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Rear Admiral Charles Delorma Wheelock 
U. S. NAVY 

• R em· Admiml Wheelock, born in R iverside, California, j uly 28, 1897, attended grade 
schools in that city and R iverside junior College for one yem· before his appointment to the 
U. S. Nava~ Academy in 1917 . . Jllhile a Midshipman he served in the USS M~l~E which 
operated wzth the Atlantic Fleet dm·ing l1'or/d H' m· I . Graduated and commzsszoned an 
Ensign in June of 1920, he was apjJointed A ssistant Naval Const ructor in the Constmction 
Corps of the Navy with the mnk of Lieutenant (junio1· grade) on June 23, 1922, and subse­
quently was jJrom oted as fo llows : Lieutenant, Fe/;mm)• 6, 1926; Lieulenaut Commande1·, 
June 30, 1936; tmnsferred to the line of the Navy in that mnk aud designated for engineer­
ing dul)' on june 25, 19+0; Commander, j uly 1, 19-10; Captain , Otcober 3, 19-12, to mnk 
from June 20, 19-12: and R ear Admiral, November 1, 1946. 

After graduation in June of 1920, R ear Admiml Wheeloch served on the U . S. Rifle 
T eam until September 1920. T he following month he joined the USS P RAIRIE, serving in that 
desl1"0)'er lender until M.a'y, 1921. H e then !tad brief duty in the NITRO and R EINA l\IERCEDES 
until August of 1921 when he reported for duty in connection wi I h I he Navy R i fie T eam i 11 

Sea Girt, New J ersey. T he following month he fwd similm· duty a/ CamjJ Pen)•, Ohio . 
R em· Admiral T~Vheelock 1·eceived instmrtion in uaval construction at the P ost-graduate 

Sch ool . Annapolis, Maryland, and continued that course at the Boston .\'oval Shipyard, t!te 
M assachusetts I nstitute of T ec/mology, the Porlsznoul h Nm,al Shipyard . and n:ceived the 
Master of Science degree from the 1\Iassachuse//s Inst itute of T eclnwlu&')' in }til/ e . 192-/ . H e 
then fwd b1·ief dul)' unde1· ins/me/ion in gas warfare defense at the Edgewood rlrsenal, Edge­
wood, Maryland. 

In August of 1924, R ear A dmiml Wheelucli reported for duty in the Industrial D epart­
ment of the P uget Sound Naval Shipym·d, B re 111erton, W asltingt on, serving un I il October, 
1927, when !te was transferred to duty in the Indust rial Dej>ar/menl of the Pearl Hm·b or 
N aval Shipyard. i n Marc/1 , 1930, he 1·eturned to the Puget Sou1ul Naval ShijJyard for dulj• 
in the Planning Div ision . Front june, 193-1, until Sej>lem/Jer . 7936 . he sPn•NI in thP USS 
D OBB IN. 

R ear Admiral l JI/,eclocli TejJorted iu Nmwmber. 1936, fur duty in lite lJe.li!!,n and Con· 
stmctiun 1Ji11ision, Bureau uf Cons/me/ion a111l R epair (later cumbined wit!t t!te Bureau of 
J•:ngineering and designated B ureau of st,ips), Nrwy LJeparllllt:lll, l l'asltington, JJ . C. Fur Ius 
ser~1ice in s!tijJ design w!tic/1 extended lu .ftuw, IY-1-1, /11: was awanlerl !ltf' l .Pgion of 1\l erit 1l'ill1 
tlte f ollowing citation: " Fm· exrejJiioually meritorious conduct in tlte perfor/llance of oul­
sta11diug services to the Go11enunent of Lite United Stales, first as Assistant to tlte Head of 
tlte Con tract lJesign Section and as H ead of I !tat Section, from the outlneah of hostilities to 
Ap1·il, 19·13; and subsequently as H ead of the 1Je.1ign Brrmclt of the Bureau of Ships [ru111 April, 
19-/3, to .June, 19-/.J. J::..-.:ercising unusual zeal, ingenuity, imagination and o rare collllJinotiun 
of bruad v ision and lieen jJercejJiion of details, lte jnofuundly influenced t!te design of new 
1tmJal vessels as well as conversions ond 1110jor altnation to vessels in sen•ice. Jn tl1e field of 
wanl1ijJ dt•sign CajJiain IJI /wPioc/i 1/tadt• //Hilt)' illtfJIIrltllll r·rJII/rihutions /o 1/u• StiU"r'.Hful prosP­
cu tion to Lite wm·." 

R ear Admiral lVItPelorli ll'IIS l'roductiu!l O ffiu·r of lite Ma rt· 1.1l1111d .Vtmal ShifJyorrl 
[mill .July, 79-/-1, until ,·lpril, 7YI6. a111/ for !tis .lt'n•in·.l in that as.lip,ltlltl'lll rrn•irwtl a J .rllt' l 
of Com111 endation with autlwriwtion lo wPar lite CollllnPndalioll R ibbon from the Secrelrny 
of the Navy. I n 111ay, 19-/6, !te ?"ejwrted for duty in connection 11•it!t tlw jwst-graduale mursr 
in 11aval ronslntclion and engiurering at tlte J\l as.wcllllsel/s l 11.1tilutr• of T rclmology where 
he was made a P ro[esso1· of Nrmal Construe/ion and was jJlau•d i11 r/l(lrge of lit e l nstilute's 
co urse in Naval Constructio11 and l·:nginerring. 

On Nmwmber 1' 79-16, n ear Adllliml ll ' hr•r'!orh aSS I/1/1{'([ dul y (IS DPjJuty and !lssislanl 
Ch ief of //1(• UurNIII of ShijJs. Nrmy /)ejJar/menl, ll 'as!tinglon, D. C .. in tl1e rank of R ear 
Admiml. 
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The U. S. Navy 
Electronics Laboratory 

• A major portion of the Navy's r esear ch , d evelop­
ment, and systems planning in the field of electro n­
ics is carried out b y the U. S. Navy Electronics 
L aboratory. H ead ed b y a Naval officer , this is an 
organization com posed p rimarily o f civilian scien­
t ists a nd engineers a ided b y Naval officers a nd men. 
It is under the techni cal co ntro l of the Bureau o f 
Ships, and i ts work program is la rgely d etermined 
by the scientific a nd technical problems assig ned 
by the Bureau. 

It is the funct ion o f N. E. L. tO ser ve t h e C h ief o f 
the Bureau of Sh ips in the des ig n , p t·ocut·em c nt , 
test ing and in sta ll at io n p la n n ing o f nee t e lccu·o ni c 

equipment. T his is a broad respo nsib ility. It re-

4uires work in theore tical science a nd basic re­
search; in applied science (rom d esig n up thro ug h 

production enginee r ing: a nd in tra ining fo r the 

operation a nd main tena nce of equi p m ent. 

K E. L. is located a t Sa n D iego, Ca lifornia. Its 

main g roup of b uildings is situ ated hig h o n Po int 

Lorna, som e 400 feet above o ne o( the busies t ha r­

bors o n the P acific Coast. A second g ro u p o f build­

ings is on the water front adj acent to the ch a n nel 

leading into San Diego harbor. H er e a re loca ted 
pie rs for mooring the la boratmfs surface shi ps an d 
its e xperinte n ta l submar ine w hich caJTy 1 he wo rk 
in sonar and re la tt:"d projens o ut to an d under the 
~tJa. 

iv/any of th e natural adva ntages tha t first bro ug ht 
the Navy to San Diego arc pa rticu la rl y valu a ble to 

a research labo ratory. The dry, e4uable climate 
permits uninterrupted outdoor tests and cxp eri-

The .4dminislration Building. al N. E. L. 

ments during a ll months o f the year . The weather 
is predic table yet variable eno ug h to p ermit study 
of radio-wave p r o pagatio n u nder many kinds o f a t­
m ospheric cond itions. T he nearb y h a rbors a nd 
the sh allow continental she lf provide a wide 
variety of sha llow-water condit ions for the study o f 
under water sou nd transm issio n , and the d evelop­
ment and testing of sonar d evices; yet deep wa ter, 
found in submar ine ca n yons a nd oceanic troughs 

Dr. II . JJ . Foche 

within a fe·w ho u rs ru n from the harbor, is more 
accessible th an it is to any o ther major Amer ica n 

I a bora tor y. 
N. E. L. is t he result of man y years of p la n n ing 

b y ' ava l scientis ts. L ong before the outbreak o( 

World War JT, the Navy Department had rea li zed 

a need for a n electro n ics research la bora tory wit h 

~ttch nat ura l faci l it ies. Thus, in 1940, the Navv 

es ta bl ished a radio and sou nd research labora to r y 

in the Sa n Diego area. T h rougho u t the confli ct, 

t he U . S. N avy R adio a nd Sound Labor a tory, as it 

was d esig nated, concentrated its skills on research 

N . E. L. has been assigned 
man)' long-mnge jJmjects. 
Among these is the antenna 
systems improvement pro­
gram which is being carried 
out with the aid of scale­
model muges and ships. 
This subject was covered in 
recent issues of ELECTRO:'-~ . 

a nd development in radar and rad io commun ica­
t ion. T he work of this labora tory was co-ord inated 
w ith that of the U ni versity of Cal ifornia, D ivision 
o f vVar R esearch , wh ich was for the most part 
housed within the laboratory. ' •Vhen the u niversity 
group discontinued its wartime studies a long with 

o ther su ch university organizat ions over the cou n­
try, its tasks were assumed by the Navy group which, 
in keep ing with its increased r esponsibili ties, was 
re-nam ed the U . S. Navy Electron ics L aboratory. 

T he N avy Electro n ics L aboratory is organized 
u nder the leade rshi p of a Naval officer who is di rect­
ly resp o nsible to the Bureau of Ships for the pro­
gram o f the laboratory. At present the D irector is 
Captain R awson Bennett, II. The progress of the 
work is d irected by a civilian scientist, Dr. A . B. 

Focke, wh o is a ided by a consulti ng staff. There 

are seven depa rtments, five of w h ich carry the 
b urden of the scientific and techn ical effor ts. T he 
remain ing two p rovid e supply and admin istrative 

services. 
or t he more than one thousa nd persons o n board 

at N . E . L., o ne-half a re professiona lly trai ned 
tn en a nd women-p h ysic is ts; mathem aticians; elec­
tron ic, mechan ica l, a nd chem ical engineers; all 
w ith their tech n ica l assistants. The other ha lf of 
the staff is m ad e up of su pporting personnel, such 
as d raftsmen, p hotogra phers, m ach inists, and mai n ­

tena nce and adm inistrative groups. 

P lans h ad been set u p for seve ral years future 

work when , in 1946, the B u reau of Ships ass igned 

the laboratory a new l ist o f p roblems and projects. 
T hese assignmen ts are broad; they ind ica te a need 

for extens ive work in a number of fi elds . T hey call 
for a long-term program o f systems engineering­

the study and improvement of all the electronic 

equ ipment on a single sh ip o r class o f ships. They 
call fo r a contin uation of the "·artime job of de­
veloping, modifying, and test ing radio and radar 
commu nications equ ipment developed by this a nd 
other laboratories. They cal l for an extended pro­
gram of stud ies of wave propagation-of the trans­
m ission of electromagnetic waves in the atm osphere 

and sound in the ocean . They call for the contin· 
uecl d evelopment collateral to the major resear ch 
program of the Underwater Sound L aborator y at 

New London as well as of training aids. They also 
call for assistance to local tra ining activities, to fleet 
u n its, and to other Navy research ac t ivit ies. 

These prognms a re obviously far-reach ing . They 
touch on all phases of electronics, with primary in­
terest divided between the work in r ad io and radar, 

and work in sound and sonar. They also reach, 

however, into a considerable number of a ll ied fi e lds 
-in basic physics, m athema tics, geolog)', geophysics, 
meteorology, mari ne biolog)', psychomet r ics (psy· 
chological tests a nd measurem en ts), acoustical 
psychology, electrical, mech an ica l, and electronic 
engineering, and m any others . The work in these 
fields is h igh ly varied, ranging from basic research , 
through appl ied research and development, to 
eq u ipment procurcmen1 and training of operato rs. 
The grea t b u lk of the work, is of course, o n radio 
and r adar. 

Space in this issue docs not permit a thorough 

survey o f all of the mu ltitude of interesting projects 
under way at the U. S. Nava l Electronics Labora­
tory. I t is planned, however, that a future issue of 

ELECTRON will bring to its readers a comprehensive 
ins ide story on th is fine laborator y and its [ar-rcarh ­
i ng projects. 
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Shorting the Indicator 
Unit Interlock Switch 
of the Model BN 

• • • • • • • • • • • 
After the indicator unit o f the Model BN IFf 

Interrogator R esponsor has been serviced, it is often 
desirable to make certain adjustments and tests, and 
to observe the interior of the equipment while it is 
in operation. In order that these tests and observa­
tions can be made the chassis must be completely 
removed (rom its case, a shorting bar must be in­
serted into the interlock switch, and then the chassis 
must be replaced in its case . It is necessa ry to dis­
connect all coaxial and cable connections to the 
indicator unit terminal boards in order to remove 
the chassis, and to reconnect all coaxial and cable 
connections in order to operate t he unit for test 
purposes after it has been re-inserted into its case. 
After the tests are completed, this entire operation 
must be repeated in reverse order before normal 
o peration may be restored. 

This method of shorting the interl ock switch not 
only co nsumes considerable time, but, i 11 the case of 
indicator units installed in gun directors, also puts 
the serviceman at a considerable mechanical disad­
vantage and strain. The cramped quarters encoun­
tered seldom permit the proper application of the 
rules for handling heavy weights effi ciently. 

An alteration to the indica tor unit tha t will per­
mit easy shorting of the interlock switch, has been 
suggested by Mr. Maurice Gowdey of the Puget 
Sound Naval Shipyard. The bureau of Ships has 
approved this al teration as a servicing aid since it 
can be accomplished by ship's force witho ut the 
issuing of any additional material or fu nds . 

The detailed procedure is as follows: 
l -Install a two-pole single-throw toggle switch ~ n 
a suitable location inside the equipmen t. A suit­
able switch (S-252) may be drawn from spare parts 
(I tem No. 213). 
2- Install a reel indica tor l igh t, similar to I-251, at 
a suitable observation point, to indicate when Inter­
lock Switch S-251B is being bypassed. 
3- Wi re one side of the new sw itch (S-2GO) in parallel 
with Interlock Switch S-25 1B as shown in Figure I. 
'1- \ ,Vire the other side of the new switch (S-261) in 
series with the new red indicator l ight, as shown in 
Figure I. Power for the new ind icator lamp can be 
taken from the 6.3-volt filament circuit which sup­
plies Power Indicator Light I-251. 
5-The new switch and the new indicator light 
should be labeled " Interlock Bypass Switch" and 
" f nterlock Bypass Indicator", respectively. 
IJ- As a safety measure, it may be d esirable to mou nt 
the new switch on an angle bracket on the back top 
side of the chassis, with another angle bracket so 
mounted on the top of the case that the new switch 
will be closed automatically when the chassis is slid 
back in to lhe case. T his arrangement is shown in 
Figure 2. The switch and bracket should be 

~----- - 'J:,,:~;;·:.d;:;g,,-----l 
L-~~WSWITCHS-260 _ _ __ ____ _ 1 I 

Y"'"INTERLOCK BY-PASS SWITCH" I I 
---if o---l 
: I I I 
I s2s1a I j I 
I n I I I 

I I I I T25 1 6 3 v I I 
252 F251 ~~-~----- -- - , _j o~ 

J
251 

J S-252 <>--~'-'-= __.---t- ,.4 I 
115VI¢ ~ 1 E252 E253 1 50f425 CYC LES : F252 L ___ ____ ..J 

A : J:F---<l !251 I 
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FtGURE 1- LJiagram showing wiring of the new nvitch and i11dicator la111p 
in the indicator unit of the Model B N l nterrogatm R esjJonsoL 

CABINET 

PA NEL 

OUT-• 

fiG URE 2-Pian v iew of chassis, case, switch and angle brackets. On the 
left, chassis in case and switch automatically off; on the 1·ight, 

c//(/ssis out of case and switch eilhe1· on or off. 

mot~ nled sufficiently fa r from the edge of the panel 
not to interfere with any fl ange or projections on the 
inside of the case, when the chassis is withdrawn 
from lhe case. 

After this modifica tion has been completed, the 
chassis can be partia lly withdrawn, necessary work 
can be performed, tests can be run, and the equip-

Last To 
Type of Approach 

Month Date 

Practice Landings ........ 8,089 99,219 

Landing Under Instrument 

Conditions • 0 •• • 0 •••••• 306 4,977 

ment can be observed in operation-all without 
going through the lengthy and laborious proce?ure 
outli ned at the start of this article. T h is modifica­
tion can be accomplished easily and economically, 
"·ithout altering existing eq u ipment wiring, by 
merel y adding the switch, l ight and associated con­
neclors. 

SHANGHAI HEARD FROM 

G.C.A. scores again, th is time in .China. With a 
ceiling of 20 feet and visibili ty limited to one­
e ighth mile, Pilot L. S. Leong, of the China National 
Aviation Corporation, brought h is C-47 and eight­
een passengers to a safe landing by aid of the 
G.C.A. unit at Shanghai. When he landed, he had 
only ten gallons of fu el" remai ning in h is tanks. 

Local officials were very much impressed with this 
exh ibition of materia l perfection and teamwork. 

P ilot Leong had had no previous experience with 
G.C.A. landings. 

A DDITIONAL LOUDSPEAKERS 

An additional qua ntity of 5000 type -49546 loud­
speakers are being furn ished u nder contract NObsr-
39331. These speakers are physically and electri­
cally si milar to the speakers supplied under con­
tract NXsr-55603, the only difference be ing in the 
t.ype of volume control. The same installation an d 
operation instructions apply to both, and the com­
ponrnt parts are directly interchangeablr . 
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VACUUM TUBE 
FAILURE 
TERMINOLOGY 

Each pad of Electronic Equipment Failure Re­
port Cards, NavShips 383 (Rev. 3-47), is inter­
leaved with notes which, if followed, will help per­
sonnel prepare better and more complete failure 
reports. I£ a tube failure is being reported, the 
column in the report headed TYPE oF FAILURE refers 
to Note 7. This note reads as follows: 
"7. Select appropriate number from table below 
to describe type of tube failu·re. (This permits 
analysis by tabulating machine.) 
(l) Gassy. (12) Loose elements. 
(2) Air leak. ( 13) Loose base. 
(3) Open filament. (14) Broken base. 
(4) Low emission. (15) Broken glass. 
(5) Intermittent short. (16) Glass strain. 
(6) Permanent short. (17) Result of component 
(7) Arcing. failure. 
(8) Noise. (18) Other (specify in re-
(9) 1\11 icrophonic. marks). 

(10) Poor focus (CR). (19) 1'\onnal life. 
(11) Screen defects (CR). (20) Unstable operation.'' 

To help technicians in the field recognize these 
various types of failures and differentiate between 
them, the Electronics Division has prepared a brief 
description of what is meant by each of these terms 
plus two new ones that have been added-"(21) 
Overload." and "(22) No Oscillation." 

(1) Gassy. Exc·essive gas content is indicated 
(except in mercury-vapor and other gas tubes) by 
a pink or blue glow within the envelope and ex­
cessive plate and screen current, ·when plate or 
screen voltage is applied. 

(2) Air leak. If the vacuum is completely lost, 
the filament will burn up and produce a cloud of 
gray smoke when filament potenti~l. is applied. 
(Caution: Do not confuse this comhuon w!tl~. the 
symptoms described under " ( 1 o) Glass Stram. ) 

(3) Open filament. The filament may he frac­
tured due to excessive vibration or shock, or burned 
out due to excessive voltage or evaporation of ma­
terial during long use. 

