases the resistance of a
solid gonductor as compared to its value for
d.c. and low-frequeney a.c.

Low resistanee 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 field is weakest, again causing an ef-
fective decrease in the conductor size and rais-
ing the resistance. These effects, plus the ef-
fects 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— As 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-
eriminate between voltages of different fre-
quencies) in such cireuits. This is an important
eonsideration in tuned cireuits for radio work.

Flywheel effect; Q — A resonant cireuit
may be compared to a flywheel in its behavior.
Just as such a wheel will continue to revolve
after itis no longer driven, so also will oscilla-
tions of electrical energy eontinue in a resonant
eircuit after the source of power is removed.
The flywheel continues to revolve beeause of
its stored mechanicai energy; current flow
eontinues in a resonant cireuit by virtue of the
energy stored in the magnetic field of the coil
and the eleetrie field of the condenser. When
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the applied power is shut off the energy surges
back and forth between the coil and condenser,
being first stored in the field of one, then re-
leased in the form of current flow, and then re-
stored in the field of the other. Since there is
always resistance present some of the energy
is lost as heat in the resistance during each of
these oscillations of energy, and eventually all
the energy is so dissipated. The length of time
the oscillations will continue is proportional to
the ratio of the energy stored to that dissi-
pated in each cycle 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
either the inductive or capacitive branch of the
circuit, a Q can be established for either the in-
ductance or capacity alone as well as for the
entire circuit. It can be shown that the energy
stored is proportional to the reactance and
that the energy dissipated is proportional to
the resistance, so that, for either inductance or
capacity associated with resistance,

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

In resonant circuits at frequencies below
about 28 Mec. the internal resistance is almost
wholly in the coil; the condenser resistance
may be neglected. Consequently, the @ of the
circuit as 2 whole is determined by the @ of the
coil. Coils for use at frequencies below the very-
‘high-frequency region may have Qs ranging
from 100 to several hundred, depending upon
their size and construction.

The sharpness of resonance of a tuned cir-
cuit is directly proportional to the @ of the
circuit. As an indication of the effect of @, the
current in a scries circuit drops to a little less
than half its resonance value when the applied
frequency is changed by an amount equal to
1/Q times the resonant frequency. The paral-
lel impedance of a parallel circuit similarly de-
creases with change in frequency. For example,
in a circuit having a @ of 100, changing the ap-
plied frequency by 1/100th of the resonant
frequency will decrease 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 circuit. A circuit with high decrement
(low Q) is said to be highly damped; one with
low decrement (high Q) is lightly damped.

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

If, for example, the inductive reactance of
n circuit is 200 ohms, 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). : R

Parallel-resonant circuit impedance —
The parallel-resonant eircuit offers pure re-
sistance (its resonant impedance) between its
terminals because the line current is practically
in phase with the applied voltage. At frequen-
cies off resonance the current increases through
the branch having the lower reactance (and
vice versa) so that the circuit becomes reac-
tive, and the resistive component of the im-
pedance decreases as shown in Fig. 238.

If the cireuit @ 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 R 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
resonant circuit itself. Hence the coil should be
designed to have as high Q as possible. Since,
within limits, increasing the number of turns
raises the reactance faster than it raises the

Resistance

RESISTANCE -RELATIVE\

Inductive

REACTANCE

tive

>
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Fig. 238 — Thc impedance of a parallel-resonant resist-
ance circuit is shown here separated into its reactance
and resistance components, The parallel resistance of the
circuit is equal to the parallel impedance at resonance.
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resistance, coils for such purposes are made
with relatively large inductance for the fre-
quency under consideration.

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

L R
(A) % (®) . R

Fig. 239 — The equivalent circuit of a resonant cir-
euit delivering power to a load. The resistor R represents
the load resistance. At (B) the load is tapped across
part of L, which by transformer action is equivalent to
using a higher load resistance across the whole circuit.

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

Z
b

where Z is the load resistance connected across
the circuit and X is the reactance of either the
coil or condenser. Hence, for a given parallel
impedance, the effective @ of the circuit in-
cluding 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
inductance to have reasonably high Q.

