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NOTES ON THE ORGANIZATION OF NDEC

The dutien of the National Defense Rosearch Commitive
wera (1) to recomment to the Director of OSKD suitacle
projscts and research programs on the Inetrumentalties
of wartars, together with contrast acllities for carrying
oul these projects and programs, and (2) 10 administer
the technical and seientific work of the contracta. More
apecifieally, NDRC funetioned by Initiating research
Projvcts on raquesta from the Army or the Navy, or on

requests from an aliled government transmitted throvgh
the Lixison Office of OSRD, or on Ita own consldered
inltiative as & result of the experlence of ita members,
Proposals prepared by the Division, Panel, or Committes
for rasearch contraets for performance of the work In-
volved In such projects were frst ravlewed by NDRC,
and If approved, recommended to the Dirnctor of OSRD,
Upon approval of a proporal by the Director, a contract
permitiing maximom flexibility of acientific effort wes
arranged. The binlniess azpects of the contract, ineluding.
such jnatters as mater|
priorities, legal matters,
matters wara handled by the Exseutive Secretary of
O3RD.

Originally NDRC administered its work through five
divisions, each headed by one of the NDRC members.
These were:

Divieion A--Armor and Ordnance

Division B—Bombs, Fuels,Gases, & Chemical Problema
Divieion C-~Commausication and Transportation
Eivision D—Detaction, Controls, and Instruments
Division E—Patents and Inventions

In a reorganization In the fall of 1942, twanty.three
administrative divislons, panels, or committees were
croated, each with & chief selected on the basis of hix
cutetanding work in the partieular flald, The NDRC
membera than becams & reviewing and adviwory group
0 the Director of OSRD. The final organisation was as
tollows;

Division
Diviaion
Divislon
Divisien
Division
Division
Division

1—Baliistic Research
2—Eftects of Impect and Exploslon
3—Rocket Ordnance
4-~Ordnance Aecessories
G—New Misaiies
6—8ub-Surface Warfare
7—Flra Control
Division B—Explosives
Division $—Chsmiriry

ivision 10—Absoroe~is a1 Aerosols
Division 11—Chemieal Engineering
Division 12— Transportation
Division 13—Eisctrical Commnnieut(on
ion 14—Radar
m lb—l’f-lxho Caordination
6—Opties and Camouflage

Dir
Diviaion l7—!’h¥nlu

Applled Mathematics Panel

Applied Paychology Panel

Committee on Prapagation

Tropleal Deterloration Administrative Committee
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NDRC -

& yVENTS of the vears prec - 7 1040 .

veal=d more and more cleily the serlous-
nens of the world situation, many scientists In
this country csme to realize the need of or-
gsnlzing acientific researeh fo — -rviee in ¢
nationai emergency. Recommendstions ehr '
they made to the White House were given care-
fui and sympathatic attention, and as a resi-it
the National Defense Reoem Commlttee
{NDRC] was formed Ly Executive Order of
the President in the summer f J »av Tie mem-
bers of NDRC, appolnted by i3 Pruedent,
were Instructed to supplement the work of toe
Army and the Navy in the development of the
Instrumentalities of war. A yesr later, upn
the establishment of the Office of Scientific ..«
neal and Uevelopment [OSRD}], NDRC ke
came one of ita unita,

The Summary Technicai Report of NDRC Is
» ecriscientious effort on the part of NDRC t
summarize und evaluate Ita work and to p:v
sent it in & useful and permanent form. :.
comprises some seventy volumes brukien irtc
groupa correaponding to the NURC Divislonn,
Paneis, and Committees.

The Summa:y Technlcal Report of each I’
vision, Panel, or Committee Is an integrai sur-
vey of the work of that xroup. The first voiume
of each group's report contains a summary
the report, stating the probiems presented and
the philosophy of attackir:’ them, and »um-
marizing the resuits of tha 1t - wrce, ¢
ment, and training activitics t nd. ~takes: ;
volumes may be "atute of the art” tre.ser
covering aubjecta to which various resea..l
groups have contributed information. Others
may contain descriptiona of devices devcloped
in the Iaboratories. A master Index of ali these
divisionai, panel, and commitiee reports which
together eonstitute the Summary Technical Re-
port C Is contained In & separate vol-
ume, which also Includes the Index of & micro-
film record of pertincut technleal laborstory
reporta and reference material.

! SORD

In contrast to the Information on radur.
which is of widespread Interest and much of
which is reieased to the public, the research on
subsurface warfare is iargely classified and is
of genciai intercat Lo & more restricted group.
An 1 consequence, the report nf Division § is
four d_aimoat entirely in its Summary Tech-
nles: Report, which runs to over twenty vol-
umes. The extent of the work of a Division can-
not therefore be judwed sclely by the number
of volumes devoted to It in the Summary Tech-
nicai Report of NDRC; accuunt must be taken
of the monographsa and avaliable reports
published alsewhere.

01 all the NURC Divisions, few were larger
or charged with more diverse reaponsibllities
than Division 13. Under the urgent pressure
of wartime Mqulrm!.ﬂf&. the staff of the DI-

vislon an
tions deviees and syntema which not oniy con-
tributed to the succeasfui Allled war effort, but
will continue to be of vaiue In time of peace In
on_and eommunica-

*"ms. The work of the Divialon, under the dI-
,dction first of C. B. Joliiffe and ister of Hara-
den Pratt, furnishes a foundation for what
promises to be even more radicai developnienta
than those of the war—for one example, direc-
tion finders which 71il operate at all elevations
and szimuth angies. in ather words, hemlapher-
Y. Q 3
The Summary Technieal Report of Divislon
13 wan prepared under the direction of the
Divlslon Chief and suthorized by him for publl-
catlon, The report presents the methoda and
resuits of the widely varied rescarch and de-
velopment program, and, In the case of work
with npeech scrambling and decoding. it pre-
senis for the first time & comprehenaive review
of the atate of the art. The report ia slso &
notabie record of the skill and integrity of the
scientiata and engineers, who, with the coopera-
tion of the Army and Navy and Divisicn con-
teactors, i to the defense

z
g
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i
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Some of the
which had been deciassified by the end of 1945
were of aufficlent popular intereat that It » ~
faund desirable to report them in the forin
mozographs, auch as the series on rada: vy
Division 14 and the monograph on samn! <
Inspectlon by the Applied Mathematies ru.al.
Since the materiai treated In then: is not dupli-
cated in the Summary Technical Report of
NDRC, the monographs are an important part
of the story of these aspects of NDRC reses .

of the natlon. To ail of theme we express our
sincere appreclation.

¥ 4% NEVAR BusH, Director
Office of Sc.ontific Research and Development

J. B. CoNaNT, Chairman
National Defense Reseorch Committie
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FOREWORD

EARLY 8ixTY yeara ago Heinrich Hertz

experimentally produced electromagnetic
waves, determined the directlon of the waves,
and wrote, “Thus we now have a mesns of dis-
cernlng the directlon of the electric force at
every polnt,” The waves were not detected out-
ride of his lecturc room, and it is unlikelﬂy that
he foresaw the application of direction finding
to navigatlon, Later, as the directlon finder

art advanced, many types of directi nten-
nas were de \ncluding loops, crossed
loops, wpaced loops, Adcocks, vs. Some

and arra
who contributed most effectively were Adcock,
Rallantine, Barfleld, Belllni, Busignles. Dellin-
ger, Diechmann, Eckeraley, Hell, Kolster, Mar-
conl, Mesny, Plckard, Smith-Rose, and Tossi.

During the fiftecn years prior to World War
1, the art advanced relatively slowly. Most
progress was made In England, Equipment per-
formance was reasonably sstisfactory. Greund
inataliatlons of direction finders were used to
inform ships at ses of their positions. A simllar
use of ground directfon findera was mude by
Pan Anierlean Airway: and by various Euro-
i rection finders on ships at zea
raally used as & navigational
commerclal alrliners employed
automatic ection tinders for navigation.
Thus, by the ndvent of World War II, ec
finding was established as an impo!
of navigation.

Early In World War I1, the Communlcations
Divislon (Division 13) of the National Defense
Researeh Commlttee [NDRC] formed & Direc-
tlon I'lnder Committee under the Chairman-
ship of Loren F. Jones of which the members
were H. Buslgnies, J. H. Dellinger, D. G. C.

uck, and R. K. Potter. Later, as consultants
or technical aides, the Commlttee was greatly
a-asisted by J. allison, E. D, Blodget, and W.
C. Lent. Thix Committee was active until Sep-
tember 21, 1946, with a number of Army.
Navy, and Rritlsh lisison representatlves at-
tending each meetlng. Durlng this period, the
ee issued contracts for work at Stan-

rd Uni i ifornia Institute of Tech-
nology, Harvard University, University of New
Mexico, Federal Telephone and Radio Labora-
torles, Radio Corporation of America, Wilmotte
Lebotatorles, J. A. Maurer, Inc., and Bell Tele-
s, In additlon, the Ci
ng agent and a clering
10use for dirnction finder dev, ts every-

were almost
aid, and most

on
t tneans

years, tho standard text n English was Wire-
ean Direction Findimg by R. Keen, published
In England In 1922 and now undergoing lts
fourth tevision. Radio Direction Finders by
D. S. Bond was published in 1244,

The present publication, for which Keith
Henney has acted as genersl edltor and
devoted much time to coordinating the materl
al, fs Volume 1 of four books covering the war-
time work of the Communications Divlaion of
NDRC. In this volume, there are accounts of
developments _sponso ¥ Direction
Finder Committec and of the restlts obtalned.
This book I3 not Intended for the luyman, and
wlii be of only moderate assistance to equlp-
ment. operators. It is intended for scientists,

engnecis, - personnel, stadents, and
others who are Interested In radlv directlon
finding.

Radar, which combines direction finding and
ging, is alrendy extensively used for navi

tion. To some extent, It will repiace dircetion
finding. However, direction finding wlii remaln
ax one of the primary navigstional methods
and wilt be used for new function:
jocating electric storms. As the art advan:
developmenta wiil facilitate direction finding
at higher fr«iuenclel. wlil munimize errors,
and will simplify equlpment, Kecent progress
made In these directiona by NI'RC Is outlined
in the followlng pages.

The future hoids promise of more radical

such as direction findera which
all elevation and azimuth angles,

ds, hemispherically, with an_a
curacy adequate for fire contro. purposen. Pos-
sibly all directior und frequencies wlll be
under continuou: uninterrupled observatlon
with some kind of panoramlc presen n.
Posaibly there will be a need for direction
finders” with automatic tracking wherein the
equipment will lock on and antoniatically fol-
jow & moving souree of emi . No doubt
there will be still other developmenta not now
envisioned,

All radio communicatlon, of course, involves
the proper cesign and use of many componenta,
among them antennas. Direction finding, radar,

countermeasures for jamming

of antennas

vanced rapidly. Such diverse
Ization errors, lonospheric

of cta, site errors

should fsll to Division 13 to sponsor. Following
the material on direction finding will be found

evaluatlon of fixes, and location of electric
storms were studled.

Thespite its long history, direction finding has
Foor the subjeet of remarkably few texts. For

al antenna projeets
aupervised by the Division.

HAZADEN PRATT
Chigf, Division 13
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PREFACE

N SUMMARIZING the seversl hundred reports

of contractors on the hundred-odd research
projects aponsored by Dlvision 13 of the Na-
tional Defense Research Committee, [NDRC],
the editor has had to settle In his own mind
how much or how little of each project report
should be inciuded ; in other words, how far the
boiling-down proceas should go.

The edltor has an abhorrence for secing good
sclentific or technical muterial go unpublished.
Only by publleation can the facts or methods
developed by & few rescarehers become avallable
for ail researchers. On this basis, substantislly
all Divlsion 13's program whouid be included in
the voiumes, of which this s one, summarizing
the work of the Division. On the other hand,
time moves forwaed inexorably so that It la
quite llkely that, by the day of publication, much
of the data would already be out of date. Fur-
thermore, time and human energy are always
ecarce. On these bases, all that might be re-
quired would be a paragraph or two summarlz-
ing the aums of the project and its sccomplish-
menta.

A middle course was steered, a course be-
tween the easleat eolution of publishing prac-
tically ail of each report and the more difficult
job of realiy digesting the project purpose and
results, The editor, however, deliberstely chose
to publish too much rather than too little. In
most cases it wiil be unnecessary for the reader
to sesrch out the original source material unless
he wishes to dig deep into the subject. In those
cases where fundamental information was as-
sembied and printed in the project report, that
is, information on which future researeh might
Le based, the summaries have been permitted
to take as much apace sa required.

Thin volume covers two aspects of Division
18's work—that dealing with research and de-
veiopment In directlon finding, and that on an-
tennas. The work on direction finders has been
divided broadly into two aapecta, that describ-
ing physical equipment, and that covering fun-
damentai seseareh lesding to better knowledge
of the manner in which ground constants, raui-
tiple rays, polarization by the jonosphere, and
other facters affect the sccuracy with which

bearings can be measured. All this was necessl-
tated by the fact that direction finding kad gone
into & nort of intellectual slump by the begin-
ning of World War 11. Antennas were genevslly
of the ioop or the Adcock type. Errors In bear-
ings were deplored but accepted. Need had not
risen for direction finding on the higher fre-
quenclen which came Into such wide use durlng
World War I1. Above ali, new idess, new and
basic analyticai research were needed,

Throughout all the fundamental work on dl-
rection finding, the subjece of errurs was most
Important, simply because direction finders of
varioun typea do not give consistent nor accu-
rate bearings i spite of the fact they can be
erecte! with great care and constructed of pre-
cislon apparatus. In fact, exploration of the
vagaries of directlon finding occupled a great
deal of the attentlon of the Division and lts
rescareh men and engineers. Finally, through
the means of & new instrument, the yoiarlecope,
it was proved that many d-f iroubles are due,
not to the apparatus itself, nor to the ground on
which it ia located, nor to the operatlon of the
equipment, nor to the fact that the ionosphere
polarized radlo waves heterogenously. Many of
the errors which would remain, even if all the
other sourecs of difficulty were removed, come
from the fact that radiatlon from a transmitter
arrlves at a receiving polnt over multlpie psths,
and it is the many possible interrelations be-
twecn these multiple rays that produce direc-
tion-finding aberrations. Thua It appears that
there is & polnt beyond which much greater ac-
curacy In bearing determination cannot be ob-
tained by refining the apparatus.

Fundamentai studies, unalylical In nature,
are reported rather fuliy In this report, Part I,
dealing with basle studies In directlon finding,
includes means of measuring ground constants,
and of rating d-f systems in terms of wanted-to-
unwanted pickups; the effects of connecting
cables with Adcock rystems; & mew means of
controlling the amplificatlon of a d-f receiver by
means of & local transmitter; and the virtues of
dircetion finding on pulse transmissions.

Part 11 deals with ph equipraent snd
systemy developed under the megis of Divislon

CONFIDENTIAL ix
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13. Here will be found the work which led to
the SCR-201, a single-band d-f system widely
used by the Air Tranaport Service. a workable
Radio-Sonde, & d-f system for the region of 140
to 600 me, portable beacons which would lead
a foot scldier to his nbjective on the field of
battle regardless of weather or time of day,
and means for locsting tanks by radio. Finally,
one of the last and most elegant accomplish-
ments of the Division wax an electrical and elec-
tronic instrument for evaluating the responsea
obtained from multiple d-f receivers so that the
origin of signals could be more closely pinned
down to a circle of amal) radius,

Part 111 records early work of sferics, the use
of radio direction finding for locating storms,

The portinn of the Divislon's activities deal-
ing with antenna research is found in Part 1V.
Here s described the early wark on determina-
tion of the characteristica of antennas for air.
craft and tarks by means of scaled-down
models; the work on faired-in antennas; a com-
plete survey of airborne antennas as of early
1945, including what was then known about
wide-band antennas, Wark on disguised anten-
nas, on improvised d-f antennas for use in the
field, and on antennas for vse in the region of
160 tc 800 me arc alsa recorded here.

KT HewNEY
Editer
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PART I

STUDIES OF HIGH-FREQUENCY DIRECTION FINDING

Dulmu the yeara i
Worid War 1I oniy a limited amount of
basic research was Gevo.«d to the deveiopment

bringing into impo: focus new uses for d-f
equipment. Much Information was required on
the use of d-f technique for use on high radio

ies, on the causes of and solutiona for

of direction-finding [d-7] technl and equip-
ment. As in most other branches of sclentific
and enginesring endeavor, the advent of tha
war accelerated such rcsearcn first by 1 3
only too evident the need for It as vela:: . 10
ordinary peacetime appiications, and second by

certain vagaries in high-frequency direction
findine, on the correlationa between d-f mea-
surem. nts and the state of the ionosphere which
refiects back to earth radio frequencies most
iikely to be ured during the war.
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Chapter 1

BTL HIGH.FREQU

Ressarch leading to the general design requirements
for cireviar-arrsy direction finder aystema and Adcoek
including a determination of antenna spac
interachion effecta, requirementa for buri
conductor a-zangemants In bolh aystems, design of an.
tenna elvments and coupiing unlts to extend the fre-
quency range of operation, speclfications fag receiver

commereisi recelvers, and development of & unique
method of automatic gain controi, The taxt herein la
condensed from the contractor's final report.!

ul STATE OF THE ART

T THE TIME of thia project,” the most prom-
ising high-frequency direction findere from

the atandpolnt of simpliclty and ease of opera-
tion were based upon the Adcock principle, but
all such systems were subject at times to serious
errors, the main cause being unwanted hori
zontal pickup in the antenna system. The most
arcurate high-frequency direction finders were
the large fixed installations, but they were usu-
aliy complicated, clumsy, and slow in operation.

‘The object of thia project was to make a brief
survey of the varlous types of high-frequency
direction finders, to pick the most promising, to
study the causes of the errors, and to determine,
whenever possible, methods for reducing these
errors,

The conclusion was reached that, for fixed
instaliations and where speed of operation was
important, Adcock systems were most promis
Ing. Accordingly, a crossed Adcuck antenna
aystem was deaigned and buiit. The errors in
its receiving characteristics were studied, and
methods were derived for their reduction. The
final result was an Adeock antenna system with
greatly reduced polarization errors. A receiving
system was designed for operation with the
antenna,

 Project C-10, Continct No, NDCre-165, Western
Eiectric Company.

Y DIRECTION.FINDER RESEARCH

INTRODUCTION

Fundamentally, operation of all radio direc-
tion finders depends upon the fact that the rela.
tive phases of the currents induced by a radio
wave in two or more fixed, spaced wires vary
as the directicn of arrival of the wave varies.
In some systems thix phase differenrs is mas-
sured directly and the direction of arrival de-
termined by a comparison of the measured
phase difference with a previous caiibration of
phase difference vereus direction. For conve-
nience we will call this the phase-comparison
method. The Navy's CXK direction finder, for
exampie, works by this method. In other sys-
tems, inatead of a' ‘ually measuring the relative
phases of the currents in tha various antennas,
the latter are connected together in zuch a way
that, as a resuit of phase interference, different
outputs are obtained from the antenna system
for different directions of arrival. This wili be
called the amplitude-comparison method. Direc-
tion findere which use the loop antenna, the
Adcock or any of its variations, or a sharp di-
rectional array are ali examples of systems of
this type.

For either case the determination of the di-
rection of arrival from the amplitude or phase
difference is straightforward when the signal
srrives over a single path. Long-distance short-
wave radio tranamlssicn, howsver, iy takos
pisce by several §aths " “ontinu .. varying
lengths. Due to the in* ‘srence ...ong the
waves arriving over these various paths, in gen.
eral the field strengths will not be identical at
two or more spaced antennas and the phase dif-
ferences will not be the same as for any of the
component waves. However, if the directions
of arrival are very nearly the asme, the field
atrengths at the various antennas will also be
very nearly the same and the phase differences
very nearly what would have been obtained for
a single wave arriving in the mean dirsction,

CUNFIDENTIAL 3




4 BTL HIGH FAEQUENCY DIAECTION: FINDES RESEAACH

except for those periode when the relatlve phases
of the component waves are such as to produce
a weak signal at any plaze within the area ve-
cupled by the antennas, At such iimes the rela-
tive field atrengths at the various antannas may
differ greatly and the phase differences may dif-
fer Oy as much as +180° from the correct value,
For these reasons accurate bearings cannot be
obtained during the minlma of a fading algnal.

Ths closer the antenna spacing the shorter
will be the period when the relative field
atrengtha will differ appreciably and when the
phase differences will be Incorrect, When the
dlrections of arrlval of the varlous waves are
radlcally diffevent, the field strength and phase
differencs will vary rapldly and considerably, so
that, In general, directlon finding with aimple
antannas conaisting of only a few elementa be-
comes Irrposs'’de* Hows. '» ‘7 the directiona
of errlval are cunined tou i, vertleal Dlane,
the asimuti, of the o' cectlon of arrival may stli+
be mupaired with certaln types of direction
finders auch as the cromsed Adcock, described
Iater, although the periods of weak flelds when
correct bearlngs cannot be obtalned wlii occur
very frequently.

x PHASE-COMPARISON METHOD

A simple form of direction finder vaing the
phase-comparlson method would be one conslet-
Ing of two fixed vsrticsl antennes connected,
through appropriate receiving end amplifying
equipment, to s phase-messuring device. One

two antennas will be given by the equation

3604

¢ (degrees) = cos 8 )

where

cos g = conucoad @)
where o and 3 are the horizontal and vertical
angles of arrival respectively and  is the wave-
length.

P L
e

Dagims o osgl pram e g,
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8ince B ia measured from the array axi
equation (1) representa a cone whose asia is
the line joining the two antennas and whose
geneiator 1s at an angle § with respect to this
axis. Thua all wave directlone which lie in thls
cone wlll produce currents of the same phase
in the two antennas, and, In general,

way of this phase
le to introduce a phese shifter, either in the
radio- or lower-frequency branches ot one of
the receivers. This phase shifter is then varied
untll the uutputs of the two receivers cuncel
(differ by 180°). The phase diffcrence between
the currents in the antannas is then found by
subtracting 180° from the phase-shifter reading.
In Figure 1 let A and B represent two auch
antennae and let & be the distance between
them, 1f a radio wave arrives at an angle 8
wlth reepect to the line AB, then the phase dif-
ference ¢ between the currents induced in the

Highly directive steerable antenna systems such s
the Mues type are required for thin type of transmission,

additional Informatlon 1s needed to obtain the
azimuth of the direction of arrival or the ap-
parent bearing of the statlon.

This Informatlon can be obtalned from an-
other pair of antannas having a different orien-
tatlon. The measurementa obtalned with this
second pair of antsnnas wlll determine another
cone with a different axis than the first. The
Ilne of Intersection of these tv-o cones will coin-
cide with the actual direction of arrival of the
weve and wlll, accordingly, determine not only
the azimuth of the direction of arrival, but the
vertical angle of arrival as well.

Disregarding, for the moment, the difficuities
associated with the teking of two seta of data
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PHASE-COMTARISON METHOD 5

simultanecusly, s satisfactory direction finder
might be made using two psirs of Entennas
arvanged in two lines mutually perpendiculsr.
In fact three sntennas srranged at three corners
of 8 squsre would snswer the purpose.

On the other hand, if two vertical antennas
sre mounted or. a structure which can be ro-
tated about a verticsl axis until the phase dif-
forence between the currenis in the two sn-
tennas is zero, then, if d is shorter than A the
apparent bearing of the atation will be perpen-
dicuisr to the llne jeining the antennas. Such
& system cannot distinguish between sigmals
hsving bearings 180° apart. To remova this
180° smbiguity requires the sddition of a third
sntenns snd greatly complicatee the receiving
equipment. Thls is the principle of the Navy'a
three-antenns CXK direction finder. One of the
objections to thls dlrection finder Is the size of
the rotating structure and the resulting time
consumed In tsking s besring.

CIRCULAR ARRAY

A varistion of the foregoing scheme which
the di just ioned, st
the expense of & slight decrepse in accuracy,
would make use of several fixed sntenn-s spaced
on the perimeter of a semiclrele. These anten-
nas wouid be used in paira, #ny two adjacent
antennas constituting such a psir. For making
s measurement, thst pair weuld be selected
which was most nesrly perpendicular to the
direction of arrival snd which, therefore, we
give the amaliest phase differtnce.

Figure 2 shows such an srrangement con-
sisting of 19 sntennas, tne pair for every 10°,
A wave is ahown srriving at a bearing of 57°
for which palr FG wouid be used to obtain the
bearing.

The Informstion obtained from a single pair
of antennas is not, In general, sufficlent to deter-
mine the apparent bearing of a station. How-
ever, if each pair is used to take bearings over
only s smsll angulsr range approximately per-
pendleulsr to the line joining the antennas.
then the phase difference of the currents in the
two antennss csn be used to ine the

spparent besring with a reasonable degree of
sceuracy for all but very high vertles! angles
of srrival, except for an spproximate 180°
amblguity which could be removed only by the
use of additional equipment. For s system such
a3 is shown In Flgure 2, where each palr is
used over a rsnge of only 5° on esch sidz of
the perpendicuisr, the ma ximum error for dif-
ferent vertics sngles of srrival ia given by
curve A of Flgure 8, Curve B glves the eirors

.
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for a system conslsting of 10 sntennas, one
pair for every 20°. It will be observed that for
the occasional signal suspected of having s
high verticai anglo of avrival the error may be
eliminated by taking an sdditionsl messure-
ment with snother tennas, preferably
“pa’- the amisof  :ch Is perpendicular to
of the flust palr. If the phase-measurlng
uevice used tor making thls messurement Is
capable of operating over the full 360° range
this messurement would also give the sense of
the signai. In Flgure 2, pair OP would be used
to obtaln this additlonal Information.

A the separstlon between the sntennas Is I~
creased, sny given value of ¢ wlil correspond to
smalier snd smaiier values of g [equstlon (I)],
Thus, for sny given uncertsinty in the value
of 4, the greatest sccuracy in besring deter-
minstion will be obtalned with the largeat pos-
slble value of d. However, for systems using
unly two sets of antennas with axes mutuslly

per the must be kept to
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leas than half the shortest wavelength upon
which cbservations re to be taken. Otherwise,
for some values of #, there wili be mora than
one poesible value of 8. For a aystem of several
antennas located on  semicircie the separation
may he increased somewhat as long as It in kept
below A/2 sin #, where 8 Is the maximum angle
on each side of the perpendicular at which

»
3

antennas s givea by wuen (1),
other things this pha: Jifference i
by the interaction among the various artennas
that make up the aystem,

One of the chjects of this project was the
determinution of the extent of this in‘eraction
and of the amount of error it wonld introduce
in direction findera working by the phase-com-
parison method. In thia study, use was made
of aome of the antennas of the broadside cage
Musa syetem at the Holmdel, N. J., iaboratorles
of the Bell System. These were vortical cage
eutennaa 215 feet in diameter and 2314 feet
high. They had a haif-wave resonant impedance
of lbout 300 chms at 1815 metera and a
of about 36 ohms at

€RRoN N DEGREES
|

8 8

368 meters. The broad-band characteristic of
this type of antenna makea it desirable for di-
rection-finding systems which are to be used
over a relatively wide frequency range. The
mekes it a aimple matter to

low
connect them to the recelvers by meana of low

|1

lines. The
will be a function of the dimensions

0 20
vERTIGaL

30 40 %0
saLE nvaL |~ nﬁucn

Fiavar 8, Errors in semicircie system. A shows
used over range

of the antennas, but measurements Wera made
wlth antennas of oniy one eize eince, in general,
antennas used to cover the frequency range
from 5 to xs me would be of approximately

B shows similsr srrots for ten-anlenna systam, on
pait for every 20°,

meanurements wiil be made (5* for Figure 2).
However, if this is done it will no longer be
posaible to make check measurements on the
vertical angie of arrival with the in-line palr.
For this reason it is recommended that the
apacing alwaye be kept below A/2. Then, if
greater accuracy is desired, after the upproxi-
mate bearing is obtained a more widely spaced
pair can be used te get a more accurato meas-
urement, Thus in Flgure 2, pair NQ couid be
used to get & more accurate messurement after
a preliminary measurement Is made with pair
P,

INTERACTION EFFECTS

The accuracy of ali the above systems de-
pends on tho accuracy with which the phase
difference between the currents in the acparate

the asme

Figure 4 shows a ground plan of the antenna
arrargement used for making these measure-
monts. The antenna at point X was used as a
reference antenna and all phases were mess-
ured with reference to the phase of tho current
in that antenna. Antennas 4, 5, and 6 in Flgure
4 were antennas 4, 5, and 6 of the broadside
Muza. They were fixed in location but could be
easily fowered to the ground when not in use.
‘These antennas as weli ae antenna X were all
connected to burled coaxial trenesission lines
which terminated on the antenna termination
panel in the Musa buiiding and could, there-
fore, be connected to the Musa phase measur-
ing equipment. Another exactly similar cage
antenna was carried on a trolley suspended be-
tween the supporting poles of antennas 5 and
6. 1t was always connected through an 80-ochm
terminating resistance to one of several ground
h had been driven Into the ground at
ately 6-foot intervals between anten-
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PHASF-COM P ARISUN METHOD 7

nas 5and 5. Antennas 4, 5, and 6 were apaced
49 feet (15 meters) apart.

By comparing the output of antenna 5 with
that of antenna X while moving the traveling
antenna between 5 and 5, with 4 and 6 lowered
to the ground, the effect of an an-

30 meters but for ahorter waveiengtha this
spacing becomen greater than A/2 and woaid
iatroduce an uncertainty in the beurings. For
these shorter wavelengths a closer apacing is
requlr(d, # apacing of 26 feet (% meters) belng
ax short aa 15

tenna at distances of 6 feet to 49 feet was
determined. By comparing the output of an-
tenna 4 with that of antenna X while moving
the traveiing antenna between 5 and 5, with

Froiih f Ratwagmmal of aniisas b wdeom
—_—

antennaa 5 and 6 lowered to the ground, the
effect of an interacting antenna at distancea
of 49 feel to 98 fect wan determined. Measure-
menis were made on five different

Y
meters. The intersction for untennas at this
spacing would introduce oniy a small ervor for

and with three differcnt osciiiator positlona;
one broadside to the antennas, at focatlon 4 in
Figure 4; one end-on, in the direction of the
interacting anteni B; and one end-on In
the opponite direction, at C.

In Figures &, 6, and 7, the curvea marked
with open circies give the effect of the inter-
action on the amplitude of the current in the
fixed antenna, those marked with crosses give
the effect on the phase of the current, and
those marked with solid circles give the cor-
reaponding error which the change in phase
wouid introduce in the value obtained for g,
For wavelengths between 16 and 64 metera a
apaclng of 49 feet dues not introduce any sig-
nificant error. This would be a perfectly satin-
factory apueing for wavelengths greater than

e
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Fiuns 5. Interaction enum between antennas;
oncillator at A in Figure
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Figuar 8. Interaction affects betwaen antennen;
oscillator at 5 in Figure 4.

wavalengths up to 24 meters but would be en-
tirely unsatiafactory for wavelengths greater
than 30 meters. Thus two complete antenna

L] BTL HICH - FREQUENCY DJAECTION-FINDEA RESEARCH
© ; systems would be needed to cover the range
P 19,750 K6 from 16 to 64 meters (18.75 to 4.68 me). It
might be possible to balance out these inter-
° action effects by uming only the middle pair of
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FiauE 7. Intarsction effacts betwen antennax;
oscillator #t.C in Figure 4.

& line of 4 or 6 equal-apaced antennas with the
unused antennas terminated in u dummy load
nf the same impedance as the lond impedance
of the used antennss. However no tests have
keen made of such a system,
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AMPLITUDE-COMPARISON METHOD 9

Puase-COMPARISON  (ETHOD ['OBMBILITIES

No attempt will
talls of the equipmc:
a direction finder
parison metnod. If
demanded a system

e made to go into the de-

that would be needed for
»rating by the phasecom-
nly modersie sccuracy is
‘onld be bailt using several
antennas arranger in & semicircle, each palr
10 be used for obierving over only a limited
range of azimuth Once the correct antenna
pair had been eele-ted the teking of & bearing
could be made practleally Instantaneous, but It
might be necessziy to try eeveral different
pairs before the correct one was selected and
In that time the signal might be loat. It is con-
ceivable that an instanianeoua, direct-reading
direction finder bused on the phase-comparison
princlple could be devised, but the equipment
would neceasarily have to be very complicated
and would requlre considerable time to develop.
For thers reasona tiention was turned to ays-
terns working bv the umplitode-comparizon
method,

14 AMPLITUDF OMPARISON METHOD

Direction finder< which use the balanced loop
for s collector tem are perhape the most
commonly known and simplest form of direc-
tion finder based 1.pon the smplltude-compari-
aon method. Whe properly constructed, they
work very well fo. waves which are entlrely
vertically poisriz:d; however, if there is any
horizontally pola: zed component to the wave,
cutrents will be Induced In the loop which will
mask the normal “figure elght” directional
characteristic and will p: eceul the taking of
aceurate heeringa. Since all ragio wa.e' ~mch
have suffered reflection from the lonosphere are
more or less randomly polarized, thia susceptl-
billty to horizontelly polarized waves makes the
loop antenna practically usoless for long-range
directlon finding on the ahort wavalengths.

ADCOCK ANTENNA

The Adcock antenna was designed fo over-
come the effect of horisontally polarized waves.
In Ita simplest fcrm an Adeock direction finder
consists of two spaced vertleal doubleta con-
nected by a bals: ed transmisslon line with a

receiver connected across the transmission line
at the midpoint. The conductors of ths lins to
one of the doubleta are reversed with respect
10 those to the other doublet. Connected In thls
way an Adcock antonna is, In reslity, a two-
element vertleal array with ths outputa In
phase oppoaitlon. When the specing xiween
the doublets I amall with respect to the wave-
length the simple Adcock antenna has the same
“figure elght” directionsl characterlstic for
vertically polarized waves as the loop. Figure
8A shows a scbematic diagram of a simple
Adcock antenna with ita sssoclated recelver
wnd Figure 8B gives the horlzontel dizectional
characterlatic.

48000k axtomna
«
«
¥
[secerven wir
saionco et
s
o0 (sl cosd 008 0

outhur mascaT bevice

A )
Figue 8. Disgram of simple Adcock diraction
finder.

In free space and with perfectly balanced
transmlasion lines such a system would be an~
affected by horizontelly polarized waves, but.
actually, the lower halves of the doublets are
always neaver the earth than the upper bulves
20 that a perfactly balanced system can not be
obteinod except through the use of compenast-
ing networka which require eritical adjustment
and muat be retuned every tlme the recelver
is tuned to a new wavelength, However, with-
out these compensating networka, the un-
balance Is not serious if the antenna is elevated
1o a reasonable height abeve ground Fairly
sccurate bearings ean be obtained (1) if the
reet of the equipment is kept small and simple,
(2) if care is taken to keep the horizontal
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i0 STL HICH FREQUENCY DIRECTION-TINDER ARSEAKCH

members weil balanced, and (3) if ali the
vertical elementa other than the doublets are
‘sept symmetrieal,

Bearings sre taken by rotating the antenna
about a verticai axin entii one of the nuifs of
the directional characteristic is pointed towards
the direction of arrival of the aignal, at which
time the output of the receiver wiil at at a
miaimum. The direction of arrivai or apparent
bearing of the station will then be perpendicu-
iar to the line joining the antennas. The takits
of beurings in this manner consumas an ap-
preciabla time, aspecially if the signai is weak
or fading, when it is necessary to mova the nuii
of the directional characteristic back and forth
across the signai direction aeverai times before
the bearing ia certain. This time required for
taking a bearing might mean that the slgmai
would be fost before a besring couid be ob-
tained. For this reason a quick-acting, direct-
reading system would be desirabie.

DiReCT-READING SYSTEM WITH CROBSED
ADCOCK ANTENNAS

Figure 9A shows the schematic dingram of &
direct-resding aystem using two mutually per-
pendicuiar Adcock antennas. In Figure 8B the
equation for ths output of a single Adeock was
given as

1= ksin Z;lnnn cos & connt (3)

where [ is the output current;

k is a proportionality factor;

a is ti.. angie between the azimuth of
the direction of arrival and the per-
pendicular to the iine joining the two
antennaa;

d is the spacing of the antennas;

A is the wavelength of the incoming
aignai;

1y knin(?;d—co«n)cnslcos-t “w

e = kein (2:" .1“) cos 3 cos ut (5

where a is now measured clockwise from the
north-south fine to ths azimuth of the direction

L e oL L
gt 0 (O ] e e

a
Figxs 9. Diagram o lirect-reading eroc

Adeock direction finde

of arrival and is, therefore, the apparent bear-
Ing of the atation. If d is amall with respect to
A the equations become®

w I8 2w times the
coming signal;

3 is the vertical angie of arrivai
If now we have an antenna system conslst-
ing of two crossed Adcock antennas, and if we
let the mxia of one run north snd south and
that of the other run esst and west, then the
equstions for the current output of the two

antennas are

L=k 2 comacondoon ot (4)

Ioe =k 2; sin acosbeos wf. (5

It these two nntenru outp\m ure fed through

of the in- ampii-

fiers with equll phue shiftx to the vertical and
horizontai deflecting plates respectively of &

When the spacing ls not small with respect to a

ongt!
mately equai to (27d/a) €on =, an en
yhich ia sero for thoss beariogy whish are multiples of
46* and which reachas & maximum xt the sight Inter.
meciata diractions. Accordingiy 1t Is cailed the “ostan
tal” ervor.
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cathode-ray oscilioacope, the apot on the oscil-
loscope will trace a line which will make an
angle a with reapect 0 the vertical and will
therefore, except for the 180° uncertsinty, give

an antenna aystem ia amali the Interaction be-
comes large, but for the crossed Adcock an-
tennay these effecta are baianced out, providing
the axes of the two paira are exactly perpen-

]

W 18 Mk mugren of sresesd batiid | dempion duiss cvith injection signal.

the bearing directly, If the phase shifts through
the amplifiers are not equal, the apot on the
oscilioscope will, in general, trace an eliipse
inatead of a line, the major axis of which will
not give an accurate bearing.

When the apacing between the elements of

squispaced

dicular and the antenna are ali
{rom the center.

it {x to be noted that the achlievement of thia
instantaneous, dlrect reading feature has re-
quired the complicatlon of both the antenna
aystem and of the receiving equipment, making
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the problem of keeping the syatem balanced
and symmetrical much more diffcuit. Some ex-
perimenters have atterapted to overcome these
difficultles by housing the receiving and indi-
cating ~quipment in a shielded coop located at

not perfectiy conducting, and if the norizontal
members were buried to such & depth that they
were unuffected by the incoming waves. The

below eontain & of an
antenna ayJtem of thia type which was built at

o 10
ik wud vmed et ok stesis o i A

the exact center of the antenna system and
then elevating the whole structure above the
ground on poles. Even for auch a syatem, care
must be taken to keep the vertical portions of
the power leads and the hori;

Iimbioi of sl ailEes = ABE) EEVRER e vk cpmrn dagmmls of 113 acreagd 80T
o BT 0 H by e 6o mbe

ey e i

Holmde) and givea the results of various tests
performed upon Jt.

ANTENNA TRANSFORMERS AND BURIED
=

portions well buried in the ground.

14 CROSSED BURIED U ANTENNA SYSTEM

If we had perfectly conducting ground an-
other way of overcoming these difficultiea
would be to use only the upper halvas of the
doubleta, bringing them down to the ground
leve! and shielding the horizontal leads by
burying them in the ground. It would be ex-
pected that such a syatem would work astin
factorily if the ground were uniform even If

A schematic diagram of the antenna system
and of the equipment used in testing it aze
shown in Figure 10, The four vertical antennas
were located at the corners of & square with a
diagonal spacing of 15 feet. The square was
Jaid out so that one diagons) extended north
and south and the other east and west. These
four antennas consisted of box-like atructures
113 feet square in cross section, extending 28
feet above the ground and covered with copper-
coated paper. At 1 foot above the ground ieve)
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CROSSED SUAIED U ANTENNA SYNTEM 13

the four sides of the antenna were brought to-
gether at a point In the middle hy an inverted
pyramid of galvanized sheet iron while the four
wooden corner posts were extended down 4 feet
below the surface of the ground where they
were bolted to a wooden framework.

Details of constructlon of these antennas are
shown in Figure 11. Great care was taken
when they were erected to kcep them located

FIOURE 12, Concesisl fewm fiss inimmss i
e Vamifwmer lagie n
Chieldsd box at censms of sumus s,
is removed.

exactly as planned. After completion, check
measurements showed a maximum error in di-
rection of only 27 minutes and in spacing of
leas than 14 inch, The half-wave resonant im-
pedance of a single unit (Le., between the an-
tenna and ground) was about 260 ohms and
oceurred at a wavelength of about 22.2 meters.
The quarter-wave impedance was about 36
ohms and occurred at about 44.4 meters. Over
the frequency range of 5 to 15 mc the output
of a single pair for an end-on signal was about
9 db below that for a i ! hals

apex of each inverted pyramid, all four lines
beln,, of equal length, These transmission lines
ran straigat down to 414 feet below the surface
of the ground aad then horizontally to the cen-
ter of the system where they were brouii
back up to the ground levei, Here they were
connected to the primary, or balanced, alde of
a balanced-to-unbalanced broad-band trsns-
former, the linzs from each diagonal pair being
connected to the same transformer. These
transformers were housed in the small shielded
box at the center of the antenna aystem which
in visible in Figure 11. Figure 12 is a view of
the interior with the cover removed.

Two more concentric linea, nne from the
secondary of each transformer, ran back down
to 414 feet below the ground, then horizontally
for about 100 feet. Here they commenced a
gradual rise to a depth of about 1 foot at which
depth they remalned until they reached the
apparatus bullding at a distance of about 700
feet from the antennas where they were con-
nected to the lnputs of two recelvers.

e

g O]

UG ST e s i mue i s —
b 1 b

Figure 18 shows a diagoual cross section of
the antenna system and illustrates the disposi-

doublet at a height of 60 feet.
The inner conductor of a T2-ohm concentric
transmiesion line was conrected directly to the

tion of ths lines. They were
buried in this manner to provide sufficlent
shielding to eliminate all pickup from the hori-
zontally polarized waves.
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Figure 14 shows the details of conatruction
of the brosd-hand baianced -to-unbalanced
transformers, and Figure 16 the frequency

Detailx of the ing tech-

The sudio output of the receiver conneeted
tu the north-south antenna pair is connected to
the verticai deflecting plates of s cathode-ray

nigue will be found in the project final report.!
A balance of oniy 20 db would give au error
in bearing of 5.7°. For .. balsnce of 30 db the
error is 1,8 snd for 40 db the error ls 0.8°,

and the output of the receiver con-
nected to the east-west antenna pair is con-
nected to the horizontai deflecting plates. Now
it will be seen that if ths overali gsins of these
two receivers sre equsl, the ratio of the audio
outputa of the two receivers will be equal to the
ratlo of the carrier output of the two antenns
paira, which in turn is s function of the signal
direction as ghown sbove. When these voltages

e P ]
- 2
-

il

ﬂ

laURe 14, Construction dmu- of balanced-to-
Imhllunnd transformer.

RECEIVING ARRANGEMENTS—
INJECTION-BIGNAL SYSTEM

Figure 10 Is a block diagram of the d-f sys-
tem. In operation, the incoming signsl bests
with the signal from the injection osciflator to
give s beat note somewhere betwecn 160 ani;
2,000 cycies, The Injection-oscillator input level
to the two receivers ia equai st all times while
the incoming signsl input level varies in ac-
cordance with the directionsl pattern of the
crossed Adcock antenna system. The receiving
equipment measures the incoming signai direc-
tlon by comparing the audio-frequency levels
from the two receivers.

o
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FiguaE 15. Characteristics of broad-band trans-
former.

are spplied to the osciiloacope & line iy formed
which gives the apparent bearing of the sta-
tion directly.

Gais Control by Isjection Signal, The gsins
of the two receivers are kept spproximately
equal in tiw following manner. An Injection
signs] is radisted from a fifth antenns leeated
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TESTS ON COMPLETE SYSTEM

ut a distance of 500 feel 1rom the crossed an-
tenna system and on a line which Lisects nne
of the 90° angies formed by them. This signal,
which i adjusted to differ in frequency by a
few hundred cycles from the carrier frequency
of the algnal whose direction is being mess-
ured, Is used to control the gains of the two
recelvers. Sinee the outputs of both antenna
pairs are equal for the injection signal the
gains of the two recelvers will be made equal
providing the injection signsl Ia much stronger
than the carrier and providing the gain ron-
trols track. A ratic of injection signal to car-
rier algnai of 26 db shouid be enough to Insurs
that the carrier will huve no effect on the gain
controls snd 1s enough to Insure that the audio
output produced in the linear low-frequency
detectors by the beating of the carrier with
the injection aignal ia directly proportional to
the carrler output of the antenna ayatem. Ac-
cordingly, the Injection signai was kept about
24 db above the carrler level. The gain controls
of the two receivers used for meking preliml-
nary measurements did not track within the
required limits a0 that it was necessary to call-
brate the syatem frequently. Thia was aceom-
plished by tmoduiating the injection oscillator

ing the

e TESTS ON COMILETE SYSTEM

First tests on the antenna rystem showed
very shaliow nuiis and large errors in direc-
tion, For detiiis of these messurements sce the
finai report.!

When the possible cauze: fo these errora
were considered susplcion was firat cast upon
the vertical leads running to nearby antennaa.
Although the nesrest of these antennss was
over 200 feet distsnt, their rsmoval and re-
moval of their vertical leads made differences
us great as 11 db in the depth aud 3° In the
directlon of the nulla, Vertleal wires at dia-
tances of 500 feet and over had no aipnificant
effect In the frequency ranie studled.

A set of measursments was made with all
possible raradiating objeets within a radiua of
500 fest removed. Null depths of only 36 db
and directlonal errors of 12° wers still belng
obtained.

Esrecr oF GROUND

The ground at Hoimdel in ordinary farm
land consisting of a layer of top moll 1 foot
thick overiyinc several feet of sandy ciay.' The
particular site chosen for the antenna aystem
was 3 flat as rsusonsbly could be expected of
most antenna locatlons and, s far ax could be

with an andio and
gains of the two receivera untll the line on the
cathode-rsy oscilloscope was in the 46° position
which s the condition for equai gaina. Thia
fault was eliminated in the final system de-
scribed beiow.