(4) Low emission. This is indicated by low plate 
current, and the fact that a substitute tuhc performs 
normally in the same socket. This condition is 
usuallv the result of long usc. In tubes having 
thoria~cd filaments, it can result from overloads or 
gas. and frequently can be corrected by reactivating 
the filament by applying a ten percent excessive 
filament voltage, with no other voltages applied. 

Since detailed procedure varies for different tube 
types, no details can be given here. 

(5) Intermittent short. This can be indi~ated 
by unstable operation, excessive current, or Inter­
mittent sparking within the tube. (Note: This is 
primarily applicable to tubes used in receivers.) 

(6) Permanent short. Excessive currents, causing 
protective devices to trip. 

(7) Arcing. This occurs ;mostly in high-voltage 
devices, such as rectifiers and transmitting or mag­
netron tubes, operating with potentials above 1000 
volts. It can also be caused by flash-backs in mer­
cury-vapor tubes. 

(8) Noise. This is indicated by noise in a re­
ceiver, or "grass" or "flutter" in a cathode-ray tube 
presentation. This noise can be. prolonged by tap­
ping on the tube. 

(9) 1\tlicrophonic. This condition is indicated by 
a howl in a receiver, caused by mechanical vibra­
tion or acoustical feedback, such that it can be pro­
longed or increased by tapping on the tube. 

(10) Poor focus (CR). This applies to cathode­
ray tubes and is evidenced by a wide spot or base­
line which can not be corrected by ad justmcnt of 
controls. Controls are assumed to be operating 
normally. 

( 1 I) Screen defects (CR ). This applies to c;tthode­
ray tubes and is evidenced by burning of the screen 
or loss of light output in the "used" areas. Burned 
areas app~ar .darker than surrounding areas when 
tube face IS VIewed under normal light. 

(12) Loose elements. This condition can be rec­
ogni~ed by sha~i~g the tube, and is caused by poor 
'~eldmg. an.d similar faults. (Caution: Loose par­
ticles w1thm the tube do not always affect tube 
performance, especially when they are within the 
base and outside the vacuum. 

(I 3) Loose base. Determined by inspection. 

( 1 4) Broken base. Determined by inspection. 

(1 5) Broken glass. Determine~ by inspection. 

(lo) .Glass s~rain. This is a result of improper 
annealmg dunng the manufacture of the tube, and 
causes the glass to crack for no apparent reason in 
!!lllOoth straight lines which usually completely or 
p~trtially encircle the tube. In contrast to this, glass 
breaks due to shock arc usually jagged. 

( 1 7) Result of component failure. . \ tube failure 
may he the result of a failure of an associated com­

ponent, such as a blower fctn, a capacitor. a resistor, 
or the result of a change in circuit conditions such 
as Joss of bias voltage, disconnection of an antenna, 
or detuning of a load circuit. 

(I R) Other. Specify details in column on card 
headed "Nature of Failure and Remarks.'' 

.r 

(19) Normal life. A tube has r.eached the end of 
its normal (or useful) life when it no longer meets 
minimum performance standards as indicated either 
by a tube tester or by a performance test. 

(20) Unstable operation. This condition is in­
(licated by erratic tube performance, and may be 
caused by excessive circuit voltage or current fluc­
tuations, improperly tuned circuits, operation of 
tube under conditions which exceed maximum 
rated values, and the like. 

(21) Overload. · This is evidenced by excessive 
heating, due to failure of other circuits. 

(22) No oscillation. This applies to tubes used 
as oscillators, and can be caused by a tube, com­
ponent or circuit failure. 

EVOLUTION OF THE MODEL JT 
SOUND RECEIVINC EQUIPMENT 

• The model letters .JP were originally assigned to 
a directional sound receiving equipment using a 
magnctostriction circular-shapc~l !1ydrophone su~­
.ported and trained by a D-2 trammg system. This 
equipment was prim~rily desig~ed for use aboard 
small patrol craft while on station (at rest). Th: 
development of the 1\tlodels JP-1, JP-2, etc. semi­
directional sound receiving equ·ipment for subma­
rines followed in order to provide top-side low-fre­
quency listening. II~ these e~~lipn~~nts the hyd.ro­
phone ,..-as changed from the rmg type to a lme 

type. . . 
These submarine Model JP eqmpments whtch 

originally operated in the 10~- to 12,000-cycle fre­
quency band, were later mochfied and changed to 
the Model JT. This was done by the addition of 
certain units which increased the maximum operat­
ing frequency. to 100 kc: and provided a better 
means for obtaining beanng accuracy through the 
usc of RLI (rig·ht-lcft-indicator) circuits and ampli­
dyne power train control. 

The identifying letters .JP were eliminated by the 
modification of the equipmcnts to the Model .JT, 
and proper identification can be obtained from the 
new JT nameplates which were provided at the 
time ~f the changeover. In order to standardize the 
nomenclature used in reporting shipboard inven­
tories of sonar cquipmcnts, all personnel arc re­
quested to refer to the Model .JT Sound Receiving 
Equipment only by its Navy model letters .JT and 
the proper equipment serial number. Such desig­
nations as .JP /.JT, .JP-1 and JT, .JP-2/JT, .JT-1, 
JT-2, etc., arc not to he used. 

OZONE IN THE 
EARTH'S ATMOSPHERE 
•Predictions of weather, ionopheric disturb­
ances, and radio transmission conditions may be 
improved as a result of measurements now under­
way under the cognizance of the National Bureau 
of Standards. It is well-known in scientific circles 
that a direct correlation exists between the latitude 
of a point of observation and the season of the 
year, on the one hand, and the concentration of 
ozone in the earth's atmosphere, on the other. The 
series of tests are for the purpose of finding out 
whether there is a corresponding correlation be­
tween ozone concentrations and current weather 
conditions. The "ozone, a gas which is a form of 
oxygen (except that each molecule consists of three 
atoms of oxygen instead of the two which occur in 
a molecule of ordinary oxygen), is diffused through­
out the atmosphere at heights up to approximately 
fifty miles. The greatest concentration seems to lie 
at a height of fifteen or twenty miles. Since the 
ozone, it is believed, is produced from the oxygen 
of the air by the action of ultra-violet rays in sun­
light-the same rays that produce the ionization 
in the ionosphere several hundred miles up-a cor­
relation may be expected between ozone concentra­
tions and ionospheric conditions. The latter greatly 
influence long-distance radio transmission, as is 
well-known, leading to varying degrees of multiple 
reflection of radio sky waves between earth and 
ionosphere-and hence fading of radio signals. Just 
how useful ozone concentration measurements will 
be in predicting radio propagation disturbances re­
mains to be seen, of course. 

The tests, 'vhich arc being conducted in the 
Organ 1\1ountains of New Mexico, will also serve as 
a check on ozone concentration data obtained dur­
ing V-2 rocket flights at the 'Vhite Sands Proving 
Ground. 

The data on ozone concentration is obtained by 
measuring the spectral energy distribution and in­
tensity of sunlight in the ultra-violet region from 
about 2900 A to about 3400 A. Sunlight is greatly 
affected by the presence of ozone, which is markedly 
absorbent in this region. Knowing the spectral 
distribution a·nd intensity of sunlight before it 
penetrates the earth's atmosphe're, the observer may 
calculate the ozone concentration by taking meas­
urements on the sunlight after it has passed through 
the atmosphere and reached the earth. Data is 
obtained in the desired U·V band by using calibrated 
optical filters passing radiation above 2900 or ~ 100 
A, in combination with a calibrated photocell 
sensitive to wan: lengths below ~·JOO .\. 
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miCROUIHVES 
* * * * * * * * * * * 
This m·ticle is reprinted from the catalog of the 

{z1·m of De 1\1 ornay Budd, makers of microwave test 
equipment and special waveguide fittings. Its study 
will lead to a better understanding of micTowave 
peculiarities and techniques, and will add another 
bit of worth-while knowledge to the store al·ready 
retained by our technicians and engineers. 

Some of the concepts described he·re are compl~­
cated and ma)' at {z1·st seem difficult to g-rasp. It zs 
hoped~ however, that all personnel engage.d in work 
involving microwaves, such as radar mamtenance, 
malle a concerted effort to dig out of this article the 
1·ertl good that is in it. 

INTRODUCTION 
!vi icrowaves are the shortest wave lengths or high­

est frequencies employed in radio communication, 
detection and navigation. Although considerably 
longer than the wave lengths of light, these waves 
are recognized to possess many properties commonly 
found in the optical region of the electromagnetic 
spectrum. 

The subject of microwaves has long held great 
interest both in pure and applied fields of science. 
It has taken a half century after Hertz's discoveries 
for these microwaves to be put to practical use. 
This delay was due to the lack of the necessary 
technical tools. These tools comprised new types of 
vacuum tube design and behaviour, waveguides, 
cavities and a sufficient understanding of transit 
time and reactance problems associated with super­
high-frequency alternating-current phenomena. 

The magnitude of the research and development 
involved in bringing microwaves to their present 
state of development has been made possible only 
through the joint cooperation of governments, uni­
versities and industry operating under the pressure 
of "\•Vorld "\Var II. During this period, progress has 
been made in individual years th:;tt, under normal 
conditions would have taken a similar number of 
decades. Approximately three billions of dollars 
were spent for microwave developments and appli­
cations (principally radar) during this time by the 
United States alone. 

In microwaves, the engineer and the physicist 
have truly closed the gap ·separating theirrespective 
endeavors. The engineer reached microwaves by 
the development of equipment and techniques in­
volving a reduction in wave length from thousands 
or hundreds of meters down to centimeters or milli­
meters. The physicist reached microwaves by com­
ing down in frequency from the spectrum of light. 
Conversely, the engineer had to explore much 
higher frequencies while the physicist had to ex­
plore much longer wave lengths. Both have been 
limited by the development and availability·of suit­
able electron tubes for the actual generation of 
frequencies between 300 and 30,000 megacycles. 
They also had to develop an entirely new line of 
transmission and measuring equipment, popularly 
called "microwave plumbing." 

MICROWAVES vs. MEDIUM FREQUENCY 
CONCEPTS 

For the engineer and technician whose past radio 
experience has been largely confined to the very­
high frequency band or below, microwaves are 
unique in many respects. 

At low frequencies, inductance and capacitance 
are almost exclusively "lumped," while at the 
microwave frequencies they are almost exclusively. 
"distributed." This is a basic difference. It is true 
because at low frequencies, the physical dimensions 
of inductors and capacitors are very small as com­
pared to the wave length, while at microwave fre­
quencies the physical dimensions of any circuit 
component are comparable to the ·wave length. 

Consequently, no capacitors or inductors, as 
known for low frequency techniques, are employed. 
Instead, inductive and capacitive effects are ob­
tained by direct action on the magnetic and electric 
fields through the use of special structures or com-' 
ponents. 

Another basic phenomena is the skin effect which 
con fines all the curreiu to the surface of a good 
conductor. This makes it possibe to propagate en­
ergy through a hollow pipe without radiation to the 
exterior and to use resonant cavities in place of LC 
resonant circuits. 

The wave lengths involved for microwaves may, 
in practice, be as short as one centimeter (0.4 inch) 
or less, ·while the frequencies attained may be as 
high as 30,000 megacycles or more. The high a-c 
frequencies involved in microwave operations, if 
used with lumped inductance or capacitance as on 
low or medium frequencies would create prohibitive 
conditions because: 

1-Any inductance or conductor, despite its ideal 
path for the passage. of d.c., increases in reactance 
with increase of frequency to the point where it 
behaves like a virtual insulator or extremely high 
resistance. This is in accord with the formula for 
inductive reactance (XL): 

XL == 27!' >< frequency in cycles X inductance in 
henries. 

2-Any capitance or condenser, despite its ability 
to block the passage of d.c., decreases in reactance so 
as to effectively represent a virtual short circuit or 
very low resistance to the passage of a.c. at ultra- or 
super-high frequencies. This is in accord with the 
formula for capacitive reactance (Xc), namely: 

XC I 
(in ohms) 27!' X frequency in cycles X capaci­

tance in farads 
3-The total reactance (X) would be of very high 

order, made up almost entirely of that attributed 
to inductance. The reactance of any series circuit 
is-equal to the inductive reactance subtracted by 
the capacitive reactance, thus: 

X== XL-Xc 
(all expressed in ohms). 
·1-The Q or ratio between ratio of energy stored 

to energy dissipated becomes of a very high oi·der. 
If we were to consider the Q or ratio on the basis 
of a-c resistance divided by d-e resistance, an infinite 
value might develop. Except as the band width 
may be affected by modulation, high orders of Q 
convenient to develop on microwaves make pos­
sible such practical advantages as: (a) Signals of 
greater selectivity; (b) Concentration of the over-all 
transmitted power or received responses into a 

very narrow band of frequency spectrum rather 
than distribution over a wider band; (c) Em ploy­
ment of receiving equipment with a much narrower 

·band pass, thereby permitting improYcd signal-to­
noise ratios; (d) Utilization of increased amplifica­
tion in the receiver because of higher signal-to-noise 
ratios. This improves intelligibility, sensitivity and 
range. 

5-The new concept for the Kennealy-Heaviside 
layer and the earth, used in long range radio com­
munication, is that it represents "Nature's wave 
guide." l\licrowaves artificially and much more 
ideally simulates this condition by means of wave 
guides, which are in reality hollow rectangular or 
cylindrical pipes. 

6-"\,Vhercas the general concept is that cl.c. or lo,,· 
radio frequencies utilize the cross section of a con­
ductor for the transmission of electrical energy, this 
becomes increasingly untrue as the a-c frequency 
is increased. The current actually tends to confine 
and utilize only a path which is closer and closer 
to the surface until, in the case of microwaves, the 
bulk of the current actually travels within the first 
few millionths of a meter thickness of the con­
ductor .. This is known as skin effect. A conductor 
which because of its cross section has negligible re­
sistance for d.c. 'or low frequencies behaves as if it 
was of a much smaller gauge for the passage of 
microwave a-c frequencies. Measurable parameters 
in low frequency work are voltage and current, 
whereas at microwave frequencies, the parameters 
arc the voltage standing-wave 1·atio (v.s.w.r.) and po­
sitions of voltage maxima and minima. To mini­
mize the losses resulting from skin effects, micro­
wave components are either gold or silver plated. 
Gold plating also safeguards against corrosion. 

NUMERICAL ANALYSIS OF THE 
MICROWAVE REGION 

Microwaves arc generally considered to be the 
region of the frequency spectrum above 300 mega­
cycles in frequency or below 1 meter in 'vave length. 
In the absence of a standard nomenclature for the 
frequency above, or the wave length below, micro­
waves, the region between microwaves and infra­
red may be known as "ultra-microwaves." 

The Federal Communications Commission in 
the U nitcd States has designated the frequencies be­
tween 300 ami 3000 megacycles as the ultra-high­
frequency band (u-h-f) while frequencies between 
!WOO and 30,000 megacycles have been designated 
as the supcr-high-fn·quency band (s-h-f) . 

1\1 icrowave radar developments during and after 
\Vorld 'Var II resulted in the need for a more de­
taikd break-down in the micrmntn· spectrum that 
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more closely corresponded with the standard com­
ponents adopted for general use. A lthough addi­
tional letters are occasion a lly u sed to indicate cer­
tai n frequency regions, the following designations 
are rather generally used. 

T A BLE I-L.ette1· de,5ignat ions of 1·-t bands 

Frequency Wave Length 
Band (in Me) (in em) 

p 225 to 390 133.3 to 76.9 
L 390 to 1550 76.9 to 19.37 
s 1550 to 5200 19.37 to 5.77 
X 5200 to 11,000 5.77 to 2.75 
K 11,000 to 33,000 2.75 to 0.909 

The radio spectrum is dominated, so far as op­
portunity and channel space are concerned, by the 
m icro,ravc region. T hi s is apparent (rom tab le II. 

NUMERICAL ANALYS IS OF TH E 
ELECTRO-MAGNETIC SPECT RUM 

A lthough the micr0\n1Ve spectrum has abruptly 
in creased the available frequency spectrum 100 
times within this decade, it sti ll represents a n in­
fin itesima ll y small part of the ~ l ectro-magnc ti c 

spectrum which remains to be explored and 

developed. 
New units of wave length need to be employed 

in order to discuss the spectrum with reasonable 
con ve nient numbers. Prior to vVorld ' 'Var II, the 
"meter" was the principal unit used to indicate 
wave length. The development of radar during 
' Vorld ' 'Var II made the "centime te r" a common 
word for expressing wave length. In the future, 
millimeters, microns, mill i-microns and fin a lly 
a ngstrom units will necessarily be employed . The 
units which may be encountered and their dimen­
siona l relationships are tabu lated as in Table III. 

T he corresponding dimension and frequency in 
ki locycles which a wave length in each of the above 
units would represent are shown in T able IV. 

J ames C. Maxwell, the Physicist, predicted in 
1865 t hat a varyi ng electric or magnetic fie ld should 
propagate into space and produce a noticeab le 
effect at a d istan ce. H e set forth the theory that 
l ight is a n example of this kind of propagation, 
having a very high freque ncy and a very short wave­
length. He claimed that exactly the same p he nom­
ena should a lso occur at frequencies much lower 
than l ight where they cou ld be generated by ex­
perimen tal electrica l dev ices. T his was subse-

TABLE II- Cltannel sfJace in the mdio frequency sjJectrnm 

AJJ fnoximale 
A fJfJrox i ma I e Numbe r of 

Kilocycles Nrtmber of Official 
Pe r M e ter M e ters Per FCC !la11d 

Jl "m •e l .nrgtli FrNt ue ncv Band iu Change in Kilocyc!P Chrmge Abbrell iatiorr 
lla11d in ,\leters ,,-ilocycles W a11e L e 11gtli ;, Frequen cy (Frequ errcy) 

\ 'e rv Long \\'ave~ (!n -
f ini tv to I 0.000) 0 to 30 Be low 0 .1 O ver !133 Very low (v.l.f.) 

Lo ng \\'aves (10.000 to 
1000) 30 to 300 0.5 20 Low (Lf.) 

\ ft:d inm \\"c.1ves ( 1000 
10 100) 300 to 3000 5 .2 :'l leditllll (m .f.) 

'ihon \ \';1\ CS ( 100 10 

10) 3000 10 30 .000 :,oo .002 1-ligh (h. f. ) 

\ "t.:r\ 'ihon '\';l\ e" 
( 10 lO I ) 30.000 10 300 ,000 !>0.000 .00002 Ver y high (v.h .f. ) 

l ' lr ra S hort \\ ' a ve' ( I to 
. I ) ( Jnic rowa vc s) 300.000 w 3 .000 .000 ti .OOO.OOO .0000002 l ' ltra high ( ll .h .f:) 

S u per 'iho n \\ 'a ves ( . 1 
(s.h .f.) lo .0 1 ) (microwa ves) 3.000 .000 !O 30.000 .000 'iOO .000 .000 .0000000002 'i upcr high 

T A BLE I ll - D i mensionol rela I ionship 111 li11 eor measvremt>nt 

.\11'/er D e f'i m eln Ce ulimp/e r Millim Pier Mirl"OI! i\1 illi-minmr II rr gsl ro111 IIIIi I 

I me te r 10 100 J ,000 1.000.000 I .000 .000.000 I 0 ,000 .000 .000 
. I I d cci m e te r 10 100 100.000 I 00.000 .000 I ,000 .000 .000 
.01 . l I ('Cn t irnete r 10 10.000 10.000 .000 I 00 .000 .Oilll 
.00 1 .Ol . I I milli rnue r I ,000 1.000 .000 10 .000.000 
.000001 .00001 .0001 .001 l rninon 1.000 10.000 
.000000001 .00000001 .000000 1 .000001 .00 1 I mi lli -rniuon 10 
.000000000 I .00000000 1 .00000001 .0000001 .0001 . I I angstrom 11 11 i1 

TABLE IV-RelationshijJ of wave length to 

frequ ency 

11 ·m,efe11g tli 
IIIIi/ 

I m e ter 
I decimeter 
l centimeter 
I m illimeter 
I micron 
I milli -micron 
I angstrom u nit 

Equivale 11re i11 
i 11r li es 

39.37" 
3.937" 
.391!7" 
.03937" 
.00003937" 
.00000003937" 
.000000003937" 

Eq uivale11ce i11 
r.· i I ocycl es 

300,000 
3.000,000 

30.000.000 
300 .000 .000 

300 .000,000,000 
300.000 .000.000 .000 

3~oonoonoonoo~oo 

q uently achieved on the u l tra-h ig·h frequency por­
tion of the microwave region by H ertz in 1887 and 
on medium or low frequencies by wfarconi near 
the close of the same century. Since the available 
technical tools at the t ime consisted of crude spark 
gap techn iques, Marconi fo u nd i t necessa ry to move 
the art in the low frequency clii·ection, away from 
micro\\·aves or short waves, until the vacuum tube 
and its subsequent refi nements became ava ilable in 
later years. 