IFrom 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 @ of the cir-
cuit. The same reduction in impedance also
could be brought about by increasing the series
resistance of the circuit. The equivalent 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 resistance of the resonant circuit
alone can be neglected, the equivalent re-
sistance is

X2
z

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

The effect of a load of given resistance on
the @ of the circuit can be changed by con-
necting the load across only part of the cireuit.
The most common method of accomplishing
this is by tapping the load across part of the
coil, as shown in Fig. 239-B. The smaller the
portion of the coil across which the load is
tapped, the less the loading on the circuit; in
other words, tapping the load “down?” is
equivalent to connecting a higher value of load
resistance across the whole circuit. This is
similar in prineiple to impedance transforma-
tion with an iron-core transformmer (§2-9).
However, in the high-frequency resonant cir-
cuit the impedance ratio does not vary exactly
as the square of the turn ratio, because all the
magnetic flux lines do not cut every turn of
the eoil. 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 always will be obtained so long as the
product of L and C is constant. Within this
limitation, it is evident that L can be large and
C small, L small and C large, ete. The relation
between the two for a fixed frequency is called
the L/C ratio. A high-C circuit is one which
has more capacity than ‘““normal” for the fre-
quency; a low-C circuit 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-
cal meaning.

LC constants — As pointed out in the pre-
ceding paragraph, the product of inductance
and capacity is constant for any given fre-
quency. It is frequently convenient to use the
numerical value of the LC constant wlen a
number of caleulations have to be made in-
volving different L/C ratios for the same fre-
quency. The constant for any frequenecy is
given by the following equation:

25330
LC =
12

where L is in mierohenrys, C in micromicro-
farads, and f is in megacyeles.

€ 2-11 Coupled Circuits

Energy 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 circuit;
that receiving cnergy is called the secondary
circuit. The energy may be practically all
dissipated in the secondary circuit itself, as in
receiver circuits, or the secondary may simply
act as 2 medium through which the energy is
transferred to a load resistance where it does

R
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work. In the latter case, the coupled eircuits
may act as a radio-frequency impedance-
matching device (§ 2-9) where the matching
can be accomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
coupling betwecn the primary and secondary,

w

Input

output (D)
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¢ output ()
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Fig. 240 — Basic methods of circuit coupling.

Coupling by a common circuit elemnent —
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 Rc) 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 reaet-
ances in the circuits.

Capacity coupling— The circuit at D
shows electrostatic coupling between two reso-
nant ecircuits. 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

Céa/der 3@0

for maximum energy transfer is quite small if
the @ 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 eoupling by means of
the magnetic field. A circuit of this type re-
sembles the iron-core transformer (§ 2-9) but,
because 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 mutual induct-
ance (§ 2-5) between the coils.

Linlk coupling — A variation of inductive
coupling, called link coupling, is shown in Fig.
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:

LM
VL L

where k is called the coefficient 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 cir-
cuit and untuned-secondary coil, and the third
uses tuned circuits in both the primary and

—0
=
C, =L L2 Ca
Input 7~ 2 = output
= .
S =
M (]

Fig. 241 — Link coupling. The mutual inductances at
both ends of the link are equivalent to mutualinductance
hetween the tuned circuits, and serve the same purpose.
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Fig. 242 — Types of inductively coupled cirenits, In A
and B, one cireuit is tuned, the other untuned. C shows
the mcthod 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 B is used principally in trans-
mitters, for coupling a radio-frequency ampli-
fier to a resistive load. Circuit C is used for
fixed-frequency amplification in receivers. The
same circuit 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” (coefficient 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 circuit (§ 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 increase in
the series resistance of the tuned eircuit, and its
@ and selectivity are reduced (§ 2-10). The
higher the coefficient of coupling, the lower the
Q for a given value of resistance 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
coupling is increased, if the tuned circuit has
first been adjusted to resonance under condi-
tions of very loose coupling.

Coupled resonant circuits — The effect of
a tuned-secondary circuit on a tuned primary
is somewhat more 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 eurrent
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flowing in the secondary circuit (caused by the
induced voltage) will, in turn, induce a volt-
age in the primary which is opposite in phase
to the voltage acting in series in the primary
circuit. This opposing voltage reduces the
effective primary voltage, and thus causes a re-
duction in primary current. Since ilie actual
voltage applied in the primary circuit has not
changed, the reduction in current can be looked
upon as being caused by an increase in the re-
sistance of the primary circuit. 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 circuit, not the paral-
lel impedance or resistance. The parallel re-
sistance decreases, since the increase in series
resistance reduces the Q of the primary circuit.