Besides furniabing a nonfading equal-smpli-
tude algnal for controfling the gain of the rs-
ceivers, the ume of the injection oscillater
greatiy reduces the phase-shift requlrements.
Instead of equal phase ahifts from sntenna to
oscilloscope, ali that is recuired of the reeeivers
when the Injection osclilator is used, ia that
the phase shift from the antenna to the input
of the sudlo amplifier variea in the same man-
ner for the two receivers over the band be-
tween the carrier frequency and the injection
onciliator frequency. The two audio ampiifiers
must have the same phase shift for the audio
frequency used, but this requirement is not
difficult to meet.

d by visual there was nc
resson for auspecting any troublesome vario-
tions in the ground constsnts. However, sev-
eral difterent ,round mats wers tried. The firat
consisted merely of two 100-foot gnivanized
iron wires, one stretehed under each pair of
antennas and grounded at 2ach end to 5-foot
ground rods and at the center to the cuter
grounded conductor of the coaxial transmiasion
lines. This ground system made no appreclable
effect on either the depth or direction of the
nulls.

Next a ground mat consisting of two 60-foot
stripa of 2-inch mesh wire netting & feet wide
was laid In the form of a cross under the an.
tennas, The maximum error in directlon was
reduced from 12° to 3.6°, although the mini-
mum null depth was not changed much. Further
improvement was desired, so & ground mat con-
ting of 8 radial strips of wire netting 6 feet
wide and 150 feet long grounded at 50-foot
intervala was tried. Tire resuits were not ap-
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preciably different so atfil another mat was
tried. This final one was a circular mat 100 fact
In dinmeter grounded at 6-foot intervals arcund
the circumfersnce and at the center.

Except for the 18-mc measurements, the
maximum nuii depth was over 30 db and the
maximum error in direction was less than 2°.
Since the antennas and transformers wera not
designed to work ai frequencies higher than 15
me it was feit that further improvement of the
ground mat was not necessary,

With the 100-fcot diameter ground mat in
place, test bearings were taken on the fisid
csciiiator placed at 16 equaliy spaced points on
a circie of 300 feet ra hen the errora
wera corrected for octantal error and for those
due to the cathode-ray tube, over the frequency
range § to 15 me no error greater than 2° was

fered by 0.6° t0 1.0° 12 hy 1.1° to 1.5°, and 9
by 1.6° to 2.0° or a total of 74 of the 82 bearings
were in siror by 2° or less. For the remaining
8 statlons the largest error was 6°, Carefully
made repeat measuraments on these 8 stations
gave no error greater than 3°.

i CONCLUSIONS

The errora in such & phase-comparison sys-
tem, employing several vertical antennss ar-
ranged in a semicircie, are amali unless the
vertical angie of arrival is unusually high. Be-
cauac of Interactlon effects, two complete acts
of antennas are needed for the range from §
to 18 me if maxmium accuracy is required.
With a aystem uaing three antennas, prafer.
nhly nrnnged nt three corners of a square, two

observed, whiie at 18 mc the error
was 8°,

Tests oN HORIZONTALLY POLARIZED WAVES

To teat the rasponse of the syatem to hori-
zontaliy polarized wavea, a B53-foot tower was
erected at a distance of 200 feet in the direc-
tion of the east nuli, The fleid osclliator was
piaced on top of the tower and the chauge in
nuii depth noted when the antenna rods were
turned from the vertleai position to an angie
of 45°. Measuremants were taken on 5, 75, 10,
15, and 13 me. No significsnt change in null
depth wis detected indicating that the amount
of horizontai pickup was too smail to affact
the operstion of the ayatem under normal op-
erating conditions.

Finaiiy, besring measurements wera made
on fixed transmitting stations ranging in fre-
quency from 5 to 18.4 me and In distance from
about 30 milea to over 5,000 miles. Each bear-
ing was checked by comparing it with that
obtained on the same station with the crossed
vertical Muas. A totai of 107 bearings were
taken. For 25 of these the vertical Muas gave
either no bearing indication whatsoever or
bearings differing significantly from the trne
benrmz. indicating that either the station was
le the akip zone or that the transmission
W s unsatisfactory for rdirection-finder oncia-
tion, Of the 82 ramalning besrings, 20 differed
from the true bearing by 0.5 or less, 24 dif-

ara required
to obtain a be-rinx Interaction among the an-
tennas infiuencea the accuracy, aithough the
interaction effects might be balanced out by the
use of aeveral dummy antennas.

Difficuities involved in making an instantan-
cous, direct-reading, phase.comparizon syatem
Jed to the deveiopment of an amplitude-com-
parison system using a croased, buried U an-
tenna with a separate injection oscillator and
antenna and with a cathode-ray indicsting de-
vice,
Variationa in the ground not detected by the
eye causa suvere distortion of the directional
pattern of the antenna. Several ground-mat
syatema were investigated. Conservative speci-
fications indicate that a mat not iess than 150
feet in diameter made of 1-inch mesh wire net-
ting or its equivalent wouid be required. Where
the ground has a uniformiy high conductivity
such as would be found in a asit marsh, the
mat couid be smalier. Even in a iocation having
good ground conductlvity, a good ground mat
seems desirable. For detalia of & aystem suit-
able for a sait-marsh iocation see the final
report.t

L RECEIVER SPECIFiCATIONS

The general receiver characteristics desired
are {1) a frequency range of 4.5 to 80 mc, (2)
an input impedsnce of 72 ohms, and (3} an
image rejection ratio of better than 50 db at
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20 me. An If band flat over a =2.kc range
and down 45 db +10 ke would be eatiefactory.
To operate ordinsry commerelal ovcilioscopes
an a-f output of 2.5 volts across 100,000 chma
at b per cent modulstion is required.

Tbe lowest aignai lovel that can be received
ia determinad by the equivalent input noise
(output nolse divided by the recelver gain)
which should not be more than & db above the
theoretical thermal noise or 160 db below 1
svatt for a 4,000-cycle band width. Assuming &
minimum signul jevel 20 db abeve the noise
gives a minimum signal Input level of 140 db
below 1 watt,

The ratio of the a-f output jevela muat be the
same s the ratio of the incoming signal levels
delivered by the two antenna pairs. Therefore,
if linear low-frequency detectors are used the
levei from the injection osciliator muet bo at
leaat 20 db above the incoming aignal ievel.
The effect of the incoming aignal on the auto-
matic-galn-control cireuits may require a 30-db
differenca in level. 1f we asarme a 26-db differ-
ence in level, the modulation impressed on the
injection oscillator signal by the incoming alg-
nal will never exceed 5 per cent. 1f incoming
a'gnal levela of 140 to 80 db beiow 1 watt are to
be accommodated the injection osciliator level
must be between 114 and 54 db below 1 watt
and the receivers must be capable of handling
these lovels. The input level range may be in-
oreased to 50 db by inserting 20-db i

the automatic gain controis should kecp the
cutput constant to within 2 db for a 60 db
change in Input level.

Three other factors wiich will sffect the
bearing accuracy are (1) noniinearity of the
circuits, (2) dissimilarities in the r-f, 1.,
and a-f bands, and (8) crosstalk between the
two receivers. To maintain an accurscy of 14°
the a-f cireuits ahould not depart from linearlty
by more than 0.1 db as the amplitude Is varied,
and the gains should be alike t» within 0.2 db as
the frequency difference between the injection
onclllator and the signai is varied over a +200.
cyzle to 2-ke range. The crosatalk from one of
the receivers, fed with a 5 per cent modulated
aignal, into the other with an equal unmodu-
lated signal, should be down 60 db.

Frctors which wiil distort the oscilioscope
trace are 80-cycle hum, harmenic distortion,
and phase shift. The hum-and-harmonic dis-
tortion should be down 35 db in the output in
order that the oscilloscope trace wili not be
widened by more than 2 per cent of ils length.
The phase difference between the two a-f out-
puts should not exceed 1 per cent.

1f neceasary, high-pass fiters may be used
In the &-f clreuits to reduce the 80-cycle hum,
in which case the a.f range might be 200 to
2,000 cycies. Fiiters cutting off above 2.000
cyeles might be used to reduce nose. Any such
filters muet, of course, mest the phase and

itude-di i within the

in the antenna iinen to take care of exception-
aily strong signaia.

For successful operation, the gaina of the
two receivera must be kept equal at all timea.
Thie feature practically dem the use of
i and “atifl” i
gain controls whose action is completely con-
trolled by the Injection oscillator. These atiff
gain controls may take the form of separate
i-f gaincontrol amplifiers and strongly hiased
rectiflera.

For a bearing accuracy of 14°, the gains of
the two receivera must not differ by more than
0.1 db, and this muat hold over the entire range
of input levela To eliminate any sudic fre-
quency gain controla so that the amplitode of
the oacilioscope trace may be used as an indl-
cation of the pereentage modulation (i.e., ratio
of incoming aignal to injection oscllletor level)

pass band.

The recelvers, preferehly, should have a fre-
quency-callbrated dial and a tuning indleator
to insure that the operating requirements will
be met. Separate beating oscillators muy be
usod, provided the leakage from one beating
osclllator into the other receiver does not result
in a.f components stronger than 50 db below
the output of the desired frequency.

» COMPLETE D.F SYSTEM

No commerelal receivera were on the market
which exactly met the specificationa llsted
above, and previous experience with commer-
cial ahort-wave receivera showwd that their

i to meet these ifications would
not be essy. Since, however, the construction
of two entirely new receivers would have taken
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a relatively long time, it wus declded to use,
after modification, two short-wave mesauring
seta beionging to the Bell Telephone Labora-
tories.

RECEIVERE USED AND CHANGES REQUIAED

A block diagrsm of one of the two receivera
before aiteratlon ia ahown In Figure 16. They
ara triple-detection recelvers with a firat inter-
mediate frequenay of 8 mc and a second intar.
mediate frequency of 100 ke, Thers are no r-f

wete capable of suppiying an audlo output weli
over 2.5 volta across 100.000 ohms, but the
overall gain of the receivera was not sufficient
to supply thls output for the Weakeat usabie
signul which ls determined by the minimum
necise level of the receiver. By adding another
stage to the 100-kc amplifier the overall gain
was increased to the point where the required
audio output was obtained for the weakest
usable signal.

The equivalent {nput noise was about 5 db
above the theoretical thermal noise level.

Fomm 35, | Wk dingram of triple-detection measuring set.

amplifiers or preseicctor clrcuits other than the
antenna-tunlng and coupiing circuits, The re-
caivera cover & frequency range from 4.5 me to
well over 30 mc. The Image rejection ratio ia
about 40 db which ia high enough for demon-
stratlon purposes,

Ths overall pass band of the receivera was
flat for approximately 6 ke on each side of the
carrier, which was entlrely too wide for d-f
use, By adjusting the second 1-f filtera the band
was reduced so that it was flat for only 1 ke on
each alde of the carrier and was down 45 db
or more 10 ke on each aide of the carrler. It
should be noted here that the response curves
of the two receivers must be exactly slmllar
over the perating range, This range ls deter-
mined by che difference between the signal fre-
quency and the injection-oscillator frequency.
If the band width ia amall and the response
curves sharply peaked it becomea extremely
difficult to make and keep them ldentical.

The linear rectifiers used as final detectors

It wus necesaary to install scparate, biased,
gain-control rectifiera to obtain the deaired
automatic-gain-control atiffnesa, The resuit was
&n output variation of only 1.6 db for a 60-db
change in input level. The gain controis of the
two receivers tracked to better than 0.1 db over
the range of Inputa from 65 db above to 256 db
above 10 watt. At lower Input leveis the
noise prevents precise measurement of the
tracking, but no appreciable difference was dis-
cernible,

The hum levei of the recel ara was fairly
high but was reduced to a astlafactory value by
miror changen in the power supply leads. The
ronlinearlty in the audio circuits, the har-
monic diatortion, and the differance in phase
shift were all less than the required minimum.

After the above changes were made the two
recelvers were connected together and to the
antenna syatems making the complete d.f ays.
tem shown in the block diagram in Figure 17.
The first beating osciilator from one of the re.
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ceiverz was used as the common beating oscil-
lator for both receivers. The first beailng os-
clllator for the othes receiver was removed and
mounted on & ssparate panel with u broad-band
amplifier and uszd as the injection oscillator,
The Injection-signal tevel was controlled by

cycle tone and adjusting the relative audio
galns of the two receivers until the oscilloscope
trace made a line at 45° The 60-cycle modula-
tlon was produced by putting a small 80-cycle
voltage on the grid of the amplifier tube In
series with the grid bias.

Fiourz 17, Block disgram of complete d-f system using triple-detection messuring set.

varying the grid bias of the amplifier tube, By
making the pass band of the amphfier very
broad the neceasity of pro' iding tuning for the
amplifier cireuits and of meeting the resulting
tracking requlrementr was eliminated,
Catibration of the system was accomplished
by modulating the injection signal with a 60-

Test measurements made on the complete
setup disclosed a small amount of 3-me cross-
talk from one receiver to the other through the
common beating oscillator lead and a smali
amount of high-frequency crosstalk direct from
the injection oxcillator to the innut circults of
the receivers. The S-me crosstalk was reduced
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below the required minimum by Inserting smali
pads In the leads to each receiver and increas-
ing the beating oscillator power by a corre-
aponding amount. The high-frequency cross-
talk was reduced by very carefully shlelding
the injectlon oscillator,

The experlence gained In working with these
receivers showad that the greatest difficultles
in bullding receivers for this type of d-f ayetsm
are likely to be In making the two pass bands
identical over the operating range. In keeping
the crosstalk through the common beating oscil-
lator lead at a fow value, and In keep.ng the
leakage from the Injaction osclilator direct to
the vecelver below the required minlmum. By
taking normal procautions ali requirements
were met, demonstrating that the aystem ia
entlrely practical,

. TECHNICAL AID FOR THE
ARMY SIGNAL CORPS

After a thorough testing, the two measuring
sets and the necessary cathode-ray equipment
‘vere set up In a smali buiiding a short distance
from the crossed buried U antenna system and
connected to it by coaxial transmission lines
raxking a compiete d-f syatem. Engineers from
the Signal Corps Laboratories then operated
and studled this equipment to famlliarize them-
selves with (he principles involved.

RECEIVERS USkD AND CHANGEs REQUIRED

After operating this equipment for & while
and after considerlng the r.ssible sources of
auppiy and the urgency of the need the Signal
Corps engineers decided to attempt to rebuild
two Nationai N, C.-100 receivers for their first
aystem. At firat 1t was hoped thst this rebuild-
ing would involve merely the additlon of a
separate automatic-gain-control amplifier and
rectifier and of a lead between the two beating

and the third to sopply (he beating oscillator
aud injection signals.

Test Results, The final tests on these re-
celvers showed that they functioned very satis.
factorily except for two features. The image-
rejection ratio was better than 40 db for
frequencies between G and 11 me, but above 11
me the rejectlon ratio dropped very fast until
ot I4 me it was only 28 db and even fess at 15
me. The equivaient input noise of theae re-
ceivers was considerably higher than the speci-
fled minlmum, especfally on the higher fre-
quencles, making it difficult to obtain accurste
bearings on weak stations. It is suapscied that
the difficuity lies in the comparativeiy low gein
of the r-f amplifier and In the low @ of the h-f
coilz.

It is not believed that low image-rejeciion
ratio at the high frequencies is %0 serious as
to rule out the use of auch receivers, but, since
it is the weak signals that are the Important
ones, the fow signaf-to-noise ratio is very serl-
ous,

11 EXTENDING THE RANGE TO 30 MC

1t was felt that, as & result of the experience
gained In building and testing the crossed
buried U anteni.a system for the 5- to 15-me
range, enough was known about the character-
istica of such sn antenna system to predict the
performance of a smaller model with sufficient
accuracy to make unnecessary the bullding of
an experimental model. The antenna system
for the 15- to 30-nic range would be merely a
half-size scale model of ths present system.
Thus, the ground mat should be 76 feet in di-
ameter, the antenna spacing should be 74 feet,
and the slze of each Individual vertical should
be 9 inches by 9 inches by 14 feet.

THE T8ANSFORMERS

The design for the broad-band balanced-to-
t l fal-

oscillators to keep them in How-
ever, before the equipment was finally made to
function satisfactorlly, it was found that
rather extensive changes had to be made. In
the final arrengement three recelvera were
used, one for each of the recelving channels

lowed very closely that of the ones for the
lower frequency range. For details of construc-
tion of the transformers and foss, balance,
and impedance characterlstics see the finai re-
port,!
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| POLARIZATION ERRORS— urements of the response of the crossed buried
SYSTEM MEASUREMENTS U-antenna syatem to vertically and horizon-
] tally polarized waves for varioua vertical angles

D. G. C. Zuck and Kenneth A, Norton of the of arrival, The atandard wave error* was found
RCA Manufacturing Company brought their to be 8.5° at 5.1 me, 6.25° at 9.23 mc, 2.2° at
balloor: equipment to Holmde! and made meas- 13 mc, and 1.8° at 17.3 me.
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NBS HIGH-FREQUENCY DIRECTION-FINDER RESEARCH

Theoreticai and experlmenta) Investigation of direc-
ton-finder -

factor, k, for undesired fleld componerts. A

sora  leveiopment of a figure of merit for direction-
finde, comparisan; examination of typleal dirsction-
finder eyatoma a an applicatian of tha msthods for
meaguremant and anaiysin deveioped; origin of a new
method for measaring ground eou tants. Tha major
portion of the theorstical anaiyain developed in thin
projects is included in this summazy report, tha chief
abridgement from the contractor’s fnal raport! being
In the work eonducted on direction-findr aysteenn of
the tima 1941-1942,

B INTRODUCTION
HE OBJECTIVES in settlng up this project
were:
1. Study of errors due to polsri coi-

of the pickup ratio together with the
directionai pattern of response of the d-f sys-
tem mskes possibie the determination of the
polarlzation errors for downcoming sky waves.
Since it is posaible to messure the pickup ratio
for s wave st horizontal incidence, ali measure-
ments msy be msde near the ground. Thia is a
principal advantage of the method; other ad-
vantages are thst the method yields the maxi-
mum poisrization error, and a figure of merit
for error which is
the ground constsnts and of the height of the
direction finder shove the ground,

After develomng the technique of determin-

iector apacing, snd diversity factor, snd meth-
ods to minimize these.

2. Study of errors of aite and personnel,

3. Exsmination of improved models from
any acurce.

4. Basic research on one or more improved
types as appesra Aesirabie,

5. Messurement technique for the study of
df errors.

After some preliminary atudy it was found
thst poiarization snd site errora constituted the
lsrgest errors In existing direction finders. The
program therefore was chiefly devoted to a
study of those errors over a frequency range
of 2 to 80 me.

PO ANALYSIS

For the study of polarization errors a method
was deveioped having advantsges over previ-
ously used methods and appiicable to mrny d-f
sntenna systems. In this method a fignre of
merit designated as the “pickup ratio” was
introduced. The pickup ratio s the ratio of the
pickup factor, k, of the d-f sntenna aystem for
desired radiation fleid zom' rents to ils pickup

» Project C-18: The work covered in thie report was
perfarmed by the National Bureau of Standards under
& contract terminating June 30, 1942.

ing errors through

of pickup ratios, measurements were urned
out on severai direction findera of varioua
types. Reporis issued during the project are
listed in the Bibiiogrsphy.

Poiarization errors were investlgsted com-
prehenaively, both theoretically and experi-
mentally. The polarization of the fieid at & d-f
site for downcoming ionospheric waves was
determined theoretically. The df directional
pattern was then caiculated in such a field snd
equations obtsined for the oberved bearing.
The difference beiween the obscrved beering
given by the actus] directions] pattern snd the
true bearing obtsined from the ideal direc-
tionai pattern gave the poiarization errors.
Equations were derived for the polarization
errors in this way for the seversi basic direc-
tion finders and were used to determine, by
meana of experimental measurementa of the
conatants & snd k, the polarization errors of
these direction finders.

231 Summary of Theoretics] Aupeets

Study of the state of poiarization of down-
coming ionospheric waves showed that these
waves were eliipticaily poiarized, hsving elec-
tric components £, and . poiarized paraliel
snd perpendiculsr respectively to the piane of
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incidence, These componente ore present in-
dependentiy of the state of polarization of the
wave incident on the ionosphers and therefors
of the polsrization of {he transmitiing antenns.
The wave incicant on the ionosphere ls split into
ordinary and exiraordinary waves whick on
returning to the earth combine veciorially to
give the tote] downcoming wave, Equations for
the fading of these ordinary and ext aordinary
wave compunents were derived and expressions
found for the varfations in the atate of polen-
zation of the downcoming wava. In general, the
state of polarizatim vazies in a random way
10 that the average of a series of swinging
bearings will uavally give a bearing ciose to
the true bearlng, provided the swinging la
caused by pularization errer,

The fotul fleld at the direction finder for
downcoming waves war next calculated hy tak-
ing the vector suin of the direct and ground-
reflected wavea. It was shown that the ground
reflection acts to suppress E, at poinis near the
ground, the suppression increasing as the index
of refraction of the ground increasea Thic
showed that dirvection finders designed tc re-
apond to E, and to suppress reaponse to E.
should be placed as near the ground as possi-
ble. On the other hand, it is shown that a direc-
tion finder designed to respond to &, and to
suppresa responsc to &, ahould be located at a
height above ground equal to A/4.

The response of an arbitrary direction finder
in the field of & downcoming wave was next
calculated in terma of the known directional
patterns of the antenna elements of the direc-
tion finders, In these expressions unknown pro-
portionality constants, & and ¥, oceur. These
constants, which correspond to output voltages
produced by the desired and undesired fleld
components respectively, were called piekrp
factors, and the ratlo of & to & the pickup
ratio. It was ahown that, by placing the direc-
tion finder in plane-wave fields of apecial strue-
ture, all terms in the expressions for the output
volisges became zero except one. A measure-
ment of the output voltage and the field inten-
sity for this case provided a means for deter-
mining the pickup factor. The pickup factor
for each field component desired could be meas-
ured ir this way by using special felda at hori-
zonts| incldence. After determining the plckup

factors experimentally, the d-f response in the
field of any downcoming wave could be ealeu-
lated and therefore also the poiarization errors,
aince this calculktion gave the actuai azimuthal
directional patwsn. The departure of this di-
rectional pattern from the ideal desired pattern
gave the bearing error.

It was shown thut the polarization errors
were dependent on the ratio of desirad to un-
denired responses and therefore on the yickup
yatio /k The pickup ratio was therefore pro-
posed as a figure of merit for measuring polari-
zation eviors. Thix figure of merit is indepen:
dent of the ground coustants of the d-f site and
of the height of the direction finder above the
wnd, it can he used to determine the results
velopment work designed to reduce the
polarization errors of a wiven direction finder
‘xhile the complete curve of polarization error
versus angle of elevation of tile incident wave,
as determined by munsurements of h/k. ean be
used to compare the aceuracy of different types
of direction finders.

In applying the plekup ratio method in prac-
tice, the reaulced apeclal test fleids muat be
generated by means of local tranamitters, Such
transmitters generate wavea which only ap-
proximateiy simuls.te the plane waves assumed
in the theory used to caleulate the polarization
errors. Accordingly, theoretical and experi-
mental studies were made of the technlques
required for a proper measurement of h and k
where a local transmitter is used. It was ahown
thst a horizontal loop antenna should be used
with the local transmitter when generating &
horlzontally polarized test fleld to avoid an
error cailed radiator parsllax, Simiiarly, when
teating a spaced, vertical, coaxial iocp-antenna
direction finder, special procedures were nec-
essary to svoid ' error called collector paral-
iax, Equations were also derived to show the
proper procedure required Wien ineasnring
electric field components by means of a field
Intensity meter using a loop antenna.

Using the procedures outiined sbove, meas-
urements of & and & were made and the polari-
zatlon errors computed for the direction finders
under considerstion.

A study of d-f sites was made In which it
was shown that direction finders designed to
respond to £, should have smalier site errors
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caused by reradiation than those designed to
reapond to K, Equations were derived for the
field intensity at any given depth below thy
ground for incident downcoming waves and an
approximmate table prepared showing the ree-
omn ended depth to which cables and iines
should be buried in order to avoid reradiation
diffculties. A mew method was evolved fo:
rapidly measuring the ground conatants of a
proposed slte, at various points of the aite, both
to deter-ine ita clectrical homogeneity and to
make sure that its conductivity and dieleetric
constent would be high enough for the bart
results with *he direetlon finder to be installed.
This mathod <hould be useful in selecting the
et site when a choice ic posaible.
Alsia Historical Development

The single toop-antenna direction finder has
Iarge bearing errors when used on downcoming
waves from the lonosphere, Since long-distancs
comn.unication Maken use of propagafion via
the ionosphery, the single loop-antinna direc-
tion finder could st be successfully used for
short-wave direction finding In the band from
2 to 30 me, Iu 1919, Adcock introduced the
spaced-antenna direction fuder whien at-
tempted to reduce pickup In the horizontal
members of the antenna atrueture and thus the
polarization errors, To measure the success of
such attempts, R. H. Barfield® in 1936 intro-
duced a figure of merit for polarization error
which he called the “standard wave error.””
Thia was defined as the besring error of the
direction finder for an incident wuve having
an angle of elevation of 45° and components
of electric field intersity parallel and perpen-
dieular to the plane of incidence cqual to each
other and of such phaze difference as to make
the error & maximum. The atandard wave error
was commonly measured by using 2 local trans-
mitter elevated at 45° to lay down a field
simulating the atandard wave. A dipole trans-
mitting antenna oriemed at 45° generated
equal and cophased parallel and perpendicular
wave components in this method. The cophused
wave components of the above method did not
result in the of the

difficitiv.. introduced in the use of elevated
tranamitiers led to lack of precision in meas-
urement A < >hod was needed which would be
easier ¢ use .n practice; for example, one
which v uired ground measurements only.
Such a mothed was developed using a local
transmit’ . » near the ground to generste a wave
feld of m.naured Intensity at nearly horizontal
incidence, The response of the direetion finder
was meanured In this field for verticai and for
horizontai polarization. The response of the
autenva system to sky waves was then dater-
mined from a calculation of the vertical and
hor'z ¢+ fieid eoaponents of such sky waves,
#nd thia in turn gave the polarization errors,
including the stundard wave err r. This method
yielded the maximum polarizatiun error, while
the ratio of the responses or pickup factors,
called the pickup ratio, yielded a fundamental
constant of the antenna system which was in-
dependznt of tee ground constants and from
wh. “ v vespease in any assumed sky-wave
field could be calculated. About the same time
ua the 2o slopment of this method, the Radio
Corpor=tiun of Ameriea [RCA]* modified the
Burfield method by using an elevated trana-
mitter emitting waves polarized, first, in the
plane of Incidence and, second, perpendicular
to the plane of incidence, The response of the
dizection dnder to these wsves was measured,
but a :.easurement of field intersity was not
required tn determine the polarization error.
This ra¢.” d usually could be made to give the
same datx .a the National Bureau of Standards
[NES] mehod and vice versa, each method
having particuiar advantages.

L Nature of Poiarization Errors

In short-wave direction finding, bearings are
taken on sky waves coming down from the
ionosphere. In general these waves ere ellip-
tically polarized, having componeits polarized
both paraliel and perpendicular to the piane of
incidence. However, most direction finders are
designed to measure the bearing by utilizing
the directional pattern of the antennu-aystem
resporac to only orie of the components, 1 both

polarization error as required In the definition
of atandard wave error.' Furthermore, the

are present and if the aatenna
system hrs different azimuthal responses to the
several field components, the directional pat-
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tern will be miodified 80 as to give incorrect
bearings or even to prevent the taking of bear-
ings altogether. These bearing errors will de-
pend on the relutive amount and phasc of de-
sired to undesired fleld intensity which in turn
wili depend on the state of polarization of the
incident wave, Such bearing errors are called
polarization errors and are one of the largest
sources of inaccuracy In present-day direction
finders,
&4 Polarization of Downcoming
Ionoepheric Radio Waves

As a background for the study of polariza-
tion errors and the techniques used to measure
such errors, it will be desirable to consider the
nature of the downcoming sky waves, the in-
fluence of the ground reflection on the flelds
el up by these waves at the direction finder,
and finslly the problems involved in attempting
to simulate such sky waves by the use of iocal
transmitters. A morc complele sccount than
can be given here is available il a report* by
K. A. Norton.

The following account is intended to serve
only as a brief review of the way 1n which the
problem ls set up,

The presence of the magnetic fleld of the
earth causea a wave incident on the ionosphere
to split into ordinary and extraordinary waves,
each of which thereafter travels Indepenc mit!"
in the ionosphere and is reflected at dirent
heights. To caleulate the intensitiea o the um-
ponents parallel and perpendicular to the plane
of Incidence In & downcoming wave, It is nec-
essary to calculate the intensities of these com-
ponents for the ordinary and extraordlnary
waves and then to take the vector sum of these
two waves to give the total field components.

The following symbols wlil be used together
with Hesviside-Lorentz units; hold fsce aym-
bols are vectors. A dot over a symbol denotes
tlme differentiation.

e = charge on an electron.
m = mass of an electron.
N = electron density.
H° - earth’s magnetic fleld.
v = mean frequency of collisions between
free electrons and neutral air mole-
cules.

¢ = velocity of light.
1 = frequency of radio wave.

o = 2xf.
E = electric field Intensity of the radio

wave,

H ~ magnetic field intensity of the radio
wave,

total current (displacement plus con-
vection current).

V' = veloclty of electron motion in the
jonosphere,

right-handed set of mutually perpen-
dicular unit vectors.

Tle problem of propagation of radio waves
through the lonoaphece is of course solved by
iooking for the appropriate solution of Max.
well's squations.

)=

ik

v R it m

exu="'j @
-

In the case of the ionosphere, the free electrons
present give rise to a convection current Nev
%0 that the total current J in given by

)= E+ Nev, @)
Furthermore the motion of the electrons must
satiafy the force equation

fyxXHe=0. (4
1

Here the term (¢/¢) ¥ < H' is the force due to
the magnctic field of the earth. This term
causes the psths of the electrons which are
oscillating under the influence of the eleetric
fleld of the radio wave to be bent (if moviug
with uniform speed they would be bent into
clrcular helices) and thus causes the wave to
be aplit into ordinary and extraordinary com-
ponents. The term vmV Is a dissipative force
produced by collisiona with the neutral air
molecules™hix term gives rise to the absorp-
tion of the wave.

Since we are louking for s plane-wave solu-
tion, we substitute into equations (1) to (4)
the plane-wave function, exp[i{ix n . r—ut].
Here , denotes the complex index of refruc
tion, n denctes a unit vector normal o the wave
front, and r is a vector denoting the position of
the ficld point from a fixed origin. The fleld
equations can he satisfied providing the pa-
rameters fulfill certain relations which are

¢E— mV — vmV +
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fuund by substituting the plane-wave function
into the equstions. Thus u comes out to be
double-valned showing the splitting into ordi-
nary aud extracrdinary wave components. For
each of these values of the Index of refreciion,
the field equatlons car be solved for the Alectric
and maguetic intensities. When such a solution
Is carried out for the cuse of plane waves in-
vident on the lonosphere from & transmitter on
the ground, It is found thet the ordlnary and
extraordinary waves are hoth elliptically polar.
lzed, the state of polarization being Indepen-
dent of the palarization of the incident wave,
This result is Important for short-wave direc-
tion finding wince it means that no matter what
the transmitted polarization may be, the down-
coming ionospherle waves will, In general, b
elliptically polarized and csn therefore Le re-
sclved into two plaue-wave componenis polar-
ized parallel and perpendicular vespectlvely to
the plane of incidence knd hlvmz a suitable

The fading esused by phase interference is
& result of the irregular nature of the iono-
sphere, The lonosphers probably censists of
clouds of ions distribuied in such a manner
that a single downeoming ionospheric wave
actually consists of a large number of compo-
nent waves, each of which has been refiscted
at a slightly different place in the ionoaphere.
Theae scparate wave components, since they
have traveled slong slightly different paths
through the ionosphere, will arrive at the
ground with random relstive phases. This fad-
irz has bean found experimentally® to follow
a distribution law first derived by Rayleigh
which glves the resuliant of a large number of
waves of the same frequency but of arbitrary
phase, Using this distzibution law, the fading
of the ordinary and extracrdinary downcoming
waves can I[ndividually be determined and
therefore also the fading of the resultant down-
coming wave. Clearly this fading of the ordi-

phase diffe The

nary and 'y Waves gives rise to

responsz of a direction finder m the several
components of such a field will therefore result
in Inaccuracies of the bearing.

g2 Effecta of Fading

These inaceuracies will vary as the state of
polsrization of the downcoming wave varies,
particularly since both the phase and ampli-

variations In the state of polarization of the
resultant downcoming wave with concomi-
tant variatlons in the d-f polarization error.
Such variations in atate of polarization have
been observed experimentally and account for
the awinging of bearings observed in practice.
The complete analysia of the fading problem
leads to the general conclusion that, cxcept for
the two special cases given below, the relative
amplitude and relative phase of the parallel
and per of & dow

tude of the paralle]l and per compo-
nents varles, Norton® has treated this problem
quantitatively by considering the effect of fad-
ing of the ordinary and extraordinary waves
on the resultant downcoming wave (equal to
their vector sum),

There are two causes for the fading of jono-
spheric waves: phase Interference between
waves traveling along slightly different patha
in the ionosphere, and changes In the absorption
of radio waves caused by variatlons in the ioni-
zation distribution In the ionosphere. The phase
interference is responsible for the rapid
changes in intensity which occur from minute
to minute, while the changes of absorption are
responsible for slower changes in the average
level of the received fields which occur from
hour to hour and from day to day. These latter
changes can be neglected for this work.

ing lonoapherle wave will have a random dis-
tribution, the distribution being more nearly
random the higher tie frequency. The average
of a serlea of swinging bearings will then be
close to the true bearing (excluding laters!
deviation) except for frequencies near the
magneto-ionic freguency or nesr the maximum
usuble frequency.

Several conclusions relative to direction find-
ing may be drawn from the preceding discus-
sion, It is clear that the state of polarization
of downcoming ionospheric waves will vary
over wide limits, there being times swhen the
parallel component only is present and times
when th: perpendicular component only is
present. The phase between these two compo-
nenta also can have any value, These variations
have becn observed experimentally by direct
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mearurements of the state of polarization of
downcoming waves, Busignies' has proposed
that some of the lurge bearing errors previ-
ously ascribed to lateral deviation may perhaps
be accounted for as polarization errors oceur-
ring when the desired of the wave

216

Effect of Ground on Total Field
at the Direction Finder

The preceding discussion of the nature of the
ing waves must 5 8
of the effect of the ground rofiec-

is practicully zero. Clearly, for these cases even
2 direction finder having a very low standard
wave error would exhlbit a large bearing error.
1t ia therefore evident that the reduction of the
standard wave error alone will not prevent the
occurrence of @ certain percentage of large
bearing errors, Since the period when this hap-
pens will usually be short, NBS and Busignies

Year
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tion cn the resultant field at the direction
finder, The response of the antenna system in
this reaultant field can then be calculated and
therefore also the polarization errors.

The wave coming down from the ionosphere
will be effectively a plane wave since it will
have come from a great diatance. It will be re-
flected from the ground, assumed here to be flat

€anth

Fiours: 1, Polarization eflipsa for elsctric vector E, at height 1 above ground.

have independently nroposed a direction finder
in which the taking of bearings is automati.
cally prevented unless the state of polarization
of the incident radio wave is favorable for ac-
curate bearings. The antenna system in thia
method iz used not only to take bearings but
Rlso to measure the relative polarization of the
downcoming wave and thua to control the in-
dications of the direction finder.

A direction finder using apaced, horizontal
loop-antenna elements has been auggested by
NBS' and others as having favorable proper-
ties for accurate direction finding. The opera-
tion of such a direction finder requires a per-

i in the ing wave.
The preceding analysis has shown that auch
components will be present approximately
equally with the parallel components, so that
direction finders designed for either component
are feasible.

and homogeneous, so that the total field will be
given by the vector sum of the direct and
ground-reflected waves. The reflected wave can
be calculated by using Fresnel’s equations; some:
typical cases will be given here to illustrate the
large magnitude of the effect on the resultant
field. This will have an important bearing on
the selection of a sultable figure of merit fo
polarization error in direction finders. Figure 1
shows the geometry of the problem for the case
in which the electric vector liea in the plane of
incidence. The electric vectsr E,; of the incl-
dent downcomlng wave is shown as a d ‘ted
line while the electric vector E,, of the curre-
sponding ground-reflected wave is shown as a
solid line. Since the vertical component E, , of
the resultant fleld is in general out of ph
with the component parallel to the ground, p
the resultant vector E, will rotate in an ellipse
in the ik plane (the plane of incidence).
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Figure 1 has been drawn for the
case of a downcoming wave on & frequency of
1 me arriving st an angle of elevation y = 4°
over land of average conductivity « = 5 X 10
emu and with a dielectric constant K -
ellipse represents the resuitant field at a height
2z 10 feet.

The general equations for the reflected wave
are given by Fresnel's formulas as follows:

Epo o BiFe )
Fo. = R o (3]

L

where the pl reflection are
given by
wainy — /1~ cox’y
e o e g m
15; the n'sing + \/n' — cor y
R, MDY - VS - conty )

/n
In these equl!lo;}; f‘l is the cof‘:lpiex index of
refraction of the earth and #° = K + iX whore
X = 1797 X 10"/f; o is the conductivity of
the ground in emu, f {5 frequency in megacycles
per second, and K ia the dielectric conatant of
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the ground. The numerical magnitude of the
quantity X is of fundsmental importance in
conneetion with. the eifect of the ground on the
rudio waves, the nature of th. reflection being
radieally different in the two cases when X 1s
ver. much lar,er thau tle dielectric constant
sud when X 15 very much smaller than the di-
electric constant.

Tanie 1 Valien of X for various frequencies and

for the xrnund coniductivities normaliy encountered

in practice.

Description efemu) f(me) X
Land, low eonduetivity 1xure 18 11.23
Lend, o-eage conductivity 3 < 1014 1 8D 46
Lang, ayerage conduetivity 5 X 10-1¢ & 17.07
Lund, averswe cenductivity 5 X 10-14 48 1.95
Sew water X 8 179 X 10
Sen water EX 10040 196 X 100
C 104 X 102

B8 X 10~ 10

The dielectric constant varies over s much
mure limited range, from unity for air to 80 for
watel, The dielectric constant for land varies
from about 5 up to about 30. In many of the
caleulations on apecific direction finders given
Iater on In this repost, computations were de-
sired for typical cases; accordingly sverage
ground constants of K = 15and « = 5X10H
emu were gasumed,

Figure 2 Nlustrates the intensity and phase
relationship (a= givein by R, or R.) between
the incident and the ground-reflected waves for
the case = = 0 The vector diagrams give the
cases in whien the zlectric vector is either par-
allel ur perpendleular to the plane of incidence
for three different frequencies and sets of
ground conatants. The upper diagram corre-
sponds to an ultra-high frequency and ground
constants such that X << K: the middle dia-
gram correaponds to a frequency in the stand-
ard broudesst band and average ground con-
stsnts; and the boitom dlagram corresponds
to reflection at 500 kc over sea water. The two
upper dlagrams therefore show the effect of
different frequencles over average land while
the two bottom diagrams show the effect of
changing the Index of refraction at one end of
the band. On these diagrams the intensities of
the dirvet and ground-refiected waves are rep-
resented by the length of the arrows while the
phase of the ground-refiected wave is 1epre-
sented by the anrle at which the solid arrow is

drawn ; the phase of the incident wave is zero
in elch case. Each of the solid arrows repre-
senta the ground-reflected wave fur a different
angle of incldence of the 1n.ident wave.

The resultant wave st & d-f antenna will be
the vector sum of the incldent and ground-re-
Rected waves. These must be added in proper
phase, the phase difference being caused in part
by a phase shift introduced on reflection and In
part by the differencc in path length. When
this is done, the tota] feld Intensity is found to
be given by the followIng equations:

Eps = Bpanin g 1 - Rpbnidiine (@)
Kpw = Epoa oo g1+ Ryt Don e | (10)
Ko = Euall 4+ Rutetaiines |, an

Figure 3 shows these three components for
the csse wher K,,= E.. = 1 for heights z
= 0 and /4 above ground and for the same
frequen(‘le! and sets of ground conatants ss for

igure 2. Notice that the vertical component
ls,,, increases. at z = 0, with increasing values
of X (Increasing conductivity or decreasing
frequency) while ths horizontal components
E,, and K. decrease with Increasing values of
X, On the other hand, at a height A/4 ubove the
ground, E,, and E, increase with increasing
values of X. These figures indicate that a direc-
tion finder designed to respond to the E, com:
ponent of the wave should be located over
ground with the highest possible conductivity
to Increase £, and decrease £, which Is uaual-
Iy responaible for polarization errora,

The relatlve values of the tots] fleld compo-
rents will depend on the height z at which the
felds are considered. Since Z,, ia uaually the
desired field component while £. ia the un-
desired component, the ratio |£,/E,,| is shown
In Figures 4 and 5 for frequencies of 2 and 20
me as s function of height z of the receiving
point. These curves are drawn for equal parallel
and normal components in the downcoming
wave and” are given for several ground con-
stants and angles of elevation, The importany
result to be noted is that, under most condi-
tions, the effect of the ground is ta suppress the
horisontal component in the resultsnt wave in
comparison to the vertical component. When £,
Is the undesired field component, It should be
clear from these figures that the d.f antenna

CONFIDENTIAL



.
ANALYSIS 31

system should be located as near as possible to
ground and avel mound with the highest pos-
sible conductivity, At 20 mc, Figure 5 ahows
thst for lasge angles of elevation the vertical
component rather than the horizontal compo-
nent is aften suppressed. From these two fig-
ures 1t is clear that in the cuse of a direction

of loop-antenna direction finders the magnetic
field components are also needed snd so are
Fiven below for the resultant field of an inci-
dent and ground-reflected wave using Heavi-
slde-Lorentz units as before.

Hyr = Eparmy 1 Hotwisdiuns, 02
Hyu = B icox i)+ Ryt tanany 13)
Hy = Kpall 3 Rpet= e dingl [A21]

A of these equations indicates
the effect of the heirht above ground when the

L—=1=="T¥:0d] direction finder uses loop-antenna elements, that
0 —
XN —
5 a3 '}
= L &
1 Y
H /
&
€
0.008 Vi Xt S e
L T
i’ L § ¥}
0.008 -
e 2 11
k18 {LAND) - 1
0.000% ] 0iKr BOBEAWATES)
- -
0.0008 I l | I l |
0.0001
w w [ 0
HEIHT ABOVE THE BBOUND Z IN FEET ~°'I o ¥
Fiaimi 4, Ratio of resultant hormontal to vertical | B4 UG L
electric feld components when plara wave with ! [ 78110 e aI8
equal parallel and normal components la Incident 0.0t i i
on ground at angls of elevation ¥, !
0.01 o
finder designed to respond to ., such as the OE DR OsNe0 Imeniiiso) ird

spaced horizontal loop-antenns type, the an-
tenna system should not be placed too close to
the ground. In fact an optimum height of about
/3 to A/4 is indicsted on Figure 5.

Figure 6 indicates the maximum height for
direction finders designed to reject K, This
figure shaws the height above perfect ground
(0 = =) at which 'Ev/E, .. equals ‘E,s/Eyq.
Below this height the ground acts to suppress
E, 5o that the divection finder should be kept
below the limit. Over imperfect ground this
limiting height will be even less,

So far exprestions for the electric field com-
ponents only have been considered. In the case

HEISHT 4 FEET ASOVE THE OROUND

Figuse . Data aimilar to that In Figure 4 except
at frequency of 20 me.

is, magnetic dipole elements. In particular, for
the spaced, vertical, coaxial loop-antenna ays-
tem, the undesired field component is E,, while
the desired component is H,. Since

En/Hu = Ex B eomy . (1
Figures 4 and § may be used in connection
with the spaced coaxisl loop-antenna system
smmply by multinlying the vslues given In the
curves by the factor cos y.
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117 Tise Caleulation of Polarization Errors

Tne proceding sections have shown how the
toksl field components at a direction finder are

d for waves
for any frequency or vsiues of ground con
stants. The response of the antenna ayatem in
such & field must next be calculated, including
the effect of both the desired and undeslred

1

200

o

A
P d

//

»
3

8

.
s

The response of the antenna system o any
fleld component will be proportional to tnat
component and will have a certain functionsl
dependence on the azimuthal angle ¢ and angle
of elevation ¢ of the incident wave, The azl-
muth angle ¢ Is the angle bctween the plane of
propagatlon and the vertlesl plane passing
through the centera of the two spaced antenna
elements. The output voltage V of the antenma
system can therefore be written as follows,
where the voltages induced in the antenna
elements and in the feedera are arbitrarily
separated.