The tabu lation below covers the generally kno"·n 
wave lengths and frequencies of the entire electro­
magnetic spectrum at this time. For average con­
venience, the wave length is given in centimeters 
a nd the frequency in kilomcg·acycles (millions of 
ki locycles or bi ll ions of cycles) based on a pproxi­
mate or ro11ndcd figures. 

to this clay. His equations a re the most importan t, 
if not the only adeq uate means a,·ailablc in under­
standing and eva luating the theory associated "·ith 
modern microwave techniq ues. 

In the case of micro\\·aves, jt is necessary to d e­
velop a broader vision of the sig nificance o[ i\Iax­
'"ell's equations. It is !lecessary to a n alyze t he 
phenomena on the basis of wave gu ides and to cease. 
thinking of a wire or coil. Instead, it is n ecessary 
to consider that a dielectric or empty sp ace wi ll be 
substituted for a " ·ire or coil. 

Since it may be difficul t to conceive of a cu n ·e n t 
wi thou t a wire or some meta llic cond uctor to carry 
it, su ppose we first consider a solid conducting \rire 
" ·here a current of " i" amperes is flowing steadily. 
T hen, the magneti c lines of force "·ill be closed 
circles in planes "·hich arc perpendicul ar to the 
axis o( the " ·ire. Biot a nd Savart's hn1· states that 
the work done by a unit magnetic pole carried 
around the wire along the lines of magnetic force 
is numericall y equa l to the curren t in the wire . 
T h is Ia\\· may be computed or written as fo llows: 

J H -ell = i 
·where: 

J-1 is the magnetic field inte nsity vector or force 
acting tq"i a unit magnetic pole. It is given in am­
perc turns per meter. 

TABLE V-Electromagn etic speclnun 

R ad io 

Infra -Red 
l. ig-ht (Yis ible) 

Jl'mwle11gth limits 
( f'elltim e tcrs) 

llt(lX i lll l l ttl ·tJtitlittllllll 

3 .000.000 

.I 

.00008 

. I 

.OOOOH 

.00003H 

Freque11cy l imits 
(hi lo m egacycll'S) 

111i11illllllll lltflxint llllt 

.0000 1 

300 
:l7!i .OOO 

300 

~75 .000 
n10.000 

, . .1 . f. I I. f. I m. f. I h . f. I 
Y.h .f. / tt. h .f.js.h .f. I Exp. 

Hea l & black light. 
Starts with red. 

p rogresses throug h orange. yel · 
low. g reen . h l11e and viol e t. 

l ' lt ra -\' iolet 
X-Ra,·s 
Car111ita Rays 
Cosmi c Ra ys 

.00003R 
.00000 12 
.0000000 14 
.000000000 I 

.000001 2 
.OOOOOOOOOii 
.000000000 I 

indefin i te 

7!10 .000 
22500.000 

-1 :i ,000 .000 .000 
270.000.000.000 

22 .,-,oo .ooo 
-1 ,, .000 .000 .000 

~70 .000.000.000 
indclinite 

Clu.: mical & im is ihle . 

Radioact i,·c. 
Liu le known. 

THE DISPLACEMENT CURRENT 
The usual conce ption is that a varying magneti c 

fie ld is associated "·ith a "·ire carrying a lternating 
current. Converse ly, a voltage is induced across 
t he terminals of a wire wh ich lies in , or is CUt by, 
a varyi ng magnetic fie ld. 

T h is is helpful in understa nding the ex istence 
and propagat ion of electro n1agnctic fi elds, such as 
those co,·crcd by l\ l axwell's eq uat ions. T hese 
equati ons or la ws, useful " ·hen worked by mathe­
matics, arc rea ll y noth ing more than convenien t 
brief descr iptio ns of what is elemen ta ri ly described 
in this sectio n. Max"·cll 's laws or equ ations arc 
appli ca bl e wherever cur rents a nd ftc ltls may ex ist. 
The theory that i\ lax"·ell enJivcd in 1865 preva ils 

l is lengt h in meters. 
1-/-d/ is the e lementary work done by displ acing 

the force J-1 a long the elementary path dl. 
f indicates summat ion of al l these clements of 

work around a closed path. T he wire is considered 
in infin itesima lly smal l parts or elementary paths 
since co nditio ns arc varying every\1·hcrc along its 
length. 

Consider now, in lieu o[ a sol id " ·ire, the same 
wire wi th a short scn ion o[ it removed, resu lting 
in a sma ll gap in its l<'ngth. No"·· the circu it mJu lcl 
be o pe n. By d-e conce ptions. current ca n not flow 
in such a case. However, curren t does fl mu. It 
flOWS if the VO ltage IJet\l'ee ll the tWO SCctiOilS Of \\·ire 
is stead ily increased or varied as in the case of a n 
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a-c Yoltage. The gap represen ts a conde nser which 
the curre nt is charging u p. The capacitance of 
such a condenser (if the gap is narrow as com­
pared tO the cross section of the wire) is com puted 
as follows: 

A c = c s 
\Vhere: 

C i the capaci t~ncc in farads, 
c is the d ielectric constant of the med ium, 
A is the area of the pla tes which in this case is 

the cross section of the wire in m eters squared, and 
s is the distance bet" ·ecn the pla tes which here is 

the gap width in meters. 
CharO'inO' a condenser therefore mea ns changi ng 

b b 

the charge o n i ts plates and thereby changing the 
electric field across the dielectr ic. 

A magnetic fie ld H must exist everywhere aro und 
the sections of the wire in order tO satisfy B io t and 
Savart' Ia"·· Iaxwell stated t hat the same mag­
netic field a! o exists around the gap so lo ng as the 
current kee ps flowing in the wire a nd the con­
den er is charging or disch arging in accordance 
with the direction of curren t fl ow. 

A chang ing magnetic field is associated \\·ith a 
cha ng ing electric field in the dielectric, just as i t is 
associa ted with an alternating curren t flowi ng in a 
wire. So far as the magne tic field is concerned, it 
is the same thing to deal with a n actua l current 
fto,,·ing in a wire as to deal wit h a cha nging fi eld 
in a dielectric. The die lectric may be either ai r, 
polystyrene, empty space, e tc. 

It ca n be said, therefore, that a chang ing mag­
netic fie ld is as ociatcd with a clisfJlacemen l current 
in a dielectric which along \\·ith the mag ne tic effects 
of the usual a-c conduction current makes up the 
total magnetic fie ld intensity. The conduction cur­
rent ex ist when the \\·ire is there to carry t he energy. 
T he di~pl accme nt current ex ists when t he wire is 
not thne to perform this fun ction. I t is the d is­
placeme nt current which m akes it possible to have 
energy in free space and in a waveg uide. 

D isplacement current and cond uction current arc 
indisting uishable by their m agnetic e ffects. In the 
case o f conduction , there ex ists a conductor which 
has rcsi:-,tance losses with length. In the case of 
displacement current there is no conductor or wire 
to prod uce wch losses. Instead, the losses tl re di­
vided bet ween the dielectric and the wa lls of the 
wa vcgu id<'. These values are very m uch lower than 
for am pract ica l wire at microwave frequ encies. 
In micro\\'avcs, a wave g uide consisting of a hollow 
pipe i~ an effie ient transmission line. 

))i~placemcnt cu1 rent exists on ly in the presence 
of a timc\ar\'ing electric field in a die lectric. T he 

magnet ic field varies also. T his differs from a steady 
d-e conduction current which gives r ise to a non­
varying m agnetic f·ield . I t is experime n tally fo und 
and theore tically demonstrated t hat t he combina­
tion of varying electric field and va rying magnetic 
field, which is called an elect1·omagn etic fi eld, has 
a tendency to propagate in the die lectri c instead of 
remaini ng loca lized in the vici ni ty o[ the cond uctor. 
It is this tendency to p ropagate, " ·hi ch increases 
with frequency, tha t makes r adio communication 
possib le. T he velocity of such pro paga tio n is de-

· Pe!1den t only on the mediu m, being equa l to: 
l 

c- --
- v' c fl. 

where c is the velocity i n m j scc, 
c is the dielectr ic constan t in Faradj m, and 
fJ. is the magnetic constan t in henryj m . 

ln the Cllse of a ir or vacuum, c is 3 X 10s m j scc. 
T he product of frequency by wave le ngth is a lways 
equal to the velocity of propaga tion, so tha t 

f>.. = c. 
This re lationsh ip between frequency and \\'a\'e 
length makes it possib le to find ei ther one as soon 
tlS the other is known. 
THE TRANSMI SS IO N LINE A N D 
STAND ING WAVES 

T he conven tional transmi ssion line ma y be an a­
lyzed as a " return circuit" type. T ra nsmissio n lines 
arc use~ to conduct or gui de e lectri cal energy [rom 
one pomt to another. A \rave gu ide is one [orm 
of transmission line. 

T n the case o ( ~ower (reg ucncics such as GO cycles, 
the wave length IS in the order o( 5,000,000 meters 
long. At such a frequency, a transmission line 
100 m iles long wo uld represent less than a twenty­
fifth part of the wave length. Jn the case o ( mi cro­
\\·a vcs ho\,·evcr, such a tra nsm ission line IcnO'th 
would be between 5,000,000 an d 500,000,000 \r~,·c 
lengths long. 

\\' hen power is fed to o ne end of an y transm ission 
line, the power which will be availab le <ll the other 
end will a lways be less. Furthermore thi s loss is 
grea ter than can be attributed to the line's ohmic 
resista nee and the length o f the I inc. Losses result 
from skin e ffect, dielectri c losses and radi<tt io n. lt 
may be described as being d ue to the displacement 
current which is the result of the capacitance exist­
ing across the l ine. 

Spccirica lly, a conductor has resi. tancc and also 
ind uctance. \Vhen there arc two cpara ted con­
du ctors, there wil l a l o ex i t capacitance bet\\'een 
them. A pa ir of sepa rated condun ors \l'i ll also have 
resista nce bet11·ecn them, since the di <,lance between 
them is equivalent to a very h ig h rcl>i ·ta ncc (insula­
tion such as air) '"hich may be ca lled htt nt con­
ductance. 

·: 

'· 

All these factors give a two-conductor open line 
a characteristic impedance. This characteristic im­
pedance is the impedance that is the ratio of voltage 
to current which exists ao ·oss the input terminals 
of a theoretical li11e of infinite length . · In radio 
applications, this may be some value between 50 
and 600 ohms. Another type of two-conductor line 
is the coaxial type of line with a char acteristic im­
peda nce of the same order as that of the two-wire 

line. 
If wave guides are included under "transmission 

lines," the impedance has a much wider varia tion 
since it is a one-conductor transmission line. v\Then 
the impedance of a wave guide is defined as the 
ratio of the transverse electric to the transverse mag­
netic field, it can vary between zero and infini ty. 

Anything tha t changes the ratio of the tra ns­
verse electric field to the transverse magnetic fie ld 
in the waveguide, or the r atio of voltage to current 
in a two-conductor line, will cause power re flec­
tion at the point of the change. T he reflected power 
results in a wave u·aveling backwards from the 
refl ection source to the generator. T his wave is 
superim posed on the d irect wave. ' 'Vhen two waves 
are traveling on the same u·ansmission line in oppo­
site directions, they result in tllternate points of high 
and l0\1' energy called stan ding waves. T his is 
because the position of the voltage maxima and 
minima (as well as the position of current maxima 
and minima) does not change with respect to the 
point where the reflection occurs. T he presence o( 
sta nding waves on a transmission line is an ind ica­
tion that reflections occur somewhere along the line 
and consequently not all the power is delivered to 
the load . Part is reflected back and is therefore 
lost for the purpose of transmission. 

I[ the change in impeda nce occurs at the load 
itscl f the load will reflect back some power and 

' will no t utilize the whole amount o f power con-
veyed to it. In this case, the load is misma tched. 
A well-matched load introduces no reflections and 
absorbs the total power delivered to it. A meas­
llrc of the power lost by the load is the re fl ection 
coefficient K, ra tio of reflected voltage to direct volt­
llgc. Another rela ted quan t ity is the voltage stand­
ing-wave ra tio (v.s.w.r .) which is the ratio of the 
voltage at the max imum point to the voltage at 
the m inimum point. 

An infinitely- long transm ission line (solllething 
which ca n not exist in practice) will have voltage 
and current m aximas and mmunas occurring 
at iden tical po in ts and wi ll be in phase. T he waves 
will be moving down the line and there will be 
no detectable standing· " ·ave ratio. An in fin itely 

long line may be considered as terminated in its 
characteristic impedance. No stand ing waYes will 
exist in such a line. 

In practice, however, there is n o such thing as 
an infinitely-long mmsm ission I i ne. Dimensions 
must be finite and usually a load is attached to the 
line. In this case, matching of the load can be 
accomplished by means of several types of matching 

-devices. These substantia lly are such as to ca use 
a reflection of opposite char acter to that of the 
load. If the two reflected waves have equal ampli­
tude and opposite phase, they tend to ca ncel each 
other with the result tha t no reflected wave travels 
in front of the m atching device. Thus, if the load 
is cap acitive, the m atching device should be induct­
ive, etc. If the frequency is so high that a practical 
length of line can be made a substantial p art of a 
wave length, capacitive and inductive effects can 
be obtained simply by varyina t he lenoth of the 
line. 

0 
b 

M ICROWAVE TRANSFORM ERS 

T he phenomena existi ng in a two-wire l ine or 
waveguide as its d imcm ion is changed bct"·ecn zero 
wavelength and a quarter wavclcncrth makes p os­
sible conditions tha t on lower r adio frequencies 
always reguire specially prov ided coils, condensers, 
transformers, resistors and insulators. 

1\Iany or all of these components can actually 
be eliminated by taking adva ntage o( the inversion, 
capacitive, inductive and transform ation e ffects 
existing along some quarter wavelength d imension 
of a.n over-all hal£ wavelength. 
. F•gure l shows various effects or conditions pos­

Sible to ex ist alo ng a two-wire shorted or o pen line 
or. waveguide by in troducing a-c energy at one 
pom t and observing it at some subseq uen t point. 

Typical e ffects or results which may be developed 
by u~e ol such a tra nsmiss ion l ine of appropriate 
fracuona I wave length arc: 
! - Capacitance in lieu of a condenser. 
2- Incluctance in lieu o( coils. 
3-A series LC circuit beha vior at a po in t mid" ·lly 
between effects l a nd 2 above. 
4-A parallel LC cirw it behavior at a po in t m idway 
betwee n effects 2 and 1 above. 
5- .-\. step·up tra nsformer by i n troducing energy at 
a pot.nt o( low impedance and removing it tlt a point 
o( h tgher impedance with a resul t ing auto-trans­
former effect. 
6-.-\ step-down tra ns[ormcr by su itable co nnection 
at poin ts o( 10\1' impeda nce or vice vena to condi­
tion 5. 
7- .-\.n a-c inst~l a tor of conducting mat er ial by con­
necting to potnt o ( high im pedance. 
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8- .-\.ny value o[ impedance between virtual zero 
and virtual infinity will ex ist somewhere along a 
quarter wave length section of two-wire transmis­
sion line or a waveguide pipe of e ither an o pen line 
or shorted line type. It merely requires suitable 
connection or probing a t the correct point within 
the quarter wavelength dime nsional length. 

9-Conditions can be inverted by moving a quarter 
wavelength away from a previous condition. 

10-Cond itions may be r epeated by do uble-inver­
sion (two quarter wavelengths removed (rom these 
conditions) . 

~Iod i fications or adaptatio ns of the above listed 
phenomena or transformations can be utilized in 
innumerable ways to sif\\ pli(y m icrowave equip­
men t, limited only by human imagination and in-

genu i ty". 
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Figure l shows the circuit equivalents wh ich 
actually exist in either a shorted or o pen two-wi re 
li ne. The same reasoning applies also to a wave-
gu ide. 

Eight conditions are spot ted in this ill ustra tio n. 
Jt sho uld be understood that these condi t io ns do 
not abruptly occur but gradua lly change (rom one 
condition to an adjacent condi tion as the d istance 
is incre~sed along the cycl e. · It shou ld also be 
recognized that the entire cycle of events repeat 
themselves every ha lf wavelengt h, eve n though it is 
shown as the opposite alternatio n o( an a-c sine­
wave cycle. · 

Assumi ng that we have two id entical two-wire 
lines or wavegu ides, except that o ne is com pletely 
closed or shorted at one end, t hen the fo llowi ng 
condi tions may be noted: 

The solid sine-wave line is wh a t the voltage will 
be (or the shorted l ine and what the curren t will be 
for the open l ine. The broken or clotted sine-wave 
line is just the op posite, namely, what the vol tage 
will be for the o pen line and ·what the current will 
be for the shorted lin e. ' 'Vherever the voltage I S 

shown as mi nimum, or the current as maxin1utu, 
then the impedance will be minimum or virtually 
zero. ' 'Vherever the voltage is shown as m axi mum, 
or the current is shown as minimu m , then t he in'l­
peclancc will be m aximum or v irtually infinite. 
The var ious values bct\\'cen minimum a nd maxi­
mum will be availa ble for imped a nce, vo ltage an d 
current at difierent points a lo ng the line as illus­
trated . It will repeat itself endl essly ever y hal£ 
wavelength down t he li ne. At t he end o f t he cycle 
(360 degr ees), the cycle rep ea ts itse]( as if it were 
the bcg i n n i ng of the cycle (zero clcgrccs) . 

The conditions illustrated may be summ arized · 
as in Table VI. 

T hereafter : I Ys wavelength condi t io ns (or eithe r 
shorted or open Jines will be t he sam e as at Ys th 
wavelength. It will a lso be th e same for 2Ys th, 
3Ys th wavelengths, etc., and for other fract io ns of 
a waveleng th plus some whole n umber o f' wa \'C­
Iengths. 

' Vavelength may be m easu red as a hal( wave­
length between any t\\'0 max ima or minima of 

TABLE V I- A na lysis of ci1·cuit equivalents dejJ icted. in fig ure 

Condit inn 'ihorted Lilll' U f"'ll l .illl' 

--a·· 
7eru degree~ 
Zero wave length 

'"I)"' 
45 degrees 
).1\ th ll'ave length 

'" c" 
90 degrees 
!4 \\'ii\'C length 

I. i\lin imum impedance. 
2 . ;\Jin imum voltage. 
3. i\ f~ ximum currenl. 

I. Voltage and currcnl a re n earl y equal. 
2. I mped ance is an intermed ia te value. 
3. T he circuit behaves like pure induct­

ance. 

I. :\ lax imum impedance. 
2. \J ax im u m voltage. 
3. \lin imum curren t. 
4. T he circuit beha ves like a parall el rcso­

na nL circu it of capacitance shunted by 
ind unan ce. 

I. \ la:-.imum impeda n ce. 
~- .\1 ax i 111 u 111 \ 'O I lage . 
3. :\linimum curren t. 

I & 2. Sa me <IS fo r sh o rted line b u t o ppo­
sile in p h ase. 