If the secondary circuit is not tuned to res-
onance, the voltage induced back in the pri-
mary by the secondary current will not be ex-
aetly out of phase with the voltage acting in

~the primary; in effeet, reactance is coupled

into the primary circuit. If the applied fre-
queney is fixed and the secondary cireuit tun-
ingis being varied, this means that the primary
circuit will have to be retuned to resonance
each time the secondary tuning is chunged.

If the two circuits are initially tuned to res-
onance at a given frequency and then the ap-
plied frequency is varied, both circuits become
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. Thus, at
some frequency off resonance, the primary cur-
rent will be maximum, while at the actual res-
onant frequency the current will be smaller
because of the resistance coupled. in from the
secondary at resonance. There is a point of
maximum primary current both above and
below the true resonant frequency.

These effects are almost negligible with very
“loose”” coupling (coefficient of coupling very
small), but increase rapidly as the coupling
increases. Because of them, the selectivity of a
pair of coupled resonant circuits can be varied
over a considerable range simply by changing
the coupling between them. Typical curves
showing the variation of selectivity are shown
in Fig. 243, lettered in order of increasing co-
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Fig. 243 — Showing the effect on the output voltage
from the secondary circuit of ehanging the coeflicient of
coupling hetween two resonant circuits independently
tuned to the same frequency. The input voltage is held
constant in amplitude while the frequency is varied.
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efficient of coupling. At loose coupling, A, the
voltage across the secondary circuit (induced
voltage multiplied by the Q of the secondary
circuit) is less than the maximum possible
because the induced voltage is small with loose
coupling. As the coupling increases the sec-
ondary voltage also increases, until 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
ig 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-all selec-
tivity of the coupled circuits at critical coupling
is intermediate 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
effective Q of the circuit is equal to the product
of the @s of the primary and secondary.

Effect of circuit Q — Critical coupling is &
function of the Qs of the two cireuits 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 coefficient of a few
per cent may give critical eoupling.

With loaded circuits it is not impossible for
the @ 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  of one or both of the coupled
vireuits. This ean be done ecither 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 coefficient of
coupling between two coils seldom runs higher
than 50 or 60 per cent and the net coefficient
is approximately equal to the products of the
coeflicients at each end of the link. If the load
resistance is known beforehand, the circuits
may be designed for a @ in the vicinity of 10
or so with assurance that sufficient 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 ecircuits which,
for constructional reasons, must be physically
near each other. Capacitive coupling may
readily be prevented by enclosing one or both
of the circuits in grounded low-resistance
metallic containers, called shields. The electro-
static field from the circuit components does
not penetrate the shield, because the lines of
force are short-circuited (§ 2-3). A metallic
plate called a baflle shield, inserted between
two components, may suffice to prevent elec-
trostatic coupling between them, sinee very lit-
tle of the ficld 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 field induces a current
(eddy current) in the shield, which in turn sets
up its own magnetic field opposing the original
field (§ 2-5). The induced current is propor-
tional to the frequency and also to the condue-
tivity of the shield, hence the shielding effect
increases with frequency and with the condue-
tivity and thickness of the shielding material. A
closed shield is required for good magnetic
shielding; in some cases separate shields, one
about each coil, may be required. The baffle
shield is rather ineffective for magnetic shield-
ing, although it will give partial shielding if
placed at right angles to the axes of, as well as
between, the two coils to be 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 raised as well. Hence the Q 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 eoil.

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 ineffectual 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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Fig. 244 — Basic forms of filter networks. Typical frequency response curves for each type are shown at the right.