Voo Vanonun + Viewlor
Fitd ) + helusFsd)
F by EaF 64
Viea = ket salelod) + kiklp ofslod)
+ kFdyied) . (8
In these equations the proportionality cons'snts
b and k, corresponding to desired and un-

u;

Vi = il

nun

HEIGHT Z IN FEET ABOVE THE GROUND

desired pickup respectively, are to be deter-
mined exper . The feeder voltage here
is meent to Include all undesired voltages. The
National Bureau of Standards has adopted a
standard value of ¢ as zero in this werk so that
the values of k and & may be determined by
measurementa on the ground, that is, at hori-

© 20 30 80

FNEQUENCY f IN MEGACYLEY PER SECOMND

Fiaumg 8, Maximum helght .bm  postect ground
at which " E/E,, | = | E, /&,

field components on the d-f uzimuthal direc-
tional pattern. The departure of thia directional
patiern from the ides] pattern obtalned for the
desired field component alone ia the cause of
the polarization error of the antenna system.
The differcnce in bearing given by the Ideal
pattern and the actual pattern is equal 1o the
polarization error, When the incident wave in
assumed to have equal parallel and perpendic
uiar components of auch a phase relation as to
cause maximum bearing error and to have an
angla of elevation of 46, the caiculated error
will be Barfield's standard wave errof.

zontsl i thia seems to be possible for
most direction finders. The functions Figy)
and f(44) give the directional dependence of
each term in the response and are complex
quantities including the phase of each term.
The functions are dimerasionlesa, while V is to
be measured in volls and the field Intensities
in volts per meter. In this case the conatants h
will be measured in meters, Thesz functiona
will depend on the particular antenna wystem
being considered and are used in the preceding
equations as holding for a single pair of apaced
antenna cloments, that is, for a rotatable type
of direction finder. Fired directlon finders will
be considered later,

Equations (16) to (18) include the effect of
the ground reflection. In most cuses the fune
tlons Fig.y) and f(s,5) can be accurately writ-
ten down a priori from a knowledge of the an-
tenna atructure. The NBS procedure wsually
uged in to assume ¢ priori the dependence on ¢
white the dependence o ¢ can be determined
by meusurements on the ground. The total field
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comporents H,., H,,, and H. conld be uned In
equations (I7) and (18) Incteud of the electric
feld components with equal generality The
fields can Induce voltuges In the antenna sya-
tom direetly ar indirectly through plekup and
reradintion of wires, sopportiug posts, ete, In
any eust, the tatal output voitage can be fcond
wi & Juration of ¢; that [, the azimathai direc:
tlvity .otiern will ba given by equatien {16)
nid cxit b pewritten as foliows:

- »:.,{m,r. 5 kJ.»f. .
o e

E a9y
+ ChE, B+ BaFy kS }

Here the shape of the directional pattern ie

seen to be determired simply by the ratio of

the total field components, which In turn are

fixed vy the rutio of the paraflei to perpendle-

ular in the Ing wave

those dircction finders which determine a bear-
ingby rotating the antenna syatem untii & mini-
mum iu the output voltage is fuuad, the bear-
ing, ¢, will be given by the equation
d
d¢
Since in most rotatable systems the true bear-
ing is given by ¢ = 90°, the bearing error or
polarization error « will then be given by
900 - 4 where ¢ is the aznuth angle satisfying
equation (20}. The value of « obtained from
equation (20}, or other determining equations
depending on the direction finder, will be a
fanction of the phase angle of the various
terms in ¥ and these in wrn wili be variable
singe the phase of the components in the down-
comlng wave are random, The maximum vaiue
of ¢ is nsualiy the value desired, Thls is then

v,-o @03

Therefore the units used for E or H can be
arbitrary when caleuiating polarization errors
mince only the ratlos of the field components are
needed. By setting E.. = E,..und 45°, the
directionul pattern for standard waves can be
found. in myst direction finders many of the /2
and k constants appearing in equation (19)
&re %ero or neglizibly small; also the different
k or k conatants are sometimes equil. This sim-
plifics the problem considerably.
Zquation [19) gives the phase and

by letting the relative phase of By
and E,. be varled until the maximum value of
« iy found,

For the case of fixed-type directlon finders,
the divectional pattern [s found for each pair
of antennas and the bearing determined from
thene patterns in a manner depending upon the
particular d-f type. A common example i5 the
iype using a goniometer or similar principle
with the sutenna puirs at right angles to each
other, such &s the Western Electric-Civil Aero-

i and i

of the output voltage as a functlon of ¢. This
directional pattern therefore can be compared
with the Ideal, desired, dlrectionai pattern for
elther the phase-comparison or amplitudecot-
parison d-f type, The k constants correspond-
Ing to the wanted resporse shouid be large

d i the k ta cor ing to
the unwaited respouse In order that the dis-
tortion of the directlonal puttern aad therafore
the poicelsation error be a minimum. The ration
of k to k can therefore be used in figures of
merit for judging the freedom from polariza-
tlon error of & glven direction finder. The use
of these ratios for this purpose has the advan-
tage that the ratlos are independent of the
ground constants and height of the direction
finder above the ground. Each type of directlon
finder wil! In general require a diffcrent proce-
dure to be used m determining the polarization
error from equation (19). For example, in

nautica A i ¢ Tele-
phone and Radio fixed direction finders. For
this type the observed bearing # relative to the
plane tarough one of the fixed pairs of anten-
nas wili be given by

b (21)

|
+ =1
an 0 1i%
where ¥, and ¥, are the output voltages of the
two pairs of anteunas, The correct bearing ¢
relative to the same plane is given by
g = b= tane 22)
Val

only when ¥, andV. follow the idesl directional
patterns for which the antenna systems were
ically designed, The ization error,
., I8 in this case given by ¢ — ¢. The maximum
value must again be determined by varying the
phase of the field componeuts in the down:

coming wave,
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TYPICAL CALCULATION

To illust: ate the method of calculating polar-
ization errora the case of 3 rotatable, balanced
H antenna will be worked out.t
The rotatable balanced H-antenna directioa
finder is a spnced, electric dipoie syatem of the
Adeock vnrlety in which the dlpoles are dif-
by means of
teansmisslon lines. Thesw linea are sometimes
enclosed by a metsl shleld and sometimes rot
For vertleal dipoles, the antenna elements will
respond dizectly only to the vertica) electric
component of the ficld of the radio wave. Volt-
age may be Induced In the dipoles by the hori-
zontal component of the fleld, indirectly, If the
coupling to the dipoles of some other part of
the system excited by the horizontal field com-
ponents Is not negligible. The polar response
pattern of a vertleal dipole la nondirectionzl
in azimuth, whiie it is a figure elght having cir-
cular lches In the vertical plane when the
length of the dipole is small compared to the
wavelength A, In general the vertleal directional
patlern of a dipole depends on Ita length and
haight above ground, in the case of the direc
tlon finders massured by NBS, the antenna was
alwayr short enough to be considered as a pure
doubiet with a figure eight response pattern, at
len! for elevatlon angles ¢ up to 46 to 60 de-
rees. The respcnse of the antenna elements
wxll tharefore be taken to be praportional to , ,
slone and the pattern will thus be a figure 2ight
in the vertical piane. The function, 7, (4},
however, Includes not only the directivity
function for & alngle dipole but alsc for the two
dipoles differentially connected together. The
total dipole response will be the vector differ.
ence betwean the voltages induced in the indi
vidual dipolea and so will be proportional to
twice the sine of half the phase difference be-
tween these voltages. This phase difference will
be 2r(d/A) cos y cos 4 where d is the apacing
between the dipoles, A i tha total out:

The bulanced H antennx slso has an unde-
sired responze to the horizouta! components of
the field ¥, and £, . The riechanism of thix
*rapOLse i3 not c..apletely understood, except
thati it is causec by the voltage induced in the
horlzontal feeders or the shicid surroundig
the feeders. Ciearly the proportlonality com-
stant for this pleknp will be the same for re-
sponse to both K. and E,,. Alwo the response
will be nondirectioril i the vertical plane
slnee the feeders, chn be consldered to act as a
horizonta! antentia {lendod by the dipoies, un-
less meparated, for example, by cathode follow-
ors). The following explasations have been
proposed for thiz unwanted reaponse: (1) The
aystem is unhslaneed because the lowes halves
of the dpoles kre closar to the ground than the
upper halves, (29 Tha fecdera or feeder shield
have unbalanced coupling to the dipoles. In
either case the dircctional pattern ior thls re-
spunse would be expected to be the same as
that of & horlzcntal doublet (slnce the length
of the feeders la short compared to A). Fiualiy,
the azimuthul rezponss pattern can be deter-
mined by measurements and has heen fourd to
be that of & horizon:sl doublet. It follows there-
fore thet

Uy ag) | = cos < (24)
and
Hileg)] = sine, (25)
Since for thls antenna aystem h, = &, = k,
- 0 and k, = ,, the total output voltage, drop-
ping the subscripis, is
V = hE,, cos y sin « + KE,. ¢ ain ¢
+ kE, efeose  (26)
Here g is the phase angle between the output
voltage induced by E, and that induced by &, ..
It can have any value in practice as already ex:
plained. The phase angle A is in part made up
of a phase shift betwean E,, snd ,, intro-
duced by the ground refiection and in part
caused by phase ahift In the antenna clreuit
upon the di antenma con-

put voltage |x proportional to 2E,,, sin [r(d/A)
cos ¢ coa 4| or, when d/a la small s is generaily
the case, to 2¢F,,(d/A) cos y cos 4. It there-
fore foilows for thls case that

LF.(a ¥)| = coay conq,
or if e = 80°

m(.. #)| = con g ain . (23)

nection and the exact mechaniam of horizontal

response.

Equatlon (26) gives the d-f azimuthal direc:
tional pattern. The ideal, desired pattern is the
pattern obtained when either k or £, ls zero.
This will be a figure eight on a polar disgram
with a null at ¢ = 0, the true bearing. In equa-
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o wUASUABMENT OF PORARRAOR

tion (26) there will not be a null but aimply 2
minimum response uniess 8 = 0. For thie case
(8= 0) the figure eight will be rotated so that
the vull does mot oceur for «= 0. Since tne
beuring is taken as that value of ¢ for which
| V{18 a minimum. an incorrect bearing will he
obtained. In general, the reaponse pattern will
not have a nuli but a broad minimum and in
addition wili be rotated. By soiving the equation
21V|/3 = 0, the bearing error or polarization
error can be obtamed (< equale the bearing
error since the true bearing is given by « = 0).
It is found that the error ia & maximum when
=0, that is, for cophased output voliages.
The mazimum poiarization enor ia given by
. kB
tan e =y B am 27
For downcoming lonospheric waves, the vai-
ues of Eps E, -, and E, can be obtaned from
equationa (9), (10}, xnd (11). It Is clear that
only the ratios of the fieid components need be
known. Also only the pickup ratio h/k need be
known as seen by rewriting equation (27) aa

(23)

In generei, the /i and k constanta oniy need be
measured to within a constant factor elnce thie
conatant can alwasys be factored out of the ex-
preasion for  and so will not atfect the shape
of the directivity pattern.

By taking E,. = E..and y = 46°, equation
(27) givea the value of the standaed wave
error of the balanced H antenna. However, the
polarisatior. error for all values of y can be
obtained once h/k is known,

In general, the polarization error is smaller,
the larger the plekup ratio A/k, as seen from
equation (28). The Nationai buresu of Stand-
aeds kas proposed the use of the pickup ratio
a5 a figure of merit for polarization error in
directlon finders. 1t is clear that the pickup
ratio is independent of the ground constants
and of the height of the direction finder bove
the ground and so fends itself to the COMPAri-
son of different direction finders of the asme
type, that is, following the same law for polar-
isatlon error, such ae equation (28). This
comparison as to accuracy ean therefore be

separated from the compiicating influence of
the ground and height above ground. Onee thia
fundamentai constant is known, mot only the
standard wave error but the potarization errors
for ail vaiuea of ¢ can he delermined for any
particular ground and antenna height. A curve
of ¢ va ¢ can be plotted; It is this complete
curve which should be compared with similar
curvea of othe» types of direction findera to
compare their accuracy reiative to poiarization
errors. The pickup ratio aiso furniahes a figure
of merit by which the progress of development
work on a particular direction finder can be
judged, The effect of changes in the design can
thus be etudled aud the cause and mechaniam
of polarization errors ivolated.

A useful figure of merlt somewhat eimliar to
the standard wave error is the polarization er-
ror for a horizontally incident wave with equai
E,. and E, componente of erch phase as to
cause maximum bearing error. The error for
this wave wili be calied the horizontal wave
error, «, while Barfieid's standard wave error
wiil be dannted by ¢, For the eases of the
rotatable H.autenns direction finder, tan ¢ =
k/h. The ¢ error ia independent of the ground
constants or height of the direction finder
above the ground.

T OF POLARIZATION
ERROR

=3 MEASUREME

' Plane Wave Measurements
‘The preceding section has shown that the

probiem of the measurement of poiarizatiun
error can be reduced to that of measuring the
pickup factors, the constanta k and k. In most
divection finders the response of the antenna
system can be reduced to a single term by piac-
ing the antenna in a auitable plane-wave radla:
tion fieid, having oniy one component auch as
F, or E,, and orienting the antenna to the
proper azimuth angle. By properiy choosing
the fieid, the antenna outpnt voltage can then
be made to be

V.« hEFG4.9 (29)
or

V, = kE.f44) (80)
where E, and £, are the particular field conv
ponents used. The field intensity ¢an be meas-
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ured by means of a field-intensity meter, and
the ouiput voliage V of the antenna syatem
also determined. The value of Fia.¥) or f(s¢)
is known, so that equstlons (28) and (bJ) can
be solved for the pickup factors.
_ =t
EF R 1N
b=l @
(€2

Usuaily the ficid ma is one at horizontal Inci-
dence so that y = 0. This slmplifies the tech-
nique by sllowing ail measuraments to be made
close to the ground. Often the measurements
must be made at horizontal Incidence to reduce
the response of the antenna to a single term ; the
presence of voliage corresyondirg to more than
one term would require = knowledge of the
phase of each term. Aiso the messureinents are
usually made at partlcular values of ¢ in order

lar to the plane of incldence is used so that
E,, = E,, = 0, the output voltage wili be

V = kE, cos s, (34)
20 that & = V/E, when « = 0. In this case the
plekup factors are equal to the output voltages
per unit fleld intensity at maximum response.

21 Application to Buricd U Direction
Finders

A difficulty arises when applying the method
just outlined to the buried U-antenna directlon
finder. As ita name indicates, the antenna con-
sista of vertical eiectric elementa counected by
horizontal feeders or transmission lines which
are buried below the surface of the earth. By
thly meana the feld intensity at the feeders is

greatly reduced both because of tbe partisl re-
flectlon of the Incident wave by the ground and

to obtain various experimentai
The plekup factors can be defined as the output
voltage per unit fieid Intensity for azlmuth and
elevation angles such that £ (4,¢) and /($4)
are unity (provided they can assume such vak
ues, as ia usually the case). Thia is the reason
for the desigmition pickup factor.

Usually the azimuthal directionai or re-
sponse patterns of the system nre determined
by messuring V' and £ for the special fields at
ready indleated a8 & functlon of ¢ (with y = 0).
If the renponse Is defined &s the ratio of V to E,
that is, the outpit voltage per unit field inten-
wity, these curves wili be given by

O )
or

TN
"The response is equal to the plekup factors if
and when F or f is equal to unity.

To itlustrate the procedurs just outlined, the
case of the balanced H antenna will agaln be
trested. When the antenna is placed in the fleld
of & plane wave polnrized parallel to the plane
of Incidence ao that E,, = E, = 0, the output
voltage will be

V = E,. cosyain e {33)
When y = 0 and « = 907, ¥ and £, - sre mea-
wured, giving k V/E,. in meters if V ia
measured in volts and E,. In volta per meter.
Similarly if a plsne wsve polarized perpendlcu-

the of the wave by
absorption In the ground. The expression for
the output voltage of thia antenna system in
the field of a downcoming ionospheric wave
will conalst of terms for the voliage induced in
the antenna elements and terms for the voltage
Induced in the feeders, The voliage induced
in the antenna elements wlll Involve the de-
sired plekup factor h and the fleld Intensity at
the antenna elements, while that Induced in the
feaders will involve the undesired plekup factor
& and the field intensity at the feeders. Since
the plckup factor & is the proportlonality con-
astant relating the output voltage of the antenna
as a result of voitage induced in the feeder to
the field Intenslty st the feeders, both the cut-
put voltage and fleld intensity must be meas-
ured to determine k. Because the feeders are
buried, the difficulty then arisea of messuring
the field intensity below the ground. This diffi-
culty can be met, however, by a procedura to be
described in which expressions are used for the
field intensity at any depth A below the surfuce
of ground having arbltrary constants,

The procedure for avoiding ths above diffi-
culty in measuring k is as foliows, In all meth-
ods of studying polarizstion errors, the errors
must be determined from a knowledye of the
field intensities in an incident, downcoming
wave, In the NBS method the output voliage
of the antenna system must be calculated when
these fleld intensities are given. This involves
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the caleulation of the field intensity at the au-
tenna compunents when the deld Intensity in
the incident wave ia given. However, the flaid
intensity at the antenna components can he
specified in terms of the field intenaity &t mny
other point. If this reference point 18 1akea to
be the ssme for tne vertical antenna elaments
and for the buried feeders and to be ahovz
ground, both & and / can be measured by pro-
cedures quite similar to those alresdy given.
The reference point could be taken at the cen-
ter of the d-f antenns system ol 4 height, 2,
above the ground.

Before proceeding to a development of this
procedure some specific points must be con-
sidered concerning the expression for the out-
put voltage of the vertical antenna elemenis
and concernlng the effect of a ground mat. In
the other direction finders which have beer. cou-
sidersd, namely those using elevated antennas,
the field Intensity wss taken to be the ssme
over the entire region occupied by ths antenna
elements. This assumption iy probably nol a
good enough approximation for the burled
U antenna, so that an integration over the ar-
tenna elements would be required to obtain
more accurate expression for the induced vuit:
age. However, in the simplified analysis to be
given, this will not Le done, the ssaumption be-
ing made that the field Intensity at the center
of the antenna system can be used for comput-
ing the voltage induced in the antenna elemerta.
Some burled U-antenna systems use a large
ground mat which must be considered when
computing the field intensities above and below
the surface of the ground, However, in the
snalysis to be given it will be assumed that no
ground mat is present or that it is so small
compared to the wavelength that its effect on
the field Intensity can be neglected.

A derlvation will now be given of the expres-
sion for the total output voltage of the buried
U antenna without ground mat as a function
of incident angle as the princips parameter.
The polarization errors can then be darlved ac-
cording to the partlcular indicating method
used and so Wil not be given here. The voltage
induced in the feeders by E,. can be mafely
neglected aince E,. will be very small except,
perhaps, for verv large angles of elevation of
the incident wave, The output voltage aa a re-

sult of voltays induced in the antenna cimaents
will be hE,.. vos y sin ¢, whete E,, is the verti-
eal electric feld latensity i the center of the
ontenns systein (a height z above the ground),
The output vaitage as a resuit of voltage In.
dured in the feeders will be kE,  cas ¢, wheve
£., i8 the transmitted herizontal electric ficid
intensity at the depth, A, below the ground
whete the feeders are buried. From the ma.
terial beipw on d-f sites the vatue of K., I8
taken as

Buom B d |01+ Ra) € m id(sdu e 433 6 ae, b
while E,, is given by equation {10) as
Koo = Bpacon gl b 5 Reelto adne . (36)
However, the field intensity £, at the height =
above the ground was given hy squation (11) a8
Fu = Buall + Ry dm@iones), [BTAl
Therefore, if the dirsctian finder is plsced in
the fleld of a pe.pendicnlarly polarizod down:
coming wave in otder to messure k, E. can be
mec.sured st the height z and K., calculated
by means of eguntion (37}, Using tlus value of
.. the value of .. at the depth A can he
determined by using equation (35). The value
of & can then he found from tne equation
i
k= E,, o8« (88)
whete V, is the measured output voltage. It i
clear that this procedure effectively messure.
k in terms of the field intensity at the feeders
by measuring the field intensity above the
ground and then calculuting the field intersity
at the depth A from this measurement. To do
thls, the ground constants must be kmown,
However the constant & still is independent of
the ground constants or the depth of the feed-
era below the ground and so is a useful figure
of merit for measuring undesired pickup. Once
k is measured, the output voltage of the antenna
system for any downcomlng lonaspheric wave
will be given by
V = AE,acon g aine + ABasconact (34
with L,, and E,, given by equations (36)
and (36) respectively, Here 8 is the arbitrary
phase ungle already discussed in connection
with equation (28).
‘When measuring k In practice, a jocal trans-
mitter is used which does not generate plane
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waves In thls case the fieldy E. and £, are
given below in thls report and in equation
194), page 64, of the Norton report’ The
pickup factor k is then determined by the pro-
cedure outlined except that these equations for
» local transmitter must be used rather than
equations (25) and (37). After finding & by
using the equatlons for a local trensmitter,
equations (35) and (32) must siill be used for
calculsting the polarization error for down-
coming ionoapheric waves. Equations (35) and
(87) can be used to determine k aven when &
local tranamitter ls used provided that the
transmitter is at & great enough distance from
the direction finder and at an angle of elevation
Iarge enough so that equatlons (35) snd (87)
are valid. Thls point is discussed in detail be-
low. When the local transmitter is used near
tho ground, however, the exact expressions for
the field from » local transmlitter mu<* *.c used
to determine k by measurements above the
surface of the ground.

#22  Local Transmitter Measurements

The pickup factors A and ¥ which determino
the reaponse of a direction finder were defined
for plane waves auch ss downcoming lono-
apheric waves. The procedures in which spzlal
plsne waves are used to mske possible the
messurement of A and k must be modified In
practice since the only practleable means of
generating such special fields is by the use of a
local transmitter placed a relatively short dis-
tance from the direction finder. The wave from
such a transmltter will simulate an jonospherle

#n elevated trunsmitter to generate the fields
required in the iwo methods; accordingly the
first method is & horlzontal incidence method
while the second utillzes downcoming waves.
In both methods the two special waves gener-
ated ave, firat, s wave polarized parailel to the
plane of incidence so that £, = 0 and, second,
s wave polarized perpendicular to the plane of
incidence so that £, = 0. In the NBS method
the wave of parallel polarization arrives at
horizontal incidence so that £,, = 0 also. In
practice these conditl are only approxi:
maiely met, the deviations from the dealred
flelds being ax follows,

‘THE E,. WAVE COMPONENT

In the NBS method the presence of the
ground causes a wave tilt which gives rise to
a smali E,, component. The wave tilt {s usu-
ally less than 10° so that this component can
be neglected in practice, especially since it in-
duces voltage which is small in comparison to
that of the %,. component. The plckup factor
for the E,, component is small because it is
usually tho feeders which are responsible for
such pickup.

GENERATION OF PURE FiELDS

It in very difficult to generate & wave polar-
ized perpendicular to the piane of incidence
without also generating some paraliel corno-
nent. The stray parallel component becumes
relatively more important, the greater the dis-
tarce of the local transmitter from the d-f site,
slnce the ground very npxdly attenuates the
to the

wave only ap) thus Inw
the d i

low of the panllel component. The

several
which must now be considered.

Two methods of determining polarization er-
rors have been introduced by NBS and RCA*
respectively,” The NBS method uses a local
transmitter nesr the ground while RCA usea

The RCA method of measurlng polarization errors
siffers from the NUS method alrendy outiined as fol-
lows. The speciai fields used are those of downermtng
waves, Arat polarised parallal o tha plana of meidence,
then perpendicular to the plana of Incidence, Tha out~
put voltage of the direction finder is measured for each
wave and will bu ¥, and V', respectively when oriented
for maximum responve. The polarization error e in the
field of both wavas wil) be given by tan s = V./V,.

rhore sccurate the direction finder, if designed
to reject the perpendicular component and to
respoud to the parallel component, the grester
must be the purity of the fleld to measure the
smaller polarization error which such an im-
proved direction finder would have.

‘The Adeock type of direction finder, in which
apaced electric monopole or dipole antenna ele-
ments are balanced againat each other, relaxes
the stringent conditions for purity of the field
since the response of the system to E, can be
measured with the antenna oriented at the null
position for K, (and vice versa, although the
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prohlem of generating a field with E, negligible
in pot difficult), For this resson NBS has meas-
ered the pickup factors of suel direction find-
ers with the antenna system oriented iz the
proper null position.

Careful design of the local transmitter helps
to prevent the generation of undesired fleld
components. The antenna should contaln or be
an extension of the shieid containing the oscil-
lator and battiries so that current flow will be
pousible in the desired paths only,

Finally, a flat homogeneous site should be
used when meking of polariza-

ated by a vertieal eiectric dipole, it is found
that tranami deslgmed to simulate iono-
spheric wave tranamission must be made from
& distance of the order of 21 when y = 457,
60A when ¢ = 15° and 500a when ¢ = §°

The pncnul 1mporum:e of the surface
wave
using elevated trnnlmluerl can be llustrated
by the experience ¢f the RCA group. In the
RCA method, the maximum reaponse of the
antenna system to the parallel polarized field
and to the perpendicularly polsrized field was
the ratio being I,/V,. Clearly the

tlon error.

254 Field Generated by a Local Radiator

THE SURFACE WAVE COMPONENT

The presence of the local transmitier near
the ground results In the generation of & sur-
face wave component In the wave In addition
to the direct and ground-refected waves.'
expressions for the field generated by a local
transmitter were alsc obtained by Burrows,**
who usad & somewhat different terminology
from that used here. The aurface wave termi-
nology will be used in this Feport mince much
of the work was carried out by using the equa-
tions and methods of K. A. Norton. The vector
sum of the dircct and ground-reflected waves is
called the space wave. The apace wavc ia the
only wave present at a direction finder tor
downcoming jonospheric waves, o that the sur-
face wave component prevents the simulation
of such waveaby the use of & loeal transmitter,
The presence of the surface wave introduces no
difficulty in the NBS method slnce the total
fleld Intenaity is measured, the effect of the
surface wave thus being allowed for. However,
in the RCA method and in Barfield's method,
the response of the antenna aystem will not be
the same as for an ionospheric wave arriving
at the same angle of elevation. The magnitude
of this effect increases as the dlstance to the
transmitter decreases and tbe angle of eleva-
tion decreases; it can be very large for the
nsual experimental setup. If it is assumed that
the surface wave i negligible when it hss an
intensity less than 1 per cent of the space wave,
then, considcring the paraltel electric fleld radi-

pickup ratio A’k can be determined from this
measurement at the angle ¢, just as the re-
sponae at the angle y can be ealculated from the
measured values of the pickup ratio, If the re-
sponse of the antenna system to E,, is neg-
lected it follows that

V, = hE,,cony 40)

V.= kE, {41}
since the mazimum output voltsges are meas-
ured. The tots] fleld components will be propor:
tional to the corresponding fleld componenta in
the incideat wave Eny and E, .. Thus

V, = hE, o, con y (42)

Vo= REvdfu s
Here tbe functions /, and f. are given simply
by the laws of plane-wave refiection when
wmospheric waven are considered. Thua

Ju o conp [N Ry ¢ suieM ay) (44)
Ju= 1 4 Koty (45)

Putting the proper values of the parameters in
these equations and using the measured value
of V,/V., the pickup ratio can be solved for,
giving

h VB 1

k “VE.ifs cony
In this manner RCA determined A/k for values
of ¢ from near zero up to almost 45°. The pick-
up ratlos thua found were constant for large
values of ¢ but much greater at low angles
than at high. However, when the functions f,
and f, were computed using the surface wave
component as well aa the space wave, the pick-
up ratios thus determined were constant for alt
values of ¢. Accordingly, the field did not simu-
late that of an fonospheric wave until elevation

(46)
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angles of 20° to 30° were reached. If the trans-
mitter were moved further from the direction
finder the surface wave would have been re-
duced aincs M is aitenuated faster than the
space wave,

Accovme
soort v
™ s

Fiatwe 7. Flevated dipole tranumitilng over
finjtely concueting ground.

Figzp GENERATED BY VFATICAL sno HORIZON-
AL BLECTRIC AND V6. 15TiC DIFoLEs

For purpo=cs of reference and lor use in the
next saction of thia report the ccmpleie equa-
tionr are given for the field from vertical and
porizontal electric and magnetie dipoles at dis-
tancen. d. grentor than the wavelenzth.* These
expressions refor to dipoles transmitting over

HOMTONTAL ELEBTRIC DL

WOEKIL MAEMETS BP0

Turm
ek 1A

ss 8 horizantal electric and mag-

NBS HIGH-FARQUENCY DIRLUTION:FINDER RESEARCH

a finitel; conducting ground as shown in Fig-
nres 1 and 7 and inciude the surface wave
component. E, and H,, are the values of the
electric uad magnetic radiation fields at a unit
distance In free space in the equatorial plane
of the .ectric dipole, while E.. and H,. are
the co. reaponding valres for a magmetic di-
pole. The dk rlave Is taken as the plane of
e denee with & vertical; Figure 7 definea

., 9. ¢ and i, 3nd the unit vectors
&, = sy + singd, (47)
B g,k - win gy (48)
5 comgd = E@ gk (49)
r, = eos ugl + 3M (50)

The express'ons for the fields are (here k =
2e/A) ¢

Vertwsl Electric and Magnetic Dipoles

i ;
B i fom b St et 0

+ cosys (i — Ry)(PoB:).
:

e
[m.wfk+ ,,—”‘v"'"—'d]'——:.l']}. 51
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Hom il Joo i 07 e B
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Qo G
Hy = Hnyoon o =t -+ o s Rato
+ eon ¥ (1 — Balf(Pu.Bm).
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[ con vk + Vol m.w.d] } 54

In this case E, = H,

tric dipole while E,

magnetic dipole.
Horizontal Electric and Magnetic Dipoles.

0 for the vertical elec-
H, = 0 for the vertical

Figure 8 illustrates these cases, the electric
dipole, and axis of the magnetic dipole (loop)
pointing in the positive i direction.

g 3
Fa = Eoin 0] O 5 4 RS
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MEASUREMENT OF POLAKIZAVION ERROK
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Fiotae 9. Surface wave attenuation function.
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. n o In these equationa, R, and R, are the pl
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y - The thiré . m in each equation represents the
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. . J aitenuation function which is given graphis
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wave attenuation function (not to be confused
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PPy 0% = 1+ /7P e MoEric (- LvPA),

L Radisior Parsllax

An examination of equation (56) for the
field from & local horizontal electric dipole
transmitter revcals that £, 0 except in the
equatorial plane where cos 0, When auch a
radiator ia used for determinations of polari-
zation errors there will be E, components at
the d-f antenna elements since these will lie on
either side of the equatoris] ptane of the traus-
mitting dlpole. Furthermore the phase of tha
fields at the two antenna elementa wlll be op-
posite 5o that the induced voltages wifl add up
ll| the ﬂutput of the system, aa & result of the

®2)°
Py = Pe'®, (83)
s hry [
e, g Joon
b e, B o
Vogitr o, X ‘;%[an. + V/n
= v
1 1 1
I
P
o
]
iz =
HE
i
-
°

jon of the direction finder,
causing an error which will be valled "radiator
parsllax.” The response of the antenna system
to these E, components ia not deaired when
using such s horizontal dipole, since the re-
sponse to E, ajone must be measured to make
possible an accurate determination of the cor-
pickup factor.

F1ause 10. Phase of surface wavs attanuation
funetion,

P, a1 P. are calied numerical dlstances, The
preceding expreaslona for the field from s 1- sl
radistor reduce to the values given for ine
waves when r is aflowed to increase w..nout
fimit.

To Indicate the mugnitude of the surface
wave, Flgure 11 shows tiie ratio of surface to
space wave intensities at the aurface of the
earth radisted from a veriical eiectric dipole
at & height u. It Is seen that the surisce wave
fails off with increasing distance r and increas-
ing elevation angle y. For a loeal transmitter
st & dlatance of one wavelength, very large val-
ues of ¢ are needed to simulate a downcoming
plane wave,

*Erfc{s) reprevents the so-called srror funetion.!-14

These undesired parallel components will be
present for both horizontal incidence and efe-
vated transmitter methods of measuring polar-
ization error. The presence of the ground is
responsibla for this atate of affaira In the case
of the horizontal incidence method where the
tranamltting and receiving antennas are at the
same height above ground, since there ia no £,
component in the direct wave {(sin ¢, =0)
while there is such & component in the direct
wave from an elevated transmitter. Tha sig-
nificance of the undesired E, component in
direction-finder testing was first pointed out by
W. H. Wirkler of the Coliins Radio Company.
This component is important because, although
small compared to E,, 1t 1s not attenuatéd so
rapidly and =0, at large distances from the
tramamitter, it becomes relatively large enough
to render the measurementa inaccurate. This
holds especially for dlrection finders having
jow values of polarization error. If E, iz gen-
erated by means of a tertical magnetic dipole
(Rorizontal loop-antenna), E. = 0 1o that this
errvor is avoided,

When a local transmitter is used to test a
spaced vertical loop-antenna direction finder
for response to E,. there will be unwanted H,
components at the two loop antennas If the
transmitter uses s horizontal electric dipole.
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Eason

case i similar to the one just discussed.
This result is seen In equation (58) which
shows that the phase of H, will be opposite at
the two loops, thus causing an apparent re-
sponae o K, whiry is misleading. Here also
the remedy ia to use a horizontal loop antenna
In the tranamitter,

Situationa slmllar to thet just described srise

24 Collee . Parallax

Another error which oceurs with local trans-
mitters was also pointed out by the Collins
Radio Company. Thia error, called paraliax
error, oceurs when measurements of polariza-
tion error are msde on apaced, vertical loop-
antenne dlrection finders.

T T e D T
840y 8RO 8 X 18T emu, win o O/r

I ™~ Q
SN NETEER
5:: A N ear
™ n e
N\
(/2%

Frovxs 1,

Ratio of surface to npace wavs Intensities at surface of earth radiated from vertical elactric dipols
beled,

at hexght o for frequencles ln megacyeles for which curves are ls.

when generating a wave polarized parallel to
the plane of incidence. This may also be seen
from an examination of the preceding equa-
tions (80) and (61). Accordingly the general
rule follows that a local transmitter uaing a
vertical electric dipole should be used for gen-
erating the wave polarized purallel to the plane
of Incidence and one using a horizontal loop
antenna for generating the wave polarized per-
pendicular to the plene of incidence,

When the response of the antenna system to
B, Is tested, the forwerd tllt of the H, compo-
nent of the field resulis In pickup In the loop
antennas which is not balanced out. This effect
can be seen hy an Inzpection of equations (57}
and (64) which shows an H,, component of
the fleld, whether a horizontal electric dipole or
# horizontal loop antenna la uzed in tranemls-
sion. The H,, component induces voltage in the
loop antennes because of the finite “parallax”
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.
angie subtended by t{he directior nder at the
tranamitter. Thia magnet'c fild component in
not peralle] to the plane of the &, . lcoy anten;as
hecause the 'oop nntenius lie on either side ©
the fine connecting the center of the gircction
finder and the center of the aansmitier, Fur-
thermore, the plekup in each foop aicenna ia of
opposite phase ao thet the induced voltages add
up,

. | EXPERIMENTAL TECHRIQUE

One of the principal resuils of this we &k
way the deveiopment of a method for measv.-
ing polarizstion errors and of expe.smentri
techniquea to use the methed. Iepreientative
direction finders were examined by there tech-
nlquee, it being necessary to fird menns of
overcoming experimental difficultles when the
method was applled to particular 3-f ayatens.

The d-€ aystems exan ined werz: (1) 2n es-
perimental rotatable, balanced H antenna built
and Inscal' d at Laurel, Md.—a direction finder
using uashielded, horizontal feedera but atuer-
wine practlcally the same as a Navy DY also
inatalled at Laurel; (2) SCR-551-T1 {nstalled
at Fort Monmouth, N. J.; (3) a Weatern Elec-
tric {WE] direction finder daveloped for the
Civil Aeronauf n {CAA] and
located at LaGaardla Airport, New York City
—a ten-frequency, fx%cd, tuned, Adcock ar-
rangement using balanced H entennas; i4)
an elevated, rotatable, epaced locp-antenna wys-
tem procured from United Air Linea and i:-
staiied at Laurel, Md.—the system examined
with the antennas in both a vertlcal and u
horizontal poaltion; (5) a Colline CXAL di-
rectlon finder messured at Cedar Rapids, lowa.

The general procedure will be glven here,
special procedures being described in the sec-
tlon to which they apply.”* In all cusen except
the Colllne meanurements, a iocal transmitter
employing an electric dipole was used to gen-
erate the desired flelds. Waves at horlzontal in-
cidence were used; first a wave polarized par-
allel to the plane of incidence, then one polar.
Ized perpendiculer to the pianc of incidence.
The error introduced by using a horizontal elec-
tric dlpole rather than a horlzontal loop an-
tenna waa not fully appreciated at the time the
mensurements were made. However, it acems

NBY NICM-FREMUENCY BINEC
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ha. the conctusions d-wwn fron: the measure-
monta W 9id not be mace.-ially altered sirce the
polarization exrola found were quite large ex-
wept sor the i~ ~p-antenna direction finders. The
measurementa of the Collins instaiiation were
carvled out by meana of u horlzont:l looy-
antenna radistor, Also rdiator parsiax was
weglipibic in the case of the mersurements of
cha spaced horizontal loop-snicnna myetem.

Tha reaults of zome preliminary calculations
on radiatrr narall < uslnyg the exaci c.uationa
alreudy glve.. indicate agreement with the few
#:perimental coxervations ao far available. The
errors caused by radiator parallux can be con-
siderable for both high and Icw elevations of
the transmitter. The error decrenvea with in-
cre..ng frequency

The adjusinent of the horizontal dipore used
for trrosmizsion wea very critieal. Any slight
tiit from the horizontsi gave risc to & vertical
ficld zomponunt which ussumed Iarge relati-e
T:oportions. The rapid attenuation of the hori-
zontai rompenent was responaible fur thia, It
waa found t} it the presence of personnsl rear
the wranamitter alio cAused the generaiion of
wadue amounts of unwanted verticai fleid com-
poi ent. These difficulties were solved by ar-
ranying to rontrol the tiit of the dipoie by
means of rords. For the case of the balanced
A antenna, the antenny was oriented for maxi-
mum response to E, and the {ransmitting dipole
rowted mutil milimum output was indicated.
The transmitting dipole waa then exactly hori-
zontal; tha purity of fieid at the direction finder
was thus determined hy the direction finder
itnelf in the equatorial plane of the tranemit-
ting dipole.

The oitput of the antenna system’ was meas-
ured by substitutizg a etandard voltage gen-
erator for the antenna and determining the
voltage required to give the same output as
obtained with the antenna.

The measurement of fleld intensity was eub-
Ject to Inaccuraciea resuiting from the presence
of the direction finder. However, when the an-
tenna elementa were dieconnected, the effect on
the fleld intenaity was reduced to a negiigible
vslue in most cusea as ehown by the effect of
rotating the direction finder. Before diecon-
necting the antenns eiements, the aparent field
intensity veried greatly as the direction finder
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waa rotated, but thls variation become ~egligi-
ble after disconnecting the antennas. For the
rotatable H antennas it was found that dia-
connecting the dipoles was not necennsry if the
field was measured when ths direction finder
was properly oriented, For measuring ¥., this
orientation corresponded to minimum respanse
to E,.. By orienting the direction finder so as
not to respond to ., It rould ro. plek wp snd
reradiate fields which would disturb the meas-
urement of the field intensity. Such a proce-
dure could rot be used in the case of the spaced
vertical and horizontal loop-antenna ayatums.
Fur these cases the field was measured some
distance to the side of the direction finder but
the same distance from the transmitter. The
assumption was then made that the attenuation
of the wave was the same for thia path as for
the path to the direction finder.

When using s fleld-intensity meter employ-
g a loop antenna, the electric field ealibration
made with plane waves does not hold when
measurements are made in other than plane-
wave fields, although a magnetic fleld calibration
would. The field generated by the local trans-
mitter iy not the same as for a piane wave, the
ground-refiected and surface waves being prea-
ent as well ms the direct wave. Under these
conditions, to measure E,. and E, with the
loop-antenna field-Intensity meter,® the loop an-
tenna of the field-intenaity meter ia oriented an
aa to respond to either H,, or H, .. The reading
of the field-intenaity meter, which wiil be in
volts per meter, then refers to the related value
of E,, or E, which would be present If the
field measmred were that of & plane wave in
free space. Thin la what is meant, in thiz re-
port, when H is measured by meana of a loop-
antenna field-intensity meter and designated as
volts per meter; it in just the related value of
E for a plane wave in free space. The reading
of the field-Intenaity meter, though In voits per
meter, will be a number proportional to M. The
relation between E and ¥ is given by the fol-
lowing equations:

{66)

(67)

Here E.. and H,. are the vslues of the electric
and magnetic radiation fielda at a unit distance
in free apace in the equatorial plane of the
electric dipole, while E.. and #,, are the corre-
aponding values for a magnetic dinole.

Equstion (67) ia important because it shows
that the loop antenns of the Zeldintenslty
meter should be orlented to respond to H,.
when measuring K., rather than for maximum
reading of the meter ax is done for plane wavea
In frec space. The maximum reading corre-
sponda to the amplitude of ¥, which ia often
much larger than H,,, so that too large a value
for E. wonld be obtained. Since cos y ls ai-
moat unity for these measurements it follows
that E,, equals the reading of the meter when
oriented to H,, and E, equaia the reading when
oriented to respond to H,.. In most cases iu
this work the measurements of £\, were made
oy orienting the meter for the amplitude of H,
ratier than H,., since the torrect procedure
was not evolved until after moat of the experl-
ments were performed. This renders the mesa:
ured values of E. inaccurate for frequencies
below about 7.5 me where the wave tilt ia ap-
preciabie. As already ststed, the direction of
thia effect ia sueh As to make the measured
values of E. larger than they actually are.
Consequently the measured pickur factors, k,
corresponding to K. were too small and the
calculated polurization errors also too amall.
Thix error wia not made in the case of the
United Air Lines [UAL] direction finder when
used either with horizontsl @ vertical loop
antennas.

After measuring the pickup factors of a di-
rectlon finder the polarization errors were cal-
culated using the method already given. In
these calculationa the response of the antenna
syatem to E|,. involves an unknown phase
angle a. An i
the belanced H-antenna aystem shows that the
limits on the values of the msximum polariza-
tion error set by the unknown value of 4 are
given by

b e = e . ()
These 1Imita can thi. fore be calculated. How:
ever, aince E,, varies as sin y, this unknown

term will be amall for low anglea of elevation
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and also for low velues of k. For a direction
finder having low poterization crror, k is small
so that the following approximate equation is
valld:

tan « = (69)

kE,
hE,, cony’
This in the equation used in practice for the
caleulation of polarization errors in this re-
port, except for the loop-antenna direction
finders. If & s wo Iarge that equatlon (69) ia
not a good approximation, the exact value of
the polarlzation srror is not needed because it
wlil be very large. The equation can be used to
indicate the superlor nr Inferior performance
of a direction finder.

In the resulis that follow, polsrlzation errora
are calculated for average ground conditions,
that is, 3 conductivity ¢ =5 X 10" emu and
dielectric constent X = 15.

53 Test Conclusions

This experimentel technique evolved as the
resenrch progressed and included special means
to overcome experlmental difficulties encoun-
tered in the application of the method to meas-
urement on perticular direction-finder aystems.
(1) The stringent conditions for pure fields
were relaxed for the case of Adeock direction
finders by orlenting the antenna svstem to the
proper null position, (2) Remote rontrol was
used to control the radiator when generating
perpendicularly polarized fields, while the di-
rection finder itself wan used as an indleator
to ‘sl when the radiator waa exactly horizen-
tel. (3) The Influence of the direction finder
on the measured feld intenslty was removed
in many casea by properiy orienting the direc-
tion finder, In other cases measuremente of
tleld intensity were made off to one side of the

Tagix 2. Approxim
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directlon finder. (4) Correction factors were
computed and applied to allow measurement of
electrle field Intensity by means of a field-In-
tensity meter using a lp anterma. (5) To
reduce errors caused by radiator parallax, s
horizontal loop-antenna 7adiator waa found
necessary when genersting the perpendicularly
polarized wave field required in thla work,
while & vertical electric antenna wis necessary
for generating the wave polarized parallel to
the plane of incldence. (6) Metiiods were de-
veloped for reduclng the experimental errors
caused by collectar parallax for the case of
particular direction finders.

The experimental technique finally evolved
ieation to other methoda of

ization error. The errors

caused by radiator and collector parallax will
be present In the RCA and Barfleld methods
unlesa techniques similar to those used in this
work are applled. Furthermore these methods
encounter another difficulty, clarified by the
work of this repart, when measurcments are
made at angles of elevation below 20° to 30°.
This ia the error eaused by the aurface wave
component of the fleld from the local trans.
mitter and ia not present in the NBS method.

Since the experimental technlque evolved
grsdually, the measurements of polarization er-
rors of the varloua direction finders were not
all earried out with the same sccuracy. In name
cases K, waa inrorrectly measured, giving
measured polarization errora which were too
amal. This effect was unimportant above 7.5
me. In other cases, radiator paraliax was not
avolded. Bearing in mind these limitations aa
to accurscy, Table 2 of approximate polariza
tion errora compiled from these sectiona may
still be used to draw certein Important con-
clusions,

st polarsation errors.
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In Table 2 the values are given of two par-
ticulariy significant ‘wave errora” which may
De derived to represent the perforinance o,
given direction finder: (1) the value f maxi-
mum bearing error for a d 5 wave

Incident at 45° with equal perallel nd perpen-
dicular components, «,,, which is the “standard
wave error” as definel by Barfield and (1)
the value of muximum bearing exror for a hoti-
zontally traveling wave also with equal paraliei
and perpendlcular components, «. The error
¢ includes the effect of the height of the direc.
tion finder antenns abave ground and i the
electrical properties of the ground whereas
« it independent of these effects.

Table 2 gives the horizontal wara arior,
«, and the standard wave error, ¢, ln ds
greea. The value of ¢ is independent of the
ground constants aa slready atated, while thet
of ¢ in for average ground hiving conatants
K =15 and ¢ = 5 X 10" emu. The height of
the various direction finders for which the
valuea of «,, are given is the hsight for which
the direction finders were designid exeept In
the case of the UAL antenna aystem, The
height waa taken as 10 feet for the vertical
loop-antenna syatem as a practical value ap-
proachlng optimum remults, Two a.lerent

i
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Figune 12. . versus frequency for direction
findars tested.

heighta were taken for the hori oop-
anteans system; 80 feet over the band frum
2.5 to 7.5 me and 30 feet above 7.5 me, In thia
way the whole frequency range was divided
Into two bands with approximately optimum
snienun heights for esch band. The values of
« for the experimentsl H antenns, the
SCR-551 and the WE-CAA direction finders
would have been lower for lower antenna
helghts. The compiete dats for ezch aystem are
aummed up In the graphs given in the particu-
Iar section for that direction finder In the final
report,! 1o 5

The data glven in Table 2 are ahown in graph-
leal form in Figures 12 and 18 in which «, and
¢« are reapectiveiy plotted as a function of fre-
queney for esch of the direction finders.