3. The circu it bch a, ·es like p ure capa ci­
lance. 

I. \J in imum imped a nce. 
2. !\ fin im u m vo ltage . 
3. \la x im um curren t. 
·1. "J l1 e cin ui1 beh a \·es l ike a series reso­

nant ci rc u iL con1 p risin g a c apacita nce in 
ser ies with a n inducta n ce . 

(I) 

~ 
(2) 

FtGUR£ 2- Pii)'sicnl ConcejJls o["a TVaveguide 

e ither current or voltage. I t may be further veri­
fied b y taking readings at severa l such ad jacen t 
pairs o f maxima or minima anywhere far ther 
clown the wavegu ide or transmission line. This 
will hold true for e ither a shor ted or an open line . 

PHYSICAL CONCEPT OF A WAVEGU IDE 
A waveguide is the eq u iva lent o E a coaxial cable 

with the central conductor a nd su ppor ting insu­
lat io n spacing removed so tha t all that rema ins is 
a ho llow p ipe. 

T n p ra ctice, wa vcg u ides arc hollow pi pes, nor­
mall y rectangular or cylind ri cal and bbr icated out 
o f ma terial having good electr ical cond uctivity. 

\ Vavcguid es become increasingly necessa ry and 
fi nally in d ispensab le for the tra nsmission and prop· 
agatio n o [ rad io frequ ency energy when the wave­
length d imension is reduced to inches or even lcs 
as in t he case of super h igh freq uencies. T hi s is 
particular ly true w hen the d istance between the 
central conducto r a nd the inner sheath o f a coax ial 
cable, for example, a p proaches the dimension oE a 
quarter wavele ngth . At th(lt limi t, a coaxia l cable 
becomes e ither impossib le or unpred ictable in 
actu al practice. The rad io freq ue ncy energy u ncler 

such a con d it ion takes complex 01· unpredictable 
path s o ther t han dom1 the long itudinal path pro­
vided by t he cen u·al cond uctor. It m aY, for ex­
(l mple, t ry to take la tera l or semi-lateral paths as 
if t he central cond uctor were the earth and the 
conducting inner sheath wall o f the coax ial cable 
" ·ere a n ionospheric re fl ecting layer. " hile it is 
conceivable tha t a set o ( conditio ns im·olvino· ex­
tremely ca reful dimensions and uniformi ty of the 
c~b lc ca n perm it the use o( coa xia l cable at super 
l11g h frequencies, it becomes much more feasible 
a nd efficient to utili ze simple \\'avegu icle p ipe. 

F igure 2 shows the physical deta il co ncepts o f 
a sta ndard waveguide most com mo nly used i n 
m icro" ·ave "·ork. The deta ils are broken dm1·n 
into seven ()ar ts for easier unclerstan cl in o· o · 

P ar t 1 illustrates t,,.o sim p le p<u:allel , ,· ires or 
an open line. 

Part 2 illustra tes a shorted q ua rter-,,·aye line 
comparable to that d escribed for cond i t ion "c"' in 
figu re I. H ere i t is to be used as an a-c insulator 
even though i t is of electri cally conductive m e tal. 

Part 3 sho,,·s the sam e shorted q uarter-\\·ave line 
of Part 2 a ttached to a nd bela" · the open l ine of 
Part 1. 

Par t 4 shows the same type and size of shorted 
q uartcr-" ·ave l ine attached to ancl above the open 
line. 

Part 5 shows parts 3 and 4 combined to form a 
closed meta llic loop. T he two-,,·ire open l ine o f 
pa rt l can sti ll function as heretofore, as the short 
circu i ts of t he q uarter-wave shorted l ines arc at 
oppos ite impeda nce as described for figure l . 

Par t 6 shows (I large n u m ber o [ sim il arly d c­
vclopccl cl osed loops. 

Part 7 shows an in fi n ite number o( closed loo ps, 
so m any in fact that i t beca me a sol id p ipe. The 
e~act center of the "a" d imension (or the larger 
s1de walls correspond s to t he two "·ires shown in 
par t l. From the center u pwa rcls corresponds to 
q ua rter-wave a-c insula tors shown in parts 2 ancl 4. 
F rom the center down wards cor responds to q uarter­
wave a-c insu lators shm,·n in parts 2 and 3. 

Thus, an open line has become a solid p ipe. The 
"a"_ d imension d eterm ines the lowest frequ ency 
wh1ch can propagate down the wavegu ide and still 
make longitu d inal hcach,·ay The "b" dimension 
de term ines the max imu m amount o[ power wh ich 
the wavegu ide can sa fely handle without Oashovcr 
with in the wavegu ide. It a ffects the characteristic 
impeda nce of the wavegu ide. The "b" climen ion 
m ust be substantially less (usually a li ttle less than 
haH) tha n the "a" dimensio n to avoid any pos­
sib il ity of i t usurping the latter 's fu nction as to 
cut-orr frequency . 
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Figure 3 is a dra"·ing of standard types o( rec­
tangula r wavegu ide u sed on the so-called S band 
(3000 m egacycles), X band (10,000 megacycles) and 
K band (ab ollt 30,000 megacycles). 

ELECTRICAL CONCEPTS OF A WAVEGU IDE 
An an alysis of waveguide behavior is a three­

d imensional stud y an d is difficult to conceive by 
any single illustra tio n. A conducting pipe can only, 
serve as a wavegu ide if the electric field is zero at 
the supporting sides ("b " d imension) for the two 
reflecting su rfaces ("a" d imension). M ore correctly, 
it m ay be said tha t the tangential electric field is 
zero a t any (per fectly) conducting surface. T his 
results in two possible conditions: !- Zero electric 
field a t the side walls, or 2- electric field perpen­
dicular to the walls (top and bottom) . 

The development of the fields a nd resultant elec­
tr ical behaviour in a waveguide can be shown in 
the following eigh t illustrations: 

Figu re 4a shows the electro-m agnetic field in free 
space. A, B and C ar e wave fronts with the voltage 
distribu tion ind icated. T he two no_des (between 
A and B, and be tween B and C) are the zero poin ts. 
T he equivalent of sine wave d istribution exists 
since "A" is indicated as m aximum positive, "B" 
is indicated as max imum negative and "C" is indi­
cated as maximum positive. "A" to "C" equals 
the wave length in free space. "A" to "B" or "B" 
to " C" equ als a ha lf wave length in free space. T he 
direct ion of propagation is from "C" to "A" in the 
illustration. 

Figure 4b shows the same field en tering an open 
end o f a wavegu ide. T he dotted lines show various 

points· along the wave fronts str iking the wall of 
the waveguide at different points but a t the same 
angle of incidence. The solid lines a re the same 
points bu t at the angle o[ re flection. The a ngle of 
incidence is equal to the angle o f reflection, or vice 
-versa. "A" is the wide d imension of the waveguide 
which decides the lowest cut-off frequency or longest 
wave length which the waveguide can accept. 

Figure 4c shows tl~e same points of Figures 4a a nd 
4b, reforming in the ·wavegu ide as wave fronts 
again. They are now split into two p arts illus­
trated as "A1 " (negative) and "A" (posi tive). T his 
occurs because as each charge of the wave front 
strikes the wall of the guide and is re flected, it 
changes polarity. A condition exists where as each 
wave front is reflected, it reverses phase and r ein- · 
forces the next similar polarity wave front. It is 
by this means that propagation in a wavegu ide is 
possible. 'Without the complex ma nn er fn which 
the charges of a wave front re inforce each oth er, 
wave travel along a guide wou ld n ot be feasible. 

The boundary conditions or dimension of the 
waveguide have now created a voltage distribution 
of the charges in the wave fronts. The ch arges 
cannot exist at the boundaries of the "a" dimen­
sion because of the condition that prevai ls. A 
positive and a negative charge occu r simul taneously 
at the wall of the guide and cancel out. One charge 
is moving toward and the other away from the 
wall of the guide. Since it has been shown and 
Maxwell's equations state tha t there ca n n ot be 
any voltage maximum occurring at the boundary, 
it must be zero at the boundaries. If it is to be 
zero at the boundaries, t hen it will be m aximum 
a t the center or between the boundaries. This is 
a result of the moving charges cancelling a nd re­
inforcing each other. T he cancella tions occur less 
and less as the charges move towards the center of 
the guide until fina lly a m ax imum voltage condition 
exists. 

Sin ce the angle of the wa ve front in the wave­
guide is dependent on the "a" dimensio n, and since 
the wave which entered the waveguide was based 
on its wave length in free space, angle alpha h as 
changed with respect to the angle of th e wave front 
preparatory to entering the waveguide shown in 
fi gure 4 b. It m ust now be based o n the wave­
length in the waveguide instead o f in free space. 
Angle beta may be considered to be the a ngle of 
in cidence while angle alpha is the angle o[ r eflec­
tion Thereafter, the wave fronts re fl ect b et ween 
the wall s a t the same angle as they travel clown the 
long itu d in al axis of the waveguide. 

Figure 4d illustra tes another type of portrayal 
showing how M axwell's equa tion s are heeded in a 

/ + + 

Figure 4a ELECTROSTATIC FIELD IN FREE SPACE Figure 4b ELECTROSTATIC FIELD ENTERING OPEN WAVEGUIDE 
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Figure 4e MAX. VOLTAGE POINTS CAUSED BY CROSSING WAVEFRONTS f i gure 41 VOLTAGE VECTORS SHOWIN G SINE WAVE DIST RIBUTION 
ALONG THE GUiDE-AND ACROSS THE GUIDE 

f igure 4g ElECTRI.CAl SINE WAVE DISTRIBUTIO N AND ELECTROMAG· figure 4h ENERGY DISTRIBUTION FOR TE .. , MODE 
NETIC BOUNDARY CONDITIONS 
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wa\·cgujde as compared to what it \\·ould be in free 

space. The positiYe and negative va lues a t the walls 

add to zero and cancel ou t so tha t the electric field 

is zero at eYery point. On th e other hand, in the 

center of the waveguide, the positive values a nd 

the n egative values add to m aximum in every case. 

Figure 4e sho,rs the wave fron ts in a waveguide. 

The \rave fronts are steeper because t he wave fro n ts 

OYerlap in the cou rse of re fl ecting from wa ll to 

trai l. In doing so, they produce voltage gr adients 

shmn1 a vertical lines labeled minus or plus. 

Figure ·lf shows the vol tage vectors as the resu l t 

o( the \rave front conditio n of fig ure 4c. They 

correspond to the n egative a n d positi ve sym bo ls 

shmn1 in the previous figure. Figure '1£ shows a 

half sine "·ave d istr i buted across the "a" d imensio n 

and 10 inc \\·ave le ngth distributio n do"·n the 

longitudinal axis of the waveguide . 

Figure 4g ho w the electric fie lds as they cancel 

out at the \\·ails of the waveguide (comparable to 

figure 4d) plus the mag netic field d istribtlt io n which 

i zero in the cen te r and maximum a t the rad ius, 

corrc pond ing to t he dista nce (rom center to the 

side "·all . The magne tic field at its max imum in 

every alternation fills the entire "b" d imension of 

the \\·ayeguide w ith such a d istribution pattern. 

Each half-wave length corresponds to one pa u ern . 

The illustra tion bows two half pattern s and two 

Cull pattern totaling to 10 wave length . The sine 

\\"a \'e shown corre ponds to the electr ic field d is­

tribution in the center of the \ravcguidc. I t ex ists 

a t right a ng les to the magne tic field. 

WAVEGUIDE MODES 
\\.h i le the mechanica l con Lruction of a n y \\·ave­

g uide is apparently simple in that it seems to be 

a hollow pipe, the electrical phenomena which it 

must hou e is complex to analyLe. The complexity 

may result from the many m e thod of introducing 

or remoYing energy, as well as the innumerable 

ways, modes or patterns, that the waves can co n­

ceivab ly travel. Thi will de pend on the waveguide 

dimensions as "·ell as the wavelength or freque ncy 

of operation, \\·hich can be properly adj usted. T he 

efficiency may be anything from virtuall y zero to 

nearly 1 OO CJL depending on the energy distribution, 

wavegu ide dimensions Cor the wavelength involved 

and t he coupling provisions. 

The me thod of introducing the energy into a 

waveguide together wi th the shape and dimensions 

of the waveguide and the frequ ency determ ine t he 

diw·ihul ion of the electric and magne tic fields 

thcTein. I he distribution of these electric and 

magnetic field~ d etermines the mode of transmission. 

The mode is a pattern which the energy will or 

c<~n follow throughout the waveguide. Any wave-

g uide may have many modes. In any single wave­

guide h aving uniform dirnension, there will always 

be one domina nt mode. T h e d omina n t mode, b y 

de finitio n, is the mode with the lowest cut-off fre­

quency and it does not d epend o n how the guide· 

is excited. It depends on ly on the geometrical shape 

of the waveguide. 

The mode or pattern wh ich the e nergy follows 

throughout the waveguide is designated either TE 

(T ra nsverse Electric) or TM (Transverse i\f agnetic) 

in type. 
TE or Transverse Electric means tha t the electric 

field in· the wavegu ide is perpendicular to the ax is 

of the guide. It has no componen t a lo ng the lengt h 

or long axis of the waveguide. 

Ti\I or Transverse Magnetic means that th e closed 

loops o f the magnetic field are in p la nes perpend icu­

la r to the axis of the gu id e. It has no com po ncn t 

along t he long axis of the gu ide 

F ig ure 4h shows the electric and magnetic field 

d istribution in a typi cal wave g uide operating with 

the TE0 1 mode. The first nu mera l of 01 ind icates 

that zero h a lf-wave patterns exist across the cross­

cctio n of the guide along o ne d imensio n, whi le 

the second n umeral indica tes that 1 h aH-wavc pat­

tern exists across a d imension at r ig h t angles to the 

first. To introduce or extract e nergy [rom this 

waveguide, i t is necessary to insert a probe wher· 

ever there is a concentration of e lectric field in t he 

center of the "a" dimensio n, a lo ng correct points 

down the longitudinal ax is o( the waveguide. It 

may also b e done b y the use of a loop w herever 

there is a concentra tion o [ t he m agne t ic fi e ld i n the 

center of the "b" d imension, a lo ng correct po ints 

down the ax is of the wavegu ide. 

In the case of circu la r wavegui des, the fi rst num­

ber indicates the number of fu ll-wave patterns of 

the electric compone n t, e ncou n tered in travers ing 

the internal circumference of ihe cross sect ion . T he 

second nu mber indicates how m a n y h alf patterns 

will be crossed on the diameter. 

fercly doubling the frequency for a fixed wave­

g u ide dimension, or doubling t he waveguid e d ime n ­

ion for a fi xed frequ ency will d ouble the number 

of patterns wh ich may exist in the waveguid e and 

change the mode of opera tion. 

THE CUT-OFF FREQUENCY 

Figure 5 shows " nature's waveguide" as i t is 

common ly employed [or lo ng-range short-wave com· 

munication in free space. The (ra n m illing an­

tenna propaga tes wave fro nts which stri ke the io n­

i;cd layers above the earth e i ther d irectly o r by 

refl ection from the earth's surface. T he points be­

t 1rcen points o( con tact o f subscg uc n 1 reflect ions 

- ~-----------------
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is characterized by e ither no signals or weak signa)s. 

T he poi nts where the energy strikes the ea rth e ither 

directly or by reflection are characterized by strong 

signals and is seem ingly independent o( distance 

from the transmitting source to the rece iving point. 

Figure 5(a), 5(b), and 5 (c) arc fabricated wave­

guide comparisons with respect to the behavior of 

"nature's· "·avegu ide." In both cases, the freq uen- . 

cies which ca n be propagated or passed are limited 

by the cut-off frequency. Cut-off of the dominant 

mode in the rectangular pipe occurs when the width 

is 0.5 of the free space wavelength. In practice, 

attenuation may be high and transmission imprac­

tical for values lmrer than 0.7 of the Cree space wave­

le ngth. 

As compared to "mi.ture's waveguide" depicted 

in figure 5, the follow ing comparisons may be made: 

Figure 5(a) shows the behavior o( a fabricated 

1ravcgu ide at the cut·ofE frequency. The energy 

or wave front will reflect back and forth withou t 

a ny (onrarcl mot ion. Any longer wave length or 

l01rer frequ ency cannot enter the waveguide. "Na­

ture's wa1·eguide" has an "a" dimension (distance 

bet\\·een earth and the ioni;ed layers) too great at 

a ll t imes for this condition. 

Figure 5(b) shows how the \rave (rom s progress 

down the " ·avcguide longitudinally as the wave­

le ngth is less or the frequ ency is higher than cut­

off It is com parable to medium-frequency sky­

wave opera ti on for "nature's waveguide." 

F igure 5(c) shows the broade ni ng o f the angle as 

the \ravelength is fur ther reduced and the frequency 

correspondi ngly increased without changing the 

waveg uide dimension. 1l is com1)arable with hi <Th-
, D 

freque ncy ( hort-wave) sky-wave oper:nion for 

" nature's waveguide." 

If the freq uency is fu rther increased, the angle 

" ·ill increase further so that less reflections n eed 

to occur Cor a g iven amount o( progress down the 

1\·aveg u icle. l n the rase o( "nature's wavegu ide," 

such an angle will, because of th e h eight of the 

re fl ecting layer, result in the first reflection re tul11-

ing at a d istance exceed ing the dime nsions of the 

eanh and be lost in space. 

The fabricated 1\·avegu ide is cons ta nt in "a'' 

dime nsion and resulta'nt performance. "Nature's 

1\·aveguidc" is constantly varying in "a" dimension 

because of hour, season, nigh t and day and the 

influence of the sun. ln practice, a fabricated 

1\·avcgu ide is unvaryingly l imited as to maximum 

wavele ngth it ca n pass. On the other hand. "na­

ture's "·aveguide" is varyingly limited by the 

shoncst wavele.ngth or highest freque ncy i t can 

return to earth, as the density and he ight o( the 

re fl ecting layers change \\·i th time of day or night 

and with season as well as other (actors. 

ENERGY VELOCITIES IN WAVEGUIDES 

The velocity of energy propagation in a wave­

guide 1rill differ from that in free space. pe­

cifically, the group velocity will be less, whi le the 

p!wse velocity 1rill be greater tha n the peed of 

light. 

Group velocity h as reference to the propagation 

of radio freq uency energy down a wa veguide . It 

tnust a lways be less than the velocity o( such energy 

through free space, so far as propagatio nal prog­

ress clown the waveguide is concerned. This is 

attributed to the fact that the waves do no t traYel 

directly clown the waveguide. Instead, they refiect 

from wall to wall. The length of their path is 

therefore the ang:ular lenn·th fo llowed bv its zio--zao-
._, t:) I \:) b 

course rather than the stra ight waveguide length. 

The longer path which the group velocity follows 

necc itates a reduced rate of progres do1\·n the 

l,·avcguidc. I t is the velocity in free space over a 

longer or ind irect path, as determined by t he an­

gular re flections w ithin the wavcrruiclc On hio-her 
0 0 

frequencies, the angle is such that there will be 

less reflections in a o- ivcn lcno-th of wa\·erruiclc [see 
" " " figu re 5 (c) ] . On lower freq uencies, the angle is such 

as Lo produce more reflections in a given length of 

wavegu ide rsec figure 5 (b)] . This means that the 

group veloci ty more closely approaches the velocity 

in Cree space as the frequency is increased in ide a 

given waveguide dimension. 

Phase velocity is the product of frequency times 

wave length. The wave length is actua l ly the dis­

La nce between two pla nes of the ame pha e per­

pendicu lar to the direction of propagation. In a 

wavegu ide, th is distance is longer than in free space 

beca use of a ngular reflections. T herefore, the ap­

parent velocity of propagation of phase velocity is 

grca ter than in free pa ce. 