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

A band-pass filter; also shown in Fig. 244,
is a combination of high- and low-pass filter
elements designed to pass without attenuation
all frequencies between two selected cut-off
frequencies, and to attenuate all frequencies
outside these limits. The group of frequencies
which is passed by the filter is called the pass-
band. Two resonant circuits with greater than
critical 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-scction low-
pass filter with high-@ components; B illus-
trates the cxtremely sharp cut-off obtainable
with a more claborate three-section filter.
Curve C is that of a high-pass section having
high @, comparable to A. D shows the attenua-
tion by a less-efficient section having some re-
sistance in the inductance branch. Curves E,
T and G illustrate various band-pass charac-
teristics, E being a low-Q narrow-band filter,

F a high-Q narrow-band, and G a wide-band

high-Q two-section filter.

Filter circuits are frequently encountered
both in low-frequeney 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 resistance is increased.
The type of section does not affect the at-
tenuation curve, provided the input and out-
put resistances are correct. In a symmetrical
filter the input and output impedances must
be equal to the impedance for which the filter
is designed. Assuming these relationships, the

following design equations apply to the sections
illustrated in Fig. 244.

Low-pass filter:

_ R _ 1
T xfe ¢= zfR
VI 1
R = 1 . S
Ca fo= VLa
High-pass filter:
LD =_1_
4 xf. dxfR
R = '\/LZ fa - —1_
C, 47V LyCq
Band-pass filter:
R Jfo=h
Li=—— C
P a(—h) 17 dafifulk
(fo—fOR R
L = C
afifz * T x(f-fOR
VL _ Vi, —
R=Y4 =T
02 cv f"\l \/flf..
far = 1 _ 1
M 2x ‘\/74 161 27 ‘\/Lg Cg

In these formulas, R is the terminal imped-
ance and f. the design cut-off frequency for
low-pass and high-pass filters. For band-pass
filters, f1 and f2 are the pass-band limits and
far the middle frequeney. Ly Cz the parallel
shunt elements.

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

Fig. 245 — L-scction and r-sec- A 0B — |" |
tion resistance-capacity filter cir- i R _L -L -L —— “ﬁ{\\‘

cuits (lcft) and curves sbowing  frpus output -F% "%Zﬂ%;
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different RC products at various ¢ — L Bese
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quency range.
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when a voltage drop aetually is required.
The time constant, RC, (§ 2-6) must be large
compared to the time of one eycle 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.
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Fig. 246 — Bridge circuits utilizing resistance, induct-
ance and capacity arms, both alone and in combination.

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

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

Ry _Rs

Ry R,

is satisfied there is no potential difference be-
tween points A and B, since the drop across R
cquals that across R4 and the drop across R
equals that across R3. Under these conditions
the bridge is said to be balanced, and no current
flows through Af. If R3 is an unkuown resist-
ance and R, is a variable known resistance,
R3 can be found from the following equation
after R; has been adjusted to balance the
bridge (null indication on M):

Rs =%:R4

Ry and Rg are known as the ratio arms of the
bridge; the ratio of their resistances is usually
adjustable (frequently in steps of 1, 10, 100,
etc.), so that a single variable resistor, Ry, can
serve as ua standard for measuring widely dif-
ferent values of unknown resistance.
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Bridges similarly can be formed with arms
containing capacity or inductance, and with
combinations of either with resistanee. 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 Fig. 246, and the Qs of the coils and
condensers should be the same. When bridges
are used at audio frequencies, a telephone
headset is a suitable null indicator. The bridges
at E and F are commonly used in r.f. neutral-
izing circuits (§ 4-7); the voltage from the
source, Eq, 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 cycle
or more is required for current to travel to the
open end, the phase relations between the re-
flected current and outgoing current will vary
along the wire. At one point the two currents
will be 180° out of phase and at another in
phase, with intermediate values between. As-
suming negligible losses, the resultant current
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 wave. 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 eut to such a length that
the current traverses it in one direction in
exactly the time of one-half cycle, a single
standing wave will occur along the wire and the
wire is said to be resonant to the applied fre-
quency. Although the inductance and capacity
are distributed along the wire rather than be-
ing concentrated in a coil and condenser, such a
wire is in many ways equivalent to an ordinary
resonant circuit.