Inspection of Table 2 and Figures 12 and 13
shows that the polarization errors are in gen-
eral much larger for those direction findera
using open antenna elements than for those
using loop antennaa This indicates that the
ioop antennss are inherently easier to balance

g I
, \
L \l
—3 53
o \ L “

eEncy w wesscrars/atc
Frouas 13, Maximum polarisation error for equsl
plane wava componants parallsl and normal to
piane of incidence.
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and to shield properly sc as to suppress un-
wanted pickup, The low impedance of the loop
antenras is helpful on this score. This conclu-
slon as to the relative of the spaced

waver ¥pr uiol simultaneously, The fact thst
these % are wyed -wparately alao results
In another Important acvantage, nsmely, that
i i errors are niepsured.

loop-sntenna direction finders is one of the
princlpal resuits of thls work.

Teble 2 sud Figures 12 and 13 also indlea e
that the directlon finder having the least polar-
isatlon errors of all those tested was the one
using horlzontal loop antennas, This superior
rerformance was obtalned without any critleal
adjustments of the antenna system, Measure-
ments on thia anlenna system wers free from
radiator parallax errore and from errors of
measurement of field intensitv. Coupled with the
low polarlzation error of this system is lts low
susceptibility to site errora. These two proper-
tles towether would indicate & very promlsing
system for those applicationd where sky waves
only are baing recelved and where the antenna
may be placed spproximately one-fourth wave-
length above the grourd.

Methods similar to those given In thls report

-re used by RCA ar ' International Telephone
and Radio [T & R) Laborstoriss to make polar-
Isstlon error measuremenis un the Bell Tele-
phone Lab: les [BTL) buried U-ant:

Thia result ls one of the principal results of
the present research. Originaily, Barfield de
fined the “standard wave error” to be the bear.
Ing error for the “standsrd wave” with auch
phase reistion between the parallel and perpen-
dleular wave components aa to result in mazi-
mum error. However, the experlmentsl tech
nique employed by Barfleld for many years did
not meet the condltions required for maximum
error; i8 a result the polarization errors meas-
ured wera much too low. The publication of
polarization crrors measured by this method
led to the geners] belief that potsrization er-
rors were quite small. Measurements by the
NBS method snd subsequently by that of RCA
Indleated much larger polarization errors for
existing direction finders thsn had generally
heen belleved to be the case.

In the Barfield technique maximum errors
were not, in general, measured because the
phase relation of the two components In the
wave from the ¢ rget tranaiiltter was not ad-
justed for error. Some months after

systom at Holmdel, on the elevated, shielded
T-unienna system of RCA, and on varlous
IT & R aystems at Great Rlver, Long Ialand. It
was found that the BTL buried U antenna had

first publlcation of the NBS method, an aceount
appeared of recent altempts to modify the Bar.
field method #0 as to control the phase of the
two components'* but these had not yet been
sppiled because of experlmentsl dif-

u performance simllar to the k 1 sys-
tems described herein; the RCA antenna sys-
lem had errorc about the same as those of the
electric antenna systems of this report, while
IT&R reported an increase in acturacy for
electric antenna systems achieved by using
cathode followers to couple the antenna ele-
ments to the transmission lins,

Critical consideration of the NBS niethed of
measuring polarlzatiun errois as applied to the
severatl direction finders shows that the method
has several advartsges. First may be men-
tioned the convenlence and speed with which
Meaguraments are made since, in general, all
measurements ara made with the equipment
near the ground and becsuse waves polarized
parallel and perpendicular raspectlvely to the
plane of Incldence are used separately. This
avolds the need for adjusting the phase of these
two components as is neceesary when both

ficulties. However, further measuraments™ of
an H-antenna eystem," in which aliowance was
made for the proper phase relatios to give
maximum error, showed errcrs two to ten
than those values given previously
of measurements by the Barfleld
method. This result aa to the extraordinarily
lsrge polarization errors of many present types
of direction finders now agrees with that of the
NBS snd the RCA groups.

The large polarlzation errora found as a re-
sult of this work have refocused attestion on
the reduction of polarlzation errore. The NBS
method has an important spplicatios to this
problem of the reduction of polarization errors
sinee it furnishes a figure of merit by which
the progress of development work msy be
judged. After each change in design the pickup
ratio of the sntenna system may be measured
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in order to determine the effect of the change
on the polarization error. The technique is
rapid and accurate,

The figure of merit proposed Ly the NBS and
measured by the methods given in thls report
Is the pickup ratio, 2/, of the directlon finder.
A practically equivalent figure of merit ia the
horlzontal wave error, «, as previoualy defined.
The equation tan « = k'k Is the usual one
glven and la » means of translating the pick-
up ratio into an actual bearing error for an
incident wave. The pickup ratio allows a direct
comparison of polarization error for a!l direc-
tion finders following the same equation for
poiarization ervor and working on the aame
field components. The complete eurve of polari-
zation error versus angle of elevution of the
incident wave should be used to compare the
accuracy of antenna aystems following differ-
ent laws for polarization error. The pickup
ratio is especially valuable for comparing the
accuracy of direction finders because it is a
fundamental d-f corstant which is Independent
of the ground constants and the height of the
antenna above the ground, In the case of buried
U-antenna syatems thia constant is indepen-
dent of the depth of the fesders below the
ground even though the accuracy may be
greater when the depth is increased, just aa the
accuracy of those syatems above the ground,
which are designed to auppress response to E,,
is increased by lowering the height of the an-
tenna, Once the pickup ratio is measured, the

errors for any d ing wave,
auch as the “standard wa may be caleu-
Iated for any antenna height or ground con.
stanta. This enables a atudy to be made of the
optimum antenna height and ground constants
for lowest polarlzation errars,

On the basia of such atudies It was shown
that the polarization error of a direction finder
designed to ize the £, component of the in-
cldent wave and o auppress respouse to K,
coniponenta should be located over ground hav-
ing the higheat possible index of ref

the graund constants at various points of the
aite, as indicated below, a test can be made of
the subsurface homogeneity of the site and
therefure its sujtability from the standpoint of
local site errors. Such methods and tests are
becoming of greater importance because of the
improved accuracy of newer types of direction
findera, 1t is possihle that polarization errors
may eventually be reduced to the point where
the bearing errors caused by the site may be of
relatlvely greater importance, In this respect
it may be Important to use direction finders
having Inherently lower susceptibility to site
errors caused by local reradiation. This re-
search has shown that the spaced, horizontsl
wop-antenna direction finder should be rela-
tively insenaltlve to reradiation errors becuuse
of thﬂ rapid attenuation by the ground of the

polarized fields by sur-
rounding objects.

3 DIRECTION.FINDER SITE PROBLEMS

The problems connected with d-f sites are
numerous and complex, They may be classified,
broadly, inio two groups. The firat group cun-
cerns the bearing errora caused Ly the aite it-
aelf, that is, errors caused by deviation of the
wave féont or by reradia:lon, The accond graup
concerns the effect of the site on (1) the direc.
tion finder or (2) the principa! field at the dl-
rection finder. By (1) is meant the effect of
the slte in unbalancing the d-f antenns sysiem,
while by (2) is meant the effect of the site in

fe] because

of the interference between the direct and
ground refiected waves. Furthermore. site er-
rors can be classified as local or remote depend.
ing upon the distance of the source of the alte
error from the direction finder. Corresponding
to this division into groups, the following dis-
cussion will take up the problems connected
with the choice of a direction finder having the
lowest susceptibility to site errors caused by
iati and those with the

The choice of auch a zite requires methods of
measuring the ground constanta of proposed
sites. A methed was developed for thia meas-
urement which uzes a field-intenaity meter hav-
ing a loop antenna. This methad is casy to use
and uneritical in its application. By measuring

cholce and teating of a sultable site. These site
problems have recently assumed greater impor-
tance a5 a result of the improved accuracy of
newer types of direction finders, It is posaible
that, excluding errors caused by lateral devia-
tion, d-f accuracy will no longer be limited by
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type, is belleved to be relatively free from local
uite error.

Ll Site Errore

Bearing errors caused by imperfections of
the alte have been classified as local or remote,
although there i+ no sharp dividing line be-
tween these two groups, Remote site errora are
ususlly caused by the character of the terrain,
Large obstacles In the path of the wave, such
as mountains, give rise to diffraction which
reaults in & deviation of the wave frant. Local
site errors are caused by reradlation or reflec-
tlon from nearby trees, wires, cliffs, etc. The
random summatlon at the direction finder of all
the reradiated waves gives a fleld which results
This distorting ﬂeld can

or frequency of the incomlng wave."

NBS HIGH-FREQUENCY DIMECTION:FINNEA AESEAACH

type, Is believed to be relatively free from local
site error.

This direction finder s designed to take &
bearing on the ¥, component of the incident
fleld while ideally it should have no reaponse
to K. In general, reradiated E, field compo-
nenta will be 8o severely attenuated by absorp-
tlon in the ground that the reradiated £, field
Intensity at the site will uaually be very small.
This is true even if the spaced horlzontal loop-
anteana direction finder is used at its optimun:
helght A/4 abrve ground. Figures 4 and 5 show
that £, will in general be equal to or gresier
than the perpendicular component In the Inci-
dent wave, E.. At this height, therefore, the
effect of ground reflectlon on E, will not be one
of suppression. However, the fleld intensity at
smaller helghts will be decreased by the ground
reflection so that reradiating objects at these
smaller helghts will have their effectiveness as

£ \
~
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3
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PRIOUENCY 1 MEGACYGLES PER BECOND.
FI0VRE 14, Abaorption of plene radio waves in sarth. Solid lines, Iand; dotted lines, water.

Local site errors can be reduced by choosing
# clear, fist homogeneous tract. However, it s
aiso cloar that certain types of direction finders
will be less susceptible to local site errors ﬁun

sources of aite error reduced. Furthermore, for
reradiating sources at a distance of Approxi-
mately 800 feet, the E, component of the
field will be lﬂennl'.ed two to ten times as
much e ts, Therefore

others, The spaced, horizontal ! t
rection finder, either of the fixed or mtnuble

oo

in the hori ! t di-
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rection finder with ‘bose types dezigned to re-
spond to the E, component, it ia clear that for

Here the subscript ¢ Indicates the transmirted
wave, The term 2ez{sin ¢}/ in the above

equal fleid i na wave,
the total desired field wili be approximately
the same for the two types (used at optimum
heights), while reradiated field intensitles ca-
pable of causing bearing errors will be much
less for the horizontal loop-antenna system.
This comparison is made on the basis of equal
amounts of energy reradiated from the dis-
turbing source for the two cases.

a2 Required Depth for Buried Cabies

1t is very convenient in many direction find-
ets to be able to run cables, power lines, or tele-
phone linen near the d-f antenna system. To
avoid site errors caused by reradiatlon from
such linea it in necessary to bury them an ade-
quate distance below the surface of the ground.
Figure 14 shows the absorption of plane radio
waves in earth for various ground constants
and for frequencies up to 1,000 me. The dls-
tance in fest requlred for su attenuation of ten
to one is shown on thia diagram. It is interesting
to note that the uitra-high frequencies are ab-
sorbed only slightly more than i

tlons relates the phase of the transmitted
wave to that of the incident wave at the height
2 above the ground. The attenuation factors in
equations (142) to (144) may be determined
from Figure 14 by identifying & with A and X
with X — cos! y. This follows from the fset
that the attenuation factor of & piane wave is
given by ¢ where

L ] (145)
»
2r | K
e Byt (1
wna = (147

The absorption cosficient A may be determined
for the case where d is expressed in feet simpiy
by dividing the conatant 2.303 by the distance
in feet as given in Figure 14.

Tasiz 8, Recommended depth to which under.
Faad [ mast b tmrted 1o avoid reradiation

n
the atandard band in pamsing
through media of average conductivity.

The fleld intensity at a depth a below the
ground for a plane wave incident on the sur-
£ace wili be determined not oniy by the absorp-
tion of the wave hut by the reflection at the
surfsce. Previously, equations were given for
the total field Intensity at a height z above the
surface. The fieid Intensity at a depth a directly
helow the field point considered previously will
be given by"

E,_..,-!":’,fu Ry} (con g} e(ann) (ssin gt s i),
i (142)
Bonr= 5

(1 4+ Ry Vit oo g ¢ (3on) (antaeda ¥

Ex=Fag (14-Ry) e (20) (s0ine 4 Vaieetv), (144)

<Equations (70) to (141) inclusive of the final re-
port! are not given in thia summary. The onginal
Squation numbers are retaned here, however, for
emse in referting to the original,

com d depth
Tor buried finss

100 feet
50 feet
20 feet
10 fect
5 feet
et
Rinches
ss A METHOD OF MEASURING GROUND
CONSTANTS

In choosing » site, it la desirable to have
availabie guick and sensitive methods for test-
ing ita suitablity without actuaily setting up
the equipment and making bearing teats. For
thia purpose, visual observstion of the flatness
and freedom from reradiating objects of the
proposed site is not sufficient, because tne aite
must also be electricaily homogeneous below
the surface and must also hsve electrical con-
stants falling within ceriain limlta for hest
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resulta, A downcoming icnospheric wave may
penetrate a considerabie distance into the
ground 5o that inhomogeneities located below
the snrfsce may reflect the waves strongly
enough to cause bearing errora. To reduce this
effect a site shouid be choaen over ground hav-
ing as large an index of refraction as possible,
such an a sait marsh, However, high conduc-
tivity and dielectric constant are aiso desirable
from another stsndpoint. The aite has a strong
effect on the principai field at the direction
finder because the totai field is the vecior sum
of the incident wave and the ground refiected
wave. This vector sum is termed the princiml
field in order to exclude fields generated by re-
radiating objects near the aite. If the direction
finder |5 designed to take a bearing through its
reaponse to F, fleld components while its re-
sponse to K, is suppressed, then it is desirable
to locate the direction finder over a site having
ground constants such as to suppress E, as
much as possible. it has been shown in preced-
ing aections that ground having a high index
of refraction suppresses K, at points near the
surfuce. Such ground also hsips to nereen
buried lines and cable so that reradiation errors
are rednced. Ali these conaiderations indicate
that a quitk method of testing a proposed site
for electrical ities and

the RCA 308-A, witi now be described: becsuse
of its appiication to the problem here connid-
ered.

In the previous discussion expressions for
the fields generated by electric and magetic
dipules near the ground were given for both
vertical and horizontal dipoles. Equation (54)
for the magnetic vector for the case of a ra-
disting vertical magnetic dipole can be written
a5 foliows for the field intensity at the surface
of theground (z = 0) ;inthiscase r; = vy = 7
and y, = ¢, = y and we obtain
H,=H,cony-

{1+ R) + (1~ R (P Bu)e*]:

(con ¢k + V¥ — coatyd) 'T"" (148)

wherez = 0andd>a

Equation {(148) shows that at the surface
of the ground both the apace and aurface wave
components have the same polarization. Ths
particular polarization of the magnetic vector
and its forward tiit wiil depend on the ground
constants and, if determined, give a means of
measaring the ground constants. Thia is alsv
true of the polarization and forward tilt of the
electric vector E, in the field of a radiating
verticsl electric dipole, However, in thls case
of the electric vector would have

of measuring its electricai constants wouid be
useful. NBS haa considered a method of testing
for inhomogeneitiea which uses a ivcai oscil-
itor and antenna near the ground. The varia-
tion over the site of the jmpedance refiected
into the oscifiator circuit by the ground refiec-
tion gives a teat of the homogeneity of the site.
Either the variationa in the plate current of the
osclliator or of ths oscillator frequency could
be used as an indication of homogenelly in
these tests,

An alteruative meihod of testing a site is to
measure the ground conduetivity and dielectric
constant at various points of the proposed aite.
Thia methwl wouid not oniy determine the
ground constants but also give a measure of
the aubsurface homogenelty of the aite. Previ-
ous methods of measuring ground constants
made use of electric antennas with their at-
tendant difficuities. A new method of measur-
ing ground constants by means of & standard
field intensity set using a loop antenna, such as

to be made using electric dipole receiving an-
itennas. Such measurements are difficuit to
make accurateiy because of disturbancea to the
electric fieid by the Gield-intensity meter and
opersting personnel, Therefore the new metliod
based on measurements of H, gives a prefer-
abls method of determining the ground con-

stants.
Equaiion (148) may be written as follows:

W, = n,,(a +*\/T,ﬁ?g;:*k)e~. (149)

1f we write

acl = AR (150

wheer
(150

(152)

and K is the dielectric constant of the ground
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while X = 1.797 x 10"
{149) becomea

K, = H, [d con uf + kacos (wl + §)]. (153)

‘The sbove equation shows that the vector mag-
netle fleld from a vertical magnetic dipole ro-
tates in an elllpse in the plane of incidence with
ita major axis tilted a few degreea above the
horisontal. The magnetic vector reaches ita

s/ fmce then equation

GROUND CONSTANTS 53

Lone ane,
nansarrine usor .

Figure 16 showa # and r as & function of X°
for K'=5, 10, 20, and 80,

The procedure for delermining the ground
constants from the above reauits ia as follows.
A small tranamitter is used with a loop antenna
which Is set up with ita axis in the piane of
incidence at a distance greater thau A from the
point at which the ground constants are to be
determined and at » helght such that an eaally
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Figuse 16, Polarization of vector magnatic flold from vertical magnetle dipole.

maximum extension when i = -} and its
minimum extension when «f = —3+ (x/2)
where
tand = -2'-7(\/1 Fae -1), (154)
atsin28
TN asg

The measurable properties of the elllpses are 6,

measirable fleld Intensity Is obtained at the
receiving point. Figure 15 alao shows a dia-
gram of the experimental zetup, Uaing a fleld-
intenalty meter with a loop antenna set up In
such a manner that it can be rotated about an
axia perpendicular to the plane of incidence
but with the loop axis always lying in the plane
of incidence, measurementa are made of 0 and
7. The loop antenna of the field-Intensity meter
ia to be placed as near the ground as possitle
because this s is based on i

the tilt of the major axis above the
and r, the ratio of the minor to the major axis.

derived for the case z = 0. Haviny measured ¢
and r, a corresponding et of valres of X' and

tane ~ aecon g +einptand), (186) . 1)y e determined from the curves given in
= tan oot & (167) Figure 15. Finally K and o are determined by
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means of equations (151} and (152) as fol-
iow:

K=K cont ¢ (188)
X? cost ¢+ fuu + 5584 X 10-* emu. (169)

At very high frequencies, X’ wiil be small and
we may write

-

s

K= e {1
ey

XY= diototan s’ (18D

where X’ < < (K’ -1).

Equatlona (160) and (151} show that the
dielectrl tant K may be at very
high frequencies simply by messuring 8 while
& determination of « requires a measurement
of both ¢ and . This ia also evident from Fig-
ure 15. At very low frequencisa where X' ia
farge, Figure 15 shows that the curves of ¢ and
7 are independent of the dielectric constant but

either curve allows a determination of X' and
therafore of o, For this case

S T
S zane”
where X’ << (K’ —1). Equation (162) also
showa that the dielectric constant can not be
measured at very low frequencies. However, this
is no defect of the method since the dieivctrle
constant has no appreciable effect on wave prop-
ation at these low frequencies. As shown in
Figure 15 the measurement of the ratio r of the
minor to major axis of the polarization ellipse
can be sccurately made by meana of a loop
antenna and field-intensity meter provided only
that the loop antenna is free from “antenna
effect.” This may be stated quantitatively as
followa: the ratio of minimum to maximum
reading in a linearly polarized magnetic field,
auch 2a is generated by a vertical electric an-
tenna, muat be much less than 7.

i
X g (162}
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Chapter 3

STUDY OF RADIO PULSE PROPAGATION

Pulses were transmitted from Puerto Rico and re-
ceived ut Holmdel, N. J,, on a highly directional Muse
sysiem. Measurements Indicated that direetion inding
on the first pulee of & pulse aroup gave sianficantly
more accurate results than ordinary direction finding
methods, a fact of considerable value in long-range
loran systems. Practically afl ths contractor's final
raport? in contained in this summsry.

% OBJECTIVE

HI8 PROJECT * hiad as Jts objective the confir-

mation of certain ideas concerning the pos-
aibilities of long-distance short-wave direction
finding and in particular the iden that there
were times when measurements made on the
first pulse of a pulse group would give a more
accurate determination of the bearing of a sta-
tion than would be obtalned by ordinary d-f

meana,

Another object of the project was to oblaln
evidence as to what percentage of the time
during which energy arrived ovar paths devi-
ated from the great circle, energy also arrived
over great-circle paths in auliicient amounta to
operate a d-f ayatem. For the period covered
by the cbservations this condition existed for
80 per cent of the time.

() DIRECTION FINDING
SOURCES OF ERRORS

When energy is recelved over two or more
paths, errora can be produce; 10 certain types
of short-wave direction #-<:: even If the
patha arc all confined to the pizne of the great
drele passing through the iranamitter and d-f
locatlons.” These errors result from the fact
that interference cf the different components
with one another produces instantaneous fields
at each element of the anteuna system, the
phases and amplitudes of which are not deter.
mined solely by the wavs direction and the
geometry of the xntenna system.

* Project C-36, Contract No. OEMnr310, Weatern
Electric Company.

Furthermore, if one or more of the paths ia
deviated from the great circle, then practically
all direction finders will give erroneous bear-
ings, The extent of the errors aud the per-
cenuge of time that they exist will depend
upon the relative intensities of the components
arrlving over the various paths. Appreciable
errora can be obtained even when the great-
cirde energ: is groater than that arriving over
the deviated paths.

Studiea of ahort-wave radio transmlasion
ncross the North Atlantlc have disclosed two
types of transmission phenomena which would
produce auch errors. During severe magnetic
atorma large amounta of energy hava been ob-
served arrlving from the transmitter over
patha which were widely deviated from the
great-circle plane between the transmitter and
receiver. At such times it has occasionally been
obaserved that smail amounta of energy arrive
over a great circle path. At other times, during
more or less normal transmission perlods und
on relatively low frequencies when energy ar-
rives over several different patha, it haa been
observed that energy which has suffered sev.
eral refiectlons at the ionoaphere may be devi-
ated appreclably from the great circle, whereas
that which haa suffered only a very few refiec-
tions will be deviated only very slightly If at
ull, Where d-f methods provide no opportunity
of separately identifylng the great circle and
deviated path components, errors might there-
fore be anticipated dvring undistarbed as well
a5 dlaturbed tra 1 n perioda.

By the use of short-pulse transmissiona It ia
generally possible to separate the romponents
tranamitted over different paths on a time
basia and accordingly to meagnre the direction
of each path. When the different patha are all
confined to the great<ircle plane, direction
finding on any of the puises should thereforc
reault in an improvement since those errors are
eliminated which are caused by the Interfer-
ence of the various compenents with one an-
other. However, if ull of the patha are not con-
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STUDY OF RADIO PULSE PROPAGATION

fined to the great circle, and if the puise upon
which the memsurement. are made is chosen
at random or because it is the strongest, errors
in bearing would stili be obteined. On the other
hand, if the first pulse of a group is chosen it
shoitid generally give the most accurate bear-
inge since It wili have traveled over the most
direct path. 'The work covered by Proisct C-35
was undertaken to verify this conciusion.

o EXFERIMENTAL PROCEDURE

Pulses were transmitted from the University
of Puerto Rico with equipment made avaliable
and maintained in oparation through tho efforts
of G. W. Kenrick. A small rhomble antenna
directed towards New York City was used. The
bearing of the tranemlitter from Hoimdel is
160° measured clockwise from true north and
1,68t miles distent. The transmitted pulses
were 100 microseconds long and had & pask
power of about 1 kw. The récurrence rate was
60 per sccond except for some of the prelimi-
nary experiments when rates of 20 and 30 par
second were used.

Mensurements on the direction of arrival of
the individual pulses were made with the
Holmdel Musa recelving equipment in accord-
ance with a procedure described in a previousiy
published paper.* As pointed out in that paper,
two sets of antennas with different axes of
orientation can be used in connection with the
Muea equipment to determine the actual diree-
tion of arrival of the waves in space. For these
experimenta only two antennas of each set
were used instead of the usual six and the
phase shifters ‘wers adjusted for eanceliation
instead of addition. This permitted the use of
two widely spaced antennas of each set thereby
giving greater accuracy In the bearings. Check
mensuremente were made occasionally with
closer anteana spacings (adjacent antennas)
in order to avold ambiguous resuits. The band
width of the receiving equipment was safficient
to pass the pulees as transmitted without ap-
preciable miteration in their shape.

Puises were transmitted on thres different
frequencies; 17,310, 7.175, and 6,425 ke. Dur-
ing the first month puises were transmitted on
17,310 ke during the daytime and on 6,425 ke
during the evening and nighttime hours. Ob-
servations were mede during two hours in the

morning and two hours in the evening for three
days & week. Durirg the iast two months the
schedule was ehanged. Pulses were transmitted
continuouely on 17,310 ke for the first haif of
each week and on the lower frequency during
the second half of each week, thus parmitting
observations to be meade or either frequency
during any desired hour of the day or night.
During these last two months speciai attention
was paid to the tranamission conditiona exist-
ing during the sunset pariod since it had been
obsarved that rather wile devietions in 1°
direction of arrival occurred at that time.

The 7,175-ke frequency was substituted for
8,425 ke during the last few weeks of the teats
because the interference on the iatter fre-
quency became 30 severs that reliable measure-
ments could not be obtained.

P RESULTS

Measurements were made between January
12, and Mareh 28, 1942, Inclusive, on a totel
of 185 pulse groups on 17310 kc and on 87
puise groups on 6,426 and 7,176 ke, the data
tsken on these last two frequenciea being
grouped together, Some of the pulse groups
consisted of only one or two distinct pulses
while others conslsted of five or six or more
pulses, some of which overiapped to such an
extent that the indlvidual pulses were indis-
tinguiehsbie. Of the 185 groups measured on
17810 ke only 5, or 2.7 par cent, contained
pulses which arrived over paths deviated by
more than 2° from the great<irsle path to the
transmitter and the maximum deviation was
only 8°. Of the 87 groupa measured on 6,426
and 7,175 ke, 85 or 40 par cent conteined pulses
which arrived by paths deviated by more than
2° from the great-circle path. The grestest
deviation mensured was 12.5°. These results
are shown graphlcally in Figures 1A and 1B
where the deviations from the true bearing are
plotted as abscissas and the number of pulse
groups eontaining pulses with a given devia.
tlon are plotted as ordinates. Since the experi-
mental error varied from 1.5° to 2°, depending
upon the frequency used, observed deviations
of 2° or less are not considered as significant
and accordingly are not shown on these grephs.

Four of the five pulse groupa on 17,510 ke
and twenty-nine of the thirty-five on 6,425 and
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7,176 ke which were observed to contain pulses
which arrived over deviated paths also con-
ained pulses which arrived earlier and over
patha deviated by not more than 2°. In some
of these cases the energy arriving over the
devialed paths was appreciable 50 that bearing:
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Fiourr 1, Parcentaga of pulse groups containing
Pillaes devinted from great circle,

measurements on the first pulse of the group
would have given significanily more accurate
bearlngs than ordinary d-f measurements. In
the remaining one of the five 17,310-ke groups
and in the remaining six of the thirty-five
lower frequency groups, no earller true bear-
Ing pulses were observed within the time limit
of thicty minutes allowed for the measure-
menta to be considersd as inciuding only a
single pulse group, It in entirely possible that
even In these few cases there were leas devisted
paths that would have become evident hsd
higher-powered pulses been svailabie.

o DISCUSSION

Aside from the improvement to be zalned
by direction finding ou pulses in general, it was
found that, under simllar conditions as to path
length and location, direction finding on the

initial pulse on frequencies around 17 me wouid
result in only a very slight improvement in
accuracy, but on the iower Irequencies the im-
provement would at timea be appreciable.

This lack of expected improvement on the
high froquency resulta from the fact that the
tranamisslon on these frequencies is generally
confined very closely to the great-cirele plane,
‘Thia ln in accord with previous experience
that, in gersral, the higher frequencles are
better than the lower froquetcies for d-f pur-
poses, This seems to ba true, not only during
normal undisturbed days, but also during mag-
netic storms, the resson probably being that
h-f transmission takes place by lower angle
paths with fewer refiections at the fonosphere
0 that it is less adversely affected by varla-
tions In that medium,

During the period over which these experi-
menta were eonducted there was only one short
severe magmetle storm and no measurements
were taken during the height of that storm
Observations mada. during the following daye
and during other alightly disturbed periods in-
dicated that for thls particular pcth the only
effects were a decrease in fleld strengths and u
very slight increase in the number and extent
of the deviations observed on the lower fre:
quencies. This lack of a pronounced magnetic
storm effect is not inconsistent with previous
observations, for it has been observed that
radio paths which pass near the magnetic poies
are In general much more severely affurted by
magnetic disturbances than those paths which
are distant from the poles. If more concluaive
evidence of the improvement to be expected
during dlsturbed periods Ly initlal pulse mens-
urements in desirved, it is believed that pulse
transmissions over a path much nesrer the
magnetic pole than the one used for these ex-
perlments will have to be studied.

TIn the light of past expetlence with continu-
oun-wave transmission over the North Atlantie
path and present experlence with the pulie
transmissions from Puerto Rico, It is felt that
it can safely be predicted that dlrection finding
on the first pulse will glve a significant im-
provement In accuracy for a large percentage
of the time during magnetic forms for trans-
minalon paths near the magnetic polea,

Those engaged In shart-wave d.f reaearch

CONFIDENTIAL




£ ATUDY OF SADIC PULIK PROPAGATIGN.

recognlze that one of the most severe conditions
under which direction findera must operate oc-
cura when the d-f location s just outside the
4 d-wuve range of the and still
20 close to it that the i ic waves arrive

ground-wave range were extended considerably

for auch cases by Increasing the pesk power

of the tranamitted aignal, as can be done using

the modern pulse technique, and if bearing
»

at very high ungles of incidence. Under such
conditlons the sensitlvity of most direction
finders to the deslred polarization is very low
#0 that any errors caused by spurious pickup
are grestly sccentuated. Furthermore any
alight irregularities in the ionosphere can cause
the path of the waves to be deviated consid-
erably from the greatcircle plane. If the

taken on the first or grourd.
wave pulse, ronsiderable Improvement in ac-
curuey would be expected. To tost these conelu-
sions would require a high-powered pulse
tranamitter located relatively close to the re-
ceiver location. The experiments discussed
above do not apply to this case at all since the
distance was entirely too great for the ground
wave to be effective with the power used,
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Chapter 4

ULTRA-HIGH.FREQUI

Study of theoretical and practical sapects of wide-
band divective antenns for dirsctlon-finding [d-f) use
In 150- to 800-me Teglon led to development of two An-
te corner reflector arrangement and s
rafiector, In each cioe with the srray batore the re-
Rector, Proper yhasing of arrsy elements befors the
fiat refiector Totated the directivity In atimuth, De-
i rmar for converting & balanced o an
m, use of new methods for evalusting
Jolacinstion errora and for messuring electrics) chac-
acterustica of tha ground, and studies of tha impedunce
charactatlstics of cylindrieal dipoles of large trane
veree dimensions, formed s part of this study. The
projects ia raportad rathee fully here, the rhiaf sbridge-
mant of the contrastor’s finsl report' lying in the
omiasion of certaln photogTaphs of the squipment and
cortuin charta that rescmbled closely those reproduced
herein,

A INTRODUCTION

a1ox TO World War 11, d- sysiems operating

In the u-h-f region were generally of the
clevated H, fixed or rotatabie, Adcock type.
Their properties had been extensively studied
and wers well known. On the other hand, later
work with certaln types of arrays and their
applieation to radar and ciosely related fleids
indicated that improved systems having con-
siderably higher gain and broad-bond response,
particoisriy where portability was an impor-
tant factor, couid be devised for d-f use.

The atudies in this project, therefore, con-
sisted of the design of reflectors and arrays of
the corner~ and flat-veflector types; of meana
for rotating the directivity of the flat reflector
by phase adjustment of the array elements; of
the use of cathode-ray oscilioscopes for visual
indicatlon of bearing including electricai cir-
cuits for obtaining CRG patterns easiiy inter-
preted; and, finaily, some comparative atudies
of & differentialiy conrnected V array and the
conventional elevated H Adeock.

*Project No. 13,152, Conteact OEMsr-1009, Radio
Corporation of America.

CY DIRECTION-FINDING STUDY

¥ RESEARCH FACILITIES

The sita selected for thia study is iocated on
fiat farm land near Medford, New Jersey, in
an ares known geologically as the Middle Marle
Beds. The land is chiefly soil with small pro-
portions of sand and clay and is knewn to be
homogeneous to a considerabie depth. A 10x12.
feot buiiding was arected to houss the equip-
ment and a 80-foot pole and rigging was in-
stailed for making the polarization error meas-
urements. So far as possible the buiiding was
constructed of nonconducting materisls, Wood
and masonite were uved as the basic materiais
and, with the exception of removabie metaliic
window screens, metailic reflecting aurfaces
were kept to & minimum, The pole for support-
ing the polarization test transmitters was
equipped with a removable carriage raised or
jowered by means of a windiass, Wooden
dowels were used in place of nsiis or boits in
all the structure above a fixed platform sur-
rounding the pole and located at the sume sleve-
tlon as tha roof of the teat house to permit mea-
surements at horizontal Incidenco of the array
Jocated on tha reof.

1t was found iater that compiate siimination
of metallic objects in the construction of the
equipment on the pole was not necessary at the
frequencles used, and that metsl couid have
been employed in limited amounta in the wind-
1ass and posaibly in the pulieys. Tha effects of
the metallic window screens were negligible
since the screens were not in the line of the
direct or ground-reflected waves at the trans-
mitter. Presence or positions of persons or ob-
jects In the test house had almost no influence
on bearings from the iwo types of arrays
teated.

Power cbtained from lines 600 feet away
came to the pole in & shielded condult buried to
& depth of 18 inches and to & depth of two feet
between pole and houss. A six-conductor line
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between house and pole (to provide meter out-
fets at the house for circuits located at the
pole) was buried to a depth of two feet in &
trench contalning the telephonc circuit. The

Prm— g ol et e o
—-u—hll:li-lll—rllﬁl'l-ﬂlll-n

Fiauae 2. Carriage employed for holating trans-
mitter for making polsrization messurements.

discontinuity in the ground characteristics
caused by the buried cables was not scrious as
subsequent site error mersurements proved.

& Receiving Equipment

The receiver was an experimental model
SCR-616 supplied by the Eatontown Signal
Corps Laboratory. Tt covered the bands 150-300
and 300-600 me. It conaisted of a auperhetero-
dyne receiver with one r-f stage on the jower
frequency band and no preseiecior ou the
higher band. The input was designed to operate
from a 95-ohm balanced line. Satisfactory re-
sulta were obtained in most cases by operating
the receiver from an unbalanced line.

The receiver had good performance charac-
taristics for the service required. It was fitted
with an a-f injection oncillator to moduiate the
intermediate frequency to produce an audio
componert when receiving pure c-w. The te-
ceiver sensitivity. expressed in microvolts to &
96-ohm dummy antenna, moduiated 30 per cent
at 400 cycies. required to produce a change in
output voitage of two to one with cartier on
and with modulation on and off respectively,
was approximately 5 mierovolta on the lower
frequency band and 15 microvoits on the higher
band.

an Measuring Equipment

A ulotted transmizsion line was employed for
impedance measurements und for a wide range
of other necessary measurements. A microam-
imeter equipped with a tilted mirror was found
convenient for making observations when it
was mounted on the elevated car fage and read
with the aid of high-powered prism binoculars
from ths ground. A General Radio power os-
elilator covering the range of 150-600 me fur-
nished signals.

e V.l ARRAY (t DIPOLE PER SUREEM

The V type of antsnna system con: of
two similar linear cophasal broadside arraya,
each piaced in front of one alde of an angled
reflector. The two arrays have mirror-image
response patterns, each nearly symmetrical, ex-
cepting that one is rotated in azimuth with ref-
erence to the cther by an angie equal to the
angular displacement of its reflector from the
piane of the other. The direction of maximum
response of cach array is normal to the corre-
sponding reflector. See Figures 3A and B.
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It may be observed that the patterns of the
two arrays can be made to intersect st some
deaired point, depending on thc angle of the
reflector. This intersectlon represents equal re-
aponse of the two arrays, and may be used as
a bearing indication if the amplitudea are auit-

-um:- [RLT3

1
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1

A B
Fiavrs 3. A shows typicsl V array B shows
typicai response partarns of individual sntannas.

ably compared in associated Indicsting equip-
mgnt. A mumber of indicating methods are
available and are discussed later.

Two collector uystems of thia generai type
were atudiad, the first conaisting of one dipole
before each reflector (V-1), and the second
having two dipoies In front of each refiector
(V-2). Larger numbera of cophassi antennas
per screen are possible, but were not atudied
because the yesulting size in the iow-frequency
band was conaidered excesaive in view of porta-
bility i On the high
band, twice the number of elemeats may be
used without exceeding the aize of the low-
frequency array.

A large portion of the experimental work in
thia project was done on the V array having
one dipole per reflector, and while this array
has the least favorabie performance of all con-
aidered, most of the information obtsined was
useful in carrying out the examination of the
other avravs,

gl Reffectors

The first problem presented was the deter-
mination of reflector aize and mesh. The experi-
ence of other groups engaged in antenna re-
seareh indicated that a reflector app oximates
a perfect piane conductor of infinite extent if
the dimensions are auch as to exceed by une-
eighth wavelength in ail directions the maxi-

mum dimenaiona of the zrray with which it is
used at the lowest frequency of operation, pro-
viding that the amailest dimension of the array
is at least one-hsif wavelength (A/2) at thla
frequency. A maximum spacing of A/20 be-
tween members making up the sereen at the
highest frequency to be used was indleated,
with tbe length of the eiementa oriented aiong
the direction of deslred poiarization. Tbe pres-
ent study verified the adequacy of these limits.
An Increase in the screen size above this figure
resulted in smaii performance change. Substi-
tation of high-conductivity flne mesh screen
alsy resulied in no materiai improvement in
performance,

EEDs
=

The screena used were fabricated of 3/18-
inch atainiess steel tubing, spaced two inches
apart, and made in sections so that the overall
size was easily adjuatsbie, The members aup-
porting the dipole assemblies were designed to
permit adjuatment of the apacing between
dlpolea, and the apacing to the screen. The
ansembly was copper ple‘ed and protected by a
coating of enamel. See Figure 5 for dimensionai
drswing.
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434 Dipole Dimensions and Impedance
Characteristics

The determination of proper dipole dimen-
sions required considerable attention. The
porameters chiefiy affscted by the dipole dimen-
siona are the radistion impedance and its re-

- LLTSAMGH-FREQLENCY DIRECTION: FENDING STUDY

sistive and reactive componerts. The efficiency
of energy transfer from the dipoles to the
utilization circuita depends on the impedance
match through the system (aside from iine
losges) ; it was therefore necessary to establish
some criteria to guide the work toward obtain-
ing a desirable characteristic,

I LR
;4 i
Sl

DIMENSIONS IN INCHE S
Fioune 5. Essential physical dimensions of dipole and its reflactor,
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The Input circults of receiving equipments
In the range of frequencies covered, 160-600
me, differ msrkedly from lower frequency
equipment in that power is generslly consumed
in the former due to an input impedance char-
acteristic which may reach low values. This It
due primerily to finits electron transit time
effects which depend on the slze of the first
amplifier tube, its geometry, snd electrode volt-
ages. The input conductance varies directly
wlth the square of the frequency, As a con-
sequence recelving equipments may have widely
dlfferent Input impedance characteristics, and
the Input Impedsnee of & receiver will generslly
show a large varistlon over a two-to-one fre-
quency range. This impedance is primarily re-
sistive since ths cireuit ia usually tuned. With
sn antsnna snd recelver whose are

a representatlve recelver coverlng s simllar
frequency range.

The p1eliminary design work on the corner
array envisloned the use of dipoles mounted by
metallic tubes supporting each hsif, the two
tubes forming In effect a parellel wire trans-
miesion line shorted at the reflactor surface.
Electrically thls represents an almost pure re-
actance In shunt with the radlstion impedance
of the dipole. This shunt resctsnce was ex-
perted to esncel partlally the iadistion resc-
tance of the dipole; the length and charac-
teristle impedance were chosen 80 as to sccom-
plish this.

Preliminsry messurements showed large dis-
crepancies between actual and expected results,
due largely to insufficient Informstion on the

f cylindrical dipoles of large

different functions of frequency, s matched con-
dition can not be realized with a fixed trans-
mission line over a wide band of frequencies.
In most cases the condition for best signal-to-
noiss ratio corresponds to the condition of
maximum power tranafer. This latter conditlon
requires that st any point in the system the
Impedsnce in one direction must be the complex
conjugate of the impedance In the other direc-
tion.

In view of these facts it Is considered Im-
possible to set up absolute criteria for the Im-
pedance charscteristles of an antenns array

of

transverse dimensions, the design work having
becn based on prolate apheroldal dipoles. Also,
the effect of the reflector wss not fully sc-
counted for. The results of subsequent theo-
reticsl Investigations on these points are given
below.

As a result of Informstisn cbtsined in these
measurements, it way declded to change the
design to a single-upport, insulsted dipole,
using twin coaxial cables for Intereonnection.
This eliminstes the shunt reactance of the
double aupport, and replaces it wlth the much
higher resctance of s single insulatad support.
This balanced was expected to be

without & complete knowledge of the
with which it 1s to be used. An slternatlve
which is thought to be satisfactory is to sp-
proximate & uniform resistlve impedance
through the range. Ths mismatch between thia
snd » suitshle tranamisalon line should not be
too severe, The input circuits of receivers sp-
pear to offer a greatsr degree of fiexibillty for
applying means to manipulate impedance char-
scterlsties, and sn attack of the problem in this
directlon should more readily yield the desired
results. It in not unlikely that Incomplete in-

on

lesa susceptible to response from fields of un-
desired polsrization,
DiroLE CONSIDERATIONS

The frequency rsnge which s dipole must
cover resiricts ths choice of its length; thix
should be s half wavelength nesr the center of
the band. The other constants which may be
adjusted are the ratio of dismeter to length,
snd the spacing before the reflector. A large
ratio of dismeter to length gives s low antenna

forratlon in the hands of receiver desi

wide-band antenna impedance charscteristica
is one of the chlef reasons why such lsrge
variation is uncountered In the input circuits
of receivers. In comparlson two of the systems
developed in this project, the V-2 and fiat
srrays, show much smaller vsriations, while
the variation of the V-1 Is of the sume oeder as

and resulting low Q.
The Himitations in this respsct are chiefly me-
chanical, and depend on the portahility re-
quired in the equipment. Weight and mechani-
cal strength snd rigidity are more fsvorsble in
the smaller dismeter dipoles, sud they are more
easily supported, particularly In ths balanced
type of structure requiring members Insulsted
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from the support. The only practical limita-
tions on the spacing before the acreen are the
effect on the impedance variation and the
change in the response patterns. With a aingle
dipole before a screen, the response pattern
begina to break up into two lobex as a quarter-
waveiength spacing is exceeded. This ia moat
proncunced at the high-frequency end of the
runge, where the fractional waveiength apacing
ia the greateat. When this condition Ia encoun-
tered, the antenna gain drops, and internai
sereen argiea much lesa than 90° are required
to obtain saiisfactory overiapping of lobes.
With arrays of more than cne element per
acreen, thia limitation is leas serious, since the
gain in higher and the response patterns are
sharper.

IMPEDANCE CONBIDERATIONS

The effect on the impedance due to the spac-
ing from a reflector may be examined most
readiiy by repiscing the screen by the negative
image of the dipole. The mutual radiatis 7 im.
pedance berween the two dipoies modliea the
impedance of the origlnal dipole. The mutual
reactance may be either poritive or negative,
and the mutual resistance may also be of either

sign, depending on the apscing In terms of
wavelength, The resistance decreases when the
mutuai resistauce is positive, and increases
when it is negative. When the seif and mutual
reactances are of the same sign, the reactance
Jecreases, while if of oppoaite aign, an increase
taxes place. Since these mutual effects are

ULTAAHIGH-FREQUENCY DIREGTHIN-FINDING 3TUDY

dependent on the proximity of the dipole and
its image, the impedance variations through
& wide frequency range are gonerally greater
when the spacing is amall. The impadance char-
acteristics, as measured at the dipole termi-
nals, of the final V-1 array are shewn in Figure 8.

e T
S (e e

IR R T erep—————
L T e

Directivily iu Azimuth

The directivity of thia array in azimuth re-
avlts from the use of the reflector, since the
pattern in the equatorial piane of & dipoi
free apace is circular. As the frequency ia in-
creased so that the spacing from the reflector
exceeda 4, the pattern begins to break up

Fiouse s, V.1array, relative response in asimuth,
0 elevas .

8
inta two lobes, with & minimum normal to the

reflector. This minimum reachea zero at a spac-
ing of A/2. As a result. the apacing may not
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sppreciably exceed A/4 at the high-frequency
iimit. The patterns exhibit a broxdening with
Incressing frequency because of this phenome-
mon, but are seen to be usabie through the two-
to-one frequency range.