\ I icrowa\"C' encrg~ in trave ling dmm a 1raveguide 
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m u t th erefore be evaluated in a m anner com­

parab le to sky-wave oper a tion on lower frequencies 

rather than direct-path transmission tha t co.uld 

exist i n free unobsu·ucted space. 

WAVEGUIDE BENDS AND SHAPES 
A stra ight run of waveguide h as rela tively-low 

losses. T he principal losses w ill be due to interior 

skin e ffects a nd tha t of the dielectric. The skin­

e ffect losses are minimized b y pla ting the interior 

of the waveguide with gold or silver. Silver has the 

best conductivity but is incl ined to ox id ize. Gold 

has slightly le s conducti vity tha n ~ilver b ut will 

not corrode or oxidize with time and exposure. 

T he larger the inner p erime ter, the lower will 

be the u·ansmission loss in a ny waveguide. A clean 

smooth surface is required, as small cha nges in in­

ternal dime nsio ns due to e ither corrosion, dirt or 

imperfect machining, acts as a constriction within 

the wavegu ide wh ich resul ts 111 misma tch or 

reflections. 
\ Vaveguides, w hen r un in ot her tha n straight 

direction , arc subject to impeda nce m isma tch and 

increased los cs. U nlc s carefully d esig ned . serious 

impedance m ism a tch can resul t, due to non-uni­

form ity of d imensio n and spacing between the 

waveguide wa ll . D iscrepancies o f this type will 

make t he waveguide less ideally cor rect for a par­

ticular f'req ue ncy or m od e of o pera tio n. Instead, 

it " -ill b ecome correct for some other frequency 

a nclj or operating mode. J( a waveguide is twisted 

sufficiently, it w ill a lso resu l t in a ch a nge of polar ­

ization. 
.\Vhen n cccs ary to bend the waveguide a long 

its r un, the b end shou ld be as gradua l as possible 

in order to m inim ize losses in tra nsmission effi­

cien cy. A bend in a wavegu ide can be com pared 

to a transmi sion l ine provided with two lumped 

reactances at the beginni ng and at the end of the 

b ent section. 
T he problems associated with executing a change 

of direction in a wavegu ide system (such as (or 

a bend or elbow) are both mecha nical and elec­

trical. The mech a nical p rob lems are those e n­

countered in bending, cutting a nd so ldering the 

metal waveguide. The electrica l proble ms incl ude 

kee ping the entire wavegu ide li ne electr ica ll y as 

" fi at" as possible an d no t to in troduce a ny dis­

continuity because of cha nges in d irectio n. R eAec­

tions a lso occur at the junction plane between 

stra ight and bent waveguide sections. 

WAVEGUIDE AND CAVITY APPLICATIONS 
Cavity resonators are a modification and special 

applicatio n of waveg uides. They are me ta l cham­

bers built up o f simple geometrica l shap es such 

as cylinders, spheres, cones, etc. It m ay be a wave­

guide closed at both ends with e nergy in troclucecl 

and removed at such points as may be correct for 

the d esired mode of operatio n. T he e lectro-mag­

neti"c fie lds in a cavity are wholly interna l. lf made 

of meta l walls thicker than the depth of electrical 

fie ld pene tra tion (skin effect), the electric fie ld on 

the outside of the cavi ty may be comple tely isolated 

froni the interior of the cavity. T he current flow 

is r estricted to that surface of the m e ta l chamber, 

in this case the inside, which is ex posed to the 

electr ic field. L arge currents may actua lly fiow on 

this inner surface with practically no ne on the 

outer surface of the cavity. So long as the field is 

bottled up within the cavity, there will be no elec­

trica l coupling to adjacent objects a nd n o energy 

will be lost by radia tion . 
Cavity resonators m ay be used for functio ns such 

as: 
1- Tuning in signals on a p articula r freque ncy by 

varying the· diniension of the cavity. De M or nay 

Budd m anufactures several types including cali­

brated types where the internal dime nsio n may be 

varied or tuned by an externa lly contro lled cali­

brated micrometer adjustment. 

2- To provide a circuit h aving a high order o f Q. 
3-T o couple two circuits together such as coaxia l 

to coaxial, coaxial to waveguide or waveguide to 
waveguide. 

4-To couple two circu its o( different characteristics 

such as two differen t imped a nces, a large to a sma ll 

coaxial or waveguide, etc. 

5-To couple the electric or magne tic field . T he r-f 

energy may be introduced into or removed from the 

resonant cavity either inductively, cap acitivcly or 
by radiation. 

The full list of applica tions for waveguides are 

unlimited in the field of microwaves so long as 

the wave length dimensions are physically conveni­

ent to uti lize. They may be principally summarized 
as follows: 

1- The most important appli catio n is for the trans­

m ission of energy from a source to a load. 
2- T o act as a band pass filter. 
3-T o act as a band elimina tor. 
4-To serve as a fixed or variable atten uator. 

5- T o simulate the ionosphere and the earth on 
microwaves. 

6- T o develop a high Q. 
7-To replace op en wires or coaxial cable as a trans­

mission line, where these would be both physically 

and electrically impossible on su ch high freque ncies 

or short wavelengths. 

8- To act in lie u of a n a ntenna for p ropagatio n 

directly in to space by means of a Darcel end, thereby 
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becoming an electromagnetic horn. 

9- To serve as a step-up, step-down or one-to-one 

tra nsformer. 
I 0-To provide cap acitance effects when used with 

wavelength less than a quarter wavelength, open­

circuited. 
11- To produce the effect of circui t inductance 

when used with length s less than a quarter wave­

length close-circuited. 
12- To siinulate a series resonant circui t or short 

circuit when used for a quarter wavelength , open­

circuited. 
13-To simulate a parallel resonant circuit or open 

circuit when used for a quarter wavelength, close 

circu ited. 

l-1-To invert the imped ance by use of a quaner­

\l"ave section. 

15-To ma tch any impedance to a n other impedan ce 

by use of the correct length of waYeguide ,r ith in an 

OYerall half wavelength. 

SKIN PENETRATION OF METALLIC 
CONDUCTORS 

In e ffect, it is true to claim tha t d .c. a nd ver y low 

a.c. energy flow in conductors while a.c. at micro­

wave frequencies fiow on conductors. A situa tion 

develops where a conductor h aving neglig ible re­

sistance to the flow of cl.c. has appreciable resista n ce 

for a.c .. since the latter can only utilize a current 

path restricted to the surface. 

... 
GRAPH FOR COMPUTING THE R~SISTANCE AND DEPTH OF PENETRATION OF METAlliC CONDUCTORS ON FREQUENCIES BETWEEN 100 AND 

100.000 MEGACYCLES WITH REFERENCE TO A METALLIC STRIP ONE CM. WIDE AND 1 METER LONG. 
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TABLE V II-Shin jJenelration in metallic conductors 

,\fetal 100 :\ lc 1000 i\fc 10,000 i\fc IOO ,OOOMc 

ohiiJS de p th • ohms depth • ohms d ejJth • oil IllS de jJtl! • 

Brass 0.005 12.6 0.0 16 4.0 O.O:i 1.26 0 .1 6 0.'10 
.\ luminum 0.003-~ 8.6 O.Oil 2.7 0.03·1 0.86 0. 11 0.27 
Gold 0.0032 8 .2 0.0 103 2.6 0.032 0.82 0.103 0.26 
Copper 0.0026 6 .6 0.0083 2.! 0.026 0.66 0.083 0.2! 
Silver 0.0025 6.5 0.008 2.0 0.025 0.65 0.080 0.20 

• Depth is given in mill ionths of a meter. 
Xote : T he resistance increases in accord ance wi th the decrease in skin depth of penetration. Between 100 and 10,000 

l\fc or between 10,000 and 100,000 :\[c, it can be noted that the frequency was increased 100 times wh ile the resistance in ­
creased as the square root of the increase, or onl y 10 t imes. The depth of penetration decreased in versely to the increase in 
resist a n ee. 

Figure 6 is a calcula ted graph showing· the five 
principal types of conductors or plated surfaces 
(brass, al um inum, gold, copper and silver), used 
for the transmission of mi crowave energy. The 
graph is calcula ted to show frequency versus a-c 
resista nce versus depth of penetration. It is based 
on a metallic strip o ne cen timeter wide and one 
meter in length. In practice, the strip may be 
m uch less in "·id th to increase the resistance a nd 
m uch shorter in length to reduce the overa ll re­
sistance. As laid out in figure 6, skin effect may 
be computed and compared by use of tabl e VII. 

RADCM MODIFICATION KIT MX-833 / SL 

The radar countermeasures M od ification Kit 
~!X-833/SL is designed for use with t he Model 
TDY-1 Radio Transmitting Equipment and the 
:Model DB:'\1-1 R adar Direction-Finder Eq uipment. 
It is designed to provide an operator with remotely­
controlled switching facil ities for any and all an­
tennas and associated receivers, panoramic adaptors 
and pulse analyzers in the radar counter measu res 
system. 

This modification kit makes obsolete the m anual 
method of antenna selection heretofore employed 
in the R.\DCM system room, e limi nating such 
equipment as the .J-llGj SPR Anten na Selection 
Panel and the ;\avy Type C\VI-2-!695 Lever Switch. 
It also makes possible the automatic switch ing 
from one to the other of the model TDY- 1 an tennas 
installed on the pedestal. 

Attention is invited to the fact that these mod ifi­
cation kits will be available only as ou tlined in the 
Material Improvement Project 1\ o. 125, B ureau of 
Ships );o. 67-23 dated 20 May, 1947, since only 25 
kits have been procured from the Designers for I n­
dustry, Cleveland, O hio, under Contract N Obsr-
30017 dated 14 May, 1946. T he fu·st two kits re­
ceived have been subm itted to Operational Devel­
opment Force for cnduat io n tc ts. T he ba lance 

Various conclusions may be reached in comparing 
the d ifferent types of metals described above. In 
pr.actice, there are inn umerable materials which 
may be used either plated or unplated. T he best 
to date are brass, copper, aluminum or the appli­
ca tion of silver or gold plate on such materials. 

:\formally, all test components a re su pplied with 
an overall gold plate, which has proved to be the 
best compromise for freedom from corrosion, co n­
du ctivity and permanence o f' electrical character­
istics. 

\r ill be sh ipped to Mechanicsburg, Pennsy lvan ia, 
for reshipment. 

Each mod ification ki t weighs approx imate ly 293 
pounds crated, and 194 pounds uncra ted. T he 
complete ki t, including equipment spares, is con· 
tained in seven packages. Operation is from 110-
vplt + 1 0%, 60-cycle a.c. , and the maximum current 
requi red is 30 amperes. These 25 kits provide as 
an in terim measure an automatic con trol feature 
for the present RADCM system, until such time as 
the 1\II odel A T jSLR-1 (formerly the AN jSPR-5) 
Cou ntermeasures Receiving Set and the ANjSLT­
l (SN) Countermeasures Transmi tting Set become 
ava ilable for shi pboard installation. The availa­
bili ty ela te for this equipment has been tenta tively 
assumed to be la te 1949. 

Tn the mea nti me, with the Mod ifi cat io n Kit i\ l X-
833jSL sw itching arrangement, i t is possib le to 
use e ither the DBM-I antennas or the T DY-1 a n­
tenn as as search or cli rection-findin o- antennas. Also, 
facilities are provided for conn e~ting search re­
ceivers to the vario us antennas. By means of re­
motely-con trolled coaxial sw itches the individual 

' uni ts of the TDY-1 and the DBM-1 ca n be .con-
nected in several combinations. T he con trol is 
accomplished from a ce ntral loca tion, and pilot 
lights arc provided to ind icate the positio n of all 
coax iai S\l" i tches. 

T he external wiring for the automat!c switching 
including associated equipment and antennas is 
given in Bureau of Ships Drawing. RE IOOJ 209A 
(which supersedes Drawing RE lOOJ 190C). Activ­
ities desiring to do so can obtain copies of this 
drawing from the Electronics Officer at any N aval 
shipyard. It is expected that elementary ou tline 
and interconnecting dimensional drawings for 
Mod ifi cation Kit MX-833j SL will be available for 

distribu tion as soon as the kit is approved for ship­
board installa tion. 

T he installation of J'vi od ification Kit l\IX-833/ SL 
can be accomplished by ship's force (2 men) in ap­
proximately two weeks time if the ship's transmit­
ting and receiving functions are loca ted in the 
same room. If a ship has two sp aces a llowed , one 
for each function , then Naval ship yard availab ility 
will be requ ired before the kit can be installed. 
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// By H . s. BLACK ~ ......__. ----

/ Reprinted from Bell Laboratories Record 
By Permission 

• A new technique for long-distance multi-channel 
telephony has been developed that is capable of 
unu sually fin e fidelity and is entirely undisturbed 
bv a ll but abnormall y high noise. Theoretically, 
tl ~c value of the peak noise may be nearly equal 
to the pc<tk signal. "With this new system, employ­
ing a procedure known as pu lse code modulation, 
the voice is transmitted as a sequence of on-or-off 
pulses, wh ich arc coded to represent the values of 
the signal <tt regularly spaced short in tervals. It 
lends itself read ily to multiplex ing by time divi­
sion, and thus will permit a single circu it to pro­
vide a number of chan nels. Pulse code modula tion 
requires extra frequency space, "and _a t. present 
seems particu l.arl y adapted for transmtss tOn over 

111 icrowave radio-relay systems. An eigh t-channel 
system employing these principles was produced, 
and o-ave very satisfactory transmission and excep-

t> . . 
tional freedom from interference dunng extens1ve 
and rigorous trials. Other work carried on simul­
taneously by " ' · M. Goodall, Radio Rcsc<~rch, re­
su lted in the development of an experimental sys­
tem using a different method of cod ing. Pulse 
code mod u Ia tio n by another method is proposed i'n 
a U . S. pa tent issued to A. H. Reeves and assigned 
to In ternational Standard Electric Corporation. 

O ne 0 ( the m<~jor problems of telephone trans­
miss ion h as been the reduction of noise and dis- , 
tonion that is picked up along the path or intro­
duced by associated equipment. Up to the present 
t ime, noise and distortio n has remained a control­
lino- fa ctor in long·-di tance transmission. T his is "' ~ 
principally beca use of the cumula tive bui lding up 
of noise and other transmission impairmen ts with 

each of the many ampl ifi cations necessary OYer long 
distances. 

T he development o( pulse code modula tion, com­
monl y referred to as PCl\I, makes it possible to re­
move noise and d istortion as a limiting factor by 
basing the reconstruction of the continuous m essage 
wave at a receiving stat ion on the arrival or fai lure 
to arrive of pulses, nothing more. At every re­
peater point in a PCM system, simply this pres­
ence or absence of pulses is all that is required to 
permit the message to be regenerated and given a 
fresh, noise-free start. In a well-designed PCM sys­
tem, there should be practically no transmission im­
pairment cl ue to addi ng repea ters. Except for a 
small delay, chiefly due to the fin ite velocity of 
propagat ion, the code cha.ractcrs delivered by the 
last repeater correspond to the code input a t the 
sending end , and thus will convey the identical in­
telligence carr ied by the code o utpu t of the first 
u ·<~nsmittc r. 

At any instant the voltage prod uced by a tele­
phone tr<~ nsmiucr may be positive or nega tive as 
the pressure of th e <~cous ti c wave becomes g,-cater 
or less, and because of the rapidly changing char­
acter of speech, with its irregular a nd complex in­
tonations, <tnd because the resu lting voltage may 
h <~vc any of an infinite number o[ va lues between 
the p lus ami minus limits fixed by the system, it 
might seem impossible to substitute a simple se­
q ucncc o[ coded on-or-off p ulses for it. Conversion 
of voice to coded p ulse signals is possible, however, 
by usc o( two pri nciples : ampli ng and quantizing. 

It was sho\\"n many years ago that if a signal is 
amplccl jnsta ntancously at regular intcn ·a l and at 
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a rate sligh tly higher than twice the highest signal 
frequency, then the samples will contain all of the 
in formation of the original signal. This means that 
if a voice " ·ave were plotted , it co uld be reproduced 
in all its deta il from the values of a set of ordinates 
erec.ted at equally spaced intervals provided the 
separation of the sampling ordinates be not greater 
than half the period of the high est component fre­
quency of the origina l wave. If <L voice wave, for 
example, is passed through a low-pass filter whose 
cu t·off frequency is below 4,000 cycles, all of the in­
format ion necessary for its distortionless reconstruc­
tion is conta ined in a set of very short samples of 
the voice wave taken a t regular intervals at the 
rate of 8,000 per second. No intrinsic distortion is 
involved. 

Applica tion of the sampling principle reduces 
the problem tQ one of sending a finite number of 
bits of information giving the va lues of the samples 
of the voice wave. However, the complete transla­
tion problem still is not solved because the samples 
may and generally wi ll occu py a continuous range, 
and thus a n infinite nurnber, of values. This diffi­
cul ty is resolved by a second step: the application 
of the quantizing principle to the samples obtaine~:l. 

If one experimenter were obtaining points o n a· 
curve and calling them to a second person for plot­
ting on a graph, i t would be necessary for them to 
agree on the precision with which they must work. 
If they agreed to use two significan t figures, for ex­
ample, they might choose coordinate paper with 
99 lines above and 99 below the axis. Each point 
then would be plotted on one of 1 hese lines. Those 
experienced in curve plo tting woulJ expect to ob­
tai n a good li keness to the original smooth curve 
in spite o ( the fact that only 199 possibl e discrete 
Yalues of sample had been used. 

T he quantizing principle states tha t each of a 
set of small ranges into which a larger range may 
be eli vicled is ass igned a single d iscrete number or 
character , such as tha t correspo nd ing to the mean 
of the range. In the example above, any value from 
-0.5 to + 0.5 would be called zero, or any value 
between 94.5 a nd 95.5 would be called 95. It is 
q uite apparen t that some d istortion or granu larity 
is inherent in the application o f the principle of 
quantization to a n electrical signal carrying the in­
formation o f the spoken word. T he greater the size 
of the range assig ned to a g iven character and the 
fewer chara cters used, the greater will be this granu­
larity. The problem then is to determine the small­
est n umber of steps into whi ch voice sig na ls may 
be quantized without serious distortion , and wha t 
should he the size of each step. 

The range of voltages covered by voice signals, 
from the peaks of a loud talker to the weak passages 
of a weak talker, is roughly of the order of a thou­
sand to one. If the range of voltage ass igned to each 
code character were small enough to keep the 
granularity within the desired limits, and if the 
range assigned to all characters were the same, it 
-would be necessary to assign about a thousand ch ar­
acters to cover the full voltage range. By making 
the steps-vary approximately logarithmically, nearly 
uniform percentage precision is obtained through­
out most of the range and far fewer steps are 
needed. It has bee n found by experience that six­
teen steps which vary logarithmically give quite in­
telligible speech; that th ir ty-two give acceptable 
quality even if several such systems are connected 
in tandem; and that the granularity introdu ced by 
a well-designed system using 64 characters is lit tle 
enough so tha t the recdnstructcd speech ,,·ave is 
reproduced to a h.igh degree of fideli ty as judged 
by experienced observers. vVith simple on-or-off 
pulses, the number of available characters is equal 
to 2 raised to a power equal to the number of pulses 
comprising the code. T hus with four pulses per 
character, sixteen characters are possible, with five 
pulses, thirty- two characters, and with six, sixty· 
four. A five-pulse binary code will therefore give 
acceptable quality, whereas a six-pulse code will 
a fford high quality. 

Applicat.ion of the sampling princip le p ermits 
tl?e recluct1on of a con tinuous voice signal to 8,000 
discrete samples per second, and app lica tion of the 
quantizing principle permi ts each sample to be rep · 
resen ted wi th sufficien t accuracy by c9ded charac· 
ters that usc the various comb inations o f five or 
six on-or-off p ulses. 