Frequency and wavelength — It is possible
to describe the constants of such line circuits in
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 is 300,000 kilometers (186,000 miles)
per second, the wavelength, or distance the cur-
rent will travel in the time of one cycle, is

A = 300,000
Je.

where A is the wavelength in meters and f.. is
the frequency in kilocycles.
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Fig. 247 — Standing-wave current distribution on a
wire operating as an oscillatory cireuit, at the fundamen-
tal, second harmonic and third harmonic frequencies.

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (capacitance and inductance) resonates
only at one frequency, ecircuits 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-
quencey, and hence are referred to as harmon-
ics (§ 2-7). In radio practice the fundamental
itself is called the first harmonic, the frequency
twice the fundamental 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-
monie, and three at the third harmonic; the
number of current maxima corresponds to the
order of the harmonic and the number of stand-
ing waves on the wire. As noted in the figure,
the points of maximum eurrent are ealled
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 reference line to indicate
that the phase of the current reverses in each
half wavelength. In other words, if current in
one half-wave section is flowing to the right,
for example, the current in the adjacent hali-
wave section will be flowing to the left. How-
ever, when the current is measured with an r.f.
ammeter there will simply be a maximum in-
dication at the center of each half-wave sec-
tion, since the ammeter cannot indicate phase.

Radiation resistartce — Since a line eireuit
has distributed-inductance and eapacity, cur-
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Fig. 248 — Standing wave and instantaneous current
(shown by the arrows) iu a folded resonant-line circuit.

rent flow causes storage of energy in mag-
netic and electrostatic fields (§2-3, 2-5). As
the fields travel outward from the wire at the
speed of light, some of the energy escapes from
the circuit in the form of electromagnetic
waves; that is, energy is radiated from the
wire. Such a wire is, in fact, an antenna.
Since the energy radiated by the line or an-
tenna represents a loss, insofar as the line is
concerned, the loss of energy can be considered
to take place in an equivalent resistance. The
value of the equivalent resistance is found
from the ordinary Ohm's Law formula.
R = P/I? where P is the power radiated and /
is the current in the wire. R, the equivalent re-
sistance, is ealled radiation resistance.

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

The quarter-wave folded line in Fig. 248 has
a fotal length of one-half wavelength, hence is
resonant to the frequency corresponding to its
length. Since the current is large and the volt-
age is low at the closed end, the iinpedance at
this point is quite low. On the other hand, the
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Fig. 249 — A quarter-wave coaxial-line resonaut cireuit.
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voltage is high and the current is very low at
the open end, so at this point the impedance is
high. These properties of a quarter-wave two-
eonductor line lave applications to be de-
scribed later.

A folded line also may be constructed in the
form of two coaxial or concentric conductors,
as shown in Fig. 249. In effect, this line is di-
rectly comparable with the parallel conductor
line, except that one conductor may be suid to
have been rotated around the other in a com-
plete circle. The coazial line has even lower
radiation resistance than the folded-wire line,
since the outer conductor acts as a shield.
Standing waves exist but are confined to the
outside of the inner eonductor and the inside of
the outer conductor, since skin effect prevents
the currents from penetrating to the other
sides. Thus such a line will have no radio-fre-
quency potentials on its exposed surfaces, and
no radiation can occur. Because of the low
radiation resistance and the relatively large
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conducting 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 coaxial
lines is the ‘““trough” line in which a tubular
inner conductor is enclosed within a rectangular
sheet-metal 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 is generally ap-
plied to all lines whetlier 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 latter purpose. For trans-
ferring power the line may be many wave-
lengths long, depending upon the distance over
which the power is 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 effects entirely.

If a 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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Fig. 250 — Characteristic impedance of uniform lines.
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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 transmis-
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 an electrical impulse induced in the line.
In an ideal line having no resistance it is equal
to the square root of the ratio of inductance to
capacity 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 L2 (5)
a

where Z is the surge impedance, b the spacing,

center to center, and a the radius of the con-

ductor. The quantities b and a must be meas-

ured in the same units (inches, cm., etc.).

Coazial or concentric line:
Z = 188 log L) (6)
a

where Z again is the surge impedance. In this
case, b is the inside diameter (not radius) of
the outer conductor and a is the outside diam-
eter of the inner conductor. The formula is true
forlines 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. 250.

When 2 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-
stant 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 imnpedance. Under such circum-
stances the current in the line will be small, and
sinee 