The general shape of uzimuthal curves at 160
snd 800 me for elevations from 0° ta 30" st 10°
intervsls changes somewhat through this range,
but wot suffiei to affect the pe
adversely {see Figures 7 snd 8). The change
in reiatlve size of the patterns of the two an-
tennas is due to the unsymmetricsl effect of the
horizonts! electric fieid component lying in the
Dlsne of propsgation; the shift of the lobe in-
tersection from 0° azimuth is, therefore, &
polsrization effect.

of Lobe I i

In d-f aystems ualng amplitude comparison,
the question arises as to the best polnt to use
mn intersecting the jobes, whers such choice
exists. The jobe interscction in the V array is
determined by the sngular position of the two
reflectors, snd can be adjusted to sny desired
point. It is, therefore, useful for this ss well
as other similar systoms to conslder s number
of factors which enter into the selection of the
Intersection point, snd if posslble, to deflne an
optimum polnt,

Consider & «imple stray such as the corner
type with one eioment per reflector. If an
idealized point antenns is plsced before s
screen, the relstive response as a function of
the azimuth angle messured from the normsl
to the refiector is given by

r = sin (2;' oon ¢)

Here 1 is the reistlve response, ¢ the szlmuth
angle, ¢ the spacing from the reflestor to the
point sntenna, and A the . This

sble. In an sctusi receiving nystem the inher.
ent noise {imits the usefvi amplification. If an
sctual receiver 1s considervd operating with the
antenns, » certain smount of noise wilt be pres-
ent in the output. If s signal now arrivea at
the antenns, the output of the recelver wili be
proportions] to the field Inteasity, snd to the
reistive response r of the antenna st the azi-
muth of wave arrival. (The galn of the antenna
need not be considerod at this polnt since its
effect Is merely to change the factor of propor-
tionality.) For s fixed field intensity of the
signal, therefore, the signsi-to-noise ratio of
the output is proportlonai to 7, and from this
standpolnt best operstion is had when r is a
maximum,

The operstion of indicating systems used in
conjunction with switched lohe antennaa usunl-
Iy depends on the difference in output wheu the
signal ix sampled successively on the two an-
tennas, For example, a differentlsi rectifier
might be used to actuate s zero-cente~ micro-
ammeter, or to contrel the input cireuits of a

functlon Is piotted In Figure 8 with s taken
equsi to A/4. If a recelving equlpment hsving
an Ideal noise characteristic, that i, one pro-
ducing no Internsliy genersted noise, is thought
of as being used with thls sntenna, then an
output of sny desired magnitude may be ob-
tained from a slgnal arriving from any direc-
tion where the sntenna response Is not zero,
assuming uniimited smplificatlon to be avsii-

r ifier for tracking.
SENSITIVITY FACTORS

The sensitivity of such a system depends on
the magnitude of the difference response for sn
increment of asimuth angle in the vicinity of
the equisignsl point, that is, the intersectlon
point of the two jobes, The magnitude of the
difference In turn depends upon two factors—
the first of which is the slope of the sntenna
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response curve at the operating point; thia
quantity might be appropristely termed "dif-
ferentiai sensitivity,” The sscond is the scale
{actor, which depends on the ampiification and
signal intensity. If we assume that the maxi-
mum svaiiabie iinenr amplification is used, then
for u fixed signaf intensity the differentiai out-
put is proportionai to dr/dé. As previousiy
indicated, the signal-to-noise ratio ia propor-
tionai to 7. The conditiona of maximum algnai-
to-noise ratio and differentiai sensitivity can-
not be satisfied simuitaneousiy, since dr/dy ia
zera when 7 i8 a maxtmum. 1f equal importance
is ansigned to r and dr/dé the maximum value
of the product may be defined as the optimum
intersection point. That is,

d { dr
6 ('da) .
The product rer/d¢ may be most conveniently
maximized graphically, capeciaily when experi-
mental rexponse curves are u
For the can~ of a single-point lntennn placed
s distance /4 hefore a screen the functiona

v = win (2;‘ mo)

dr ” 271
r‘b = > sib @ #in 2 (f—-m!“)

and

are piotted in Figure 9. The maximum vaiue of
the latter is secn to oceur at ¢ of approxi-
mately 60°,

For the case of two-point antennas placed
before u acreen, the response pattern is given

by
( ) 2xn )
£ = cos “ning ) ein| S Feos g

. 2wd o 208
oo (i) a2 (2 )

—!;lcmonin’ (:Lr'ma)sinﬂ(g;'f'-in¢).
Here the quantity d represents half the dis.
tance between the'two dipoies. These two func-
tions are plotted for d = = A/4 in Figure
10. The maximum of the second cccurs at ¢ of
approximately 28°,

This fAigure of merit faila under extreme con-
ditions of signai intensity, If the signal is on
the threshold of noise, r becomes more impor-
tant than its derivative, whiie at the othcr ex-
treme, where the receiving aystem is overload-
ed, operation at iower vaiues of r ia indicated.
The first of these extremea ia more likeiy to
oceur fn practice ; however, deviation from the
above criteria shouid be based on statistical
datx obtained in actual use in the field. The
dats should include the noise charecteriatics of
the receiving squipment and the field intensi-
tiea encountered. The speed of response of the
indicating circuits, or the minimum time in

Fiotxz 10. Data similar to that given in Figure 9
except for two-polat antenna. In both Hlustratlor
rdr/d¢ s product of azimuthal reiponse and ¥
of change of this Tenponne with respect to
muthal angle,

which integration ia substantially complete,
coupled with the aignal-to-noise ratio data
shouid indicate the direction and extent of the
departure required from the above criteria.
In the two cassa considered, the rdr/d¢
curves are fairly broad near the maxima; for
one doubiet, the width of the curve iy 20° at
80 per cent of maximum, whiie for two doubiets
the width is 16°. Thia width afforda some
Iatitude of choice without departing far from
the optimum., When an array is used over a
two-to-one fraquency renge, the shape of the
response pattern changes with frequency. The
intersection point can be selected at the mean
frequency, and performance wiii generaliy be
satisfactory throughout the range.
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435 Relative Response in Elevation

Because of inte>forence effects between the
direct and reflected waves at the receiving an-
tenna, the direct messurement of the directive
pattern in elevation holds oniy for & specified
antenna height above ground and fixed ground
conatanta. For this reason an indirect method
waa adopted for the measurement, and the pat-
terna so obtained are assumed to hold for ali
the arraya atudied in this project

‘The method of measurement conaista of de-
termining the response in asimuth of one re-
fiector to horizontally polarized waves, with the
receiving dipole oriented horizontaily. Since
the refiector used is very nearly square, thia
procedure, in effect, ia equivaient %o turning
the entire receiving and tranamitting system
90° about a horizontal iine connecting the
transmitting and receiving points. The original
vertiea! polarization mow corresponds to heri-
zontal, and the angle of eievation corresponds

to azimuth. Ground refiections are thus con-
atant, since sll measurements are made at 0°
elevation, and may be negiected. The measure-
ment was made out to =90° from the normal
to the sereen; the two halves showed alight
dissymmetry, and the average was taken. The
reaponse dlagrama for three frequencies, 150,
225, and 300 me are given in Figure 11, and
may be taken to represent the relative response
in the half space above the earth, in the ab-

sence of ground reflections. 1t appears to aerve
ne purpose to give speciflc diagesms including
the effect of ground refiections, since these
would vary widely depending on the height, fre-
quency, and ground constants.
ST Polarization Errors

One of the major probiems encountered in
the course of thia project, and one which arlaes
in most research connected with the study of
collector aysiems for direction findera, ia the
inveatigation of poiarization errors. Although
most of the important characterlstics of such
systems can be readily determined theoretically
or experimentaily, this ia not true in the case
of polarization errors. The theoreticsi predic-
tion ia generally mot possible, except in the
cage of certain elementary collectors auch as
balanced shielded ioops, where the response to
fields of any polarization is known. In the case
of some other antennas of almpie geometrical
configuration, the shape of the responae pattern
to fieids of various polarizatlons may bo as-
sumed to a good degree of accuracy; the errors
may be predicted if the scale tactors between
them are known. The Iatter cannot be pre-
dicted theoretically, and therefore are mea-
sured; the complete performsnce csn then he
stated in terms of the theoretical assumptions
and the measured values of these parameters.

‘The dificuities underlying the cvatuation of
polarization errors are due basleaily to the lack
of an edequute and readily measured atandard
of performance. Until recently, the stendard
wave error of Barfield® was widely used This
is defined as the error of a aystem when obtain-
ing a bearing on a wave arriving at an angle
of eievation of 45°, and having equal compo-
nents polarized in, and perpendicular to, the
plane of incidence, with the two componenta
so phased as to produce the maximum error.
This standard of performance ia open to two
objectiona. The firat is that it is defined with-
out considerstlon of the effect of the ground in
modifying the wave arriving at the collector.
Althongh the omission in juatifiable in the case
of collectors located near the ground in terms
of wavelength, in the case of elevated systems

the di in or
of the parallel and perpendicular field cempo-
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nents caused by the ground-refiec ted wave may
give risv to a resultont thal differs wideiy from
the condition of the downcoming wave, Henre,
large variations of the standard wave error of &
system may be observed. depending on the ele-
vatlon of the receiving antenna above ground
and the electrical characteristics of the ground.
The second objectfon s that a knowledge of the
atandard wave error of a systsm in itself is
generally not aufficient to determine its pei-
formance under other conditions of wave ar-
rivai, The additional information necesaary for
thls determination ia the law of error which
the aystsm foilows, The general law which &
system obeys Is, of course, known from the
theory of its operatlon; to reduce It to a quan-
titatlve form uaabie In extrapolating errors,
other dats would appear to be necesasry. Thia
same objection put in another form applies
when aystems following different iaws are In-
tercompared, Evidently one system may hsve a
very large error at an angle of slevatlon of 45°
{for example, if ths vertleal response ia & mini.
mum at this angie and the horizontai response
Is large), and have low errors at other ele-
vatlons, A second system may reapond in an
oppozite manner, and have low errors at 45°
and high elsewhere. Comparison of these two
on the basis of the atandard wsve error would
appear favorable to the second, while the ficat
may actually be superior at most other ele-
vatlons. Therefore it s seen that two arrays
having the same standard wave error msy have
considerably different performance under other
conditions.

To some extent the situation has becn clari-
fied by the work of the Natlonai Bureau of
Standards [NBS] as summarized in the final
report on Project C-18° The report Is con-
densed in Chapter 1 of this volume. The meth-
ods and criteria developed by NBS for the eval-
Ill!lon or collector performance with renrd to

these i

thought desirsble to apply these methods in the
present project, subject to v rification of the
results by other methoda, principally, the direct
measurement of the errors, Unfortunately, the
attempt to adapt these methods in the present
case did not result In any marked degree of
pucceas.

The NBS MeThod

Easentially, the NBS method is based on the
ststement of the response of the antenna sys-
tem to an arriving fleld In terme of the desired
reaponse of the true antenna eiements snd the
undesired response due to extraneous elements
such as feeders, etc. The response of the an-
tenna is amalyzed on the basis of three resolved
field components, with a directivity function
sssocisted with each, and a parameter analo-
xous to effective height, called the pickup faetor,
also ussociated with each. These latter relate
the voltsges Induced by a component to the
Intensity of the component producing it, and
therefore have the dimenslons of effective
height. The response of the feeders Is simliarly
ntated for the three field components. The equa-
tions may be written as follows:

Vi = WEF(GH) ™

Vieaims = EEfl831 «
Here V ia the voltage induced In the element
indicated in the subscript, & and & the plekup
factors, E the electrle fleld intenslty (for sim-
plicity the magnetic fleld components will not
be considered), and F' and f the directivity
functions, dependent on the azimuth ¢, and the
angle of elevation y. The fleld terms on the
right hand side of the two equatlons are re-
solved Into threc componenta, and the other two
factors are likewise resclved to correspond.
The jon of the field at the collector ls

errora
to a certain extent and should be applicable, in
theory at least, to most collector systems. These
methods speclfy performance in terms of cer-
taln parameters of the iystem anniogous to
effectlve heights, measured at ground level, and
independent of the ground conatsnts, A knowl-
edge of the law of error of the system enables
the complete performance to be stated. It was

indicated In Flgure 12, where the two primary
eomponents E, and E,, shown at A, are respec-
tively perpendicular to and In the plane of
Incidence.

Ths parallel component s further resolved at
B into a vertlesl component £, . and a hori-
zontal component £, ,; the direction of propa-
gatlon assoclsted with each vector is indicated
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in the figure. Following this resolutlon, equa-
tiona (1) and (2) can be written
= WE, F (64} + hE, F 60

+ hEF,(04)
-\'0.")

+ kES 08 @)
The sum of these two voltages la the total re-
aponse of the svstem to the existing field,

@)
Vi = KE, L4 -+ k)

Fiaung 12. Resolution of elvetric field b collsctor
into compananta parallel with and perpendicular to
plane of Incidence.

The factors h and k for the varlous compo-
nents are to be obtained empirically, while the
directivity functions are deduced

pletely the respense of a system under any con-
dition of wave arrival, or ground conditions.
Thin respense will depart from the ideal de-
slred response because of the undesired pickup
present; sn analyticsl comparison of the actual
with the Ideal response enatles the determina-
tion or the polarization errora o( the syatem.
ily, the phase

by the various induced voltages through the
mechanisms whereby they are induced and
transferred from the responding elementa to
the utilizatlon clreuits are not known, nor are
they readily determinable, and as a result, the
complete equations muy not be written explic-
itly toinclude them. Nevertheless, a knowiedge
of the ]aw which the system follows enables the
asslgnment of values ta these unknown phase
angles such as to make the polarization error a
maximum, and thus set an upper limit to the
polarization error possible for a partleular con-
dition of the downcoming wave. A plot of these
maxima over a representative range of ele-
vation angles at an appropriate ratio, say one-
to-one, of the parallel and perpendicular fisid
componer.ts glves a complete plcture of the
performance in thls range, and may be used for
compariaon with other systems of the same or
different type.

APPLICATION TO ADCOCK ANTENNA

The first step in applylng thin method,
namely, the of the directive pat-

from a kuowledge of the configuration of the
system. One or two of the & factors in the an-
tenna response may be mero or negligible; for
vertleal dipoles, for example, k., and , are
zero, simplifying the sltuation. For the un-
dealred responss sll of the i's may be present;
often two are sufficient to describe conditlons.

With respect to the directivity functions, the

the

terns for the three field components, must now
be subjected to further examination. For the
murpose at hand, this may best be accompllahed
in conjunction with an lllustrative example. A
dilferential Adcock palr of the elevated H type
will be considered, aince the NBS report re-
ferred to treata a number of thls general type.

The H Adcock consists of two vertical

NBS isto
on & by measurements at harizontal incidence,

dipoles di by horlzon
feeders. The response of this system can be

while ths relation to y is from a
knowledge of the configuration of the aystems.
These directlvity functions are quite general
and may be expressed In complex form to ac-
count for the phase of each term. They are
sufficiently genersl to permit inclusion of the
effect of the fleld set up by reflection from the
ground The equations, therefore, wheu ex-
panded to Inctude these factors, describe com-

48 resulting from a
o« e e Bl bl
vertical dipoles and the undesired response of
the horizontal feeders. Tbe directivity function
for the two dipoles ls known accurately on
theoretical grounds for fielda of any polariza-
tion. Obviously E,. i the only component
capable of inducing a voltage in either dipole,
since E, . and K, are always dlrected at right
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angles to the length of the dipoles. Therefore
k, and k, are cach zero, and terms contalning
them are eliminated from the response ejua-
tlon,

The horizontal feeders may be replaced, as &
first approximatlon, by a short dipole slong the
line of the feeders. The dlrectlvity function
for this dipole Is known from theoretical con-
siderations. E,, ia always normal to the dlrec-
tion of this dipole, and can induce no voltage
in it; k, is therefore zero. Further, the maxl-
mum responsa to a unit field of E, {at ¢ = 0°},
must equal the maxlmum response to a unlt
fleld of E,, (at ¢ = 80° ¢ = 90°), slnce in
each case the direction of the electric field is
parallet to the dipole in questlon. Therefore the
response coefficlents k, and ¥, are equal, and
the measurement of one la sufficlent to establlsh
the other. Evidently both 2, and k, may be

horizontal incidence, lnd thexr ratio ohulned.
Since the complete directive pattern is known,
It need not be the NBS p is

and direction of arrival. Moreover, the re-
sponse of the system to waves from the two
directiona may Introduce additlonal phase and
magnitude changea. Obvicusly a single figure,
the resultant output voltage, ls not aufficlent to
determine uniquely the response in the desired
direction. Nor would it be valld to take the
downcoming wave, compute the magnltude and
phass of the reflected wave, and add the two
vectorlally in time and apace at a polnt of the
system, unless it can be assumed that the point
adequately represents the system for the two
waves In questlon, i.e., that waves do in effect
act on the system at the polnt, and nowhere
else. For example, if, instead of a single hori-
zontal dipole representing the feeders, it were
necessary o substitute two parallel dipoles
lying In the same horlzontal plane the addltion
of the direct and reflectcd wavea at one would,
in gemeral, not hold for the other, since the
path differences in the two cases are not the
same for a nearby signal source, This asaump-
tion could not be

to measure the patterns due to £, and £, . at
ground level, probably aa a verification of the
assumptions. The method is thus seen to be
substantially an indirect one, in that the polari-
zatlon error is not measured directly, but is
deduced from and

made, as the conﬂgurutlon itself is to be deter-
mined by the measurements. Should an attempt
be made to carry the investigation on for the
other two field components, difficulties of the
same natire would exlst and, in addition, other
would bz found. The F,. and

observed data.

1t is Interesting to consider the situatlon re-
sulting If in the preceding example it were not
possible to assign on theoretleal grounds a dl-
rectlvity characterlstic to the element respond-
ing to tha undesired fleld componenta E, and
£y, that is, I knowledge of the behavior of
the feeders is Insufficient to permit the valld
substitutlon of a simple dipole, It would then
become necessary to establish this directivily
by empirical methoda, A serles of measure-
ments would be made, atarting for example
wlth E, flelde. The response through 380° In
azimuth could be meamsured for an angle of
elevatlon equal to zero. In carrying these mea-
surements to elevated angles, however, a fun-
damental difficulty would arise due to reftec-
tiona from the ground. When a ground-refiec-
ted wave exlsts (and this msy even apply in
an elevated system to the measurements st zero
angle of elevation), there are in effect two
wavea present, differing In magnitude, phase,

K, , components are not separable; the plane
of incidence and directlon of propagation deter-
mine uniquely the direction of the E, vector
Its resolutlon is useful for analysis, but cannot
be 30 as to ellml

one or the other of the components. As an
alternative, the method might be modified to
measure the total responae to the £, field, rother
than the response to lts two components, The
effect of the components could be deduced, if
the phases of the resultant voltages were
known, Thesa, however, cannot as a rule be
determined. Moreover, In a reasonahly good
collector, the dealred responae of the dipoles to
E,. would almost completely obacure the re-
sponse to E,., unless a very high precialon
were attained in the technlques of the measure-
ment. The desired reaponse could not well be
elimlinated, since the dipoles, while not respond.
Ing to the undesired components directly, may
De, and usually are, an element in the transfer
svstem from a responding member to the util-
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ization circuits, because of radlation or re-
active coupling. For example, a member re-
sponsive to E,, may reradiate « component
parallel to the dipoles snd thus induce a volt-
age; removai of the dipoles, or ahort clreuiting
them would remove this undesired effect; the
total effect of £,. could not then be deter-
mined.

Some consideration might be given to a
method of evaluating the errors on the besis of
the primary components alone, without at-
tempting the more or less artificial resolution
of the E, field. Whilie this might conceivably
be possible, the other difficulties mentioned
would atill be present; In sddition to the com-

‘These possible procedures have been touched
upon not so much to examine their merita, but
ratlier to bring out the dificulties of the
method when recourse must be had to an ex-
perimental determination of the three dimen-
s10nai response of an array to certain fleld com-
ponents, when the directivities Invoived cannot
be assuined a priori from the configuration of
the array, Even In the case of so simple a coi-
lector as an H Adcock, It is open to some quea-
tion whether a succeasful experimental deter-
mination can be made. On arrays of the type
atudisd In this project, the configuration of the
elements which may respond to undesired field
compmentn 1s mnnldenbly more complex, and
the increase i . The de-

plicating presence of the gi d-refiected wave,
the phase anglen of the voltages Induced by the
two components of the parallel field would re-
main unknown, In itself, this would be of no
consequence, since the effect of the whole £,
field is being Investigaied, However, while the
two components are always in phase in a down-
coming wavs, this may not be the case when
the combined direct and reflected waves appear
at the collector. As a result, the analytic sepa-
ratlon wouid still appear to be necessary to
predict the behavior for any ground conditions.

FrEe-Srace
REFLBCTORS

By positioning the refiector near, and paral-
lel to, the ground, the latter becomes in effect
an extension of the refiector; undesired ground
refiectlons would be ~fim‘nated. The signal
source could be placed directly abovs the reflec-
tor at a sultable height, and elther moved
through arce corresponding to azimuth and ele-
vatlon, or left stationary, and the reflector ro-
tated as required. The objectiona to this method
are that the array would have to be dismantled
from Its normal operating position, and special
gear constructed to obtain the required rota-
tion of the acreen, or motlon of the source.
Further, a legitimate doubt would always exiat
concerning the equivalence of the undesired
vesponse in the operating and measuring posi-
zlom since the seedera could not be identically

PATTERN rom SYsTEM3 UsiNg

sired response of the dipoles canmot he pre-
dicted to a high degree of accuracy because of
the presence of sn imperfect refiector; to this
time & reasonably accurate expreaslon for the
current distribution In a cyilndrical dipole of
large tranaverse dimensions has not becn ob-
tained. Any assumption aa to the total responae
of the system was out of the queation.

If consideration be given to the NBS mcthod,
its elegance and utility are seen to reside in its
ib'my to assexs in terms nl simple and rendlly

Ta at best very complex. One of ita ouuhndmz
advantages in practice is that the messure-
ments are a0 made as to avoid the compllcating
influence of the ground, that is, at horizontal
incldence. In any of the procedurea mentioned
#hove, this advantage would be lont; the meas-
urements would be tims consuming and diffi-
cult, if st all possible, requiring, in the case of
arrays studied in this project, fields of high
purity of polarization; the final results would
be indirect and subject to questlon on this
ground.

As mentioned pre-‘ously, an attempt was
made to apply the NBS method during the
course of the project. Some of the earlier re-
sults of measurements on the response of the
V-1 array to horizontally poiarized waves in-
dicated that no simple apace pattern could he
presumed. The lack of a reliable field-intensity
meter h the work i Rezort

dlsposed in the two cases. The v
cauned by the change in phase of the B,
F, ¢ fields in the presence of the ground would
still remaln,

had to be made o the array under test for fleld-
intensity comparisons. This was done hy orient-
ing the dipole cither verticaliy or horizontally
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as required, and assuming the same effective
helght for the two conditions. Rejection ratlos
werz specified In the beartng direction and are
given below. These ratios were found to be of
considerabie vaiue as an ludication of the prog-
ress of the work, since any subatantial im-
provement was usually accompanied by smalier
measured errors.

POABT METHOD OF MEASURING POLARIZATION
EgRors

The final method adopted for the measure-
mant of poiarization errors was one originslly
intended to verify resulta of the indirect meth-
od. It was originated by L. M. Poaxt of the
National Bureau of Standards, and consists of
& means of producing & field polarized so as to
have equal eomponenta In, and perpendicular to
the piane of Incldence, with a continuously
variubie phase adjustment between these com-
ponents. This is accomplished by exciting three
mutually perpendicular electric dipoles from
the same shleided source. One dipole, used as
the axis of rotation, is horizontai and at right
angles to the direction of propagation of inter-
est. The plane through the remalning two di-
poles is vertical, and coincldes with the plane
of incldence at the receiving antenna. The
horizontal dipole and one of the dipoies In the
vertlcai plane are fed In phase, snd the remsin-
Ing vertical dipole feed is displaced 90° in
time phase by an artificial quarter-wave line.
The two dipoles in the vertical piane produce
& uniform fieid In that plane. The phase varies
unlformly with angnlar position in that piane,
and the magnitude of the resultant fleld in
equal to the maximum field due to either dipule.
There results, therefore, a fleid as speclfied
above, with a paraliel component E, whose
phase may be varied uniformly by rotating the
system about the horizontal dipole as an axis.
Figure 13 ahows the unit which was deslgned
to operate over the 150- to 300-mc band. Thedl-
pole extenaions are Interchangeabie with unita
of other lengths and telescope into the oscilia-
tor housing for accurate adjustment to fre-
quency.

When this aystem is used for the measure-
ment of polarization errors, it is supported so
as to permit rotation about the horizontal di-
pole, then elevated to the desired height. The

errera are observed as the assembly is rotated
through 860° by means of control cords. The
maximum error Is noted, as well as errors at
unlform angular intervals. The maximum error
then is the msxlmum possible for a one-to-one
downcoming fild at that elevation angle, re-
celving antenna clevation, and ground con-
stants, The measurement of the polarizatlon
errors is direct, and is, therefore, not open to
those objections which are based on the In-
dirertness of & method. Three factors never-
theless may be queationed. The first ls the va-
lidity of the results based on radiation from a
nearby transmitiing system. Al the lowest fre-

FIGURE 13, Variable phase volarization transmit.
ter with remavable dipolo extensians which tele-
scope into osciliator housing for sccurate adjust-
ment to frequency.

quency in question. the distance between the
recelving and transmitting pointa is about 16z
slong the ground and 18 at the maximum
elevation of 34°. It is believed that this is ade-
quate to produce & substantialiy plane wave
front at the receiver. The effect of the aurface
wave ls greatest at low angles of elevation; it
may be neglected at the higher angles where
the polarization errors reach their maximum
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vaiues, The second objectlon is that measure-
menta are made with the receiving antenna
array at s fixed height above ground, and may
not reprisent the worst point of operation at
ail frequencies, It was not feasible to construct
elevating gear for this work, To overcome this
objection to some extent, each curve of polar-
2ation error reproduced in this report has a
section ahowing the ratlo of K. to the E,,
components at the receiving antenna through
the range of elevation used. From thia it may
be determined whether a apeclfic error waa ob-
tained under bl ground

practical conditions of operation likely to be
encountered. In the upper end of the v-|
the u-h-f* bands, high-angie waves ori
generally from elevated sources—aircraft
transmitters primarily. In homing operations
of friendly aircraft, for example, angles of ele-
vation over 34° will rareiy be found beyond a
horizontal distance of the order of one mile.
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crimination inat one or the other fieid com-
penent. The third objectlon ia that the informa-
tion obtained covers only a limited range of
conditions, and doea not specify the complete
performance.

Although it ia true that compiete perform-
ance cannot be specified on the basla of the In.
formation obtained, it is considered that the
range of elevation angies up to 84° covered by
the data la wide enough to inciude most of the
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The use of thia rotating phase arrangement
requirea eight or more observations at each
angle of elevation. To expedite measurementa
for day-to-day comparison of results, the sim-
pie elevated dipoie, tilted = 46° from the verti-
cal, was resorted to. This metrod, while not
giving the maximum error, yielded resulta of
sufficiont aignificance t> be quite adequate for
the purpose, and the measurements were readi.
1y repeatabie after several days' lapse. It is in-
teresting to note that the rotating piisse meth
od rather consiatentsy gives a maximum error

M Hy rather common are it the various banda
ure vegard luludmg Yhe following frequencies:
v.1, 3-30 0 ke; m.f, 300-3,000 ke: h-f,
s—al)me. vhr.ao—.WOme whef, 306-3,000 1ne; a-h-f,

000 me,
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through the range of elevations that is about
5G per cent In excess of the errors messured
with the tilted dlpole, The latier results are
given in Tabies 1 and 2. The errors obtamed
using the variable phase method at 160 mc are
shown In Flgure 14, and at 300 mc are shown
in Flgure 15.

i Selection of Optimum Height

The selection of a suitable height for a d-f
array should be guided by two performance
eonalderstions, aslde from the purely mechani-
cal ones Involved in the deslgu of a satisfactory
elevated rotating mount.

In the upper end of the v-h-f range, the ten-
dency of ic waves to
slong optical paths becomes evident, and this
terdency becomes more marked as the fre-
quency is Increased. 1In the u-h-{ range the
paths are essentlally opticai. The curvature of
the earth therefore limita the dlstance which
may be covered, alnce the optical path is &
atralght ilne. The phenomenon of refraction in
the atmosphere modifies thls condition some-
what, as the path followed curves back toward
the earth relative to a straight line tangent to
the earth. Quantitatively the effect may be ac-
counted for by assuming a radlus for the earth
In excess of lta actual radlus. On this basls and
the geometry involved, the distance to the ef-
fectlve horizon la given in terms of the height
by

dujies = V2R,

wherein the effectlve radius of the earth ia
taken as 1.82 times the physical radius, The
obvlous eonclusion to be drawn ia that to obtain
maximum range, as great a height as practica-
ble should be used for the direction-finder
areay.

The second consideration Influencing the
choice of height is the effect on

sible. The degree of suppresuion i3 dependent
on the elevation, the electricai characteristics
of the ground, and the angle of elevation of the
downcoming wave.

The Interference pattern is a resuit of the
phase difference existing at a point between
the divect and reflected waves. This dlfference
is made up In part by the phase shift oceurring
at reflection; the remainder is due to the differ-
enve In the paths traveled by the two waves.
The corresponding phase difference for the
Iatter is given by

_ drhainy

= )
where A is the phase difference in radians, &
the elevation of the point in question, y the
angle of elevation of the arriving wave, and A
the wavelength, The difference is seen to In-
crease directly as the helght and the sine of
the angle of elevation. The change of phase
with ¢ is consequently more rapld as & is in-
creased.

The phase change occurring at reflection is
given by the appropriate Frasnel plane wave
reflection cosffeient for the parallel and per-
pendicular cases, These are

(sm.y—v-—-lrln"
g

',

0 Tl
dielectric constant in esu;

vy
velocity of light in cm per sec;
= wavelength in cm;
conductlvity in esu;
parallel renectlon coefficient ;
reflection

errora. Due to interference phenomens be-
tween the direct and grouvd-reflected waves, &
standing wave pattern of fleld intensities is set
up slong the vertical line over a polnt. This
pattern Is different for the porpendicular and
parallel fleld components, 3o that the ratio of
the two varles with elevation over the pomt
in questlon; therefore relatively large sup-
pression of one or the other component is pos-

Both the magnltude and phase angle of the
coefficients for the two cases vary in a different
manner with the angle of elevation. The phase
angle of R, remaina nearly constant, while the
phase of R, undergoes approximately a 180°
change as the angle of elevation changes from
0° to 90°. The overall effect is that the ratio
of the E, resultant to the k, resultant varies
through wide limits along a vertical line over
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a given point. A plot of this ratio is given In
Figure 16, sgainst height in terms of wave-
length, for three values of the parameter y.
These curves sre computed for a complex di-
electric constant of 10 — j1, snd eorrespond to
the ground constants at the Medford site for

L P 57, TR TR,
a8 e
Figuer 16, Ratio of £, bu i, | wiwas karight.

the Jow-frequency end of the range (150 mc).
The imsginary component is small enough to
be neglected, snd decreases with increasing
frequency, The dielectric constant of 10 may
be taken to represent average ground condl-
tions In the frequency range investigated. An
examination of these curves leads to two con-
clusions : first, the ratlo of the horlzontal to the
vertics] fleld intensities is consistently small
only st elevations less than A/4. At 600 mc this
represents & height of about 5 inches, and at
150 me, 20 inches, values too small to be usable.
For elevstions in the usable range, aay over 8
feet, the helght would represent several A at
the higher frequencies. Second, consistently
smaii ratios for different eievation angies are
not possible for a given height over a/4 even
at one frequency. For example, aii threc curves
go through a minimum In the vicinity of 6a;
at intermediate or other angles, this would not

ily be the case. R to the po-

 height giving favorable ratioe near the low-
frequency end of the band for high angles, but
the favorable ratios would not hold eisewhere.
in the sbsence of elevsting gear and means for
determining the angle of elevation of an arriv.
ing wave, it would sppear tiat a seiection of
height based on maximum range, and com-
pletely random as far a5 the prescnt considera-
tion ia concerned, Is s likely to result in satis-
factory operstion as would £ height selected
for a particular set of condltions.

The NBS report® has data similar to Figure
18, The latter is somewhat more general in
that elevations sre glven in terma of wave-
length, and the ground conditions specified in
terma of the complex dieiectric coustant, Fig-
ure 16 Is therefore usable directly at any fre-
quency for a compiex dielectric constant of
10 - j1.
A Array Gain

To mensure the gain of the V-1 array, s
configuration was required which would elimi-
nate Loound reflection effects. A simple man-
ner of schieving this consists of performing
the messurement in the vertica) directlon. The
reflector In question s piaced paraliel to the
ground, with the dlpoie sbove the reflestor. A
device to Indicate reistive fleld Intensities is
placed directiy shove, snd eievated to s height
great enough to eliminste spurious proximity
effects. The antenna In question is excited with
& power oscillator, and the fieid Intenaity so
obtained is compared to that produced by a
resonant half-wave dipole, A/4 above the screen,
in exactly the same positlon, Relative input
powers are measured by standing-wave equip-
ment for the two cases, The relative gains of
the two srrsys are then computed,

The sbsolute gain of the standard antenns
may be obtained theoretleally , together
with the relative gain, enables the determina-
tion of the sbsolute galn of the array being
Figure 17 shows the gain charae

larization errors of the V and flat srrays shows
that st the low-frequency end the errors are
the greatest, and these occur at high elevation
angies. If one assumea thst the maximum
angles encountered in practice are in the vicini-
ty of 36° to 35°, It would be poasible tn select

teristica of tiie V-1 srray over the entire fre-
quency runge, the standard of comparison
being & hypothetlcs) isotropic or nondires-
tions] antenna, For comparison with s half-
wave dipole in free space, the values given in
this curve should be reduced by 2.i4 db, This
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figure represenla the gain of a half-wave dipole
In free apace over an isottopic antenna. The
variation of gain with frequency is seen to be
slow for thls array.

C
FREUENGY W MEAAGTOLES

FiGUAE 17. Gain of V-1 arvay compared to hypo- '
thetlcal lactropic or nondireetional untenna.

e

V-1 Array Used as Direction Finder

Following the decision to use a balanced
dipoie syatem, an array was set up with bal-
anced two-wire lines connecting esch antenna
to the switch, and a twin-conductor lead from
the switch to the receiver. The performance
of thla syatem was fair, but it was obvious that
there was conslderable signal pickup due to the
dipoies and feeders responding as 2 unit to
fielda between them and ground, and that it
would be necessary to inatall the equivalent of
& balanced and electrosiatically shielded tran:
former. A suitable design was selected, utiliz-
ing resonant lines; the principles of oparation
and design formulas are glven below. One
transformer was placed behind each screen at
the point where the dipole transmission lines
pass through the screens. Rejection ratios {(eor-
rected for curvature of receiver Input/output
characteristics) measured prior to the lnatalla-
tion of these transformers were approximately
10/1 at 150 me, and 5/1 at 800 me. The use of
the tranaformers improved the ratlos to about
40/1 through the frequency range. The mea-
sured maximum polarization errors before in-
stallution were approximately 50°, and these
were reduced by a factor of two through the
use of the transformers, The remaining errors
were considered too high, and further studies
were undertaken in an attempt to obtain a re-
duction.

The errors mentioned were noted when the
system operated as & switched-lobe direction
finder, that 1s, one in which amplitvde com:

parison is made by succeasive observations on
each screen. In order to check the electricai
balance between the acreens simultaneously, the
two arrays were differentially comnected, in
which cnee phase and amplitude balance are
indicated by a nuil. The errors noted with thia
arrangement were lower by a factor of perhapa
three-to-one, indicating good electricai baiance.
The reason for this wide discrepancy is not
completely understood at this time, but ia
mostly likely due to the inherently balanced
nature of the differential system as compared
to the dissymmetry existing when only the left
or right half of the array is observed at one
time, which condition holds in lobe switching.

Further investlgations tended to confirm thls
explanation. Measurements were made to com-
pare the response of the two halves when the
polarization of a horizontally incident wave was
varied. With vertical polarization, the response
patterns of the two antsnmas were nearly
identical ; slight differences were attributed to
the outputs resulting {rom the K, component
of the ground-refiected wave, adding at differ-
ent phase angles to the respective E,. voltages
in the two antennaa. When the plane of polari-
zation was votated ciockwise as viewed from
the receiver, the response of one Increased, and
the other decreased; counterclockwise poiari-
zation produced the opposlte effect. This effect
wan found to depand on the angie between the
line of propagation and the normal to the
screen. When the acrecns faced the source, the
effect was a mlnimum.
EFFFCT OF SUPPORT POLE

An element of dissymmetry appeared to be
the support pole, and lts effect was next in-
vestigated, The transmitter was polarized hori-
zontally, and its output increased sufficicntly
to produce an output in the receiver. With this
condition, standing waves were noted along all
the edges of the screen, except in the vicinity
of the aupport poie. The edges of both screens
were then insulated from the poie to obtain &
more symmetrical potentia) distribution. A
decided Improvement resuited; the response
patterns were more nearty alike, and the polar-
lzution errors reduced. The same effect was
observed with the differential connection be-
fore insulating the screens, but while the two
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lobes of the pattern using this connection
changed in relative size, the pesition of the
null remained substaut.ally unchanged. With
the screen insulated, the resulting pattern
was symmetrical regardless of the polarization
of the transmitter. "
Similar observations were made on the V-2
array, but the effect of inaulating the mereens
was much less pronounced; first, Lecause in
the bearing posltion the normala to the screen
lle more nearly along the plane of propsgation;
and second, because the higher gain of the
array provides better discrimination against
i effects due to i polarized
components.

Fuams b Y0 proar, hosing s b
- i

Figure 4 shows the V-1 array before the
screens were insulated from the shaft. The In-
sulating blocks may be seen in Figure 18 which
shows the final V.2 array.

o4 V-2 ARRAY {2 DIPOLES PER
RFEFLECTOR )

The V-2 array is similar to the V-1 In prin-
ciples of operation, the major point of depar-
ture heing the use of a broadslde array of two
dipoles on each refiector. Consequently the
general discuseions covering the V-1 artay are
applicable here.

The use of two dipoles as compared with one
per screen is advantageous In & number of

respects. The gain is increased through i
proved directivity in azinwuth, while the ve)
cal directivity remains unchanged; the differ-
ential sensitivity is higher; polarization errors
zre reduced; the size of the array s substan-
tially unchanged. Figure 18 is a vlew of the
V-2 array with the edges of the acreena insu-
Iated from the shaft.

o Experimental Work

The fivst arrsy atudied had a spacing be-
tween the line of dipoles and screen equal to
28.5 cm, the same as was used for the V.1
array. This spscing was maintained through
the tests and was considered to be an optimum
from the standpoint of gain and impedance
characteristics, althaugh more latitude is avail-
able in this array than in the V-1 array. The
distance between the two dipoles of a acreen
was made 66 cm, or approximately one-half
wave near the middle (225 me) of the frequen-
cy range. A set of operational data was ob-
talned including polar patterns, polarization
errors, and gain. The data Indicated that this
array way considerably superior to the V-1
array primarily beeause of the improved Jirec-
tivity in azimuth. To increase the directivity
further, the spacing between dipoles waa in-
creased to 86 em, representing a half wave-
length at 175 me, without changing the screen
dimensions, Observations were made with this
spacing, the maximum that the screen will ac-
commodate and still have the required one-
eighth wave projection beyond the dipoles.
Further increasc is not usable. since the spurl-
ous slde lobes at the high-frequency end be-
come troublesome. Comparatlve data on the
V-1, V-2 (66 em), and V-2 (86 cmi) arrays are
conaidered in Tables 1 and 2. As in the V-1
array, both switched-lobe xnd differential oper-
ation were mnvestigated,

442 Relative Response in Asimuth

Polar disgrams showing the relative azi-
muthal response for one-half of the V.2 array
with 86-cm spacing are given in Figures 19
and 20 for 15¢ and 800 me, respectlvely, at 0°
elevation. The increused directivity over the
V-1 array is clearly evident in these diagrams,
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The directivity increases with frequency over
the range iliustrated; thia ia in opposition to
the behavior of the V.1 antenna, where maxi-

mum directivity occurs at the low-frequency
end. Response diagrams for 66-cm spacing are
not given; these are very closely aimilar to the

Frem BV aper, e s |4 -
[P T
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ones shown, but sre slightly broader. The pres-
ent diagrams were ohtained before the screen
angles were adjusted for the optimum position.
This may be noted In the 300-mc disgram
Wheac the response on bearing is too low, The
patterns should, therefore, be rotsted approxi-
mately 6° toward the zero szimuth line to cor-
reapond to optimum setting. The relative re-
#ponse in elevation for the lobe-switching con-
nection Is given in Figure 11.

s ]

tions. (The latter connection is more fully
discussed later In this chapter.) These were
obtained with 4 tllted dipole transmitter. The
tit in this test 1s slwaya sbout o horizontal
line lying in the plane of incidence, le., the
dlpole slways Tles in a vertical plane norms! to
the plane of intldence, and, therefore, the E,
comnponent of the downcoming wave is less
than the K, component at elevated angles. The
ratio of the two is nearly proportionsl to the
colme of the sngle of elevation; i.e.,

Ch

Figure 21 Is & plot of the impedance charac-
terlstica of the V-2 array at the balanced-
unbalanced transformer, and Includes the effect
of the latter, as well as of the transmission

B e
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lines between It and the dipoles. The impe-

dance ia comparatively uniform through the
140- to 300-me frequency range, with the resc-

847 elevation, It is to be noted that the ditfer-
entlal connection is better by a fuctor of three
or four to one compared to the corresponding
switched-lobe array in regard to pelsrizatlon
errors. Nevertheless, the errors of the V-2 ar-
ray using B6-cm spacing between the dipoles
sre quite low for lobe-awitching operatlon. For
rapid comparison, Table 2 lists the maximum
errora found In Table 1,

It is evident from theae tables that there is a
ive i i i error
per as the is in-
cresard. Conseguently It Is reasonably safe to
predlet that still greater improvement is pos-
sible 1f srraya of greater directivity are used.
Because of aize, their use would probably be
limlted to permanent or semlpermanent inatal
Iations. Tt is pertinent to observe that as a
result of incremsed directivity, searching be-
comea more dlfficult, since high response Is
limited to & narrower azimuthal sector. Exces-
i directive arrays may require the use of
subsidiary searching equlpment.

tive remaining less than the resistive component o ST el
through the range, The geometrlc mean of the , 4 vt
minimum and maximum polnts is approxi- aar
mately 57 ohms; therefore, standard 60-ohm § ]
cable may be used without additionsl matchmg 3 7 e i g
transformers. The Impedance mismatch when <k [ . L -
using 60-ohm cable docs not exceed two-toone, ST e,
and is conslderably less through moat of the —————
range. Frbnt 0L B wl V5 wiimp
ey Polarization Errors ol Gain of V-2 Armay

Ci data on errors of ¥ of gsin on this array were

the V-1 and V-2 arrays are given in Table 1 for
both the awitched-lobe and differential connec-

made at bouh the 66-cm and B6-cm spacing, and
are given graphically In Figure 22. The im-

CONFIDENTIAL




80 ULTAA HIGH FAEQUENCY

DISECTION: FINDING _$FUDY

provement obtained by the wider apacing ia
groutest at the low-frequency end; st the high.
frequency end the appearance of side lobes
limits the posaible Improvement, As in the case

induced voltage in doublet 2 lags the voltage in
doublet 1 by g, where x is the additional die-
tance traveled, and g is the phase constant of
free space, equal {0 2« A, A bemng the free space

It is ient to refer phases to

of the V-1 array, the atandard of
in the curves in & xondirectlonal or isotropic
antenna, For comparison with a half-wave
dipole in frec npace, the gain taken from thess
curvea should be decreased by 2.4 db,

e

FLAT ARRAY

o Theory of Operation

The principle of operation of the fiat array
In which the directlvity pattern is shifted in
azimuth by a change in phsse of some of the
elements may be readily seen from the follow-
ing considerstions: If in Figure 28 we have
two electric doublets, 1 and 2, in a radiation

A
e
A
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| » s
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\ ‘II /'\a
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d \
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1
2
d sIN
Figimx 29, Representation of doublet in radiation
field.

field propagated from a direction 4, at an aagle
# from the normal to the line jolning the cen-
ters of the two doubiets, the voltage induced
in each la in phase with the field at the doublet.
If we co .sider the wave front to be plane, the
arrival of the wave front at doublet 2 occura
Iater than the tlme of arrival at doublet 1, be.
cause of the finite velocity of propagation of
electromagnetic waves. Hence, the phase of the

the field at 0, the center of the line joining the
two doublets, Then if d ia the distance from
this center to eithsr doublet, the voltage In-
duced in 1 jeada the field at 0 by an angle 2wd
aln ¢/, while that In 2 lags by the same angle.
A vector diagram is shown in Figure 24, where

T
- 5 ]
¥ LY
i
FIGURE 24, Vector disgram of dumiss voltages.

E, {a the field at 0, V, is the voltage induced in
doublet 1, and V, the voltage in doublet 2.
Either the vector aum or difference of these
two voltages, which are also ahown in the
dlagram as V.., and V.., muy be utllized. The
salient fact revenied in this diagram ia that the
sum voltage ia in phase with the field at 0,
while the difference voltage in displaced 30° In
time-phase from both ¥, and the sum voltage,
for equsl magnitude component voltages V,

LA

oo () ()]
b () - ()]

wd .
s e
where k is & proporiionality factor. Therefore
o= BE, w(‘- sin ¢)
)
The sum voltage is thus res
with the field E, while tho di

imaginsry, and therefore displaced 80° from
E, and Vi

Vg = J2E, un (2.."-’ sin
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Typical directional patterns for the differen-
tiai and additive cases are shown in Figure 25
B and C for the case of spacing between the
doublets of the order of a half wavelength.

In the differential cage, the resultant voltage
is zero when & ls zero, while In the additive

Veum
Syt o
- i @@

A
Fiouns 25, i m-uum.mn.-..u.....-
rated A 2 B gl iy gbinin | [

shows sum voltage pm-n.

case the voltage is a maximum. In both cases,
there is & reverssl In phase where the resultant
passes through zero, The sxes of maximum
response for the two cases are displsced from
each other 90° In azimuth, A 90° phase change
introduced in the output of either one or the
other will bring corresponding iobes in phase,
but will not change the space pattern. There-
fore the voltages from two pairs, one addltive,
and the other diffesential, may be added, and
the resultant space puttern will be rotated in
azlmuth, In Figure 26, A shows two siuch pairs,
disposed along the same line; at B Is shown
the pattern of the differential pair, with an
advance in phase of 907 Introduced in its out.
put, while at C the sum pair ls shown un-
changed. The reaultant pattern at D has its
line of maximum response along a line inter-
mediate between the lnes of the individual
maxima. If we consider the axis of the sum
pattern as a reference direction, then the re-
siltant pattern has been rotated clockwise.
Obviously & reversal in phase of either pair
will rotate the resultaut counterclockwise by s
like amount,

It Is interesting to observe a close similarity
between the sction of this system and that of
switched cardioids, obtsined, for example, by a
loop and sense antenna. In the latter casc the
voltsge induced in the loop is proportional to
the time derivative of the magnetic field, and

since this latter is in phase with the electrlc
fleld, the induced voltage Is diaplaced 90° in
phase from the electric fleld, The sense anten-
na voltage is in phase with the electric fleld.
Or. slternatively, the vertical members of the
loop may be considered electric doublets, differ.
entlally connected by mesna of the horizontal
members, ylelding the name result.