Pulse code modu la ti on a lso permi ts mul tiplex ing 
the channels by time division. If the pulses are 
~hort, so that the five or six on-or-oil pulses compris­
mg one character ca n be sent in a small fraction of 
the 125-m icrosecond interva l betwee n characters, 
the clea r .time may be occup ied by code pul ses from 
other .vo•ce . channels, thus perm itting m ul tiplex 
opcratwn With many channel s. 

l-l o~v the .sampling and the quantizing principles 
permtt a vo1cc [req uency wave to be transformed to 

a sequence of pu lse codes is indicated in the dia· 
gram on page 266. At the upper ldt are shown two 
~ ine ~vaves which may be assumed to rep resen t in 
tcleahzed form the highest volu me sig nal to be 
tra nsmitted and a lower signa l. The sa mpling 
po in ts, spaced 125 m icroseconds apar t, arc indi­
cated by clashed lines and marked O, A, B . .. ] , 
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Tran sformation of voice to code pulses. T he input signal, 1·epresented as a sine wave at the 
u pjJer left, is comp,-essed loga1·ithmically to give the cume shown at the upfJer 1·ight. Samples 
are taken every 125 microseconds and each samj;le is conve1·ted to a fi ve-pulse binmy code as 
shown in the lower line. To permit all eleven codes to be indicated, the time scale is disto1·ted 
- mailing the time between successive codes much shorter than it actually is. 

inclusiYe. It is the voltage va lues of the original 
wave a t these poi nts, a fter they are quantized to a 
logari thmi c sca le and then coded, that are to be 
transmitted . Si nce the values of the samples to be 
transmit ted are on a logarith mic seal!:!, the voice 
wave ma y be passed through a logari thmic com­
pressor to give the curve at the upper righ t. It 
will be noticed that the effect of th is compression 
is to increase the rela tive values of the low vol tages 
and to decrease those of the h igh voltages. For the 
graph at the upper righ t the ordinate scale, in­
stead of extending to posi tive and negative values 
from a zero axis, starts from the botton} of the nega­
tive loop of the h ighest volume signal to the top 
of the positive loop of the same ~ igna l, and the in­
tervening distance is divided in to thi rty-two equal 
spaces marked from 0 to 31 on the diagram. A 
value of signal falli ng anywhere with in the l imits 
of the No. 4 space, for example, i5 transmitted as 

a 4 in binary code. 

Along the horizontal time axis below the two 
curves are the eleven code patterns that would be 
transmitted to represent the values of the eleven 
samples as obtained from the curve at the upper 
right. A solid line is used to ind icate a pu lse, and 
a dotted line, the absence o f a pulse. To permit 

all eleve n codes to be shown across the width of 
the page, it has been necessary to distor t the time 
scale. Actually the codes are spaced 125 microsec­
onds apart since the samples are taken at the rate 
of 8,000 characters per second, while each code 
itself requ ires only about 16 m icroseconds. O n a 
true time scale there is space for the codes for 
eigh t channels. 

A single-channel PC I system carrying speech 
ru ns at 8,000 characters per second, and the eight· 
channel system mentioned earlier, shown in the 
photograph on Page 267, runs 64,000 per second . 
T he pulsing speed is 8,000 X 8 X 5, which is 
320,000 on-or-off pulses per second . I t is apparent 
tha t h igh-speed electronic devices must be used to 
attain such speeds o( operation. Surprisingly large 
numbers o ( possible devices have been p roposed, 
rangi ng from standard types of Yacuum tubes to 
more complex structures, and many o f them h ave 
been tr ied out experimen tally. 

Pu lse code n)oclu lation appears to have excep· 
tiona! possib il ities in its freedom from interference 
especially when applied to systems havi ng many re­
pea ters in tandem, but i ts full signi ficance to the 
rad io and wire transmission of the future. may take 
some time to reveal. 
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BASIC PHYSICS 
EARLY HISTORY OF MAGNETISM 

The property, called magne tism, which gives cer­
tain metallic su bstances the power to attract cer­
tain other u bstan ccs to it, has been kno"·n [or cen­
turies. T he ancients discovered that a certain b lack 
mineral possessed this property in a natural state. 
The particular ore (or, subsequently any substance 
that exhibi ted this property) came to be known as 
a magnet. The terms magnet and magnetism "·ere 
probably derived from the p lace called Magnesia, 
in Asia :\1 inor, " ·here the ore \\·as first found in pl en­
tiful quantities. A natural magnet is composed of 
oxides of iron (feO and Fe:!03) and is chemically 
known a magneti te. 

1\Iag ne ts were originally called " lodestones" or 
"leading stone " because it was discovered that, 
when they were suspended a t the centers and free 
to rota te in horizontal planes, they would align 
themselves in a general north-south direction. T he 
end which a lways pointed north was ca lled the 
north-seeking or positive pole of the magnet; the 
other end, the so uth-seek ing or negative pole. T he 
signs o f po larity(+) and (-) have no direct connec-

A 

Part 11 

B 
fl(,l RF 1-(A) L odestone or natural m ag net. cB) A1·ti[iral or bar magnet. The 

poles m·e shown by concentration of nails where lines of fo rce are strongest. 

l - -

tion wi th electric current flow, but are used simply 
as a convenient, arbi trarily-accepted designation. 

Prior to 1820, magnetism was not thought to have 
any connection with electricity, but was merely de­
scribed as a peculiar proper ty of iron oxide, or mag­
netite, which enabled it (I ) to align itself in a north­
sou th d irection when free to rotate horizontally, (2) 
to attract a certain few other substances, and (3) 
to impart magnetic proper ties to these substances. 

T HE PHYSICAL PROPERTIES OF MAG NETISM 
The property of a magnet to attract other mag­

netic substances can be demonstrated by dipping 
both a natural and an artificial magnet into a bas­
ket of small iron nails as in figure 1. Note that nails 
are attracted to both magnets in quantities deter­
mined by the strength of each individual magnet, 
and their distributio n about the surface of any par­
ticul ar magnet varies, some regions attracting a 
high concentration of na ils, other regions no nails 
at all. The regions of concen tration are known as 
the poles of the magnet. The ar tificial bar magnet 
more aptly demonsu·ates paired poles of equal 
strength since the two poles of the bar magnet, see 
figure 1 B, show the same concentration o[ iron 
nai ls. Often, in a na tural magnet, there arc more 
than two of these· regions, and this indicates the 
prese nce of several paired poles. Note that the 
natural magnet figure I A has more than two poles. 

A REPULSION 

l n hgure 2 twu magne ts arc u cd to sho"· that the 
poles of a magnet h ave opposite effects. \ Vhen the 
north pole of the pivoted magnet is brought near 
the north pole of the fi.xed bar magne t, a repelling 
force is evident that forces the north pole a part. 
\ Vhen the south pole is brought into the Yicinity 
o[ the north pole of the fixed magnet, an attraction 
is noted that draws the two ends together. From 
these findings is obtained the la'c Lihe poles 1·epel 

and unlihe poles attract. Note tha t th i Ia" · applies 
to both magnetic and electric fields. 

Tlt e magnetic {teld. The region external to the 
magnet, within which the effect o[ its magnetism is 
perceptible, is known as its fi eld. The field is 
strongest near the poles, and becomes rapidl y 
"·caker as the distance from them increase . Fig ure 
3 offers a simple visual demonstration of the field 
about a magnet. I ron filings have been prinkled 
on a sheet of glass or paper that is then laid on a 
bar magnet. By gently tapping the paper, the fil­
ings, under the influence of the magnetic poles in­
duced in them, will arrange themselves end-to-end 
in lines that have the same direction as the lines of 
magnetic force and thus they indicate the direction 
of the magnetic field of the magnet. The varying 
intensity of the field is shown by the density of 
grouping of the filings, especially at the region of 
the poles. 

B ATTRACTION 

f lGl' RE 2-( A) SusjJended magnet ro tates away fro Ill {txed 111agnet when unlihe 

magnetic p oles are brought toget her. ( B) Unlike poles ex hibit at tractio11, 
and suspended magnet 1·otates toward south pole of {txecl magnet. 

c 
z 
() 
r 
)> 
l/) 
l/) 

-n 
m 
0 



0 
w 
LL 

V') 
(/) 

~ 
u 
z 
:::::> 

00 
N 

A 

B 
FIG L RE 3-(A ) M agnetic field about a bar mag11 et 

indicated by iron filings sprinhled on jJlate of gla~s 

placed on bar magnt~t. ~B) M agnetic field. shown 

by lines indicating cln·ectwn and ajJproximate con· 

centm tion of lines of force originating at N -pole 

and terminating at S-pole. Dashed lin~s within the 

magnet from the S-pole to the N -pole 1·ep1·esent 
lin es of magnetization . 

\ Vhen studying magnetic fie lds, this means of vis­

ualiLing or mapping the field of force abou t a mag­

ne t is a great help in predicting the behavior of the 

fi eld. From the distribution of the iro n filings in 

figure 3 (A) it is evident that the force o f the mag­

ne tic field extends about the magnet in apparent 

lines indicated by the alignment of the iron filings, 

and that magnetic force of the field is most intense 

a t the poles and diminishes as the distance from the 

poles increased . These lines are called magnetic 
lines of [orr£', and are defined as purely imaginary 

Jines or curves representing the force, or stress, exist­

ing in the space through which the magnetic fi eld is 

e ffecti ve. The direction of the lines of force at any 

po int is that of the field at that point, or the d irec­

tio n in which a single positive unit pole (north pole) 

would be caused to move if placed a t that point in 

the field . 
The apparent physical characteristics of magne tic 

lines of force are in many ways similar to those of 

electrosta tic lines of force. They distribute them­

selves as if they r epelled one another when they 

are para llel and have the same d irection , a nd at tract 

one another when they have parallel, but opposite 

d irections. They act as if they were under tensio n 

at all times, but, unlike electrosta tic lin.es, they exist 

in closed loojJs, that is to say, t hey leave the magnet 

at the north pole, pass outside and aro und the mag­

net, enter the magnet via the south pole, a nd go 

tlu·ough the magnet to the north pole in one coii.­

tinuous loop, without beginning or end. The m ag­

netic lines of force acting in that part of t he closed 

, loop within the magnet irsclf a rc ca lled liues of 

mag1ietization; those acting in that p aft of the 

closed loop external to the m agnet (in t he magnetic 

field) are called lines of jo1·ce. The lines of force, 

being imaginary, do not, of course, possess su ch 

physical properties as elasticity, but act as if they 
d id. 

Magnetic substances. Any substance that is at­

tracted by a m agne t or that may be made to assume 

the proper ties of a magne t is termed a m agnetic 

substance. When a substance is changed from its 

normal state to one in which it has all the properties 

of a magnet, it is said to be m agne ti zed, the process 

~f change_ being that of magnetization or magnetic 
mduction. Only those substances that are capable 

of be ing magnetized appreciably a re called mag­
netic substances; a ll others are referred to as non­

magnetic. The abi li ty to acquire magnetism is pos­

sessed to the greatest exten t by pure iron, and rather 

feebly by nickel and cobalt in their elementary 

forms; however, iron oxides, and alloys of iro n and 

a few certain other elements display magnetic prop­

erties, the degree depending u pon the ir chemical 
compositions. 

A summation of magnetic cltaTacteristics. The 

principles of magnetism may be more easi ly gras1;ed 

by first reviewing the general characteristics o f 

magne ts, magnetic fields, and m agnetic substa nces, 

before the effects are stud ied, so that the nomencla­
ture is thoroughly clear. 

T he poles of a magnet are the regions where 

magnetism is most evident. M agnetic poles exist 
in pa irs, ha~ing equa l strength but opposite polarity 

or effect. In natural magnets or lodestones and in 

magnets o f irregular shape more than one pair of 
poles have been fo und. Artificia l mag ne ts are m an­

ufactured from metall ic magne t ic mater ia ls, and are 

produced in various strengths, sizes and shapes 

usually as bars or horse-shoe-shaped pieces. Such 

artificial m agnets have o nly one pa ir of poles. 

T he space in the immed iate vicinity of a magnet, 

where the properties of magnetism are perceptible 

is designa ted as the magnetic field . Imaginary lines 

of magnetic force ex ist in continuous loops which 

pass through the poles of the magnet. T he lines 

passing from the north to the sou th magne t ic poles 

throug h the magne tic field are called l ines of force; 

.. 

the I i nes passing from the south to the north mag­

netic pole of the magnet, with in the magnet or 

magnetic itself substance, ar e called lin es of mag­
netization, or lines of magnetic inductio11. The 

characteristics of lines of force and lines of indue· 
tion arc shown in figure 3 (B) . Note that lines of 

force leave the north pole of the magnet a t right 

angles to the pole face. Note also that lines of in­

duction within the magnet arc parallel. Th e axis 

of the magnetic {teld is the axis of the paired jJOles. 
I t follows that no substance can exist as a magnet 

without, 1-paiTecl poles of equal strength and oppo­
site j1ola1·ity, and 2-an allendant .magnetic {teld of 
force. Conversely, a magnetic field cannot exist and 

dcmonstra te the effects and properties of magnetism 

without pai red poles. A magnetic field or region 

exhibiting magnetic properties may be referred as 

a 1nagnetic dijJole (at least for distances far from 

the magnet), since the field has at least one set of 

pa ired poles of eq ual strength but opposite effect. 

T he concept of magnetic di pole is essential in ex· 

pla in'ing many of the effects produced in magnetic 

substances by magnetism and other aspects o f mag­

netic theory. 

THE ELEM ENTAL TH EORY OF MAGNET ISM 
Early in the last century, Wilhe lm Weber, a Ger­

man physicist (1804- 1890), who had been experi­

menting with natural magnets and magnetic sub­

sta nces, advanced the theor ' tha t al l mag netic sub­

sta nces were made up of minute magnetic regions 

or eleme ntary di poles, and that when the magnetic 

fi eld axes of these dipoles were oriented a t random 

- a condition that e ffectively cancelled the effects of 

the ind ividual fields- the substance was unmag· 

neti zcd. H e furth er theorized that, under the in· 

Oucncc of an externa l magnetic fie ld produced by 

a magne t, these magnetic dipoles l'trncd so that 

the ir axes a ligned para llel to, and in the same d i· 

rcct io n as. the li nes of force in the applied field. 

A 

The ~ubstance could then be said to be magne tiLccl . 

He concl uded that the degree of magnetization de­

pended upon the completeness 1rith 11·hich the tota l 

magnetic fields or regions within the m agnetic sub­

stance 11·crc turned parallel to the applied field. 

This theory has been substantiated to a grea t 

extent by modern spectral analysis of metals and 

gasc . It is bcl ie1·cd th at electro ns, 1r hich rotate 

in their assigned orbits \rithin the a tomic structure, 

also spin or have rotary motions a.bo ut the ir own 

axes. and that because of these mo tions and the 

electrons mass, associ a ted magnetic field - ex i t 

1rhich represent kine tic energy of motio n. This is 

shown in figure ..JA. In most elemen ts. o ppo ing 

rotational movemen ts of electro ns in the same orbi t 

causes the fields to nullify each other. 1 n a few 

metals, such as iron, n ickel and coba lt, ho,,·cvcr, 

the crystall ine structures are such tha t there are 

more e lectrons spinning in one direction tha n the 

o ther: throughout certain minute regions. each con­

ta ining some 1 0• ~ atoms, these uncompensated spins 

have the same direction. This results in an intense 

magne tic field with in these regions. These mag­

ne tic regions have been g-iven a special name: m ag­
n etic domai11s. 

Normally the force exerted by the c d ipoles a re 

d ircned in hapha7ard directi ons and 1rithin limits 

more or less fix ed by the internal fri ction of the 

a tomic or molecular structure of the substance. 

Figure 413 shows the random directions of the mag­

ne tic fi eld axes within a magnetic substan ce 1rhich 

exhibits little or no externa l magnetic effects be· 

cause o ( the cancellation o f most o f the internal 

magne tic dipoles. The arrow heads reprc cn t the 

north poles of the dipoles and thus ind icate the di­

rections in 11·h ich these magnetic f orccs arc exerted. 

A s would be expected , energy is req ui red to 

change the po itio n of the axe o f the mag ne ti c 

dipoles ll'ith in a substance. The cffccti,·cness of 

the ii J) j)licd cncr!!.v is co ntitwent in ])art at le<'l st 
• 11 b ' , 

B 
FtGL.RE ·1-( .·/ J 1/yf)IJ ///f tical 111(1f!,11elic (IXf'S due to f'IN'IIIIII .l fJill . Tit<' outn 111!111 i.1 sltowll it'tlft 11101'1' 

el ectrO/I S SjJillllillp, ill (II/ (' direct in// tllf/11 1/w olflf'l'. ( n ) R lllldU/11 dirr·rtin/1 of 11111!!,111' /i c n•p,io/1.\ ill (/II 

ttn·mag]](•/i:ed /)(lr of 111(1p;nr•ti1· 1/1(/teTia/ dtlf' to 1117rniii/JCIISa/('(/ l"j)i//.1. 
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F IG U RE 5-( ri ) Align111enl of map;netic domains under tlt e influen ce of a magnetic 

field. ( B ) Nfa g n e tic slate induced by slmh ing w itlt a lJflr magnet. 

upon the es ent ia! atom ic or molecu lar nature of 
the sub tance. \Vhe n a magne tic substance is 
placed in a magnetic fie ld, the kinetic energy of tha t 
field compels the axes of the magne tic regions or 
d ipoles in the substance to al ign them selves parallel 
to a nd in the same directio n as the l ines of induc­
tion. 1 n accomplishing this work, it follows that 
fm· t he same substance. the greater the applied mag­
n eti m is, the greater the degree of magne ti zation 
''"ill be. T hat certain m e tals h ave stronger mag­
netic properties tha n others is due to the jJeculim· 
motion of lite e lect1·ons within t!teir 1·espect ive 
atoms or molecules, a nd the ease with w hich the 
axes o f the magnetic dipoles are moved when any 
g i,·e n amoun t of energy is appl ied . I t is be lieved 
that cenain imernal forces that va ry from one kind 
of atom to a nother or from one type o f molecule 
to ano ther. cause "friction"' which res tri cts cha nges 
in mag netic d ipole posi t ions. This " fr iction" is 
present on ly sl ightly in magnetic m a teria ls that do 
not reta in much m agnetism, bu t occu rs to a g reater 
ex tent in materials utilized as permane nt magnets. 

.ll ag n etic induction. T he mag netic state is in­
duced in a magnetic substance whe n the majority of 
axe~ or t he dipoles within the substance a rc caused 
to assume the 1.amc di rect io n. In this state the eli­
poles no longer ca ncel out one another but com­
bine to exert a powerful ex terna l m agne t ic force 
in one direct ion. " ' ork m ust be clo ne in ovcr­
<o ming the internal [orces which mai n ta in the no r­
mal random state of the magnetic fie lds with in a 
~ub~tance. The energ-y to accomplish this work 
ca n be· c, upplied in several ways. 1t ma y be e n t irely 
furni.,lwd by an inducing field. The prese nce o f a 
mag ne tic fi eld is always necessary to determine the 
ultimate direction of the induced magnetic fiel d . 
H e-al a nd ph ysical shock, as sources o f addition <~ l 
c·ncrg~, rna ~ he employed to assist 1 he induction 
Jllo«· ~' - hut il the beat or shock is too great it 

causes excessive a tomic agitation which p revents 
alignmen t of the m agnetic axes. 

As an illustra tion of the above theor y, when an 
unmagnetized bar o f iro n or steel is brought into 
the immediate vicin ity of a magnet or stroked with 
a magnet as shown in figure 5, a certain m agnetic 
state is induced in the bar. T he bar will then have 
all the properties of a magnet, b u t to a lesser d egree. 