The use of a reflector behind the line of
doublets removes one fobe of the response pat-

vapnpda®

Ll

o f_-t.
"Mu

Flaure 26, Directional patterns of two sets of
doublets in line with yeltage of diffarentinl pair
ndvanced 80°,

tern, leaving one point of Intersectlon when the
pattern ia alternately rotsted clockwise and
counterclockwise, This intersection represents
equel response to the same wave by each array
and may be used aa a bearing Indication,
4z Physical Arrsngement

The actual collector system developed follows
basieally the scheme outlined above, Since a
wide band is covosed by the antenna system in
question, qusntitles given in terms of wave-

CONFIDENTIAL




82 ULTAA-HIGH FREQUENCY

DIAECTION-FINDING STEDY

length refer to the wavelength at the arithinetlc
mean frequency unless otherwlse specified. Fig-
ure 27 is a schematlc diagram of the array.
For reasons of symmetry, one pair of dipoles
is piaced between the dipoles of the other. On
the figure, the outer pair, spaced one wuve.
iength, are differentlally connected, while the
inner pair, apsced A/2 apart, are connected
sddltively, All dipolea are placed 28.5 cm, or
approximately /4 from the reflector at 260
mc. Balanced feedera run from each dipole to

Frmmr 1 ebuimnd 1 bnrs ol Ball siens

ibe screen, and through the screen to the
switch or transformer, as the case may be.
Swltching may be accomplished in either pair;
in the final experiments] model the outer pair
were switched. The feeders to the outer pair
exceed In electrical length the ones to the inner
pair by approximately A/4 to Introduce the
phase lag of 90° required.
b Choice of Elecirieal Elements

To cover a two-to-one frequency range satis-
factorily, the electrical characteriatics of the
varlous eiements makling up the array muat he
carefully chosen, Brlef wili iu-

tional pattern heing no spurlous reaponse
lobes when the phasc ahift Introduced artificial-
Iy is exactly 90° and the amplitudea utilized
from the center pair and outer palr respectively
hear a ratio of two to one. Slnce It was con-
sidered undesirable to control the relative am-
plitodes of the two pairs, Investigation indi-
cated that good results could be obtsined with
a otie-to-one amplitude ratio, allowing the ideal
90° phase shift to change with frequency from
60° at the iow-frequency end, through 90° at
the center frequency, to 120° at the upper end
of the frequency band. Limiting the phase shift
to this range of values and maintalning a one-
to-cne amplitude ratio through th frequency
range, preaupposes resistlve dipole elements
matched to the transmission lines, wlth no mis-
match at the junction or other polnta of the sys-
tem,

Reference to dipole Impedance characteria-
tics, Flgure 6, obtained durlng the deveiopment
of the V-1 sntenna system will show that It 1s
Impossible to obtain a uniform reslstive charac-
teriatic over the frequency range. While quite
good standing-wave ratics are obtainable using
one or more dipoles feeding suitabie lines in the
V-1 system, where phasz ahift ia of secondary
consequence, in the present case, where spuri-
ous phase shifts may make the aystem Inopera-
tlve, attentlon must be given to wll factors
which can contribute to phase and amplitude
variatlons. Since the presence of mutual radia-
tion impedance between a dipole and its Image,
and between two dipolea tends to increase the
variation, over a range, of the total impedance
of a dipole, spaclngs between dipoles and from
the reflector must be chosen to keep these
mutual Impedances at as low a value at the
lowest frequency used as is conaiatent with
other requirements. This meana that spacings
between dipoles and from dipole o screen
should be large in terms of wavelength at the
lowest frequency used.

_Conflicting with thla requirement ia the
of apurious response lobes ap-

dicate the large number of parameters, each of
which Individually affects the performance, and
many of which are interdependent. Theoreti-
cally, for nondirectional "polnt source” ele-
ments, the array will produee an Ideal direc-

pearing ut the high-frequency end of the band
when spacinga are of the order of one wave-
length or more. Tie choice of these spacings
must therefore be a compromise based on these
two limiting factors.
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For the ssme reasons, the nelf-irpedance of
the dipoles should be as uniform as possible
and essentlally reslstive. The dipole length to
diameter ratio (7.5/1) used In the V-1 system,
offers a fsir approximatlon to the ideal con
dition. A better approximation Iz not possible
without increasing the diameter to a size con-
sidered exceasive for portable use. For fixed-
atatlon direction finding, however, modifica-
tions along these lines should produce a col-
lector aystem capable of more uniform per
formance through a two-to-one frequency band.

TRANSMI2810N LINES

At the center frequency, the tranamlssion
lines to the outer pair exceed the Inner lines by
nearly one-quarter wave In order to produce
the required phase shift. Aa outlined peevious-
Iy, the ideal phase difference Is 90°. A guarter.
Wave excens in tranmission lines produces this
phase difference when no impedance mismatch
occurs in the system. When terminated by ac
tual dipoles, however, whose impedance varies
through the band and 1z partly reactive except-
ing at a few points in the band, this condition
does not hold, Further, the quarter-wave excess
produces a transformation in impedance in sd-
dition to that occurring in the shorter line.
Therefore, at the junction peint, the impedance
presented by one set of lines, terminated by Ita
pair of dipoles, is generally different from that
of the other. As a result, both the phase and
amplitude of the two currents in the load are
modified by an undesired amount. This last
factor should, however, be qualifled to this
extent, that the amplitude modlfication may bo
In a direction to approach a two-to-one ratio,
which ia preferabie to the one-to-one rativ, and
also, when operating away from the center
frequency, where the nominal phase shift is
more or less than 90°, the change may tend
toward the 90° value desired. Both, of course,
may move In the wrong direction. A result
which Is unqualifiedly desirable is that at the
center frequency, the impedance tranaforma-
tion of the lines to one pair of dipoles is the
inverse of the tranaformatinn 1n the lines to the
other“pair, referred to the characteristic Im-
pedance of the line. This means that the re.
actances are of opposite sign and at least par-
tlally cancel. Off the center frequency, while

the transformationa are not exactly inverse,
they are nearly so, and reactance cancellation
utill cccurs, The impedance of the aystem as a
whole consequently has small phase angies
through most of the range, as shown in Fig-
rifm 38

PREQUINCY. MESACYCLES /080
Fiauee 28.  Flat array impedance characteristics,

These considerations should make It evident
that In addition to the excess line in one
branch, the characterlstic impedance and total
Iength of lines must be properly chosen. The
number of impedances available in atandurd
aolid dielectric low-loss high-frequency lines Is
limited. The lines used have an effective im-
pedance that approximates the geometrlc mean
of the impedance rangs of each dipole; this
minimizes the variatlon of the transformed
impedances. The total length of lines should
be kept a3 low as possible to minimize losses
and undesired pickup, with this reservation,
however, that they ahould be so sclected as to
avoid quarter-wave transformationa at points
where the dipole impedance departs farthast
from the characteriatic impedance of the line.
‘This is particularly the case at the low-fre-
quency end of the band. Should a quarter-wave
transformatlo, occur here on one of the lines,
the other may be near a half-wave transforma-
tion point; the latter will remain aubstantially
unchanged, whiia the former will he raised in
Impedance by a factor of perhaps three or
more. If this happens to be the center pair, Its
output current will be reduced by a factor of
three or more, thus departing by a factor of
six from the ideal two-to-one ratio.

The physleal disposition of the elements of
the array sets a lower limit on the ussble
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length of tranamlasion lines. This minimum I8
somewhat more than one meter from the trans-
former, through the switch, to each outer
dipole. Since the velocity of propagation In the
50-ochm pol cable used is 1

ULTBA-HIG H FREQUENCY

DIRECTION-FINDING STUOY.

BALANCED-TO- UNBALANCED TRARSFORMER

The transformer for converting the belanced
nystem to unbalanced feed is similar to those
used In the V-1 array. A single transformer is

64 per cent of the velocity of llight In free
space, the actual electrleal length is grester
than the mechanical length by a factor of ap-
proximately 1.8, For thls reason, air dielectric
lines could pomsibly be used to advantage.
Furthermore, the attenuation factor of air di-
eiectric lines i3 generally lower, and more latl-
tude in available in the choice of chararteristic
impedance. Due chiefly to the ease of adjust-
ment to length, the experimental work un thls
array was completed using only the solid di-
electrle cable mentloned. The actunl lengths

I it
T ran w‘l

rreree e | s

soimece

F1ous 20, Cabls lengths employed in connecting
flat array.

used are given In Figure 29, The electrical dlf-
ference In length {a approximately 77°, this
figure producing the best performence through
the range as determinid experimentally. A
word of cautlon is apprapriate at this point
concerning line lengths, Should It be deslced
to duplicate thia array, the electrical length of
the lines must be accurately set. While not
critieal the adjustments should be made to
within %% cm or less. The veloclty of com-
merciai cable varies between different runs. All
commercial cable zhould, therefore, be mens-
ured, and cable preferably from the same run
be used on one array.

quite y. While cancella-
tion by means of a hslf-wave series line ls pos-
sible as In the case of the V-1 array, it may be
omitted here with very little change In overall
performance. The reason for this is that In
effect four dipoies are paralleled (after impe-
dance transformation by their Individual lines)
at the transformers, resulting generally In a
lower effective impedance than the Indlvidual
dipoles have; the characterlstlc impedance of
the quarter-wave transformer lines is high in
comparison with this, and is increased by a
tactor equal to the tangent of the phase length,
20 that the effective shunt reactance ls high,
resulting in a low equivalent residual series
reactance.
REFLECTOR DIMENSIONS

The dimenaions of the screen used for this
array are 120 cm high and 188 cm wide. The
spacing between adjacent vertical elements is
the asme aa used In the V-1 array, namely,
about A/20 at the hizhest frequency covered.
By ituting fine mesh high Y
screen, this apacing was found to be adequate
in that array. The overall aize ia about the
minimum that can be satisfactorily uscd. Some
improvement in gain at the low-frequency end
ia possible by Increasing the reflector size. For
sizes smaller than used, the puttern broadens
conslderably, resulting In lowered galn.

RELATIVE RESPONSE IN AZINUTH

The performance of this aystem compacea
favorably with that of the corner type using
an array of two dipoles per screen. Reaponse
patterns for the flat array, at 140 and 800 me,
are given In Figures 30 and 31, While the pat-
terns exhibit conslderable variation through
the band, as compared to the corner type, the
intersection points of overlapping lobes arc
aatisfactory. The adjustment of the system In
this respeet is very much more restricted than
in the V type, where a mere change in the
screen angle changes the Inter=ccticn point.
While at any one frequency the patteru may
be changed over wide limits by adjustment of
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tha line lengtha, this process also charges the
psttern through the reat of the range [n a dif-
ferent manner. The intersection points should

W Flai sy, SRl smm—
muth &t 140 me.

be conaldered fixed, unless variable controls are
incorporated in the aystem, and this was ruled
out in setting the preliminary scope of work.

Fioune 31,
muth st 300

¥int array, relative rosponse in sth-
me.

TOLARIZATION F2RoRS

The polarization errors of the flat array are
quite low. The method of presenting polariza-
tion crror data {a the same as used in the V-1
array. Om each graph showing the error under
various conditions ia placed a curve ahowing the
horizontal-to-vertical fleld ratios through the
range of elevations used. The maximum error
observed at 160 mc is 6.57; at 300 mc the maxi-
mum error is 3.5°.

IMPEDANCE CHARACTERISTION

As indicated above, the approximately fn-
verse transformatlons occurring in tha trans-
mission lines to the outer and inner dipoles,
produce a comparatively high degree of reac-
tance canceliation. The reaulting impedance of
the aystem, as acen at the transformer, and in-
cluding the effect of the Iatter, is quite nni-
form, and has amall phase angles through moat
of the range. Reference may be made to Fig-
ure 28, which gives the impedance and the
resistive and reactive components through the
frequency range,

GAIN OF THE FIAT ARRAY

As may be Inferred from an examination of
the relative response patterns, the galn of the
flat array ia lesa uniform through the band
than the gain of either the V-1 or V-2 arrays.
The varlation is cyclic, but its magnitude Is
not large enough to be serioun, Figure 32 gives

Furem

Wlan arve & Bewruride
e e e h_rr:nl-l-

the gain over the range, compared, as in the V
arraya, to a nondirective, or isotropic antenna.
For comparison with a half-wave dipole in free
space, figures obtalned from this curve shouid
be reduced by 2.14 db.

+& SWITCHING AND INDICATING DEVICES

Switches

To switch between antennss of the V arrays
and to obtain the required phase reversal In
the flat array, a motor-driven switch was
developed that has electrical characteriatics
aimllar to the transmission lines so that dis-
continwity of Impedance and the reaulting re-
flections nre minimlzed, The desired charac-
teristics are obtained by adjustment of capaci-
tance per unit length to the required value.

pes
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86 ULTRA HIGH-FREQUENCY DIRECTION:FINPING STUDY

The type of awltch employed iz shown In
Figure 33 and consists of two moving contact
membera end four fixed contects. The moving
contacts are driven through an eccentric ball-
bearlng race. The fixed contacts are ad justsble
so thet adjustments may be made which permit

Frewws 9
shaie bereeial 0 M1 ETRE
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cloalng the r-f section before ciosing the meter
contscts. Adjuntments are also possible which
permit openlng the r-f circuit before the indi-
cstor elveult. Thia arrangem:- i was found nec:
esuary to eliminste transients In the meter be-
cause of the antenns muke-and-bresk. The bear-
ings of each moving contsct sre ciamped in
rubber pads between bakelite blocks In order to
mlnimize chatter.

Previous experience in the construction of &
awltch for similar functions showed thst the
selection of the correet contect material was
imporiant. Silver, gold, iron, and several other
metais and slloys proved unsatisfectory where
extremely low r-f currents were to be hroken,
even though fair contact presaure was svail-
sble snd the contactn were mechsnically wiping.
The most sstisfactory materis] found, and one

which operates for long periods without trouble
from varying resistance, is rhodlum.

As used on the V srray the switch consists
of two aections, The first section awitches the
leads from each side of the array to the recelver
line and simultaneously disconnects the unused
half of the arrsy and grounds it by mesns of
back contacte. The second section of the switch
ronslsts of s mechsnicelly simiisr unit con-
nected to operate ss s =ingle-pole single-throw
switeh to couple the receiver output to the Indi-
eator bridge.

When used with the fist srray, the first
section of the awiteh was modified to become a
double-pole double-throw unit with the back
contsnts insulsted from ground snd utilized ss
shown schematicclly in Figure 27,

The motor used to operste the switch has s
12.volt unlversal winding, coupled to the
switches through a ten-to-one reductlon year.
Speed Is controiled by & Variac in series with
the primary of the supply transformer. Nor-
maily the switch Is opersted st s speea between
five and ten eycles per second. Limitstions In
the maximum speed are purely mechsnlesl. The
Indleator damping snd desired responslveness
set the lower limit to the usable speed.

The shafls of the switch sections sre linked
together through Oldham couplings. These
allow removsi of Individusi switch sections for
repair or adjustment and permlt proper re-
placement of the switch without the necessity
of izing, or the ion of tha
shafts, since the iatter can be reassembled oniy
In the desired posltion. In sddition, this type
of coupling takes up misslignment of shafts.

The motor jeads sre unshielded sand run
through the hoilow sluminum sntenna drive
shaft without r-f filtering. The r-f interference
caused by sparking motor brushes sppeared to
be entirely absent at the frequencies used, and
no trouble was encountered from this source.

- Indicarors

The indicator used in the majority of tests
consists of s simple zero-centered, 100-micro-
ampere d-c meter having rsther high electrics]
damping, The scale is msrked off with the
letters L-O-R, indicating the direction In which
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COMPARISON BETWEEN V AND FLAT ARaAYS 14

the arzay should be rotated in order to obtain
the bearing.

The connections to the indieator lrom the Te-

h in

o COMPARISON BETWEI
FLAT ARRAYS

The ad and of the two

EN V AND

ceiver and switch are shown
Figure 234. The use of the capacitors C, and C,
in piace of a resistor network fe advisable as it
aliows considerable latitude in the adjustment
of the switch contacts, The dwell perlods do

types of arrays as observed during thelr devel-
opmeni may be summarized as foilows:

The V array, using two dipoles (spaced 86
eiectrially « stisfactory

not need to be equal with this
since it operates similarly to s peak voltmeter.

rEcton
[

Fian 34. Connection of indieatsr to Tecervar
and switch,

Capacitor C, 1s used tu stabilize the indieator
and prevents the pointer from: responding to
the fow-frequency swltching rate. With this
type of indicator it is necessary that the re-
celver furnish an audio-frequency output that
In turn ia rectified by the rectox unit. A beat-
frequency osciflator in the receiver wouid be
desirabie to furnish the audio frequency, but
due to the Inherent instabifity of the receiver
rf osacillator and many of the transmitter
carriers opersting at these f) the use

good an,
inw pofarization errors which may be further
improved by carefui balance. The directivity is
ot confined to a narvow sector so that there is
little possibillty of losing a desired sigmai
focated within a known sector of at feast 120°.

The constructlon of the dipoles and trans-
mission line system 1s such that an accurate
balance between the two halves of the array
may be readily obtained, Thin balance can be
ruintained for long perlods of timo without re-
adjustment,

The Intersection point of the awltcheu fobes
may be chosen by sctting the screens to the
desired angie, and this point remains reason-
ably constsnt throughout the frequency range
a8 the poiar patterne are not subject to sudden
chenges with frequency.

The bearings are eharp, and with interiock-
ing of the lobes at the angle of 17.6° from the
lobe maximum, 1.e., with the internai angle be-
tween screens set at 145°, the bearings are

u the

of a beat-frequency osciilator is limited. The
patticular receiver used is equipped with an
audio osciiiator that modulates the inter-
mediate frequency and furnishes a tone output
from a c-w carrier input.

When recelving radar, puised at audio fre-
quencies, it is not necessary to use the a-f

oscilletor, p z

rate of the transmitter is sufficient to produce
a fair amount of a-f output. The direct current
to operate the indicator couid have been direct-
iy obtsined from the a-c fine. In this case It
wouid not have heen necessary to modulate jo-
cally the c-w carrier but it would have been
inconvenient In using the receiver for other
measurements requiring fixed gain. Although
methods of indicatlon were not a part of the
problem, there are several others which may
be used advantageously with these arrays.
These are described below.

frequency range down to a slgnal input equal
toone-half the receiver nolse, measured at a lobe
maximum.

There are no reversais in besring throughout
the frequency range snd “sense” is therefore
unmistakabie, If a bearing shouid be obtained
using the back of the ncreen, le., at 180°, It is
readify noticed for two reasons:

1, The action of the indicator is reversed.

2. The amplitude of the received signai ls
greatiy reduced.

Mechanicaily this array eppears to be best
suited to locations which are semlfixed In
nature and where space Is not of great impor-
tance. This is due to the wide turning radius
required for the 150- to 300-mc array. If de-
signed for higher frequencies, the array size is
proportionetely decreased throughout and be-
comes sultable for portabie use,

The large 2rzay as used durlng the tests
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proved somewhat awkward to handie in a high
wind, This couid have been remedied by plac-
ing the apex of the screens somewhat shead
of the supporting rotating member, thereby
improving the dynamic balance.

The addition of a 300- to 600-me arruy at-
tached to the back of the iarge array, forminga
diamond-shaped scction as viewed from the
top, would also tend to improva the balance and
decrease the weather-vane action.

The advantages of the flat array lie In its
smaller eize, greatly improved rotational bal-
ance, and case of eperation.

The bearings are sharp throughout the band
and may readily be repeated to better than one-
half a degree, a alight improvement existing
between the sharpuess of this array at cer-
tain frequencies and that of the V array.

The average polarizatlon error is slightly
lower than that obtained with the V array, and
in general, this system appears to be a prefer-
able type for operation on signals which have
a reasonable length of transmlssion period. The
reason for this latter qualification is that at
some frequencles the iobes are quite sharp, and
unlesa the nrray is oriented within a few
degrece of one of the lobe maxima, the aignal
may not be picked up. Tn addition, at & num-
ber of frequencies there are reversals of indi-
cation that are symmetricaily iocated on either
side of the true bearing. The reversals are
caused by the way in which the lobee overlap,
or in some instances do not fully overlap, &
spurious side lobe. In generai, a faise Indica-
tion 18 readily detected either by the amplitude
of output, which ie relatlvely weak at the re-
versal point, or more accurately by reversai of
indication, The uee of the cathode-ray indica-
tor removes all ambiguity.

Since the polar patterns change rapidly with
changes ln frequency due to a multiplicity of
effects resulting from phase shift caueed by
the electrlcai changes in epacings and trans-
mission-line Iinkage, it is not possible to iocate
the optimum cross-over point of lobe intersec-
tiona n more than & few frequencies. At the

the fall
where '.hey msy. sithough with the antenna
spacings and linee cut to the dimensione shown,
the per hes the ob-

depart greatly from the optimum or deaired
performance except at the higher end of the
frequency range, where the intersection of the
lube drops to an ampiitude somewhat below
that desirable for optimum signal-to-noise
ratio, The effect on bearing sensitivity in this
case is to Increase the angular unel!lvx!y to
the i of the radio

as indicated by the calculations for optimum
performance.

In eitler type of array the use of two coaxial
slielded flexille cables appeara to have an ad-
vantage over the more commonly used spaced
air-dielectrle twin pairs. This is apparent elec-
trically from the good degree of bulance that
may be obtalned by simply cutting to the same
mechanical length jeads that are to be matched.
The uniformity of cable, of reiiable manufsc-
ture, obtained from the same reel, is sufficient
in most eases for one to be reasonably sure of
better than passabie matehing. This was eiec-
tricaily measured and checked several times in
the course of changes and development. It ie
believed that auch r-f cable s adaptahle to
feeders for the clevated H Adcock-type anten-
na, where etrict symmetry and balance are re-
quired.

) COMPARISON BETWEEN DIFFER.
ENTIALLY CGNNECTED SCREEN ARRAYS
AND B ADCOCKS

Some data were obtained using the V-1 ar-
ray differentially connected, and the V-2 array
with each pair differentially connected to the
opposite pair, the dipoles of each reflector
being connected in phase. The iatter connection
1s indicated in Figure 35. This construction is
interesting because, while it resembles an H
Adcock, the screen angle ie such that the spuri-
ous side lobes normally obtalned with multiple
dipoles on a flat array are absent due to the
fact that at wide angies from the nuil, one an-
tenna is ehielded by the screen from the signal
source and hence the syetem no longer acte as
a differential syetem.

1t is diffienlt to make quantitative comparison
between this differentially connected screen ar-
ray and the more common elevated H Adeock
which it bles without & side-by-slde.check

tainable over the frequency range and does not

using field-intensity equipment. However, it is

CONFIDENTiAL




COMPARISON BETWEEN SCREEN ARRAYS AND H ADCOCKS 89

powsible to indicate certain generalities and
Umitationa.

The type of Adeock to be considered as a
reference Is of the halanced elevated H design
most commonly used on these frequencies. The
aelection of dipole length and apacing would

Fou-um 0
V-2 array,

iReiunia mmeiam o s

vary slightly with the designer’a choire, but &
normal unlt would have s dipole apacing auch
that, at the minimum wavelength, the spacing
would not exceed A/2, In any case, the choice
of apacing would be such that the polar pat-
terns would not divide Inte more than two
lobes. Four lobes, such as would appear at a
spacing of A would, of course, be unusable as
there would be no rapld way to distinguish
which of the four bilateral minima would be
correct, Therefore the conventional spacing
would be such as to glve a pattern approaching
& cosine curve, and might be In the order of
A6 to A/2, giving at the smaller apacing a
maxlmum response equivslent to that of &
single dipole In free space, and at the greater
spacing & maximum response double this value,

11, however, single dipoles of length equal to
the above Adcock but uf sultable diameter are
arranged at an appropriate diatance in front
of a V screen and these dipoles are differentlai-
ly connected, there are three important results,
First, the gain of the dipoles is increased In &
direction normal to the screen by a factor of
approximately § db; second, the response pat-
tern becomes unidirectional; third, the pres-
ence of surrounding objects outside of the field

of the lobes does not materially affect the bear-
ings, and therefore the effect of reradiating
objects, located behind the screen, can be
tolersted to an increazed degree.

= T
e
P W C g SReissid st
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It becomes possible to utilize a spacing of
greater than one wavelength between dipoles
placed in front of an angle acreen and atlil ob-
tain only two lobes. There are no lobes on the
back of the screen, and hence, no "null” or
balance between lobes in & direction parallel to

%.
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S
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the plane of the screen. Minlma exist along the
plane of the screen, but these cannot be con-
fused with a null as rotation beyond the line
parallel with the screen does not incresse the
output. The advantage of the increased dipole
separation up to one wavelength or more 18
that the augular sensitivity is increased.
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The polar patterns resulting when the V
array, using two dipoies per screen, is con-
nected aa a balanced system using a differential
connection between the two pairs are indicated
in Figures 36 and 37. The spacing between
dipoles in this case was 1.22a between the
saldpoint of each pair at the highest frequen-
cy, 300 me. The angie between screens was not
optlaum for this use, but the polar patterns
iilustrate at three frequencies the forward galn
snd indicate the extreme sharpness of nulia.

The forward gain of each pair of two dipofes
in front of & screen, at an angle normal to the
screen, is approximately 8 db over the two-to-
one frequency band when compared to a single
dipole in free apace, /2 long at each

frequency, one connected ncross each half of
the baianced line. Where reactance cancellation
is desired, s shorted hulf-wave section may be
inserted in series with the grounded side of the
unhaianced line. The circult is shown schemat.
leally in Flgure 38,

of comparison, The gain measurements fur the
pair of antennas in front of & screen are given
in Figure 22.

The mensured polarization errors are low
and are given in Table 1. The tiited-dipole
method was used in messuring these errors,
and this may be roughly correlated with mea.
surements made with the variable-phaee poiari-
zation transmitter by reference to the measure-
ments made on the lobe-switched V-1 array
where both methods were used. In generai, it
appeared that the tiited-dipole method was
quite satisfactory at these frequencies, particu-
larly when the errors were iow. Wuen properly
used it is Indicative of the general performance
to be expected.

The V-2 array mentioned sbove ls that dis-
cussed in preceding sections an the V-2 array,
wherein it was connected as a lobe-switched
device. The edges of the screens were insulated
from the supporting pole. Separate balanced-
to-unbaianced transformers were used at the
back of each acreen and grounding to the sup-
port pole was made through the shieid of the
coaxial cable leading from the transformera to
the central support shaft.

A DESIGN OF BAL, ED-T0-
UNBALANCED TRANSFORMERS

The transformers used in both the V and fiat
arrays for converting the balanced dipole sys-
tema to an unbalanced llne are designed along
the eame lines. Each consista of two short-cir-
cuited coaxial aections, A/4 long at the mean

B

Fiuus 38. Schamatic of transformern for con.
necting batunced doublets to unbalanced lines.

If the dipole impedance is taken to be re-
sistive, each half may be represented by R..
The A/4 iines have a characteristlc impedance
Z, and lnput impedance Z., while the corre.
sponding impedances for the half-wave iine are
Z, and Zi. The Impedance looking toward the
dipoles at Z is

2= s i

For lossless iines, Z, = jZ, tan ¢, 4 being the
phase length,

Then it

- ¢ Ra
ARTUT I

2R. .
T ki
P itante
I Z, 1s made greater than B,, and ¢ is in the
vicinity of 90°:

Zitunt e > R}, 15}
Thew

1 (6)

LONFIDENTIAL




- ——

DESIGN OF BALANCED-TO-UNRALANCEO TRANSFORMERS 91
3 oma . value for Z,%, The shorted half-wave nection
e oscibhid i () also assists in keeping current from traveling
N Zy = 371140 2 @ down the outer conductor of the coaxiai down
oy 8 G AR lead and msy be more desirable for direction-
o finding use, wher stray fields must be hept to
& minimum.
JZ2tan 2 + I (2) = 0 (¥,  The trausformers may be seen in Figure 4
v mounted on the back of the V-1 array. The me-
+ Zitanzg = - A (10) chanicai arrangement of the transformer is
3 shown in Flgure 39.
ar R = - Zilangtan 2 i1y
P 2 tan? 1
SR . Iy LR
Again, for ¢ in the viciuity of 80°,
2tan?¢ 3
& = 2 (13)

Z, 2., If this condition Is satisfied,
the residual series reactance introduced by the
transformer is minimized through a frequency
range over which the approximations made are
vaiid.

The error due to the
Ztan® ¢ > B! a4

may be made negligible by making Z, much
greater than R.. The practical limltation is the
large ratio of diameters required in the coaxial
slementa for high Z,; alao, Z, increases much
more slowly than this ratio (as the logarithm
of the ratio}.
‘The other approximation :
’

ﬂ.:{'-"i'.!‘] o 15
when made over an effective phase jength of
60° to 120°, corresponding to a two-to-one fre.
quency range, introduces an error of $3!3
per cent at the two extremes, and, if desired,
may be taken into account.

If an open-circuited quarter-wave line is sub-
stituted for the half-wave iine, the condition
for cancellation becomes

3 2R
Lelos et i
or R} = ZiZ:tan b oot ¢
- 2 a7

This is exact, and eiiminates the second ap-
proximatlon, but requires twice the previous

Mpspris sererwm— @ nas

Froban
Farmams

A transformer of this type is the equivalent
of an ically scre

and prevents a balanced system from acting as
a grounded antenna, that is, it prevents a
dipole from responding as a unlt to a potential
gradient between it and the ground, It anables
the system to be baianced by merely establish-
ing halance from the transformer to the dipole;
the unbalanced fine from the transformer to
the receiving equipment does not, of course,
require such treatment,

The reactance cancellation line may be omit-
ted under certain circumstances. If the resul-
tant impedance of the antenna circuits, as seea
at the is iow, the
characteristic impedance may be made suffi-
ciently high with reasonuble diameters of the
quarter-wave elementa so that the residual
series reactance introduced may be negligibly
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small. Compensation under these circum-  The of th
stances would hardly be juetltied, In view of is then:
the fact that the antenna Impedance Is ltsdlf 2.2
partially reactlve, and may contribute an ap- ' *** T
preciably larger reactive component than the = |Zue || Zee| /0 +.
transformer. = {Z.Z..| [cos (0., + 8.) +jsin (. + 0.)]
(20)
410 DETERMINATION OF GROUND =r+jx . (£28]
CONSTANTS where Z.. = open-ircult impedance,
Z,. = short-circuited Impedance.

To obtain the magnitude of ground reflection
effects required for the correiation of polariza-
tion error data, a number of methoda of mea-
surements were reviewed in the literature, Tho
normui incidence method develrped by Me-
Petrle* appeared to be the most likely to yield
accurate results. Essentially it consiats of set-
ting up a fleld from an elevated source, and
sampiing the standing wave pattern set up by
the direct and ground-reflected waves at nor-
mal incidence. Tbe ground constanta may be
deduced from the data »o obtained.

Primarily because of the special setup re-
quired for this method, a comparatively simple
Isboratory method was deveioped, more suita-
ble for the avaiiable facilitles. The results ob-
tuined show good agreement with published
diita on the ground constanta In the vieinity of
the test site, an well as with obllque incidence
fleld-intensity measurements made during po-
larization error investigations. The degree of
correlation may be obeerved in Figurea 14 and
15, where the measured standing wave pattern
Is shown with the pattern caiculated on the
basis of the measured ground conatants.

The method employs a shott section of coaxial
ilne aa an extension to a alotted coaxial mes-
suring line, both having the same transverse
dimensions, and consequently the same charac-
teristic impedance with alr sa dielectric, Pru-
vision is made for elther open or short clreuit-
Ing the end of the extension. The input im-
pedance of the extension is measured, when a
sampie of the ground In question ie substituted
for the air as dieiectric, for the two

Assume a2 harmonic plane wave propagated
longitudinally along the coaxlai line. The fleid
componenta are transverse; E. ia the radial
eiectric field and H. the tangential magnetic
fleld, as in Figure 40. The other fleld compo-
nenta are zero,

Fumm do W pod magentin falds @ s
T

The ratio of the electrlc to the magnetic fleld
of & plane wave at a point ja the intrinaic im-
pedance of the madjum for plane waves:

s

=

22)

“Hy
Here y, ¢, «, are the permeability, permittivity,
& f

The Impedances a0 obtained may be repre-
sented as foilowa:

Zee= | L), [l
Zo = Zoc b gihe

(18}
(19)

o Yy and « the angu-
lar velecity,

To obtain the relation between the Intrinsic
impedance of the dieiectric and the charrcteris-
tic impedance of the line, the iongitudinal cur-
Tent and the tranaverss voltage are required.
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The fongitudinal eurrent is

I -fll *ds.

Because of circular symmetry, H, la indepen-
dent of ¢; then, iong a circie of radlus r, aince
H, les niong the circle,

{23)

L= f Heln, a4}

Since H, in constant for s given r,
Iy = ”pflh (25)
= Hu(2wr). (26)

It the conductivity of the inner and outer
cylinders ie much greater than that of the di-
electric, the current enclosed within the path
of integration (r, <r<r,) may be assumed
to flow entirely on the inner conductor. Equa-
tlap (26) therefore gives the longitudinal cur-
rent on the inner conductar.

The traneverse voltsge between the outer
snd inner conductors in defined as the fine
integral of the electric field between the con-
ductora aiong & path fylng In a transverse
plane. A radial path is most convenient:

I'r-fl'l'dn

Since E and de are both directed slong a
radius, it foliows that

27)

o= f "B @)
from (22) E = HE e
from (26) m-l (30)

substituting (30) in (29)

S )

AP @

substituting {31) in (28)
Ve -fz’;" 2 @2)

1 “
= 4F o 3
L2 e

Ry G

The characteristic impedance of a line is
defined x5 the ratio of the tranverse voitsge
to the jongitudinai current. Hence

log 7
iy (38)
Titls i the required relation connecting Z.

and 2. The characteriatic impedance of a

coaxisl lne is thus given by the product of a

geometrical factor and the intrinsic Impedance

of the dielectric medium, If two dielectrica,
sir and ground, are compared in a line of fixed
geometry,

= Zgrownar

2 e

(36)

(€8]

=L
Voo +joe
Here the subscript g refera to ground used as
dielectric, and 0 to air dielectric.

(38)

Vil

If the permeability of the ground ia teken to be
equal to that of air or free apace,

@9

(40)

Thua far mka units have been used. The equa-
tion for converting « to electroatstic units is
“n

o
e X fo-na
For converting « to electromagnetic units the
foliowing equation appl

€ nke = 10" (V)
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Making these conversions, neting that ¢ = 1
in esu snd dropping the subscripts g snd 0,
- Hew

© Gaemnds

\').-" = 8- Il": @ .

The quantity under the radicsl is known as

the complex dielectrlc constant, snd msy be
represented as o — je.

.o8)

£ )

e = -, 144)
PAJE,
and from equation (21)
71

gt E 3
e i 45}

rz, Yoy
gl )

where the vulues of r snd  are to be obtsined
from equation (20).
Equating the real and imsginary parts:

47)

48)

Using this method, ¢ was found te be equsl to
10, and & —~ 88X10 ' emu for the ground at
the test site.

Care must be exercised in packing ths earth
into the line extension to maintain ths sams
density in the actua! and measuring conditions.
Rapested mensurementa Indleated practleslly
constant », while ¢ showed some varlation
depending on the moisture content of the esrth.
The value of 10 may be taken as representing
sversge conditions.

a1 JMPEDANCE OF A CYLINDRICAL
DIPOLE BEFORE A REFLECTOR

As indleated above, considersble varistions
were encountered between the measured impe-
dsnce characterlstics of the dipoles used on the
V-1 screen snd the theoretiesl chsracteristics
bazed on prolste spheroidal dipoles us given by
Stratton and Chu Cerlain other trestments
of the problem were examined in an sttenipt
to cbtain better agreement between experimen-
{al data and exlsting theory.

The vslues of self impedance obtained from
Hallen's formular ss given by King snd Blake,

snd King and Hsrrlson, snd the values we
calculsted from the formulas of Schelkunoff,**
were compared to the experimental values of
impedance obtsined on the V-1 array. The
Istter in the impedsnee in the presence of the
reflector; corrections for the mutual Impe-
dsnce between the dipole and its imege were
to be applied on the basis of the theory de-
veloped by Brown."

The values of self resistance baged on
Hallen's formuls were found to be too high;
resulta obtained from Schelkunol’s formula
showed better s greement, but nat good encugh
for engineering purposes; 3 correction™ for the
concentrsted capacitance in the vicinity of the
gap brought this theory into much cloger sgree-
ment with the measurements, 1t msy be men-
tioned thst a modifieation of Hallen's solution
hy Gray,' yield better results than the origi-
nal, but not a8 good as Schelkunoff’s, A com-
parison of the latter with our measurements
is made below,

The self impedance of a cylindrics] dipole is
given by:

Zoas =

ZoRusin 81551
(Z, 41,280}

s resistancs
- m Cin 2804-30(C+n Bl 2 Ci 20+
eos 280 + 30 (Ri 48 -2 Ki 260) sin 25(
Nt = tonminal reactance
= 60 8i 280 + 30 (Ci 48] ~lo A -—C) win 281

30 1 481 con 201
(280 = 60(Clin 280 - 2 win? &)
£(280) = 00(8i 28 — ein 260

Z, = l?"ln? - 12
2
p=i

A = wavelength
l = half length of dipole
radius of dipale
i ) = cogine integral funetion, tabnlate:
) = sine wtexral function, tabulsted
iug ) = € 4+ In( ) Ci ()}
= Eulor's canstuat (=0.5772)
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The resistive component of the self impe-
dance is:

By = 127' R IZ,+ [,0280 sin 281 ~f,(28]) con 281}

(50;

The reactive component of the self impe-
dance is:

X = GFRIRY + X7 270 4+ frasn
+ %280 win 2681 + U\("BH fi(28l) - ZX)
cou 28+ [Xof(2
- 2l 51)
where

D o= (& oos A + {iZ, + 28] sin 8
+ X0+ 28] oom gl (52)

Figure 41, curve g, is a plot of the resistive
component of the free space Input impedance
of the dipole used In the V-1 airay, as obtained

(RN )
2

H
apl e

o ~—ir -
Farmdl, Bk shieste wiss f dmmis s
front of reflector.

{rom equstion (80}, The resistance corrected
for a gap capacitance of 2.0 uuf is shown in
curve b, while values of the mensured resis-

tance are given In curves ¢, d, and ¢ for spac-
ings fcom the reflector of 33, 28,5, and 24.2 cm

respectively. Curve b ia in good qualitstive
agreement with the measurements. The out-
standing ditferences are the downward aqis-
placement along the frequency scale of the
experimental curves, and the relatively high
maximum value of the theoretical curve. Better
agreement is possible if a decrease in velocity
of prop~ ration greater than predicted by the
theory Is assumed.

The corrections for mutual impedance were
not applied to the theoretical curves, as the dis-
crepancles between the latter and the experl-
mental curves are of the ssme order of magni-
tude a8 the corrections involved. To test the

ility of the mutual § theory

to dipoles of the proportions used, the reverse
process was adopted. Starting with the three
measured resista’ re curves of Figure 41, the
three carresponding self-resistance curves were
deduced by means of the inverse correetions
for mutual resistance,

The three self-resis-
ed are almoat identieal
up to o full-wave dipoie length, indiv.
the theory Is applicable up to thia limit.
group of three seif-resistance curvu is iden-
tified as f on Figure 41,

‘The mutuai revistance ia lbcmlnted for in the
foilowing manner: The resistive component of
the coefficient of radiation coupling is known
to be independent of dipole length for two
identical parallel nonstsggered thin dipoles,
up to one wavelength long. It may be defined
a3 the ratio of the remistive component of
mutual impedance to the resistive component
of self impedance. Thua, if the coefficient is
known, either the self or mutual resistance
may be obtained provided one or the other is
known.

The mutual reslatance between two dipolea
as limited above is:**

{202 + con 2601 28x -4 contgl{T1 8K

m-al
+ 3 8F) + eos 281 (Ui B0 + Ci BH)

+ein 280 (8i H 4 pG—28i gF + 28i 8Ky}
{53)

[
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The notation here is the same aa above, with
the additions

@ = jmlf the disiance between the two
dipoles (or the distance from one
dipole to a reflector)

E = (/4 +F-1)
F=(/le+b+1)
G = Byt + ¥ -1
H= @va+F+1)

Since equatlon (52) ls the asymptotic ex-
pression for the mutual resistance of two in-
finitely thin dipoles, it may not be comparsd
with equation (50) directly to obtain the resis-
tive component of the coefficient of coupling.

The following expression may be used:

By =30{(1 - cot? gI) (C'in 48044 cot? g/ (Cin 260)

+2 cot 8 (i 400 -2 81 28D} . (54)
The ratio of equation (53) to equation (54)
is the resistive component of the coefficient of
radiation coupling. A plot of Riniui/Ruen is
riven in Figure 42 as a function of 2s/A.

EEEEEEELE
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The deduced values of self resistance given
by curve f of Figure 41 were obtained using
Figure 42, since the Input resistance may be
expressed as: .

B = Bt~ Buaat + 158)

Calculation of the self reactance is based on
equation (51). The mutunl reactance is sc-
eounted for aa follows: the phase angle of the
mutual Impedance between two identical paral-
Jei nonstagyered thin dipoles, up to one wave-
iength iong, ls to a first approximation Inde-
pendent of the length, and s linesr function of
the spacing. The linear connection is, for s
greater than G.1a,

¢~~312:—‘+4z (56)

Here ¢ is the phase angle in degrees; the other

symbols are as previously used.
From the relation

B

und the previously obtained values of Ru.uwuis

X,u1eu1 Y be determined. The total input re-
actanoe s then

tané = {57)

Ko = X Nessan - (G8)
Since the expression for X..... contains tan
¢ ax a factor, the correction eacant BB 8X-

pressed In equation (58) may have much larger
values than the corresponding correction
Ruucni in equation (55). The former correc-
tion was therefore applied directly to the values
of X,.,c as obtained from equation (51), for

i T Te——————
frus of vlre.

the dipoles used on the V-1 array, for three
values of the spacing « from the reflector. Fig-
ure 43 is a plot of these: curve A is for a spas-
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ing of 38 em, or A/4 at 227 mc; curve B, 285
cm, 263 me: curve C, 24.2 cm, 310 me. The
correavonding experimental curves are shown
ata, , and ¢ of the same figure. An examina-
tion of these curves indicatea that the correc-
tions for mutua! reactance are of the correct
order of msgnitude. As in the case of the
resistance curves of Figurc 41, the experi.
mental reactance curvea correspond to a veloci-
ty of propagation lower than that predicted by
the theory, and the values of computed reac.
tance are high.

The accuracy of wavelength determinationa
made in the course of impedance measure-
ments Js sufficiently high to preciude the pos-
sibility of experimentai error accounting for
the difference In velocity of propagation in-
dicated by these two seta of curves,

44 CATHODE-RAY INDICATION AND
AUTOMATIC CONTROL

Subsequent to the expiratlon of the contract.
several methods of cathode-ray indicatlon equiv-
alent to plan position indicators [PPI} were
developed and an automatle control was added
to the fiat array to Indicate the practicabllity
of the arrays when used for direction finding.

In searching it is desirable to rotate the an-
tenns arrsy and provide a visual means of
locating the azimuth. To accomplish the rota-
tion and also to provide means of automatically
obtaining a bearing once the signal quadrant
Is known, an amplidyne servo ayatem was in-
stailled, This was used to drive the sntenna
shaft either (1) through means of a marually
operated selayn control, or (2) automatically
through anitable output amplifiera connected to
the differential voltage developed across the In-
dicator meter circuit. These two arrangements
provided meana for rotating the array to any
desired azimuth when the selayn was used, or
to automatically orient the array to the signal
bearing when the receiver output differential
voltage was used ax the control. The maximum
speed of antenns rotation from either arrange-
ment was 6 rpm,

Tn addition to the L-R indicator meter,
which indicatea when the array is on bearing,
» long persistent CR tube was used in the com-
binations which foliow, The mesns of placing

the CR spot or trace, depending upon the
presentation employed, was to gear a Tesistor
control to the antenna shaft and provide elec-
trieal connections from thia to the deflecting
plates of the CR tube. The resistor consists of
& circular strip with two brushea at 80° from
each other. If dlrect current Is applled to the
proper terminals of the resistor strip, the CR
spot 18 moved from the center of the tube to an
angular position corresponding to the location
of the resist.r brushea.

Under the shove condition, rotation of the
brushes produces a clrcular trace. The resistor
control being geared to the antenna shaft,
therefore, produces a trace which ia synchro-
nized the antenna array. This is shown
achematically in Figure 44. Several forms of

Pt i, sk At o Hircular-
TR pms—

presentation were tested, which, in each case,
indicated the array position and the relative
amplitude of the signal.