A similar bar o f unmagnctized iron o r steel can 
a lso be magnetized simply by a ligning it in a north 
and south d irect ion and striking it l ightly with a 
hammer. T h is bar a lso will possess magnetic prop­
erties, set up by the weak e nergy o f the earth 's 
magnetic fie ld, suddenly bolstered by e nergy sup­
p licd by a physical force. 

i\fagnets produced by indu ctio n methods de­
Slribed above are called art ificial mag ne ts. For in­
dustrial pur poses, electr ica l means are used to pro­
duce magnets of much g rea ter str eng th. 

T he above studies of induction lead us to believe 
that natural m agnets came into being as a r esult 
of the act ion of the earth's mag netic field on the 
molecu lar stru cture of iron oxide substa nces over 
centuries of t ime. 

l n figure fi, no te that. the presence in a magnetic 
field of anoth er magne tic su bsta nce, such as a piece 

FIC: I RE G- M agnetic flf' ld distortion caused by the 

i11trodurtion of 11 pir-re of mog n etir- s ubstance . 
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FIG RE 7-(r.l) Magnetic field produced V)' two 11.11 -

lil!e ,\'-jJoles. A similar pattern results when two 
S-jJoles arc used. (B ) SimjJlified fi eld jJatlern when 

unlilie poles are used. 

o[ iron, cau ses distortion of the field. The l ines of 
fo rce concen trate themselves with the m agnetic sub­
sta nce. T he reason for this concentration o( the 
lines o[ force is that the density of the lines- the dc­
u-rec of conce ntration- is a measure o( the magnetic 
field strength ; the field is much stronger within the 
iron tha n in the a ir, because of r easons that have 
a lready been discussed. This principle explains the 
use of.po lc p ieces in meters and motors, when it is 
d es irab le to prevent dispersion of lines of force 
,rhi ch ahrays occurs when Jines of induction leave 
a magnet a nd enter the air. 

Field d istortion caused by bringing like or unlike 
magnetic poles together is shown in figures 7 A and 
7 B. 1 n figure 7 A where I ike poles oppose one 
a no ther , it is important to note that no lines of 
force cross, <1nd that all loops remain in tact. T he 
uislortio n o( the magnetic fields shown is ca used 
by the tendency of lines of force t ravelling in the 
sam e d irection to repel each other. Like effects 
a rc obtai ned with opposing sou th poles. 

O n the o ther han d when unlike poles arc brough t 
together as shown in figure 7B, and the fields arc 
mapped by the use of iron filings, the field pattern 
is diflcrent. Take special note of the lines of force 
ncar the adjacent po les. T his is the on ly part of 
the field \\·here distortion is eviden t. The tendency 
of lines ol force hav ing approximately the same d i­
r ect ion to ··re pel" one a nother is ind icated by the 

slio·ht bulo·ing out of the lines o[ force in this area. 
0 t> 

\ Vhcn the magnets in figure ?B arc dra"·n apart, 
d istortion in the area between the adjace nt poles 
become greater. As the distance between the poles 
increases, the lines of force spread apart more and 
more, and arc soon attracted to the lines of force 
trave lling in the opposite direction in the outer 
loop which, in tu rn, begins to show distortion. as 
sho\r n in figu re 8:\. Even tua lly these lines of force 
on opposite sides of the loop tend to d raw to­
gether until they finally merge to form a figure­
eight sh ape, then separate to form two smaller but 
independent loops as indicated in figure 8B. 

The same field efTects and distortions are notice­
able "·hen a sing le bar magnet is b roken in two 
and drawn part. After separation the magnetic 
fi e ld of each magnet wi II consist of closed loops of 
shor ter overall length than those of the original 
bar, but the orig inal number of lines of fo rce re­
ma ins u ncha ngccl, so it follows tha t each magnet 
possesses the amc number of line of force or mag­
netism as the original bar. From these findings it 
is to be concl uded that the strength of a magnet is 
dependent. not u po n its leng th, but upon its cross 
sectional area. 

A 

c!:----~ 
.... 

B 
F 1c;L'RE 8-(.-l ) Sim jJie illust rat ion uf ··all ract irm'" 

between lin Ps of force d i rect rd opjJositrly. A s t ll r 

magn r t is d raw n a fJart . tile li n es of fo rce p in ch i ~1 
f'11e ll m ore u ntil fi nally tlt e one closed loo jJ IS 

jJinr- lt ed o(J into two sr jJoralr' lon jJs. as in ( H). 
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1.\tfagnetic field intensity. It is well to remember 
that the direction of the lines of force at any given 
point in a magnetic field is the direction a unit 
north pole would move if placed at that point in 
the field. The idea of a unit north pole must be 
taken figuratively, since it is physically impossible 
for a north pole to exist without its companion 
south pole of equal strength and opposite polarity; 
if a magnet is cut in two, there will exist two sep­
;uate magnets, each complete with opposite poles 
of equal strength. 

The field about a n1agnet has been mapped with 
the aid of iron filings. In figure 3, field intensity 
was indicated by the concentration of the iron 
filings in the proximity of the poles of the magnet 
and the direction of the field indicated by the ar­
rangement of the iron filings. Each individual bit 
of iron was acted upon by the lines of force in the 
magnetic field, becoming a minute magnet by in­
duction. Its position in the field conformed to the 
direction of the lines of force at that point. 

Direction and intensity of magnetic fields can be 
studied still better with the aid of a small compass, 
or pivoted magnetized needle, placed in the same 
horizontal plane as the magnet. The behavior of 
this instrument will iJlustrate that a magnetic field 
is a vector quantity-a force acting in a certain di­
rection-as shown by successive positions of the com­
pass in figure 9. At any of these positions, note 
that there are four forces acting simultaneously; 
one of attraction and one of repulsion at each of 
the two ends of the compass needle. The resultant 
of these forces, each of which acts in a different di­
rection, tends to turn the compass needle about its 
pivot axis until the opposing forces are equal. The 
compass needle is then tangent to the line of force. 
The north end of the compass indicates the direc­
tio~ of the lines of ~orce at that point in the mag­
netic field. By placmg the compass at different po­
sitions, the intensity and direction of the magnetic 
fleld can be mapped with considerable accuracy. 
It should be remembered, that the earth's magnetic 
field is alway~ present, so that the field indicated by 
the compass IS the resultant of the combined fields 
of the earth and the local magnet. The effect of the 
earth's magnetic field, h(m-cvcT. will h(: negligible 
if the magnet is strong enough. In any case, the 
datrt can be corrected for the earth's fieJd. 

On careful examination of figure 9 B, it will be 
seen that the resultant force acting on the south 
pole of the needle is greater than that acting at the 
other end. ']'his is because it is nearer the north 
pole of the magn('t. and the attraction vector, which 
comprises most or the resultant, is slightly larger 

than the repulsion vector at the other and. more 
distant end of the needle. The result is an un­
balanced force tending to move the needle toward 
the nearest pole of the magnet. :Moreover, the two 
resultants do not lie quite in the same straight line, 
so that there is a small unbalanced force acting at 
right angles to the needle and tending to draw it 
sidewise. If the needle is free, as when it is mounted 
on a floating cork, for example, it moves both longi­
tudinally and transversely toward the attracting 
magnet. Similar motion also takes place when an 
unmagnetized piece of iron is near a magnet, or, in 
general, whenever there is a npn-uniform magnetic 
field. Then a motion occurs in the direction of 
increasing field intensity, or toward the more pow­
erful field in the vicinity of a pole. 

If the length of the compass needle is made very 
small, the difference between the two resultant 
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FIGURE 9-(A) Compass needles indicate field direc­
tion and vectors show relative instantaneous effects 
of the N-pole and S-pole. The force of tile bar 
magnet north pole attmcting the north jJole of the 
compass is Nn. The repulsion force between the 
south pole of the bm· magnet and the cnmjJass north 
pole is N 8 • The 1·esultant force on the compass 
nm·th pole is Nr; a similar nomenclature ajJjJlies to 
the compass south pole. (B) In the vicinity of the 
noTth pole of the bar magnets, the vectors are such 
that the compass tends to mrme toward the maanet 
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and to 1·otate as well. 

I • 

forces becomes negligible, they are oppositely di­
rected, and the needle does not move toward the 
magnet. This would be the case when any needle 
is acted on by the earth's field, for it is very small in 
comparison with the distances to the magnetic poles 
of the earth. Thus, if a floating magnet were acted 
on by the earth's field only, we should have rotation, 
but no translation, which is precisely the action of 
a compass. The same is true in any uniform field, 
as will be explained more fully when this action is 
used in conjunctiop with meters. 

1.Uagnetic flux. :Magnetic lines taken as a whole 
are called magnetic flux. The magnitude of the 
flux may be expressed as so many lines, and is the 
actual amount of magnetism present. The density 
of the magnetic field lines-the so-called flux density 
-is a measure of the magnitude of the magnetic 
field strength, called the magnetic field intensity. It 
is expressed as a number of lines per unit cross-sec­
tion area. 

The magnetic state of a substance is determined 
by the alignment of the axes of internal molecular 
or magnetic-domain magnets. The degree of mag­
netization becomes greater as more and more axes 
are brought into alignment with the inducing field. 
This is, of course, dependent upon the molecular 
structure of the magnetic material and the ease 
with which they can turn. Lines of force or flux 
will induce a state of magnetism in a substance; 
therefore, it can be assumed that flux is actually· 
produced by a magnetizing or magnetomotive force 
which can be compared to the electromotive force, 
or difference of potential, in electrostatics. 

The ease with which the magnetic axes within a 
substance can be aligned in parallel under the in­
fluence of an inducing field will determine its degree 
of magnetization and, therefore, the flux lines it can 
accommodate per unit of cross sectional area. 
\~Vhen alignment of all axes is complete, a condition 
known as satumtion exists, beyond which the nu{g­
netization cannot be increased. 

From figure 6, it has been noted that magnetic 
substances are capable of accommodating more flux 
lines per cross sectional area than would pass 
through a similar area of air. The ratio between 
these flux densities is called the magnetic perme­
ability of the substance. 

Afagnetic mate1·ials. l\1agnetic materials are di­
vided into two general classes called paramagnetic 
and diamagnetic. Those ca1led paramagnetic, 1-
are more permeable than air (that is to say, they 
have greater flux density than air and tend to con­
centrate such lines of force as may pass through 
them) and 2-attempt to assume a physical position 

that will enable the substance to accommodate the 
greatest possible number of lines along their axis. 
Those classed as diamagnetic, 1-are less permeable 
than air, and 2-tend to disperse lines of force by 
assuming a position at right angles to the direction 
of the field. · 

The magnetic permeability of any given magnetic 
material, except for a few in the paramagnetic 
group, is a constant which is independent of the 
strength 'of the magnetizing field. This means that 
all materials, whether elements or substances, ex­
cept those few abnormal ones in the paramagnetic 
group, have intense internal molecular friction 
which is why only a relatively few molecular mag­
nets are c:1pable of being aligned with an inducing 
field. . 

Materials of the paramagnetic group which be­
have abnormally under the influence of a magnetic 
field, have permeabilities which depend not only 
upon the element or alloy, but also to a great extent 
upon the strength of the field. The permeability of 
these substances, therefore, are not constants. Since 
iron in its purest form is the most abnormal of the 
group, all materials having this property, including 
nickel, cobalt and their alloys, are said to be ferro­
magnetic. Several non-ferrous elements and alloys 
display similar properties: for example, Hensler's 
Alloy, which is composed of magnesium, antimony, 
copper and aluminum in various proportions. U n­
der certain temperature conditions, oxygen and 
gadolinium also develop a strong intensity of mag­
netization. Ferromagnetic materials are further 
subdivided into two gToups: 1-magnetically hard 
materials which require a large magnetizing force, 
and 2-magnetically soft materials, which have high 
magnetic permeability under relatively weak fields 
of induction. 

Permanent magnets are made from the so-called 
hard group of alloys which, although very difficult 
to magnetize, retain their magnetism for a suffic­
iently long period to warrant classification as perma­
nent magnets. Magnetic hardness, or permanence 
of magnetism, can be attributed to the rigidity with 
~hich the magnetic domains are constrained by the 
mherently-greater intermolecular friction of such 
material; although it is harder to align them, once 
they are in a magnetically-aligned position it is ex­
tremely difficult to disturb this alignment. An 
ideal alloy will retain a higher percentage of the 
magnetism induced by a magnetizing force and pre­
serve this_ induction against de-magnetizing influ­
ences orchnarily encountered, these two necessary 
properties being called residual induction and the 
de-magnetizing or coercive force, respectively. 

The magnetic field left in a permanent magnet 
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after the initial magnetiZing force is removed is 
called the· residual induction; the strength of the 
magnetic field which. must be set up to cancel the 
residual induction in a permanent tnagnetic is 
called the de-magnetizing or coercive force. 

l\tlaterials for permanent magnets are chosen for 
retentivity based on the amount of coercive force, 
or magnetizing force in the opposite direction, re­
quired for de-magntization. These include hard­
ened carbon or alloy steels containing a small per­
centage of maganese, chromium, cobalt, tungsten 
or combinations. Recent trends are toward the use 
of an alloy of carbon-free steel containing alum­
inum, nickel and cobalt. This combination, known 
as Alnico, is much stronger for any given unit of 
cross section than other materials and will retain 
its magnetism with such tenacity that it will lift as 
much as 1500 times its own weight. Due to this 
strength, Alnico can be utilized effectively in smal~ 
dimensions and has become prominent in the manu­
facture of dynamic loud speakers, microphones, 
telephone receivers, phono-pickups, high voltage 
ignition magnetos, motors, and other devices. 

Permanent magnets are adversely affected by vi­
bration, shock, or extreme changes in temperature 
and should therefore be treated with care. Electri· 
cal indicating instruments containing permanent 
magnets may lose some of their sensitivity or be per­
manently damaged by extreme changes in temper­
ature or the shock occasioned by dropping. Alter­
nating-current fields can also have a detrimental 
effect on magnetism. For example, watches that 
have become defective by being accidentally mag-

MAGNETIC EQUATOR 

netized are usually de-magnetized by the jeweler 
who simply places them in the field of a coil ener­
gized by commercial 60-cycle alternating current. 

Soft magnetic materials have a high degree of 
magnetic permeability, and can, therefore be mag­
netized even to saturation by comparatively small 
magnetic fields; upon removal from such fields, 
however, they rapidly lose virtually all of their in­
duced magnetism. These materials can be used to 
shorten flux paths and thus minimize losses in mag­
netic circuits, such as exist in meters and motors, 
by furnishing a path of greater permeability. In 
each instance, the permeable material increases the 
total flux by decreasing the flux path in air. Soft 
magnetic materials are also used as shielding to pro­
vide a flux path around instruments or transform­
ers and thus protect them from the undesired 
magnetic effects of adjacent magnetic fields. 

Since soft magnetic materials retain little residual 
magnetism they are useful in the alternating cur­
rent field. Silicon steel, for example, is made into 
thin laminations for power transformers chokes, 
relay solenoids, etc., and is widely used because of 
its low cost and generally satisfactory characteristics. 

THE EARTH'S MAGNETIC FIELD 
The fact that a compass needle, or any other 

magnet which is suspended and free to pi\'ot, will 
align itself (generally speaking) in a north-south 
direction indicates that the earth is surrounded by 
a magnetic field. The distribution of this field is 
indicated roughly in figure 10. Note that the mag­
netic core within the earth may be irregularly 

FrGllRE 10- Till' earth's 
magnetic field. Tlil> in­
r·liuation of thr earth's 
magnetic axis i.5 afJjnoxi-
11Wfely 17° from f he geo­
graphic axis. 

·shaped, that its length is slightly less than the di­
ameter of the earth itself, and that its axis is dis­
placed approximately 17 degrees from the earth's 

·axis. 

The regions where the lines of force are vel~tical 
ar~ termed the magnetic poles. Note that the mag­
netic lines of force emanate from a region near the 
south geographic pole and enter the earth ncar the 
north geographic pole, and that the direction of the 
earth's field outside the body of the earth is from 
south to north. The magnetic pole in the northern 
hemisphere is actually the south magnetic pole, 
while the magnetic pole in the southern hemisphere 
is the north magnetic pole. The reason for this 
apparent confusion is understandab!e. The ancient 
mariner who held a compass or magnet in his hand 
saw one end of it turn towards the north and called 
that end the north-seeking pole. He identified the 
north magnetic pole with the north geographic pole. 
He had no way of knowing that the north magnetic 
pole ·of a compass or a magnet moves in the direc­
tion of the field, and that since the earth's field has 
a south-to-north direction, the north pole of a com­
pa~s or magnet points to the earth's south magnetic 
pole which is near the nort~1 geographic pole. For 
practical purposes, of course, one never considers 
the earth as a magnet, but follows tradition and 
calls the magnetic pole in the northern hemisphere 
the "north magnetic pole." If this is remembered, 
no confusion shou.Jd exist when reference is made to 
the magnetic and geographic poles. 

The ·north magnetic pole is located ncar Ross 
Sea, Antarctica, in the reg-ion of the south geo­
graphic pole and the south magnetic pole is located 
on Boothia Pcnninsu)a in northern Canada, almost 
directly north of Omaha. Recent magnetic sur­
veys have demonstrated that the earth's magnetic 
Jines of force are vertical not in one particular spot, 
but occur that way in several regions within an area 
of several hundreds of miles. 

An irregular line varying in latitude from 15 
degrees S. in South America to 20° in Africa repre­
sents the earth's magnetic equator. Sec figure 10. 
On this imaginary band encircling the earth at 
points cq uidistant from the magnetic poles, the 
earth's magnetic lines of force arc horizontal. At 
any other place on the earth's surface, the magnetic 
field will have a vertical as well as a horizontal 
component. This can be measured by means of an 
instrument called a dijJ rirde, which is simply a 
needle of magnetic material that is balanced pcr­
fcC"tly on a horizontal axis hcfore it is mag·netized. 

Being in neutral equilibrium with gravity, it will 
only move. when activated by the earth's magnetic 
field. lVhen a dip circle aligns itself with the 
earth's magnetic field in a north-south direction, its 
position indicates the vertical angle of the lines of 
force composing the field. This angle varies from 
zero degTees or horizontal at the magnetic equator 
to 90° or vertical at the magnetic poles. For ex­
ample, at New York a dip needle would point 
downward at an angle of i2° ·with the horizontal: 
this angle is called the inclination, or angle of dip. 

A compass used for navigation or for g·eographic 
indication utilizes only the horizontal co_mponcnt of 
the earth's magnetic field. Since the earth's field 
has a vertical component as well as a horizontal 
component at all places other than the magnetic 
equator, the magnetized indicator of a compass is 
balanced to off-set the weak torque due to the 
vertical component. A sketch of a simple compass 
is shown in figure II. The indicating part is an 
accurately-balanced magnetized needle pivoted on 
a hard metal point with a jewelled bearing to reduce 
friction to a minimum. Under the influence of the 
lines of force in the earth's magnetic field, the 
needle will align itself north and south, the end 
pointing toward the south magnetic pole is usually 
painted black and called the north-seeking or north 

FIGl'RE 11-Simplc poclwt compass with ph,ol loch. 

pole. From previous explanations, we knm,· that 
the south magnetic pole is in the geographic north 
polar region. \Vith this type of compass, to estab­
lish other compass points, it is necessary to rotate 
the entire instrument until north on the compass 
card is directly underneath the north end of the 
indicating needle. Unfortunately, too, it must be 
placed in a stable horizontal position to prevent 
erroneous readings caused by the needle rubbing 
on the compass card. Most compasses of this type 
have a lock which lifts the nccclk free of its bearing 
and locks it in stationary position when not in usc 
and prevents damage to the bearing in case nf 
shock. 
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The main element in the modern shipboard com­
pass is a properly marked compass card beneath 
which are mounted several sealed cylindrical tubes 
filled ·with magnetized steel wires. These tubes are 
parallel to the north and south indications on the 
compass card. The card with these attachments is 
buoyed and placed on a pivot in a non-magnetic 
container which is completely filled with a mixture 
of water and alcohol and then sealed. The card is 
then free to rotate under the influence of the 
earth'~ magnetic field. The container itself is sup­
ported on rings and gimbals to permit its maintain­
ing a horizontal position regardless of the ship's 
pitch and roll. 