INDICATION PRESENTATION

The first method employed was to superim-
pose on the circular trace the differential volt-
age developed acrass the L-R indicator meter.
The pattern, Figure 45A, s such that signals
to the left of the bearing appear aa an increase
in the circle and are, therefore, outward, while
at the right of the bearing the patterns are In-
ward. At the bearing position, the trace is
evenly divided in amplitude about the clrcle,
This arrangement Is unmistakable but also un-
symmnetrical and, therefore, requires a slight
amount of Interpretation.
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A second method is to connect the d voltage line at the bearing Is obtained as shown in
across the rotatable resistor und in seriea with Figure 4GB,
the output rectifier from the recciver without Another arrangement is to drive the circular
going through the L-R meter switch, In thia trace inward rather than outward. This forms

f v
"’—s« ’
s o

e =]

FIGURE 46, A shows pattern vecured by superimposing on circviur trace differuntial voltage devaloped acrons
the L-R indicator meter. B showa d-c voltage connected acrons Totatable resi<tor and in seriss with rectifier
output from receiver without going thrnugh L-R meter switch.

case the circular trace ia maintained and a pat- & more nuitable pattern, since the bearing Is
tern which incre- sea the clrcular trace on or to  Indicated by an arrow formed by the parts of
cither side of the null and drops to a balanced the face of the tube which were not illuminated

L wd®

A 8

Ftoune 48, A shows circular trace driven inward rather than sutward B shows lobe-switched output con-
nected to produce trace of two lobes.
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by the trace. Figure 46A shows this pattern.

A fourth arrangement is to connect the lobe-
swltched output in such a manner as to produce
the trace of both antenna lobes. In this case
the intersection of the lobes indicatea the bear-
Ing as lllustrated in Flgure 46B.

Other arrangements were employed connect-
ing the antenna array as a differentinl array
forming, lu effect, an Adcock antenna and
tracing the pattern and noll directly on the
tube. (See Figure 47TA.} A reversed connection
of this arrangement, shown in Figure 47B.

o

1
-

A

1t appears that the maximum utility of the

R tube indicator is to locate roughly the
source of the signal with an accuracy of +2°.
A hearing may be read more accurately if ob-
tained by the automatic control once the
quadrant has been located. The bearing scale
for the automatic control was read directly
from the azimuth scule mounted on the antenna
arrsy, although provisions are made in the
amplidyne system to read the indication from
& separate selsyn which ix geared to the anten-
na shsft.

00"

Figurs 47, A shows effect of mntenna connected an differentinl n1vay forming Adeock sntensia. B shows effect

of reversing eannectionn from those producing A.

produces a trace which draws a line outward
to the edge of the CR tube at the bearing indi-
cation point. The antenna arrangements for
the two latter patterns do not require the lobe-
switching mechsnism and are, therefore, some-
what simpler. However, this arrangement can-
not readily be employed as an automatic direc-
tion finder or be electrically connected to the
serva system so tiat the bearing is obtained
automatically.

Many other presentation arrangements are
possible Uaing tie CR tube. The methods of in-
dication presentation suggested above, with the
exception of the system which presents the
direct or reversed patterns of the Adcork ar-
rangement, are based on the lobe switching of
the antennas. It should be noted that all of the
above illustrations show the bearing at 0° azi-
muth, The patterns In each case rotate with
bearing.
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Chapter 5

ERRORS IN DIRECTION FINDERS

UMEROUS PROJECTS under Diviaion 18 were

concerned with the fuct that direction
findera of various types do not give conslstent
or accurate bearings i aplte of the fact that
they can be erected with great care and made
up of precision apparatus. Some of these
errors were found to be due to the fact that
elevated structures do not have all parta equi-
distant from the refiecting or semi-conducting
ground; that waves arriving from the iomo-
nphere are polarized in heterogeneous ways;
that waver traver ‘ng regions near the mag-
netlc poies do -« hways follow the great-
circle route; & 5 re are stlii other reasons
why d-f resu’ - 2> not have the accurmcy de-
sired. The bac 21 "d for these troubles will
be found discus o Chapters 1 and 2, and, in
fact, throughout the summaries of d-f projects
reported in this volunie,

. PROJECT €17

This was the +f » eontinuing series of
projects for ai. d, .. ertaln ervors of shieided-
U Adeock direction findera.

Under Project C-17* will be found a general
review of the directive properties of radio
waves and wave coliectors, giving reasons why
sitrnle loop and dipoie anteuna d-f systems are
not wceurate under normal conditions of h-f
Wwave propagation, The fact is that spaced-an-
tenns aystems to eiiminate the faulis of the
simple loop or dipoie are in theory highly an-
curate but in practice are 1ot so. The Impor-
tsnce of taking rapid bearings, of making ali
sntennas of a given spaced-antenna d-f system
identicai, and of limiting unwanted pickup
irom extraneous conductors is discussed in this
review which also evaluates various known
wave coliecting systems,

This review found the shieided-U Adcock
especiaily promising. Since the nature and

¢ Contract No. NDCre-149, Radio Corporation of
America,

extent of the shieid required to produce suf-
ficiently accuraie bearings on sky waves had
never been fully sttied, Project C-17 was aet
up to study the design and properties of this
particular type of antenna system. Attention
wan directed particuiarly toward portable
equipment.

A precise, demountable, shielded-U Adcock
antenna was buiit on top of a station wagon,
for portability, and a receiver with calibrated
attenuator was instailed in the station wagon
to measure antenna reaponses under varions
canditions of wave incidence. Conductora were
provided for building up elevated artificial
ground planes of varying extent and eompiete-
ness. A local source of test signals of definite
polsrization was provided, together with a bal-
ioon and rigging to elevate this source for pro-
duction of sky-wave signais, A transit was
used for obeerving polarization and direction
of arrivai of the test signals.

Measurements were made with this system
over the range 7 to 18 me with antennas con-
nected to the input transformer of the receiver
directly or through cathode foilowers, the two
methods giving about the same errors. The
quantities mensured were mostiy maximum/
minim m ratios for directive patterns and
minims positions for ground waves, and the
ratio of maximum responses to verticaiiy and
horizontally polarized ground and sky wavea.

Troubie was experienced from the beginning
with the inadequacy of the artificial ground
aystems tried as a part of the shieiding of the
Adcock U—trouble which has been obeerved in
aii other d-f projects summarized in this vol-
ume. Radial-wire counterpoises were found to
be whelly insdequate, radiai piua ring-wire
counterpoises gave good resuits on ground
waves but had excessive errors on unfavorabiy
polarized sky waves. Netting with radial wire
extensions, shown undergoing tests in Figure 1,
worked fairly weli with ground waves and
showed oniy moderately excessive errors with
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sky wavea, The netling, however, was not con-
veniently portable.

The general conclusion was that a carefully
made portable shielded.U Adeock using a de-
mountable elevated counterpoise can be highly
accurate for horizontally arrlving signala, but

{ cannot be made outatandingly free of polariza-

Piasi &k

tion errora on downcoming signals without un-
due sacrifice of portabllity. Standard-wave
errors of the order of 10° at best were attained.

Apparatus Employed

A continuous copper disk 8 ft In diameter
waas mousnted on top of the station wagon and
determined the size of the sntenna syatem.
Thus the antenna spacing was arbitrarily set
at two-thirds of the disk dlameter or about 5%;
ft. '1hla spacing waa A°6 at 30 mec and was
A/86 at 5 me. This small spacing made the
syatem rather insensitlve, a 1° change In azi-
muth of an arrlving signal producing a phaae
change of antenna voltage of only 10 minutes
of arc at 5 me. The height of the antennas was
1214 ft, which was %42 at 30 me.

Many typea of counterpoise aystems were in-
vestigated and the one with the greatest density
of conductors was best, but a larger one with
fewer conductors was more practical and fah-
ly good. This was made up of 48 radial wires
each 100 ft long attached to the outer perime-

ST ——— L T

ter of a 86-ft diameter -pider web arrange-
ment with 24 rudial and 8 ring wires, with the
8-t copper disk in the center,

Considerable work was earrled out with
balloona, with attendant difficultiea which
limited the amount of downeoming-wave dats
obtained.

In constructing the test oacillator to be uasd
In the work with the shielded-U Adcock, care
was taken to ace that the purily of polarization
was high, This was secured by making the
test oacillator long and narrow to minimize the
possibility of r-f current flow in any direction
other than that of the antenra rods attached to
ita ends, Electrical symmetry was provided by
conneeting the case of the miniature battery-
powered tranamitter to the center of the cuil
feeding the two roda of the symmetrical dipole
antenna.

"' PROJECT C-38*

In earlier work, tests had been made of &
counterpoine made up of radial wires and ring
wires conmected at the points where rings
crossed radials, Further teats were made under
C-88" with a counterpalse of ring wires only.
Resulta were, as expected, decidedly worse than
with counterpoise arrangementa tried earlicr.

b Contract No. OEMsr-338, Radia Corporation of
America.
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The purlty of polarization of the test trans-
mitter developed under Project C-17 was ex-
smined and it was found that the ratlo of
vertical recefving antenna output wlth trans-
mitter antenna horizontal and then vertical
was over 500,

Some unsuccessful trials were made of a
large kite to supplement the balicon as support
for a source of high-angle downcoming waves.
The balloon rigglng was revised to give im-
proved operation over a wider range of
conditions.

= Tests at Holmdel

Arrangements were made to take the balloon
rigging, test tranamitter and other auxiliary
apparatus to Holmdel, New Jersey, where the
Bell Laborstorles were developing uncer
Project C-16 (summarized in Chapter 1 of this
7olume) & shlelded-U Adcock for fixed-station
service. Here polarisstion error measurements
were made with steeply downcomlng waves.
Some deacriptlon of the Holmdel equipment wlll
be found in Chapter 1. The test tranamitter
was hofated to the top of a 50-ft tower at
Holmdel and hung approximately In llne with
the enst-west Adcock palr described in the C-18
summary. Measurements were taken at aix
frequencies from 3.46 to 17.3¢ me, with the
test transmlitter hung from the tower at 1.5°
intervals from an elevatlon of 1.5° to 13.75°
and when suspended by the bailoon to eleva-
tions corresponding to 50° or 60°.

At each frequency and elevatlon, output of
both Adeock antenna palrs was recorded both
with the transmitter dipole vertical and with
It horizontsl. Unexplained minlma of un-
wanted pickup for a transmitter elevation of
about 5° were observed at all frequencles and
were very pronounced at the higher ones; no
corresponding horlzontal field minlma were
observable.

Vertleal to horizontal fidd-strength ratlos at
the centor of the Adcock syitem, hoth for the
Project C-17 tests and thoss at Holmdel, were
computed using & number of terms of the
serles-expansion solution of Maxwell's equa-
tions given by Burrows.¢ The results Indicated
& tremendous enhancement of vertical field

ERRORS IN DIRECTION FINDERS

under the short-range transmission conditions
used In the tests. Therefore, standard-wave
errors for distant slgnals as de‘ermined from
the above computed teat-signal fields were
much greater than such errors as commonly
determlined directly from measured ratios of
wanted output for vertically polarized slgnal
to unwanted output for horizontally polarized

signal,

The dlrectly mea: ured results Indicated that
the Holmdel (C-16) Adcock was markedly less
subject to polarization errors than the elevated-
counterpowe Adeock of Project C-17, and was
of the general quality (2° to 10° apparent
standaed-wave error In the range 17.56 to
4.5 me) which other recent work had shown to
be typleal of good direction finders. Similar
results for the C-17 Adcock with the better
counterpolses ran from 7° to 15° in the fre-
quency range 7.5 to 17.6 me.

Extreme enhancemeut of local vertleal fields
Is a matter of such tremendous importance to
d-f testing, since It would completcly invalldate
almost all previous work, that it was studled
further as reported under Project C-57. Ap-

but sound of
general field theory to results of the Holmdel
tests indicated improbably large standard-wav=
errors on distant signala.

Bl Conclusions

The final report® on Project C-38 includes
further general discussion of d-f design princi-
ples and testing methods, which leads to a
number of concluaions.

Optimiatic bellefs resulting from .arlier
work on the freedom of Adcock systems from
polarization errors were not borne out by this
or other recent work. In agreement with re-
cent results of others on H Adeocks, it was
concluded tbat shielded-U Adcocka are subject
to a first-order error source of nature stlll un-
known. In particular, the elevated counterpolse
shielded-U system of Project C-17 did not com-
pare as unfavorably with other systems as
was at first suppesed, so conclusions from its
study are given in the form of concrete pro-
posals for counterpoise design.

Since no directicn finder ean work well with
sl types of waves roceived, a "directive dl-
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versity” system was proposed in which some
one of & group of twn or three spaced-antenns
direction finders, at the same location but each
using a different type of antenns, wili respond
accurately to any coherent signal received. Use
of devices to warn against vertically down-
coming signals was suggested.

Knowledge of the means whereby polariza-
tion errors arise was not sufficient at the time
the work was done to permit either sound de-
sign of direction finders or uafe extrapoiation
from errors measured under uaual test condi-
tiona to determine performance under widely
different operating conditiona Inevitable pres-
ence of the ground improves performance of
wave cofiectors at certain heights and Injures
their performance at other helghta; whether
good or bad, the effect is stronger the more
conducting the ground. in general it was con-
ciuded that improvement of the direction finder
itself was more to be deaired than an equai
improvement by chooalng a alte on belter
ground.

PROJECT .57

The great importance of having a truly re-
liable method of determlning polarization er-
rors, because of their probably larger magni-
tude in practicai equipment, made it desirable
ta contlnue the work undertaken in the previous
projects and to examine the experimental
methods and the theoretical calculations of
wave-fleld components used In testing under
those projects.

The atartling nature of the theoretical resuits
obtalned under Project C-38,* which appeared
ta Invalidate practicaily all prior d-f measure-
ments, Indleated the desirabillty of a more
thorough atudy. Thorough examinatlon of the
exact serles-expansion solution of Maxwell's
equations given by Burrows,* from which the
approximations used in Project C-38 were ob-
tained, showed it to be unsultable for computa-
tlon under just the conditions for which ex-
treme enhancement of local vertical flalds had
been computed and reported under that project.*

A new approximste solution of Maxwell’a

*Contract No. OEMar-835, Radio Corporation of
Amoriea,

equatlons, suitable for computing under the
conditlons of direction-finder testing, was de-
veioped from the exact solution in Integrei
form given by van der Pol.* Comparisons with
unpublished work of K. A. Norton showed this
solution to be fundamentally the uame as the
one recently reported by him. Both soiutions
are valid under the short-range, high-angle
conditlons of d-f teating and both assume high
ground conductivity. The new solution, In the
relatively slmple form given it by Norton, was
used to re-evaluste the Hoimdel results of
Project C-38 and to analyze new experimentai
renults obtained under Project C-57. In each
case, the vertical electric fleld component pro-
duced ncar s horizontal rod antenna by curva-
ture of the wuve fronts was computed, as well
a3 the horizontal electrlc fieid of the horizontal
rod antenna and the vertleal electric fieid of a
vertical rod antenna,

Applicatlon of these resulta to the Holmdel
data of Project C-38 showed clearly that no re-
liable measurement of polarizatlon error of the
Holmdel Adcock had been obtained. Spurlous
verticaily polarized signal due to wave-front
curvature near the horlzental test source had
obscured the unwanted horisontal field plekup
of the Adcock. This fleld curvature was evl-
dently also the cause of the apparent minimum
of error found at Holmdel for waves arriving
at 6° elevation, A few of the balloon observa-
tions appeared to exhibit real potarization
errora and permitted a rough estimate of
standard-wave error as varying from 9 to 614°
betwecn § and 9 me. Pickup ratio, where de-
termlned, la apparently very low; good operat-
ing accuracy results from placing the system
right on the surface of good ground. Some
data taken by Bell Telephone Laboratories at
Holmdei with both rod- and loop-antenns
sources of test signsl showed the same curva-
ture effects. Up ta the time this work was con-
cluded, no measurements made on the Holmdel
Adeock had been good enough to give an a
curate determlnation of ita polarlzatlon errors.

Because a horlzontal loop transmitter doea
ot produce spurious vertical electrlc fielda due
to wave-front curvature, further teats were
made on the C-17 elevated-counterpoise Adcock
ta compsre such a source with the horlzonts]
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rod or ulectric dipole radiator previously used.
The rod-shaped test csclltator built for Project
C-17 was modified to work with either rod or
loop antenna and comparsble tests were made
with both acuree types,

No differcace was found between measure-
ments made on the elevsted-counterpoise Ad-
cock with rod and loop transmitters. The fieid
computatlons Indlcated that real i

ERRORS IN DIKECTION ¥INDERS

1s unimportant at high angles. It is quite Im-
poriant at the low elevations and short ranges
used in much d-f testing.

LD PROJECT €-78*

Project C-78" way concerned with the
messurement of errors of radlo oucection
finders nmi urved to correhte and evaluate

1

errora were measured and were 5o great as to
obacure the considerable field curvature effects.
Pickup ratlos wers very low, especlally for
aignals arrlving at high elevatlon angles. They
were of the same order sa those estlmated for
the essentially similar Holmdel system, hut the
aid given to overali accuracy by good ground
at Holmdel was Iacking for the elevated-
counterpolse nystem as measured at Princeton.
Standard-wave error at 7 mc and over rather
poor ground was found to be 82°.

Special tests of the loop transmitter showed
that field-curvature effects were not eliminated
but were reduced at least five-fold by its use.
The rod transmitter is Inadequate for measur-
ing atandard wave errors below 20°, except for
high elevatlon angles, while the speclal loop
transmltter used in this project should measure
reliably errors as amall as 4°.

Introduction of damplng reslstors into the
elevated-counterpoise structure failed to re-
duce errors but did show how size relatlons
between conductors acted to equalize errors
over a wide frequency band. No evidence could
be found that voltages Induced in the counter-
poise by horizontally polarized signals were fed
Into the antennas by capacitance, but It
was noted that & single vertical antenna
mounted eccentrleally above the counterpolse
was markedly more responslve to horlzontally
polarized aignals than was a centrally located
vertical antenna.

Ordinary testing equlpment and methods are
clearly i for the study of
errors of really good direction finders. At the
close of this work, it appeared that no fully
adequate test had yet been made of the down-
coming wavs performance of any very good
dlrection finder. Vertical fleld enbancement
near a local transmittter is not as extreme as
the result of Project C-38 had Indicated and

gained in
the work ol ProJecw C-17, C-SB and C-57. The
whole problem of such mexsurements was sur-
veyed Including the questlon of what to
mensure, how to measure It, of the range of
meseurement _necessary or desirable, and of
the requlred In the
equipment. Because of the great importance
of the technlcal capabilities of radio direction
finders to their user, methods of performance
testing require carefui specificatlon. Overall
tests deslgned to simulste actual operating con-
dltlons and to yleki direct Informatlon s to
accuracy of bearings are higbly desirable.

Noise level and accuracy of equipment
auxillary to the d-f antenna aystem, like ac-
curacy of reading at various steady signai
levels, can and should be separately determined
by nornirl laboratory methods. Condltiona for
determining reading errors on actual fuctuat-
Ing slgmals cannot readily be specified. Errora
due to good aignals arrlving by laterally dls-
torted paths are not errors of the direction
finder itseif, while signals arriving from eleva.
tions above about 60° should not be used for
dlrection findlng. Testing methods must avoid
conditions which cannot be apecified clearly or
should properly be excluded from messurement,

Errors due to interference among signal
components arriving over multiple paths are of
great importance, as are errors caused by elec-
trical Inhomogeneitiez in the Immediate sur-
roundings of a dire finder. Conditiona
for messurement of t rrors could not yet
be specified at the coi usion of this project.
Test methods should avoid produclng such
errors, yet be adaptable to thelr controlled
production when the art permits specification
of appropriate tests conditions.

Failure of actual d-f wave collectors to re-

“4Contract No. OEMsr-838, Radio Cornoratiou of
America.
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semble exactly their ldeal prototypes, even
when well joeated and 1 eceiving a steady single-

muth on favorably polarized signals and varla-
tlon of error with signal-arrival elevation on

slgnal, wee an impo: source of
error at the time thls work was done. Condl-
tlons for memsurement of such errors could
already be speclfied and they could and should
have been mescured reliably, but this had
practlcally never been done. These errors sre
of two types often called “calibration” and
“polarization” errors (night effects), and it
was {0 their measurement that Project C-78
was directed.

Actual distant slgnals have very complex
propertles which sre usually Incompletely
known and are therefore poorly suited for per-
formance testing, though limited data can be
obtalned atatisticaily from large numbers of
distant-signal observatlons. Reliuble and com-
plete testing requires a fully controllable local
source of test algnals, arrenged to simulats the
properties of certain typical distant signals. A
few actual distant-signal observations are de-
sirable to check the valldity of the local-source
teat method.

Measuremenits mads with local sources under
simplified limiting condltions may not alwava
be reliable gulden to performance under all
operating conditions. Even when specisl
detalled knowledge of & partleular direction
finder permita generel conclusions to be drawn
from slmplified measurementa, the rigorous
theoretical work required may be less con-
venlent than more complete direct memsure-
ments, The effect of the Inevitabl

polarlzed signals must both be
determined at several frequencies. The results
can only be fully shown as graphs, but effort
should continue to express a maximum of in-
formation by & few figures of merit. Such mea-
surementa should be carrled out over very unl-
form highly eonductlng ground to determine
ultimate performance capability and over unl-
form poorly conductlng ground as well to
determlne poasible impairment of performance.

The primary Instrument used in d-f testing
is a signal field and test method« must be
planned on the basis of accurate knowledge of

5

defining this fleld, ax developed by Norton,
show lts properties to be qulte complex, es-
pecially near the signal source, This complexity
13 caused mainly by the presence of the earth’s
surface.

Signals from a local source differ from those
from a dlstant source in two ways. The local
signal shows different rates of attenuatlon with
distance for components plane-polarized re-
spectively parallel and perpendicular to the
vertical plane of wave travel, while the distant
signal shows no such difference. The local
signal, spreading from a small source, has
curved wave fronts which cause somewhat
different fields to appear at laterally soparated
parta of the direction finder, while the distant
signal hus plane-wave {ronts. Each of these

presence of the earth near every direction
finder cannot always be treated as separate
from its Intrinsle performance ; In some cases
only overall performance of ground and direc-
tion finder together is significant.

Carefully interpreted messurementa from a
lower limiting frequency between 6 and 10 mc
to an upper limlt between 18 and 80 mc can
Indicate performance of simllar directlon
finders over the entire h-f band from 1.5 to
80 me. Model measurements at very high fre-
quencies avoid some difficultiea of full-scale
testing but require development of sultable
models and may be misleading because the
model does not accurately simulate obscure
imperfections important In the orlginal.

Variation of error with signal-arrivel azl-

can seriously confuse d-f error
mess.rements. Both can be avoided only |f all
are made at
distances of at luast several tens of w;velengthl.
The main method of messurement used in
recent work invoives two observations of the
output of the d-f wave-collector system under
teat, one In & fleld of the polarization to which
the collector elements were designed to respond
and the other In a field to which no reaponse was
intended. The ratlo of these outputs, for equal-
Iy strong Incomlug signals, gives the maxlmum
polarization error to be expected. Separate
observation with slgnals of limitlng polariza-
tion avoids pheeing difficultlen of earlier work
where both signals were present at once, hut
requires test signel sources of extreme polari-
zation nurity.
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Projects C-17, C-38, C-57, and C-78 used a
signal source designed to achieve pure poiari-
zation by being entireiy seif-contsined and con-
forming in outllne to the intended antenna, a
short rod (electric dipoie) or smail joop (mag-
netie dipole). The frequency was stabilized by
erystal control of a master osciilator driving a
baianced power wnplifler coupied to the highly
reactive antenna by an autotransformer. Thia
source was Jight tn weight for convenlence in
elevated operation and Its power output was
maximized by use of efficient miniature power
tubes and miniature batteries under very heavy
load, Figure 2 shows a close-up of the interior

ERROAS IN DIRECTION FINDERS

formance. Unwanted emission, while not defi-
nitely determinabie by this method, seemed to
be at least one per cent of wanted emlssion In
feid strength. This purity {s adequate for tests
in which a direction-finder null may be used to
discriminate agalnst unwanted emission but
quite inadequate for more exacting tests. An
appreciable electric-dipoie nioment was exhibi-
ted by the magnetic-dipole nource, probably be-
cause of the breaka in the loop required to con-
nect the of

electric fleld components due to wavefrout
curvature, attractive in principie, was thus
found very difficult in practice.

Fiaune

of the 4-in. by 2-ft cylindrical test zource, with
inserts showing its incorporation Into rod and
loop tadiators,
The usual method of determining purity of
by observing the out-
put of a recelving antenna of aupposediy pure
polarization with the transmitter in various
orlentations, was shown by a complete anaiysis
to be generaliy incapable of giving the desired
resuit. Tests of this type, uaing an accurately
vertleai rod receiving antenna centered over an
accurately horlzontal circular elevated counter-
poise, were made on signala from the above
aource and indleated rather disappolniing per-

Veinrems nrransmmn ol b e smpor o Frobed (07, C00 D w1200

The output-ratio method of d-f testing is in-
direct and slow, beside requiring inconvenient
manipulation and sometimes needing an un-
attainably pure source. Some other means of
avolding error reduction by chance favorabie
phasing of various fleld components would
avold these difficuities. An improved method of
d-f error measurement based on a novei test
aignai source was proposed In the finai report
on Project C-78." The proposed signal source
would use an antenna unit consisting of two
distinet radiators of different polarization,
preferably a vertical rod and horizonta! loop,
These wouid both be fed from a common r-f
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gsnerator, with constant relative amptitude
and continuously varylng reiative phase. Po-
inrlzatlon error would be observed as a swing-
ing bearing and measured by amplitude nf
awing. Error measurement would thus be
direct, rapid, and experimentally convenient,
and no critical control of orientstion of highly
elevated equipment would be necessary, Slight
polarization Impurity wouid cause only smali
inaccuracy of error determination, Inatead of

L8] PROJECT C-58°

“5L Causes of “Swinging” Bearings

The original development of the Adcock an-
tenna aystem was for the purpos of rendering
an ussociated direction finder Insensltive to
that component of a radio wave whose electric
fieid is polarized perpendicular to the plane of
incldence (horizontally polarized). Theoretleal
i as well as teats with a controlled

seriousiy obscuring the aij of the re-
suits; careful dealgn of the test source would
nevertheiess be required to maintain fairly
good purity.

At the large distances 5o necessary to insure
freedom from confusing locai-fleid effects, full
freedom of control of position of the test
source Is only pomsible by supporting the
source from an aircraft. Airplanes are not
convenient for such work but a nonmetsliic
dirigible airship would be very valuable, Cap-
tive Lafloons are inferior to dirigibles but per-
haps more practical; they should be of good
aerodynamic form, be lightly loaded and carry a

locai target transmltter, indicated that the
Adcock  antennas  developed under Project
C-84* were capsble of discriminating to s very
high degree between the deaired vertleally po-
larized and undesired horlzontally polarized
waves of a radio slgnai. Nevertheless, tests on
sky-wave transminsions revealed swinglng
bearings on the cathode-ray indicator of the
dlreetion finder, typleai of so-calted polarization
error. Both the magnitude of the bearing
oscillation and the percentage of time that the
cathode-ray Indication departed from the cor-
rect azimuth made it appear likely elther that

source which does not require of
orlentstion I fight. A captive balloon has
been found quite useful even though ali three
of these conditions for satisfactory operation
were violated. Tall towers or poies provide
very convenient aupport but their range of
usefulness Is necessariiy lmited,

Sltea for testing d-t performance must be
much more criticaily chosen than even d-f
operating sites. They must be clesr, flat, and
electricaily homogeneoua over a radius of sev.
eral tens of wavelengths at the lowest fre-
quency to be used and to sufficient depth to
attenuate the transmitted wave by ten times.
Wasteiands are fortunately very sultable, aalt
marshes as sltes of high conductivity and
deserts a5 sites of iow conductivity.

By use of a source of the type proposed sup-
ported from an aircraft over weil chosen sites
and working at adequate distances, d-f per-
formance should be assessable with an esse,

d ity not in

f wave d) i
tion for these antennas were grosaly In error,
or that the downcoming sky waves were not
polarized at random according to the generslly
acccpted hypothesis of lonosphere reflections,
if It were sssumed that the swinging of the
bearing was due to poiarization error,

Because the values of polarization discriml-
nation by Adeock antennas were more or less
substantiated by tests with local target trans.
mitters, whiie the diatribution of Polarization
of downcoming sky waves remalned unproven
by any physical tests whose results could be
directly assoclated with the apparent polariza-
tion of Adeock direction finders, the desirabil-
ity of testa on the polariza of downcoming
sky waves was clearly indicated. A part of
Project C-58° concerns the study ot polsrization
of radio waves between 5 and 20 me.

In agreement with this contract, there wus
built and Inatelled at Great Rlver, New York

AN
any tests hitherto made, Tests by these meth-
ods can be extended to Include effects of malti-
path wave interference and of inhomogeneous
sltes if the art advances sufficientiy to permlt
appropriate test conditions to be specified,

an 1 since calied the riscope, a
description of which follows. Thia equipment
permits the ratio between the vertical electric

© Contract No. OEMsr-745, Federal Telephone and
Radio Corporaticn,
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and 1 eiectric of s radio

i t is given in Figure 3. The Type A

wave to be seen at  certsin point while radio
benrings are observed on 2 csthode-ray Indi-
cator alno to be descriled below.

The Bureau of Standards, awaro of these
facts, anked the contractor to observe bearings
and polarizutions of the Bureau's station
WWYV, Beltsville, Maryland, transmitting suc-
cessively with two different types of antennas,

indicator is identical with ths d-f indicator
veed In SCR-502. Figure 4 is s photograph
of the antennas used with the polarlscope, and
these antennas conslst of two crossed dipoles
12 ft In length mounted on a revolving boom
20 ft long. This entire boom with ila centrai
column can be revolved from within the con-
trol room so that it may face the direction from

I;..!'},l] [o'e

. S

Fimam L Block diagram of polariscope.

radiating at cerlain times vertical and at other
times horlzontal polarization, This transmit-
ter js sufficiently dlstant from Great Rlver that
no ground wave ls prosent.

an Description of Polsriscope

The circuiw and antenna design of the direc-
tlon finder are approximstely the same as
descrlbed in Chapter 9 dealing with the SCR-
502 (Project C-34)."

A block disgram of the polarlscope and d-f

which the signal arrives, This assembly is
mounted on s small wooden tower with its
central axia about 20 ft above the surface of
the carth.

Each antenns, both horizontsl and vertical.
has its own balanced cathode-follower coupiing
unit, which In turn feeds into a bslanced dual
cosxial cable ieading into the central control
room sbout 50 ft away. The vertical antenna
is connected to the vertical stator of the goni-
ometer, and the horizontai antenna to the hori-
z0ntal stator of the goniometer. In this manner,
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P Antenna used with polariscope studies.
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the pattern developed on the fuce of the indi-
cator unit indicatea ths amplitude and phase
relationship between the vertical and hori-
zontal components of the eiectrlc fieid of the
received wave.

In addition to the visual indication on the

ERAORS IN DIRECTION FINDEAS

oscillation of the bearing during periods when
the wave was approximately vertically poiari-
zed must be due to some other phemomenon.
The following bypothesia and testa were an
outgrowth of the analyaia of the above poiar-
imeter investigations,

cathode-ray il indicator,

recordings of the amplitudes of the two com-
ponents of the wave rre made hy two Ester-
line-Angus recorders, with a peper speed of 8
in. por minute, set up in conjunction with two
separate receiving channels fed hy the two
dlpoies of the poiariacope.

The program for the reception of WWV was
to observe the bearings and ths polarization
for 5 minutes; then to align the two receiv-
ern allke and vecord the intensities of the two
componenta for 6 minutes. After thia the
bearings and polarization were visually ob-
served for 5 minutes agaln, Ths whoie
procedure was repeated every 15 minutes for
esch type of transmission. The Iast half of
each hour was used for a atandhy period,
during which time the two receivers were re-
calihrated for identical somsltlvities with the
next frequency to be tested,

ANALYBIS oF WWV OBSERVATIONS
Three days’ lon of this re-

Wavs Ervors. The hypothesis
which assumed swinging bearings to be due
to strong horizontally polarized components in
the downcoming sky wave, in generai aiso
assumed that the wave was reflected from a
singie point In the ionosphere. Were this the
case, then awinging bearings would fessihiy
be due only to horlzontal polsrized sky waves.

But consider the veault of ombined waves
from two or more points In the lonosphere. If
these refiection pointa differ even hy a degree or
less, the combined eiectric vector at the d-f an-
tenna will be a function of the instantancous
phase difference betwsen the aeveral com-
hined waves.

An anaiysis of more than two rays becomes
extremely involved, therefore the comhlnation
of only two waves will be discussed here. The
resuit of the combination of several rays
which, in practice, frequently arrive at the
direction finder from a single transmitter, wili
be a atiii greater varigtion in the bearing

sulted in Indications and records of besring

errors with wavs polarization, ths analyals of

which is as foilows:
1. The

Figure 6§ ia the apeclal exampiie of two rays
whose azimuths differ (for the aske of clarity)
by a much larger angle than that uaually ex-

vector of i
waves from both the vertically polevized trans-
mitter and the horizontally _a tranamit-
ter was found to have ranuum polariention.
This was in accord with the gensrally accepted
theories on polarization of sky waves at these
frequencies.

2. During poriods when the sky-wave po-
larization was horizontal or a very few degrees
from horizontsl, bearing indicstion was in
error or indeterminate. This was the expected
polarization error.

3. Frequently, even when the aky wave was
vertically or nearly verticslly polarized, there
were wiid osclilations of the bearing indicater
and deterioration of the null,

The above resulta indicated that the osciila-
tions of the d-f bearing were not due solely to
poiariastion error as had been assumed. The

practiee. In practice, reiative
maguitudee of the separats waves vary as de
thelr instantanecous phases. This ia due to the
fact that the separstz rsys apparentiy arrive
from regiona in ths lonosphere which differ in
hel(ht and dennly of ionization and where

are not stabie.

A simple easmple of the mechenism whereby
two verticaliy polarized waves from slightly
different azimuths can result In a iarge d-f
error ia as follows:

First consider ray C in Figure 5 to arrive at
polnt O with its instantancous error vector
directed upwards and ray D to arrive at the
same point with its vector similarly directed
upwards. As jong as these vectors remain in
such phase, a direction finder jocated at point
O will provide an indication between C and D.
(Slnee in practice C and D usually differ hy «
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very amsll angle, this may be called the correct
bearing indication.)

Now consider s later time when the ray
from C, while still vestically polarized, has
altered its phase with respect to the ray from

the amnlitude of the waves from C and D were
identical, the aignal would be very weak and
the d-f bearing indieation would be 90° in
error. With unequal amplitudes, the error ia
less than 80°.

D by 180°. Then the desired vertical compo-
nents tend to cancel while the component of
the vector which hisects the angle between C
and D tends to be sdditive, In such & case, if

In a typical situstion, the comblnation of
two rays will occur with varying phase and
relativa amplitudes, thus providing an osell-
Isting indication of bearing. Tha combination

CONFIDENTIAL




12 ERAOAY IN BINECTION FINDESS

of more than two rays wlll, of course, increase
the complexity of the resultsnt vector to which
the direction finder responds.

Because In the crossed Adeock direction
finder Lhere is in genersl a small azlmuth error
which varfes with the vertical zngle of In-
cidence (the octantal error), two rays arriving
from the sume azimuth directlon, but from
different layers of the ionoaphere will also re-
sult in sn interference error whose hehavior
is slmilar to that due to two rays arriving
from slightly different szimuths,

Teat of Wave Interference Errors, To exam-
ina the error resulting from the Interference
of two waves whos: azimuth and relatlve phase
may be controlled, the direction finder em-
ployed in the previously described polarization
test was used in the reception of slgnaly from
two local target transmitters,

These two transmltters were located about
1,000 ft away from the Adcock antennas of the
directlon finder, and were spaced so that the
azimuths of arrival differed by about 2°, One
of the transmitters was set on a given fre-
quency (about 5 me), while the other transmit-
ter frequency was varled by hand to be as
cios am possible to the frequeney of the fixed
transmitter,

As the frequencies of the two tranmailters
fell within the band width of the divection
finder, 5 confused and rapidly changing fluc-
tuatlon was observed which In general pointed
toward the two transmitters,

When the two transmitter frequencies were
brought as close together as was possible (for
brief periods two frequencles were apparently
wlithin 1 or 2 cycles), the d-f Indieation was
that of a slowly oacllating bearing whose
quality wos highest when it polnted in the
direction of the two transmitters and which
deteriorated to almost no indication when it
approached s bearing 80° from the line bi-
secting the angle between the two transmitters,

It was that a further i
to investlgate precisely the errors due to any
given phase difference and amplitude between
the two incoming rays could be performed by
feeding two displaced transmitting antennas
from a single trsnsmitter with 2 phase and
amplitude adjustment iu the line to one of the

antennas, But, because the test with the two
separate transmitters satisfactorily proved
that two vertically polarized waves arriving
from slightly different azimuths csn cause
bearing i izati
errors, It was decided thst, in view of the fact
that a combination of only two rays was artifi-
cial, further tests of this type should not be
pursued at this time,

CONCLUSIONS

The experlence with the polariscope and the
Inter tests which simulated two sky waves have
Indicated that the d-f bearing oscillations and
deterioration nulls are not due entirely to po-
larization error,

In Amerlea it has been assumed that efforts
to disseminate horizontally polarized waves
would ultlmately result in a directlon finder
whose hearings would be steady and preclse
beyond those which had been designed In the
past,

The facts that the prevslent multiple-ray
transmission of radio signals gives rise to In-
terfersnce errors In Adcock direction finders
would Indleate that too great effort in reduc-
tlon of polarization error are not warranted.

At present, It appears that the interference
error eannot be reduced by any d-f aystem in
which the antennas cover such a limited area
as do the Adcock antennas. The Musa (mul-
tiple unit steerable antenna developed by Bell
Telephone Laboratorles), does reduce Inter-
ference errors. The Musa system, however, ia
neceasarily a very large Inatallatlon which ean
be used for direction finding over a very small
azimuth only.
™ PROJECT 13184

Under Project 18.1-84' a very great deal of
work was done to determine the essential char-
acteristics of the ground under d.f installations
to make the apparatus as useful and as free
from errors as possible, Part of the project
was to develop, if possible, simple equipment
which a relatively untrained person could take
to a site selected for a d-f installation, perform
& simple and not too critlcal experiment, and
by riesns s simple 2a reading a meter, perhapa
"TContract No. OEMar-1026, Federal Telephone and
Ragio Corporation.
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in

like a tube-testing meter, deterraine whether
the site was sujtable or not. All previous work
under Division 13 projects had Indicated the
extreme importance of locating d-f apparatus
on sites with good ground characterlstics.

‘The finai report” on Project 13.1.84 shows
that the phenomena invoived are too complex
for a single instrument of simple type to be
conatructed for the job to be done.

An extensive bibliography contzined in
the finsl report' and this report should be
consulted by anyone seriousiy engaged In site
i igati hy has

to characteristics of the soll as of Interest to
a chemist, or from the standpoint of electro-
chemisiry or physical chemistry. The report
itself containa much historicai materisi deal-
Ing with our knowiedge of the conductivity of
the soil, its dielectric behavior, ity d-c and h-f
resistance, and of methods cxplored for deter-
mining these factors,

561

Methods of Measurement Studied

A comparison of resistivities as measured by
direct currents and by alternating currents
lndlutes that electrode effects cause the d-c

at high radio
before 2 dispersion occurs,

Nevertheless the finai report indicates that
d-c measurements may be a very practical
method for determining reslstivity of soii
samples.

R-F Muaunausma
C ing the soil as an il

dielec.

tric, a whole seriea of experiments Was per-

soils as dielectrics. By the use of a @-meter, in
which the soil is inserted betwecn the plates of
a capacitor and the overall loss factor of soil
pius capacitor determined, the conclusion was
reached that Q-meter measurements were not
practleable over a wide frequency range. The
method is not suitable for memsuring resls-
tance of sample soils greater than 60,000 ohms,
the reliahillty of the method increasing as the
resistance decreases.

The conclusion was reached that the Q-meter
method could be used at spot frequencles for
20il aamples In Lucite contsiners,

Since it is well known that the inductance
of a coil at radio frequencies depends upon the
core material, the Q-meter can be uscd to mea-
sure soil churacteristics by placing the sample
Inside a coil whose inductance, without the
soil, is known,

Il was found that measurements by thix
method did not give quantitative reaulta but
with care could be made to show re!~tive
anal The Inductance method ls more sen:
tive .nd more essily applied than the capaci-
tance method.

BRIDGE METHODS

The most. accurate way of measuring the im-
pedance of a noil sample st radlo frequencles
is to use a kuitable bridge circuit. This method
requires more skill, is more tedious, and the
range of values measurable 13 iess than In some
other methods. In addition an auxiliary
generator and detector are required.

Because of variations of the weather and
the averaging of soil constants in wave propa-
gation, it scems unnecessary to measure the
conductivity with an accuracy greater than 50
per cent of the mean vaiue of severs] measure-
ments, Furihermore, measurement of conduc-
tivity alone secms to be all that is necessary
to determine the characteristics of ground
material of a possible site for a d-f inataila-
tion. Thus he bridge method, while yieiding
 high degree of precision, Is too compiex for
the job to he done. 5

METHODS USING ANTENNAS AND TRANSMIBSION
Lines

One of the most effective means of determin-
ing the effect of a site upon a d-f instailation
is to set up a portabie direction finder of known
properties and to observe how its operation is
affected by the site.

Thus an antenna and ita characteristics are
a function of the ground upon which it is
erected, Ita Input impedance, the ground losses,
and directional patterns being functions of the
ground. Properties of transmission lines which
are most susceptible to investigation are at-
tenuatlon constant and velocity of propagation.
Preliminary measurements indicated that such
studies could be quite effective but the declsion
was reached that more work would be neces-
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sary to find out If the methods would be prac-
tieable. .“irthermare, such experiments couid
be performed only with engineering super-
vision, such was the atate of the art of mea-
suring equipmant of the kind requlred for an-

ERROAS IN DIRECTION FINDERS

valuss of spacing betwecn 1 and 85 ft. A bat-
tery-operated vibrator delivering approxi-
mately a square-wave alternating current of
110 valts 1s connected through a millismmeter
to the outer electrodes and a battery-operated

tube voltmeter s connected beiween

tenna or i

Similarly, measurements of field atrength at
different frequencies were abandoned when it
was found that results were Inconciusive. Re-
flection coefMieients and wave tilt were atudied
as & functlon of ground constents. Limited ex-
perience indicates that the method Is applieable
to measurementa of soli constents under con-
ditions of (1) no obetructiona between trans-
mitter and receiver, (2) no reradiators near
enough to cause trouble, (3) eievation of the
target tranamitter above ground or eise use of
rather iarge power input. These iimitationa
were discouraging from the atandpoint of port-
ubility and the neceasity of determining ground
characterlstics under varied condltions,

AUDIG-FREQUENCY MZTHODY

Mapping & aite by plotting equipotentiai
lines between ground electrodes at audio fre-
quency required less time than mapping by
plotting equifield lines about a transmitting
sntenna at radio frequencies. The uae of audlo
frequenclea and ground rods eliminates pro-
nounced disturbences caused by above-ground
reradiators obeerved in piotting equifield r-f
field, llnes. The method empioyed in Project
13.1-84 is described in the final report!! and
is applicable to the picking of a aite for a d-f
atetion. The method can be used, also, for
locating large bodies of metai under the aur.
face of the ground and this Is discussed in the
finai report, together with the use of r.f
devices auch as mine detectors for jocating
small metelllc bodies. Cireuita for such devices
a3 constructed under the project will be found
In the fina} report.

WENNi2-GISH-ROONEY METHOD

1n this manner the following process is car-
ried out: four copper-coated rods 14 In. in
diameter and 1 ft fong are used as electrodes.
They are equaliy spaced along a straight line
and voltmeter readings are taken for severa

the Inner electrodes. The current flowing
through the outer ciectrodes and the voitege
between the inner electrodes are read for each
of the chosen apocings. At close spacings the
electrodes are driven into the ground only an
inch or 5o, at greater spacings the electrodes go
Into the ground ta depths of up to 1 ft.

1n this manner a plot of an ares shawing
effective resistrnce as a function of depth can
be obtained. The method is exsy to apply, is
sufficiently accurate in indicating the reslstiv.
ity of the top aurface of the ground and Is the
best methed of cbtaining in a gualitetive man-
ner the realstance as a function of depth.

The finai report ends with some date on the
ground requirements for direction finding in
various frequency bands, indiesting in a par-
ticular case that 50 tons of coal dust screen-
ings, either soft or hard coal, shouid be put
down to a depth of 1 in. under instalied ground
mats and to a radius of 10 ft beyond the guy
wire anchors. The ground mate and the coal
dust iayer are covered to a thickness of 3 in.
and this 1s tamped down tightly.

Treatment of this sort produced a ground
which contributed littie troubie to the d-f sta-
tion invoived.

L 4 PROJECT C-19*

The loop direction finder has been found
iscking as a dependabie instrument for naviga-
tional and other purposes because of inac-
curacles under certain operating conditions. It
ia often imposaible to get a bearing at all or the
azimuth of the obaerved bearing may he greatly
in error or may vary from moment to moment.
These errors have been under continual study
since the joop direction finder came under prac-
ticai use during Worid War I and the basic
causes for the different types of errors are now
weli understood. Most of the errors have
proven capable of eilmination, but a notebie
exception has been poiarization error which in-
cludes the so-calied night effect and airplane

CONFIDENTIAL




PROJECT C-19

5

effect. Project C-19¢ waz to atudy a particular
and new menna for attacking this type of error.
Project 13-122:1 atudled this compensation
meana critically and reporied on difficulties
with it.
o Normal Loop Operalion

‘Ths ideal case for loop operatlon s a verti-
cally polarized wave {(in which the electric
vector 1s always in the verileal plane through
the direction of travel) proceeding aloug the
surface of the earth and following s great-circle
path between the transmitter and the receiver,
In this situation the loop has the well-known
"“figure eight” directional response. a mini-
mum or null being obtained when the plane of
the loop ls at right angles o the direction of
arrival of the aignal.

Under thess conditions and if the loap sys-
tem itself has no “instrumental” errors, the
beuring of the distant station can be ascer-
tained with conslderable aecuracy.

s Wave Errors

1f, however, there are abnormalitles in the
wave ltaelf, a loop which will operate perfectly
on normal waves wiil show errors In bearing,
hazy bearings or no bearing at all.