Since the earth's magnetic pole is approximately 
1400 miles from the north geographic pole (see 
figure 10) the compass will not point true north. 
The angle that it makes with the geographic merid­
ian is called the variation of the compass. For in­
stance, a compass at New York City would point 
110 o west of geographic or true north and at San 
Francisco, 18 o east. Navigation charts indicate the 
amount and direction of the variation. 

FIGl'RE 12-lsogonic lines of magnetic variation for 
the United States. 

Figure 12 shows a chart of the United States on 
which lines have been drawn through all points of 
equal magnetic variation. Such lines are called 
isogonic lines. A line connecting points where the 
variation is zero is called an agonic line. At any 
point on the earth's surface through which an 
agonic line passes, a compass needle will point true 
north. 

The variation at any given place on the earth's 
surface does not always remain the same year after 
year. Changes occur to some extent over long 
periods of time. These are called secular or world­
wide changes. There are also changes within the 
year called diurnal changes, and changes within the 
lunar month as well as small daily changes. Large 
erratic changes occur during magnetic storms and 

these are sometimes concurrent· with the appear­
ance of sunspot. activity. Much effort has been ex­
pended in attempting to explain terrestrial mag­
netism and to account for its changes, but too little 
is known about the magnetic sources within the 
earth to establish a reliable theory as to the exact 
nature of the earth's magnetism. 

The total compass error aboard ship is the alge­
braic sum of the variation and the deviation. Varia­
tion is the error inherent in a particular position 
on the earth's surface. Deviation is the error in­
troduced as a result of induced and permanent mag­
netism in the iron of a ship, and is in turn some­
what dependent upon the orientation of the ship 
with the earth's magnetic lines of force. .Much of 
shipboard deviation can be compensated for by 
placing large iron spheres and permanent magnets 
in the immediate vicinity of the compass mounting 
structure in such a manner that they will exert com­
pensating polarity effects opposite to those of the 
ship's magnetic field. This cancellation will leave 
only a small amount of residual deviation to be 
figured in calculating the total compass error. 

This matter of variation and deviation has been 
of vital importance to mariners for years on all 
vessels carrying magnetic compasses, from the lowly 
freighting schooner lumbering down the coast to 
the sleek luxury liner smartly hurrying across the 
Atlantic. :Many ships, men and cargoes have been 
lost because variation and deviation were not taken 
into account. It is always well to remember that 
many arts of paramount practical worth depend on 
the abstractions of physics. 

QUESTIONS-PART II-BASIC PHYSICS 
I. Given the knowledge of true north, describe 

how you would determine and properly label 
two unmarked magnets. 

ANSWERS TO PART I 0 
I. 12-ohm branch, .0833 mhos, 9.163 amps. 

17-ohm branch, .0588 mhos, 6.468 amps. 
53-ohm branch, .0188 mhos, 2.068 amps. 

2. Applied voltage of ll2 volts. 
Total current of 12.84 amps. 

3. 82 ohms== .0121 mhos. 
16 ohms= .0625 mhos. 
25 ohms = .0400 mhos. 
Same at 98 volts. 

4. Increase, decrease, increase. 
5. 17.4 ohms. 
6. Conductance method . 
7. 20.9 ohms. 
8. 2295 watts. 
9. Approximately 50%. 1\o. 

10. 18.9 ohms. 

•• -
BY CoMMANDER E. H. CoNKLIN, U.S.N. 

C-W SIGNALS 
• In view of the widespread increase in radio­
teletype use in the Navy-including every shore cir­
cuit carrying heavy traffic, and with one or more 
equipments on essentially all large combat ships­
it is frequently desirable to review the features of 
automatic forms of communication. 

The basic characteristics of a manually-operated 
radiotelegraph circuit are widely understood. One 
man sends dots and dashes, while the other tries to 
interpret them. The dpts are short periods of 
transmission, spaced by a silent period their own 
length, while dashes are three times the basic dot­
length. When properly spaced, a silent period of 
three dot-lengths is used to separate characters, and 
of five dot-lengths to separate words. The letters 
"a" and "b" are shown in Figure l(a). 

This simple picture turns into a complex picture 
exhibiting interference to adjacent channels if the 
dots start and stop instantaneously; for that reason, 
some kind of signal-shaping network or "key-click 
filter" is likely to be inserted to slow down the 
starting and stopping of the radiation-to prevent 
sharp corners on the oscilloscope picture-in order 
to reduce the tendency to generate frequencies 
much higher than the basic keying frequency. Such 
higher frequencies create interference to adacent 
radio channels. The rounded-off signals will be 
something like those pictured in Figure 1 (b). 

This operation has introduced distortion into the 
waveform of the keying signals, inasmuch as the 
received signal will not exactly duplicate the orig­
inal keying, but the manual operator may not no­
tice the change until the "gradualness" of the "on" 
and "off" is stretched out appreciably. However, 
some things can immediately be appreciated about 
this distortion: 

I 
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1-.As the signal fades up and down, different 
lengths of dots, compared with the space length, 
will result. This change in the ratio of "on" to 
"off" in a series of dots is called bias distortion in 
radio teletype terminology, and brings about a re­
duction of the amount of other distortions that can 
be accepted before printing errors occtJr. 
2-If the gradualness of the change from "on" to 
"off" is so much that one "on" starts to run into the 
next one, or if there are other places in the equip­
ment which appear to react slowly, there may be 
chamcteristic distortion, which depends on the 
length of the "on" and "off" signals. This would be 
a peculiarity of the system-a characteristic of it­
and would cause some letters to tend to print in­
correctly, but would not make all "off" elements 
sound like "on" elements, nor the reverse. An ex­
ample of this is the keying of the Navy's v-1-f trans­
mitters at speeds around 60 words per minute; the 
antenna builds up to perhaps I f3 power on dots 
and full power on dashes; but, although it turns 
off completely after a dot, it still puts out power 
for an appreciable time after a dash. 
3-If noise clicks and other ·causes of errors happen 
occasionally, these create what is known as fortu­
itous distm·tion. A better name might have been 
"unfortunate distortion." 

The bias distortion described above is almost 
bound to happen, even' in a perfectly-adjusted sys­
tem, if on-off transmitter keying is used during 
fadinp: conditions. Furthermore, the most fre· 
qnently-encountcred type of fading on high fre­
quencies can be attributed to wave interference be­
tween a signal that, being reflected from the Ken­
ne1y-Heaviside or ionospheric layer bark to the earth 
and up again, took the lesser number of "hops" be­
tween the transmitting and receiving points. and 
the signal that took the next greater number of 
hops. Inasmuch as the distances traveled to the 
ionosphere and back down to earth are different for 
the two signals, there may be a change in travel 
time amounting to as much as 4 milliseconds. This 
i~ nearly 20% of the dot length at 60 words per min· 
tHe, so it is apprcriable. ,,Vhen these things happen, 
thr change in apparent starting time for any dot 
creates a difficult problem for any communication w ..... 
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system which requires synchronized distributors 
running at each end of the circuits, and even for a 
''start-stop" system in which the receiving equip­
ment comes to a complete halt at the end of each 
character and starts on time again with the begin­
ning of the next character. The word "character" 
here not only refers to letters, numbers, and punc­
tuation, but also to shift, space, and other combina­
tions in the teletype code. 

The effects of the changing bias distortion with 
fading, however, can be reduced. In the ordinary 
on-off keying system, it may be considered that 
reception is being effected through some applica­
tion of an electrical relay-like a telegraph sounder 
-which has an armature that is pulled down by 
the signal passing through a coil, and which is 
restored by the action of a spring in the absence of 
a signal. This is pictured in figure 2 (A). It will be 
seen immediately that the restoring of the armature 
could have been accomplished, if necessary, by 
passing a current through a second magnet which 
can replace the spring. This is pictured in figure 
2 (B). 

Now, should the transmitted signal, which con­
sists of "on" signals and "off" periods, be accom­
panied on a separate frequency by the transmission 
of signals sent out during each interval of the 
first "off" period which is called a "space" signal­
it would be possible to provide a second receiving 
system to operate the restoring magnet. The "on" 
or "mark'' signal in figure I, then, would still look 
about the same, as reproduced in the upper half of 
figure 3, but the "off" or "space" signal would 
be transmitted as reverse keying, as shown in the 
]ower ha]f of the figure. 

A 

TIME 

MARK Dono 
AMPLITUDE 

8 SPACE 

o n nn L,ME 

It will take only a moment to see that the timing 
involved will produce a "space" signal equal to the 
"on" or "mark" signal in approximately one-half 
the time because the two receiver outputs will be­
come equal at about the midpoint of the time 
occupied by the gradual change. Furthermore, if 
both signals fade up and down in volume, this 
point of change-over will tend to remain approxi­
mately constant, with the result that the variations 
in the bias distortion will tend to be eliminated. 

This type of keying-the transmission of an "on" 
or "mark" signal on one frequency, and of an "off" 
or "space" signal on another-is termed frequency­
shift keying. Its use has become very general in re­
cent years, because it has removed one of the largest 
causes of distortion in signals during their trans­
mission and reception, which has previously caused 
much trouble in producing satisfactory copy of sig­
nals with ordinary land-line teletype printers. 
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FREQUENCY-SHIFT KEYERS 
Although a simple manner of producing what 

used to be called "back-wave keying" could be 
devised, such as by keying a capacitor or shorted 
turn in an oscillator circuit in the transmitter, 
there are advantages in doing it a different way. 
A few equipments have been used in which the 
keying operated a reactance-tube that changed the 
oscillator frequency. This method will be used in 
the new keyers for TCK transmitters. More com­
monly, however, the oscillator frequency is shifted 
approximately 200 kilocycles by the superheterodyne 
method used in receivers, simply by injecting a 200-
kilocycle frequency into a mixer tube that is also 
fed with the osciiiator frequency. Filters can then 
take out the lower or upper sideband, and the re­
sulting output frequency (off-set 200 kilocycles from 
that of the osciJlator) can be fed into the transmit­
ter. This is pictured in figure 4. With this ar­
rangement, the 200-kc oscillator can be shifted in 
frequency the desired amount (usually 850 cycles) 
in a manner that remains the same regardless of the 

oscillator frequency. Inasmuch as the shift is mul­
tiplied by frequency ~ultipliers. in the transmitter, 
it also is desirable to Insert a SWitch that accurately 
divides the 850-cycle shift by the multiplication 
factor in the transmitter. This is done in the stand­
ard Navy Model FSA Frequency-Shift Keyer. With 
the key up, the transmitter produces full power 
output, but on a frequency that differs by 850 
cycles from that when the key is down. 

With the development of new Navy transmitters 
containing more stable oscillators, such as the X­
TEJ, some circuits will also be desi~ned to a~com­
plish this internal shift whenever desired, and In the 
standard amount. 

FREQUENCY-SHIFT CONVERTERS 
In order to take advantage of the transmission of 

the "off" or "space" signals (which was not done in 
the early days when a similar signal was trans­
mitted for other reasons) some way must be devised 
to produce a change in receiver _o~tput that is 
exactly opposite in the two. rece1vmg c~1annels. 
Originally, this was accomphsh:d by usmg two 
separate receivers on the two signals; now, how­
ever the amount of shift or spread is reduced to a 
poi~t ~here a considerable part of one receiver is 
used for both "mark" and "space" signals. The 
early converters, such as the ANjFGC-1 and Navy 
model FRC, took the audio beat-note output of the 
receiver, and, by use of two sets of selective audio 
filters, obtained a pola'r or push-pull reversing d-e 
output by bucking the rectified o~tput fr~m one 
filter against that of the ~ther. _Th~s ~etecuo~ ca~ 
also be done effectively with a d1scnmmator ctrcun 
like those used in frequency-modulation reception, 
the main difference being in the linear change of 
output with frequency desired in f.m., and in the 
square-topped curve ava!lable from the .~lters., This 
polar current reverses Itself between mark and 
"space" and can operate a polar relay such as type 
255-A. The make-and-break contacts of this relay 
can then key the usual 60-milliampere teletype 
printer line-current, by the on-off or "neutral" 
method. The block diagram of this audio type of 
converter is given in figure 5. 

AUDIO RECEIVER 
NO.I 

AUDIO RECEIVER 
N0.2 

Fortunately the severity of fading of radio sig­
nals can be reduced by reception by two indepen­
dent means, and combination of the results. Re­
ception on two different frequencies accomplishes 
this, but it increases ·the chances of interference, and 
uses more frequencies than should be allowed for 
one radio circuit. Inasmuch as the fading in spaced 
antennas occurs at different times, .. space-diversity" 
reception is considered best where there is room 
for the antennas. 

Diversity arrangements can be applied to the 
above converter by using duplicate systems up to 
the point of rectification, where the best signal 
may be selected electronically. Inasmuch as selec­
tive fading on high frequencies may reduce the 
volume of a "mark" signal in one receiver-the 
"space" remaining loud, and reducing the "space" 
signal in the second receiver while the "mark" 
remains loud-it is best to arrange the diversity 
connection so that the best "mark" between the 
two receivers operates against the best "space" sig­
nal. This is done in the model FRC converter, a 
form which may become obsolete mainly because of 
its size and weight. Its performance however, 
should not be underestimated. 

A second type of audio converter could be de­
signed (it has been used in the model CXK J, an 
early model of the ANjSGC-1 modulated-tone ter­
minal unit) in which the receiver audio output 
passes through only one filter, wide enough to pass 
both the "mark" and "space" tones. The signals 
are separated in an audio-frequency discriminator, 
whose midpoint (which does not respond) is tuned 
to the center of the filter band-pass. A tone higher 
than that of the midpoint causes direct current to 
flow in one direction, whereas a lower tone causes 
it to flow in the reverse direction. 

More recently, converters that operate at the 
intermediate frequency of a receiver-or at other 
radio frequencies-have come into vogue; these do 
not have to put up with interference which may re­
sult from the audio image created by the beat-note 
methods of reception. One form-and what may 
be the best converter yet designed-is the Navy 
model FRF (similar to the model FRH except for 
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F IGURE 6 
the i.L of t he rece iver "· it h w h ich i t is u sed). T his that a n y constant signal m ust be "on" or " m ark", 
contains sharp i-f tra nsfo rme rs-or fi l ters if you pre- and that any later pulse must be a ch ange to "off"; 
fer that term-to produce a bandwidth of e ithe r 300 if t hat pulse is not followed, within the length of 
or 600 cycles, approximately. These selective time of one character at a speed o f 60 words a 
stages a re followed by the discriminator circuit. minute, by a change back to " mark," the c ircuit 
The u ual e lectronic complications, however , make autom a tically ch anges over to "mark" on the as-
the full exp lanation much less s imple: First, t he sum ption that the pulse was in terfe re nce rather 
signal from o ne receiver is con verted b y superheter- than a desired sig nal. 
odyne methods to 50 kc.; that from a n y second r e­
ce iver , as would be r equired in divers ity r eception, 
is con verted to a lower frequency. Having two dif­
fe rent frequencies going in to the e ffective portions 
of the converter, it is poss ible to run the m through 
th e same limiter tubes and two d iscriminators in 
series, w ithout any trouble. Afte r the d iscrim in a­
tors, the re is an automatic- freque ncy-co ntrol cir­
cuit which works back on the o sci llators in the 
frequ ency-changing pon ion, to g i,·e a sma ll deg ree 
or electronic tun ing if the s ignal docs not drift 
more thotn about h a lf a k ilocycle. :\ block diag r;1m 
ol thi-. arrangeme nt appears in figure 6. 

. \ common s hipboard converter is the m od el 
FR.\. This comains a n i-f amplifier, fol lowed b y 
a lock ing oscillator wh ich operates into the dis­
criminator. At thi~ point, however, t he system hc­
con l e~ quite novel. The di~criminator has no d ead 
cente r, but, becau~e or a condenser across the eli -
odC'~. ha~ instead a .. ~liding· · cent.c.: r . 1\ s a r esu lt, it 
n 1nno1 '-<'l it sC' II up on a consL<l l11 "o n" or "mark" 
.. igll al a ~ i~ tran~lllill ed dll r illg idle period~ or tc lc­
l ) p t· op('r;1 tio n. I hi .. di -.< 1 imi11ator collllccts 
1 hrough a cond t· ll ~t·r to an audio ampli fie r, tllliS 
" difkrcntiating" the signa l and produ cing a n out­
put on I y cl uri ng tllC' very short period whe n th e 
signal rhonp,e.\ lro111 a " 111ark' ' to<~ "space ' ' (or the 
rcH·r~C' ) : it does not me the pa11 o l the !> ignal that 
remains "on" or .. ofl ... The audio amplifier d e li v­
tT~ pulses 1o a counter c in uit ll'ho~e oul ptil is 
alt<·Jnatc ly tlii'IH'd "on' ' or "oll ". ,\n additiona l 
<in u it i-. adlkd ,,·h ich makes the con vcTtC'I' a s~ume 

MODULATED TONE METHODS 
1t is a lso possi ble to transmit in te ll igence by leav­

ing the carrier o n, and keying a tone. T h is m-e-w 
method has been used lor the past several years 
o n rad io tele type, by modulation of a voice trans­
mitter with a typ e TH-l jTCC-1 te rminal uni t. 
Thus unit provides "on-ofi" keyi ng of a tone. I n 
the CX KJ, a later model that is to be replaced w ith 
the A 1JSGC-I, two tones are used i n a manner sim ­
ilar to an aud io-frequency converter operating o n 
fre,q uc ncy-shi lt-kcying . One tone prov id es the 
" m ark" sig nal, and the other provides the "space." 
The productio n equ ipment for sh ipboa rd a nd for 
harbo r c ir cu its wi ll usc tones not over 700 cycles, so 
that the two sid ebands of th e modulated sig nal will 
s tay within a 1500-cycle total band, to make its u se 
possible o n narrow h ig h-frequ ency c-w channe ls, as 
we ll as on u-h-h£. 

As was recently described in the ELECTRON, 

a much m ore complicated mod ulated-tone sys tem 
has b een in use be tween m ajor shore stat io ns. Jn 
it. numero us ton es provide six tele1y pe ch annels, by 
wha1 ma y he 1e rm ed "frequency-division mu lt i p lex'' 
me t hods. Two tones are sufficicn t to opera tc one 
teletype c ircuit but the equipment was not d esigned 
for space-d iversity recept io n, so fading is reduced 
in it by operating a second pair of to nes o n the same 
tt' le typc channe l, thus obtaining a form o f "fre­
quency-d iversity" action. Because the resulting 24 
tones take up quite a sli ce of the frequ ency spec­
tnlm, o ne sideband is eliminated from th e tra ns­
nl i1lcr h y using "single-sideband" m ethods. The 
suppressed sid eband fr equen tly is used for voice 

communication, although it could carry SIX more 
te le type cha nnels. 

FACSIMI LE 
T here arc a number or au tomatic methods which 

have been pro posed and tested, using fo rm of fac­
simil e or picture transm ission . Some of these ope­
ra tc from a tc kt ypc ta pc at the tra nsm i tti ng encl. 

1rhich sim p l il ics usc 1rith existi ng te le type relays: 
the reprodu ced copy at .thc receivi ng end , at the 
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present stage of d e ,·elopment, is no t as ca ily r('.ayed 
as i teletype wpe. Consideration h;ts becn g i,·en 
to facsim ile met hods for obtaining \'Cry sma ll re­
corders in Slllall craft b u t, \l'ith the d c,·e lopme nt 
of teletype conveners a nd printe rs \\·cighing in the 
Yicini ty of 30 po unds, facsim ile mt:thod~ arc 1'<.' ­

cc i ,·i ng a grca t de a I of com pel i tion from i 111 pro\-cd 
telctypc me t hod s. C\'(: n 1rht'rt 1rc igln i~ a prim;tr y 
factor. 
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