The several wave errors are as follows:

1. Constal refraction is the phenomenon re-
sultlng when the recelved signal travela
obllquely across a boundary bztween two soil
types, notahly ocean-to-shore transition at a d-f
site located come distance from the coast line.
The wave is actuaily refracted and appears to
come from an Incorrect direction.

2. Lateral devlation ls a phenomenon in
which the wave does not truvel a great-circle
course hut deviates as much as 10° from thia
course.
3. Scattered slgnals 1s another form of wave
error In which the signals seem to arrlve from
severel directions, apparently from scatter
sources In tha ionosphere or on the earth’s
surface which appear to reradiate some of the
original energy.

1 Contract No. NDCre-159, Stanford Unlversity,

™ Polarizatlon Errors

Far more common than the anomalles of
scattered slgnals and lateral devlation are the
errors due to irregular polarization of the re-
ceived wave. The symptoms are of several types
as follows: (1) Bearing sharpiy defined and
stable but apparent azimuth incorrect; (2)
bearing sharply defined but shifting In direc-
tion over a period of time, often quite rapidly;
(8) blurred, indefinite null point, although a
minimum of correct bearing may be detected.

Polarication errors occur when the received
wave la not a simple, vertically polarized wave
but containa a horlzontal component ag well.
Thla horizontal component arises from the
rotation of the plane of polarication of the sky
wave in its refiection from the lonosphere.
‘When such a wave arrives at a d-f station, the
operator turns the loop to get a null indication
but is able to do 30 only when he has oriented
the loop In such & manner that loop voltages
due to the vertlcal component (vertical loop
conductors) and due to the horizontal compo-
nent (horizontal loop conductors) are equal and
opposite. This is not the loop position which
gives a null on the vertical componsnt only be-
cause the angle of arrlval ia such that there Is a
phase difference between the two componenta,
Therefore, the operator gets a wrong bearing.
174

Auscking the Problem

Two possible modes of attacking thia prob-
lem present themselves. Gre posslbility is to
deslgn a collector with only vertical elementa.
This leads to the Adcock antenna which ia quite
useful for many applications. 1ta great disad-
vantage la the fact that itz piekup, unless the
structure i¢ quite large, ia small wheress the
loop can have msny turns with correspondingly
greater sensitivity.

The mode of attack pursued under Project
C-19 was to accept the aituation of having trou-
blesome errors due to the horizontal pickup but
to compeneate the unwanted voltage hy another
norizontal voltage secured from an additlonal
antenne mounted with the loop and rotating
with it. Thia forms the so-called compenasted
loop which has been diacussed in the literature
and on which patenta have been granted.'
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Iu the system proposed, the voltage induced
In the acxiliary antennz wonld be expected to
behave in ths same manner as the”voltage
Induced in the Joop by the horizontal polariza-
lon, Then this voltage would be coupled Into
the loop in such a manner as to provide neu-
tralization for the unwanted voltage,

Two baslc problems are to be soived. First,
what must be the network characteriatics used
for coupling the neutralizing voltage into the
leop and, second, to what extent docs the neu-
tralization become incomplete if one of the
operating variables change.

The bulk of the final report la devoted to &
atudy of these baslc problems including the
effect of a wave reflected from the earth’s sur-
face, the effects of vertical and horizontal
polarlzation or a combination of the two, errors
In the uncompensated loop and in the eompen-
sated arrungement, calculatlons on  typical
situztions, the effect of wavelength on compen-
sation, variation of height of antennu above
ground, and height of auxlliavy antenna with
respect to the loop. There in conalderable ma-
terial relating to the measurement of ground
refiection coefficlents, voltage ratios and phase
angles, field strength, etc.

. Results Obtuined

Ax a result of the theoretical analysis and
extensive field tests, it is concluded that the
system would work for ahort as well as for long
waves, calculations being given for a range of
fror 1- to 1,000-meters wavelength. that it will
functlon for any type of soli condition, that it
will net work on airplanes where extreme
chunges In soil type would oceur over wlich the
plane flies or where large variations in height
above ground would occur. The system works
best at fixed helghts which are small (/10 or
less) compared to the wavelength.

On actual demonatration of cxperimental
equipment and a Sperry Mk-1 sutomatlc direc-
tlon finder good compensation was secured.

An extensive bibliography is included in the
final report.?

»74 Compensated-Laop Direction Finder
‘The Signal Corps of the U. S, Army in Janu-
ary 1944, requested NDRC to perform research

on a loop antenna satistactory for directlon
finding on transmitters up to 30 miles away in
the h-f band whlch would be as satiafactory at
nighttime as during the day.

Under the continulng Project C-58.' some
investigations were made on compensated-inop
direction findera.

In the past considerable work has been per-
formed in attempts to compensaie Inop anten-
nas against response to horlzontally polarized
waves. In almost all such investlgations the
geners! problem of downcoming sky waves at
any angle has been attacked. The failure to
deaign a satisfactory compensated-loop diree-
tion finder may have been due to the too gen-
eral nature of the problem.

A loop direction finder compensated against
night errors for transmissions of not more
than 30 miles would require that compensation
be againat vertically or nearly vertically down-
coming waves only. It might be expeeted that
this apecial problem could be solved more easily
than the general loop compensation which had
as yet no satisfactory practical solution.

Although the final form of compensated loop
might for reasons of portability be a single
rotatable loop antenna with the necessary at-
tachments for response to horizontally polar-
ized downcoming waves, it waa declded that for
reasons of convenlence during the experiments
» fixed crossed loop be employed.

Directly below the crossed loops were In-
stalled crossed horizontal dipoles. An Injection-
Joop transinitter waa ‘oeated 30 ft directly
above thia collector, to generate the vertically
downcoming wave.

Both the lcop antennas and the horizontal
dipole antennaa fed cathode-follower coupling
unlts. In the dipole coupllng units both ampli-
mde and phase were adjustable.
ants were made at night on a trans-
miner located 25 miles away. The loop trans-
mitter located above the collector assembly was
tuned to the frequency of the distant tranamit-
ter and then the compensating dipole antenna
coupling units were adjuated to minlmize the
signal. A reduction of about 10 db waa easily
accomplished. The diatant transmitter was then
turned on, and it was found that on the
cathode-Tay indicator the swinging of the bear-
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ing was reduced from four to eight times as
compared with the uncompenasted foop.

1t waa found that the improvement was best
when the injection loop transmitted at precuely
the pame frequency 8s the distant

internal impedances of the joop and dipole

sntennas,
The report of Project C-19 on the investiga-
tion of compensation in direction finders is a
i to d ine the

Also, an adjustment made when the ground
und T the loops was dry became worthless when
& brief raln altered the conductivity of the
ground. On the whole, the compensation was
not complete, and the apparent requirement for
adjusting the coupling unita by means of an in-
jection aignal exactly the same frequency us the
distant signal was a serious {imitation. During
the experiment it was also found that a slight
frequency shift by the injection transmitter re-
quired a lsrge adjustment In the coupling unlt
controfs.

In the My 1945 isaue of Proceedings of the
LR.E. an article by J. N. Pettit and A. W.
Terman on compensated-loop direction finders
concluded with some encouraging remarks on
the possibillty of compensating a loop antenna
by means of a horizontal dipele. Because this
conclusion apparently differs from that reached
in the report of Project C-58 on compensated
loops, the NDRC requested a comparison and
dlscussion of the two reports to resolve the
apparent contradictions,

a8 PROJECT 13422

41 Discumion of Project C-19

Under Project 13-122* a final report was
prepared which dlscusses the work accom-
plished under Project C-19.* The gist of this
dlscusaion follows.

The compensated leop was studied under
Project C-58 and the report on that project
atatas that results were rather discouraging.
The important item to be determined is whether
the findings of Project C-10 were corroborated
by the work in Project C-58 or whether there
is some basic difference between the resuits.
Tt is concluded that, besically, there 18 no theo-
retical disagreement, However, it is shown that
the coupling networks should, if possible, In-
clude means for reaslving the differences in the

ntract No. OEMsr- 1490, Federa] Telephone and
Radio Corporation.

phase angle and the amplitude ratio between
the voltage induced in a loop antenna by =
dawncoming horizontally polarized wave, and
the voltage induced by the same wave in a hori-
zontal dipole mounted at the center of the loop.
1t was shown mathematicaily that in the pres-
ence of grounds of medium conductivity, or
better, this amplitude ratio and phase differ-
ence remain nearly constant for varying angles
of incidence, and for varylng frequency. For
Instance, with wet soil, between the wave-
lengths of 1 and 20 meters, the amplitude ratio
varies from 6.4 to 6.8 and the phase shift varies
from 8.9° to 8.5°. These are ealculations of the
voltages Induced into the sntennas and do not
take into account the internal impedances of
the sntennas. Asauming that the voltages, once
they were Introduced into the antenuas are
available, the report shows that the compen-
sation requirements vary alowly with fre-
quency; and that for vsrious types of soil,
except very dry soil, the ratlo of the two volt-
sges and the phase shift between them remain
constant, provided that the antennas are
mounted less than A/10 above the ground.

CourLINg NETWORK

It was concluded that it was necessary to
design a cireuit which would glve constant
Pphase shift, constant amplitude ratio, and good
stability with varying frequency. Such a cir-
cuit was desigued under C-58, For convenience
of indication a crossed-loop aystem with two
horizontal dipoles was used. An instantaneous
cathode-ray Indicator for beavlng indicatlon
was employed. There were direct fow-impedunce
connections between the loaps and the gonlome-
ter. Each dxpole nnlemu wu then eoupled to
the cor
through a set of two bslanced cathode-follower
coupling units. One cathode follower opersted
without phase id %2 other cathade fol-
lower in the set had ita phase shifted by 90°, so
that by combining the two and changmng their
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relative gaina, the output phase could be shifted
from 0° to 86°,

Afthough this coupling unit is of the type
that was indicated by the conclusion of the C-19
report, it does not take into account the vary-
Ing impedance of the dipole antenna with fre-
quency and the varying impedance of the ioop
antenna with frequency. To employ the ratio
of the two induced voltages, it would be neces-
sary, if it is at ali possible, to obtsin these volt-
ages, for combination, without any phase shift,
or amplitude ratio shift, introduced by either
internai impedances or external added impe-
dances in the antenna units.

The final proof aubmitted in Project C-19
was & d-f test at one frequency and at one
downcoming angle. The direction finder was
adjusted for gond results with the iarget trana-
mitter and it ls shown that the type of poiar-
ization by the target

long pe odu of time and the various states of
" This finding seems to agree very
closely wlth the theoretical calculations inade
under Froject C-19.

Since it was necessary to work for a practi-
cal solution from the mathematical conciusions,
it was tl
and phase rellhmmhlpl between the two vol-
tages to be opposed as e function of: (1) po-
larization, (2) ground angle of the sky wave,
(3) frequency, and (4) ground comstants.

Once these relationships were proven to be
conatant, or very nearly so, it was necessa
to devise some circuits which couid be ld)uutzd
easily and with certainty, In the report of
September 28, 1943" it is stated that a target
tramsmitter is needed for msking thes - adjust-
menta. This seems to be a very reasonable
assumption unleas the ground conditiona can
be {which would be rather un-

does not thereafter introduce any error. This
test was repeated in Project C-53 as ststed in
their report of July 1943."* For the purpose a
polarized tranamitter was installed stop a 90-ft
tower. However, in the report of September
28, 1943, on the probiem of making the ad-
justments with the target transmitter, it is
noted that without the heip of & target trans-
mitter producing & downcoming wave at the
frequency of the transmitter to be observed,
the varions adjustmeats of amplitude and phase
cannot be carried out with certainty, and that
the practical development of such a system for
the Armed Forces did not look promising.

COMPARIBON OF REPORTS

The finai report on C-58 contalns no find-
inga in conflict with the resuits of C-18. The
report of May 28, 1943 (C-58)'* states that
the phase difference seems to remsin constant,
but a great deal of difficuity is encuuntered in
cheeking the alnce

reliable, since the ground might vary over very
large areea), and the adjustments to be made
then calculated from those measurements. This
solution did not ueem practical for a useful
military direction finder.

CONCLUBIONS

The investigations under Project C-58 on
compenasted foops reveaied a probiem not men-
tioned in the Pettit and Terman report. That
in, the varying impedumves of the antennas
with varying frequency and ground conditions
effeetively prevent the uae of the voitages
induced in infinite-impedance antennas to com-
pensate against horizontsliy polarized waves.
The voltages discussed in the former report
must be assumed to exist in infinite-impedance
antennas, but auch antennas are not available
in practice. Since the loop antenna’s principal
vafue is that it may be tuned, and when tuned
ita impadance is a critical function of frequen-

they seem: to vary. It is also stated in the
report of July 1943, that “the phare and am-
plitude relationships remain constant over

cy, the conditions of infinite impedance for an-
tennas in a compensated-‘oop system are mot
practicable.
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CORRELATION OF D-F ERRORS WITH IONOSPHERE MEASUREMENTS

RIOR TO THE WAR no coordinated study of
ionosphere trlnlmln‘on and d-f errors at

correlating d-f errors and ionoaphere condi-
tions what was attemnpted and will offer valu-

high radio had ever been able sugg;
Such & study was desirable from the stand-
polnt of ini

establish criteria for the presence and extent
of d-f errors caused by the jonoaphere.

At a series of conferences called by Division
13, NDRC, and beginning in late January 1841,
plans were made for systematic observations of
ionosphere characteristica and d-f errors in
the range 2 to 30 me In which waves are re-
fiected from the jonosphere. The general plan
was to have slmultaneous ionosphers and d-f
observations at a number of points on this
continent. A. & result projects were set up In
Division 18 to implement this coordinated study.

furoished

as to the layout of the job to
do this kind of work. Studied in connection
with the final report on Project 13.2-92 and
the bimonthly reports of the IRPL-G series
beginning with IRPL-G1, July-August 1944,
the early groundwork for the present improved
services performed may be ascertained.

Sectlon 11 of the C-13 report' descrives the
apparatus used. Retter and simpler equipment
was subsequently developed. Section V indi-
cates the progress of the project with applica-
tion to radio transmission up to the date of the
end of the project. Section II summarizes
types of normal and abnormal ionosphero and
Geld-intenwity characteristics ohserved and
shows some of these in the form of graphs and

of records of relative field intensl-

data and numerous d-f stations furnished bear-
Ing information over considerable periods. The
work was coordinated and cleared through the
National Bureau of Standards [NBS] to whom
the observations were sent.

The ionosphere reports submitted under
these several projecta were used by the various
branches of the Armed Forces. The establish-
ment of channels for reception of incoming
data and techniques for processing it led to the
development of a service knwn as the Inter-

ties over certain propugatlon pathe. The origi-
nal tabulations and records aro on file at NBS
and the cooperating laboratorles.

- PROJECT 13.2.92

At the termination of Project C-13 & new
project, 13.2-92, was instituted. The work
accomplished under this project ia as foilows.

The correlation of d-f errors and causative
ionosphere conditions was carried out by five

service Radio P

v {IRPL]"

located in Washing-

devoted to predlctlon nnd fnrecu!mn of hl
radlo on &

ton, D. C., Alaska, California, Puerto Rico, and

basis, The advantages of this work to the com-
munications of the Armed Forces durlng the
war are obvious,

“ PROJECT G13

The several projects in Division 13 dealing
with the cooedination of jonosphere mesure-
ments and d-f errors are C-13, 12.2.88, 13.2.90,
18.2.91, 13.2-92, and 13.2-99,

Section IV of the final report on Project
C-18 will serve to show future in

The d-f measurements at all the laboratorles
were made with the Navy type DAB apaced-
loop direction finder, Thisand the other squip-
ment employed are described fn the final
report on Project 13.2.92.' Meusurements were
made on a large number of stations distributed
In azimuth, distance, and frequency. The re-
sults obtained on approximately thirty repre-
sentative stations dealt with in the report show
relationships of bearing errors, field fintensi-
ties, maximum uuble frequencies, and sklp
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tion, and transmitter antenna directivity.
Mention is made of effects of aporadic-E,
seattering, and ionosphere disturbances,

The results demonstrated that deviations,
often in excess of 50°, occur in tranamissiona
received at the NBS d-f site from atations
located in England and Germany. The influence
of auroral absorption zone on bearing accuracy
uver these paths is analyzed and indicates that
the ateep gradient of absarplion between paths
passing near and through the zone ressonably
accounts for the effects on low operating fre-
quencies. On high operating frequeneies, the
dropping of the calculated maximum usable
frequency for the path below the value of the
operating frequency seemed to aceount fairly
well for the iarge devlations.

Correlation was found between bearing er-
rors and fleld Intensities, the large errors oc-
curring when fleld intensities are relatively
weak. Considerable evidence that large errors

controlled oscillator in & metal case with a 4-ft
vertical antenna, Measuremants were made at
30° intervals and st 300, 400, 500, and 600 ft
at fixed frequencies ranging between 2.00 and
17.32 me. Errors in bands 1 and 11 were had.
}t was found possible to minimilze these ervors
by redistributing the loop inductsances, The er-
Tor in every case was taken as the difference
between the true bearing and the mean of the
direct and reciprocal besrings measured by
the DAB.

Beginning March 1, 1944, after a prelimi-
nary period of training, regular observationa
were begun on stations in areas suggested by
NBS. These stations were in Alaska, Ruasia,
Mexico, Hawsii, Japan, Chins, and Australia.
Data were recorded on weekly summary forms
and copies sent to NBS,

For the most part, large deviations were
observed to occur during periods when the
maximum unble frequency for the path was

might be predicted at times when the
usable frequencies fell below the operating fre-
quency was also obtained. Simultaneous oc-
currencea of large errors and severe geomag-
netic disturbances were observed on the Beriin.
Sterling (D.C.) path and on the Daventry-
Sterling path. Only alight evidence of geomag-
netic disturbances on bearing accuracy for patha
other than those passing near or through the
suroral zone was discovered.

The program was conaidered suffielently well
under way at the end of the project to enable
its being tsken over by IRPL. Thua the spon-
sorshlp of tne project by NDRC ended June
30, 1944,

.- PROJECT 13.2-88

The final report’ on this contract' with
Stanford Univeraity deals briefiy with cholce
of aite and coastrnction, goes into detail on the
catlbration and adjustment of the DAB direc-
tion finder and mentions preliminary conclu-
siona deduced from the results of dats observa-
tions,

Calibration was accomplished by meuns of a
target tranamitter consisting of a amall eryatal-

* Contract No. OEMar-1122, Stanford University.

below the operating frquency of the t
sion being observed, However, exceptions to
this were noted, especially over multl-hop paths
in the Pacific ares,

The correlation of bearing deviations with
feld intenmty wan good, in that nearly all large

by
Iy low feld. intenulun, although the converse
was not always true.

-

PROJECT 13.2-90
The primary object .f thia project® was to set

.up & Navy DAB unit at a site appropriate for

proximai d-f obaervatlons, as a means of study-
ing lonospheric and rsdio transmission factors
of importance in the deviation of long distance
d-f bearings. Actual operation of the equip-
ment was carried out under contract between
the University of Puerto Rico and IRPL. The
final report’ gives the methods of calibration
employed, the means by which the lower-fre-
quency banda were made to have smaller posi-
tive errors than they originally had, namely,
by readjusting the loop inductances as waus
done under Project 13.2-88.

* Contract No. OEMar-1101, University of Puerto
Rico,
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ou PROJECT 13.2.91

Work on this project” was csrried out in
Alasha, where the Department of Terrestrial
Magnetism, Csrnegie lnstitution of Washing.
ton, set up a Navy DAB-8 direction finder near
the Univeraity of Alaska, Direction finder
measurements were made on a 24-hour basis®
in April 1944 snd continued untii the project
was taken over in July by IRPL, Among the
accomplishments were the piotting of mean
hourly devistions from true bearings of the
stations observed, and production of scatter
diagrams of (1} mesn diurnsl benrmq devis-

south iine with inereasing geomsgnetic X-fig-
ure, In generai it scemed that preliminsry re-
suits strongly confirmed the desirsbility of
vvalusting directionai bearings in the light of
radio wsve propagation characteristics, but did
not. show much promise of isoiating systematic
trends to permit application of predetermined
eorrection fsctors for genersi use,

.- PROJECT 13.299
As in the other projects of this series, a

DAB direction finder was set up, this one near
‘s, by Hsrvsrd Unl-

tions veraus mean diurnsi K-fig-
ure, snd (2) meun diurnsi bearings of observed
stations for a mean diurnai geomagnetic K-
figure of 30 (considered mormai) on polsr
coordinates, showing the direction of their
deviation from the true hearing.

Primary conciusions from these ansiyses,
which were continued sfter the project eame
under IRPL, was thst bearing deviations seemed
roughiy to go in the direction of s north-

< OEMar-1161, Carnegie Tnst:tution ~ Washington

vemty. and bearings were taken on the re-
quired stations, the data® being submitted to
the Buresu of Standards. In wddition plana
were prepared for conducting sweep-frequency
ionospheric observations by sutomatic equip-
ment. This involved the conatruction of the
necessary equipment, This project! was taken
over by IRPL st the termination of the NDRC
contract.

“ Contruct No. OEMusr-1252, Harvard University.
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Chapter 7
MISCELLANEOUS DIRECTION-FINDER RESEARCH

EVERAL PROJECTS under the supervision of

Division 13 carried out certain tecnnical
work on direction finding which is not con-
veniently or fogicaily piaced in one of the other
chapters of this vulunie. This work la sum-
marized here, to coniplete the record.

0 TESTS ON DIRECTION-FINDER
SYSTEMS—PROJECT 13-110

1n July 1845 Section 13.1 of Division 18 set
forth the genera) thesis that standards for d-f
systems should be worked out so that the
adoption of suitable standardized procedure
{of testing d-f systems) wiif reault in simpiifi-
cation of correlation of data when two or more
direction finders are to be compared. At the
time, the Services were employing a wide
varlety of direction finders, differing in respect
to their collector aystems, bearing indicatora,
and methods of resolving bearing information
The frequency band coverage Included il com-
munication frequencies from very low through
uitra-high frequencies.

A conference of representatives of the vari-
ous Service iaboratories with membera of Divi-
sion 13, NDRC, set up proposed test procedures.
Central Communicationa Research, Cruft Labo-
ratory, Harvard University, was assigned the
task* of investigating the practicability of the
proposed procedures by nppiying them to exist-
Ing d-f systems and, at the close of the war
with Japsn, four Army units, SCR-502, SCR-
503, SCR-551 snd a deveiopmental model of
CRD-2, und a Navy DAB installation had been
set up by the laboratory ataff;: Some measure-
ments had been made and arrangements were
completed for continuing the work actively
under & Navy contract,

22 SURVEY OF AIRBORNE DIRECTION
FINDERS- PROJECT 13109

A survey of existing airborne d-f aystems
for high trequency. very high frequency, and

& Uontract No. OEMar-1441.
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ultre-high frequency was condueted under
Project 13-109 and the revised final repors®
given the reault of this investigation together
with recommendations for future work. The
report gives frequericy range, present status,
type of indication, type of antenna, weight
wind drag, power consumption, and special
featurea for the following direction finders:
homing equipment; RC-138-T1. AN/ARA-S,
AN/APD-1, M-3100, and C-1900; manually
rotatable AN/APA-24; sutomatic direction
findere DBH, DBA, CXGJ-2, CXGJ5, CXHT,
CXHM, CXGG-2, CXGL-2, M-2300, M-3000,
and M-4500. These instruments cover the fre-
quency range from 025 to 5,000 me.

RECOMMENDATIONS FoR FUTURE WoRK

At the time the report was written no
existing equipmenta covered the fower portion
of the radio spectrum. Two pending develop-
ments inciuded frequencies just above 2 mc,
the DBA and DBH, but these were designed
primarlly for shiphoard inataifation, and it
was only the expressed need for airborne auto-
matic directior finders for high frequencics
which prompted the Naval Research Labora-
tory to auggest that these equipments might
be satisfactory for arcraft instaiiation.

Previous experiments in airborne h-f dlrec-
tion finding, as weil as knowiedge of the re-
radiation characteristics of aircraft discour-
aged the inatailation of h-f direction finders
with 360° bearing indication as airborne equip-
ment. The likelihood that the DBA or DBH
instailed on aircraft wiil give good accuracy
was not promising.

Homing-type rection finders operated
satisfactorily at any frequency on an aircraft,
yet this survey reveais no homing direction
finder existing or under deveiopment for fre-
quenciea below 18 me. This was probably not
due to electricai difficulties In the design of
such equipment, but to the fact thet the Ser-
vice found major difficulties in using homing
direction finders for obtaining bearings on
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distant signals. To take a bearing with a
homing direction idnder, the plane’s heading
had to be varied, and at the time the bearing
was taken, the plane’s heading and position had
to be recorded. This process was considered
unduly confusing for the navigator. When the
homing direction finder was employed to home
to within visual sight of a transmitter, this
difficulty did not arlse, and it was for such
purposes that the homing direction finders in
thia list were probably intended.

Even in the lower very high frequencies, it
was expected that the aircraft atructure would
causc serjous errors in any direction finder
which provided indication for 360°. Tt was for
this reason that the accuracy of the CXGJ-2,
CXGJ-5, and CXHM waa doubtful in the lower
portion of their frequency range.

From 100 mc upward, gaps in coveragé by
automatic direction finders appeared to be due
only to lack of sufficlent Service Interest in the
past, Upon completion of developments under
way, the only frequencies between 100 and

5,000 me not covered by airborne automatic
direction finders would be from 180 to 225 me,
and the manually rotutable C-2100 covered thls.
There was & need for an sirborne unit to cover
100 1o 156 mc which doea not have the large
wind drag of the CXGG-2,

Above 5,000 mc there appeared to be no
development problems peculiar to airborne
equipment, and any system which would oper-
ate on land or on shipboard could be adapted
for airborne installation.

Tt appesred that new approaches were
worth i ion for di i i
direction finders in the frequency band from
2 to 30 me, where there was need for equlp-
ment which could take bearings on communica-
tions transmitters without the difficulties in-
herent in homing direction finding.

From 30 to 100 mc, there was a similar
though somewhat less pressing demand for
autumatic directlon finders. Provided the
CXGJ-2 proved satisfactory, research was in-
dicated only in the
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Chapter 8

U-H-F RADIO-SONDE

Development of & simple direction finder for observ-
ing the f.ght of meteoroloxical balloona! Uaing an
Adeock antenna and a singtedipole antenna aystem
wilh a corner-type refiuctor mounted on & triped, an
accuracy of %" in determination of azimuth and from
0° to a few degrees in elevation was attalned when
meanuring the direction of balionn transmittera operat-
ing on 183 mc. Gold plating the reflector wires im-
proved the ahielding of the reflector materlally.

UBJECT

0 MEET the need for a simple and dependable

method for observing the flight of meteoro-
logical balloons under any and all weather con-
ditions, a simple, easily portable radio d-f equip-
ment was developed.* The instrument meas-
ures both the azlmutha! and the vertical bear-
ings of & small radio transmitter sent aloft on
balloons, thus avoiding the problems incidental
to the maintenance and aynchronization of two
ground stations which would be necessary It
only the szimuthal bearings were observed.

o

APPARATUS

The transmitters employed as & source of
signals for the experiments are the type used in
radlo-sondes. They tranamit a vertically polar-
ized wave algnal at 183 me.

The radio direction finder is comprised of an

DIRECTION FINDER

that, when properly oriented and placed with
respect to the dipole, it nsutralizet the effect of
the original field at the dipole,

A simple sketch of the inasirument is shown
in Figure 1. Referring to the figure, the ele-
ments marked 1 and I', which are self support-
ing rods of duralumin or other suitable ma.
terial are each A/4 long, Rods 1 and 1’ are co-
nxully luppnrted with their adjacent enda

apaced 1 em apsrt, by

supports 2, which are in turn aupported by the
tubular spacer 8 so as to maintain the rods 1
and 1’ in & plane normal to axis X-X* with the
pairs of rods parallel and spaced 1,2, Rods 1
and 1" have thelr inner enda connected together
respectively by the line 4. This assembly is a
directional antenna of the Adcock type, and ls
used to determine the azimuth of the incoming
wave in a manner to be deacribed later.

Rods 5, similar to rods 1 and 1', are similarly
conxislly supported hy insulator 6, Rods 6,
constituting a dipole antenna, feed the line 7.
The dipols 6-5 together with the shield 8 con-
astitute the antenna assembly fur the determin-
ation of the vertical angle of incidence of ths in-
coming wave,

The shield 8 is of the corner-reflector type
which shields the dipole from reflected waves
from ground without impairing the receptlve
and directive ¢ lcs of the dipole In its

Adcock antenna for
angles and a aingle dipole antenna for measur-
ing vertical angles shielded with A corner-type
refiector to make the dipole free from the effects
of veflected waves from the ground, The reflec-
tor system is in fact a secondary radiating »;
tem which, when placed in an electromagnetic
field, produces a sccondary radiation fleld such

* Profect C43, Contract No. OEMur.217, Californla
Tnatitute of Technology. It is underatood tiat & radio-
wonde d-f aystem devalored Independenily by the Air
Forcea made it unnecessi.ry for the Signal Corpa to do
any more work on tha Instrument developed under thia
project.

CONFIDENTIAL

reception of the direct waves from the trans-
mitter.

The reflector wires 9, approximately 0.8 in
length sre supported so as to be mutually
parallel, and st the same time parallel with the
dipole 5-5 in two plunes, whose intersection is
the line D-I. The included angle between the
planes ABC 15 60°. The dipale 5-5 lies in & plane
which bisects angle ABC at a focal distance p
of slightly greater than A/2 from the line D-D’
and paraliel thereto, The reflector wires should
not be more than A/60 apart, and preferably
closer.
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Flauxe 1. Sketeh of d-f Mebbrmd.
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The two antennas are conicted through
their feed lines 7 and 10 to & d-p, d-t switch, of
suitable design for the frequencies employed,
permitting connectlon at will of elther antenna
to the line 12 which feeds the receiver 13. Line
10 connects to the electrical midpoint, which is
also the geometrical midpoint if carefully con-
structed, of line 4, Lines 4, 7, 10, and 12 are
made with two paralle] No. 18 copper wires
separnted by victron spacers.

The two antenna systems are so mounted as
to be rigidly held in fised positions relative to
each other and constitute the directional an-
tenna assembly. The axes X-X", Y-1", and Z-2°
intersect at angles of 90° each with the other.
The dipole 5-5 s parallel to axis X-X'. Lines 7,
10, and 12 have a length of A.

The directional antenna assembly may be ro-
tated about axes ¥-Y' and Z-Z, One meana of
turning and controlling the rotation of the as-
sembly about axis Z-Z is iHlustrated where the
worm reduction gear 14 is turned by means of
the hand wheel 15. Rotation about axis Y-1"
may be produced manually or by some mechanl-
cal device. The angular positions due to rotation
about axea Y-Y' and Z-Z may be indicated and
mesaured by any sultabie aystem. The simple
device shown in the drawing consists of a
graduated quadrant 16 and fixed pointer 17,
The fixed graduated ctrele 18 and its associated
pointer, 19, indicate and measure angular rota-
tion about the Z-Z’ and Y-Y" axes reapectively.

The complete unit is ahown mounted upon 2
tripod, 20, so that the recelver, 13, is one wave-
length above ground. For best results the axis
Z-Z' should preferably be more than two wave-
lengths above ground,

The superheterodyne receiver 13 has an out.
put meter to indicate the signal Inte
pair of earphones for audible i
must be well shielded to eliminate stray pickup.
The receiver la supported by a tubular support
21, 5o that it rotates with the antenna assem-
bly as an integral unit with it, and definite
advantages result since it makes betler shield-
ing possible and there is no possibility of the
characteristles of the transmission lines being
altered even though the assembly ia continu.
ously rotated in the same direction. In tius way
the relative position of the aperator with re-

spect fo the two antenna Autems will remsin
d during hus elimil

any error In the memmnenu caused by the

changing position of the operator with respect

to the antenna system.

RESULTS

Various types of refiector aystems were
tested as shields of a dlpole antenna from
ground-reflected waves when used to messure

FIGURE 2, Azimuthal response of A/2 antenna
2/80.

with 60" cornar reflactor spaced 3/

the clevation angles of incoming electromagne-
tic waves. A single rod reflector, reflector and
director combination, cylindrically parabolic
sheet or wire reflectors, cylindrical sheet or
wire refiectors, and corner reflectors were ex-
amined.

The corner reflector in conjunction with a
ehuple /2 dipole was found to be most satis-
factory for the purpnse, Figure 2 is & polar
diagram of the strength of the received signal,

CONFIDENTIAL




150 1 H-F RADIO-SONDE DIRECTION FINDER

in terma of the i-f voitage on the plate of the
Inst i-f atage of the receiver, for various hori-
zontsl nngular settings of the shield. The circle

Figure 2. Curve C showa that the shieiding is
quite effective and fairly wniform,

In Figure 4 are shown respona curves indi- I

w

SKNAL STRENGTM M I-F VOLTS

W2 ANTENNA WITH 80° GORMER REFLEGTOR

e e o s

PAGED K60

-0 -20

E 50
TILT N DEGREES

Fiouar 3. Response charactaristies with antenna tilted toward transmitter,

representa the uniform aignal received without
any shleid. Maximum shielding is shown where
the open side of the shield is 180° from the
transmitter. In this setup the A/2 antenna and
the reflector remained vertical, snd the reflec-
tor was rotated about the antenna. The curves
show the reauits for diffcrent focal distances p
at & spacing of 1/60 between reflector wirea,

1t was found that a focal distance of 86 em
gave the best resnlts with a good ratio of shield-
ing to guin as the reflector waa swung through
180°, Representative curves A, B, and C show
the reaponse for p's of 85, 86, and 100 cm
reapectively.

Figure 8 shown the results of tliting the A/2
antenna with and without the shieid, toward a
atatlonary transmitter located on Mt, Wiison
(sbout 7 miles away) about a horizontai
axia. Curve B is the response of the antenna
slone without any ahield. Curves A and C are
with the shield in place facing toward the
tranemitter, and opposite to it, respectively.
These positions correspond to the respective
angiea of 0° and 180° in the polar diagram,

G #3218 &

Fiouee 4, Asimuthal reaponse of dipole with 60°
corner reflector made of wires of different lengths.
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cating the effect of the length of the wire ele-
meats of the reflector at A/7.6 spacing on its
shielding properties. Because of the congestion
of the curves near the zero-angle region, only
representative curves are drawn in the figu.e.
It is seen that beat shielding occurs at the
length of 0.66a. This value was used as the
optimum length of the wire elements In the
later experiments on the wire spacings of the
reflector.

Fiovan L Hsuiss lsiwsm iy imiees
“wires in corner reflector and azimuthal responss.

Figures 5 and 3 show the effect of wire spac-
ing on the shiclding properties of the reflector,
It in seen that the closer the spacing of the wire
elements, the better it the shielding, although
it in not too critical when the apacing is smaller
than A/7.5. Nonetheless, /80 apacing seems to
be the best in the group.

These tests were all made close to ground. It
was ister found that the results thrs obtained
do not quite hold when the corner reflector is
mounted on the instrument at & height of 3a
sbove ground, and in the vicinity of the Ad-

cock antenna and other metal supports of the
instrument.

Experiments made with an incoming radie
wave emitted from & transmitter at Mt. Wilson
at a vertical angle of 74{° showed ‘that with-
out the reflector the deviation from the true
direction is over 22°, while with a reflector of
A/30 spacing the deviation reduces to about 1°
(see Figure 7)., From Figure 7 it ia seen that
for » A/60 spacing the null point is much
sharper. It is to be remembered that at thia

e e e e
iy ey e TR
on Figure &

grazing angle of 71,°, the intensity of the re-
flected wave from the ground is extremely
strong. This suggested the mecessity of further
decreasing the spacing and the results shown
in Figure 8 using /120 and /240 apacing are
quite aatisfactory. In both cases the deviation
15 oniy 14° which ia of the same order of mag-
nitude 2s the experimental error of the instru-
ment. It is also seen from Figures 7 and 8 that
the small humps which appear in the case of
Inrger apacings are | moothed out in the case of
A/120 and A/240 spacings,
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LEETR O wRE -

Fivinn | Sl e ket o L) g w8 e e wiTh Bl R
between reflector wires.

0

15 LENGTH OF WIRE = 0.88%

SIGNAL STRENGTH IN 1-F VOLTS
»

VERTICAL ANGLE IN DEGREES
Fioure 8. Continuation of data shown in Figure T with more wires in reflector.
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USE oF COPPER SCREENING AS SHIELD

For the A/60 spacing there were about 120
wires which had to be individually fastened Into
proper place with the vight spacing, and for &
A/240 apacing there were 480 wires fastened on
to the reflector frame. Some difficulties were
experienced in putting on and changing alt
these wires on a ilght wooden frame with the
spacing so ciose and yet without the wires
touching each other, when they had to be fast-
ened on to the reflector frame which is about
20 ft above ground. The A/240 spacing is al-
ready so close thst further decreasing of the

spacing ia impractical In the present method of
mounting. In view of thia fact shielding prop-
erties of fine copper wire screen were experi-
mented. Figure 8 shows the response curvea of
the reflector using various numbers of pieces of
copper wire screen as the reflecting elements.

1t can be seen from Figure 9 that the inore the
wire screen is cut, the better is the ahieldink.
This shows that the presence of the horizontal
members of the wire acreen decreases the effect
of shielding.

Different sizea of wires and tubings ranging
trom No. 32 wirc to V4-Inch tubing were tried
ax the reflecting elements and no appreciable
difference in the efficieucy of the shielding prop-
erty of the reflector was observed.

DETERMINATION OF AZIMUTHAL ANO ELEVATION
ANGLES OF AN INCOMING WAVE

Directional measurements were made on in-
coming waves emitted either from a stationary
tranamitter located on top of Mt. Wilson 7 milea
away, or from u transmltter sent aloft on
meteorological bailoons.

Tabie 1 ahown the results of azimuthai meas-
urements with the Adcock antenna made in an

TS 1. Assmuthal angles messurcd by Adeock
antenna.
Olwrvations made by~ Visusl  Verlioal angle (st time
"\deock anfenia,  obwervalion, seimuthal obarvation
in dogrees  do wan ), 0 dogrecs
" m 3
w7t »w 32}
bl b 20
" » 2
7 Tl 45
9 vl 42
4 ] 45
» ;' 25}
7 Mt Wikon) 73 ot
4 (M1, Wikion) 0 7
0 (ML Wilon ) 7

apen field with the transmltter supported by &
captive balloon. This illustrates the indepen-
dence of the azimuthal measurementa from the
verticai Incidence of the incoming wave, The
last three low-angle measurements were made
st different times, at different locations, on the
Mt, Wilson transmitter. The accuracy obtained
in the azimuthal measurements ia within 14°.
Repeated measurements made on the elzva-
tion angles of the divection of the incoming
wave emitied from a transmitter on top of Mt.
Wilson are within 14° from the true direction
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(whose truc elevation angle is 714°). Observa.
tiona were also made on transmitters sent aloft
on captive balloons at various altitudes and ele-
vation angles, The results of thess observations
made at various times are shown in Table 2.

TABLE 2. Measurements of elovation angles by a
dlpole antonne with corner reflector.

Dutermined by dipole antent Determined visuadly,
in degreen im dogree
a2 12
] 2
24 21}
I a
50 50
20 20
a2 22
w0 #
5 8
a5} 844
6y o
b o

sy

) 5]
) 7
50f
E

)

831

254

04

3y
b

274

26}

414

284

2

¢

bl
a

134
n

34

:»x

a7
0 3
0 35,
A1y 3]
A1 0
| n
41 .
N k)
o a8
any s
40} i3
2 2
431 3
43} 44
434 43
41 10|
4y bt
42} 40

Table 3 shows the measurements made on the
elevation angles when the reflector was re-
moved. This demonstrates the great devistion

TASLE 3. Measucensents of elevation angles with-
out eflector.

Detotained by dipole antenna, Drtermined visunlly,
xtees i

n dey in degrees

3§ 5
12 16

7 14
19 14
25 31
28 17
0 2
Il €2
w0 30
i a4
an k0
[y 72

in the readings from the true direction caused
by ground.reflected waves.

While some of the reaults of the elevation
angles obtained by using the direction finder
are very good and agree within 14° with the
readings obtained visuaily, there are readings
which differ quite appreciably from those meas.
ured visually, Thia is probably due to the fact
that the antenna swings badly, changing the
plane of polarization of the incoming waves.
This in turn affects the maguitude of the em{
induced in the receiving antenna and causes the
fluctuation in the output of the receiver, When
the indicator needle swings badly, it is hard to
determine the null point with any accuracy,

EFFECT OF SHIELD OXIDATION

Another factor responsible for the deviations
in the rendings which sometimes amounted to
2s much as a few degrees is probably the de-
crease in the efliclencv of the shielding system
on account of the formation of a poorly con-
ducting layer on the surface of the copper wire
elements. This layer is due to oxidation, caused
by the constant exposure of the shielding ays-
tem to varlous weather conditions, Since at
uitra-high frequencies, practically all the cur.
rent flowing in the wire is concentrated on the
surface of the wire, any contamination of the
surface will decrense the efficielny of the wire
elements in ther secondary radiation. This is
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especially important in the present case be-
cause the necondary radiatlon feld due to these
wires serves to neutralize the effect of the
ground-reflected waves at the antenna, Any
deterioration in the efficiency of the shielding
system would decrease the intenaity of the sec-
ondary radistion fleld thua causing the effect
of the ground-reflected waves still to be mark-
edly noticenble at the antenia.

0

necrs using fixed and movable target transmit-
ters which were either set up on top of one of
the laboratory buildinga or carried around by
an Army jeep on the fleld. The results obtained
were quite satisfactory. Later a free balloon
flight with a buzzer-modulated transmitter waa
made and the flight lasted about half an hour
with a range of approximately 25 miles, The
reaults obtuined show that an error in both the

OF WIRE = 0.88 %

SIGNAL STRENGTH W |-F VOLTS

semeemee WITHOUT REFLECTOR
~—-—:—0LD REFLECTON
GOLD PLATED REFLECTOR

VERTICAL ANGLE FROM HORIZON IN DEGREES
Fioume 10. Effects of gold plating the reflector.

A new corner-type reflector was made of No.
80 copper wire which was gold plated. Tests
made nsing the new reflector on an incoming
wave from Mt. Wilaon show & marked improve-
ment over the old reflector whose elements had
been badly oxldized. This is shown in Figure 10.

EXPERIMENTS MADE AT FORT MONMOUTH

The direction finder was shipped to Fort
Monmouth Scptember 18, 1942, where it was
set up on the ground in front of oue of the
laboratory buildings of the Signal Corpa Field
Laboratory No. 2 at Eatontown, N. J. Exten-
aive tests were made by the Signal Corps engi-

azimuthsl and elevation angles ranged from
1° to 315°.

During one of the flights, the theodolite ob-
server lost the balloon in a hesvy cloud bank,
but 25 minutes later the ballcon was relocated
in the theodollte with the help of the settings
obtained by the direction finder.

1t is believed that by using proper damping
devices to keep the antenna from awinging ap-
preciably durmng the flight, by properly ahield-
ing the tranmaitter and by further incresaing
the efficiency of the reflector aystem auch as by
decreasing the reflector spacing. etc, the me-
curacy in the determination of the elevation
angles can be greatly increased.
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Chapter 9

DEMOUNTABLE SHORT-WAVE DIRECTION FINDER

Tievelopment of equipment (SCR-502) giving Inatan.
tansous bearinge on algnsls In the reglon 1.5 to 30 me,
easily transportable In an Army trailer, capable of
being areeted In o few hours, with wave collectors aa
free from polarizetion errors as possible, the cathode-
ray oscllioscope paltarns which show bearing also
giving Indleation of the quality of Ihe bearings and
Ihe condition of operation. As a single-band syatem
{SCR-291) thia apparalus was widaly used by the Alr
Transport Service.!

" INTRODUCTION

T THE TIME this project’ was started, the
principal short-wavs direction finder in

use was the elevated H Adeock system. It was
manually rotated by the operator and employed
aural null indication. A typical devics of this
type was the SCR-661-T1, Some imi

- ACCOMPLISHMENTS
The SCR-502, a two-band aystem covering 2
to 80 me and which was produced In quantity
a8 a single-band system for 2 to 10 me (SCR-
291), gave bearing accuracy of 2 per cent on
perhaps 75 per cent of the received signals
when the apparatus was properly set up, the
octantal error corrections made and the opera-
tor trained to its use.
Compared to exiating aystems, the SCR-602
had a great Improvement in accuracy, gave the
operator the ability to see the nature of the
gignal and to interpret ita probable worth as an
indieation of bearing, and was reasonsbly port-
able slnce it could be set up In about 2 hours
on a suitable level site without the necessity of
burying any cables or indulging in airplane

work had been done on a fixed llnd-ltltlm
direction finder for these frequenciea, desig-
nated the DAJ, and made for the Navy, No
portable short-wave direction finder was avail-
able which would give reasonably accurate
bearings under conditions of sky-wave recep-
tion, principally because of errors cauacd by
horizontally polarized components of the re-
celved signal. 1n a Iarge number of cases it was
impossible to take bearings with existing ays-
tems because of the inahility of the operator to
follow the null mechanically, Tests on an ele-
vated H Adcock showed that its performance
was greatly affected by ground condltions and
that the order of balance required to secure pro-
tectlon against horizontally polurized waves
was beyond all practical limits,

The DAJ equipment showed that it was pos-
sible to secure materialiy improved results by
nning eathode followers at the antennas and by
burying the cables to reduce the cffects of cur-
rent in them to a small degree,

*Profect C-34, Contruct No. OEMar.263, Federal
Telephone and Radio Corporation.
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eany of maintenance becsuse of the cathode fol-
lowers separating the antennsa from the con-
nectlng csbles to the apparatus,

The principal characteristics and advan-
tages of the system are:

1. Bearings can be taken on very short sig-
nals. For instance, a good bearing can be
taken by an ordinary operator in 2 seconds
maximum (Including sense Anding).

2. The reliability of the bearlng is known,
The indicator shows whether the signal is
mixed with Interference or with other slgnals.
Iy shows If the hearing is steady and reliable,
or shifting due to propagation conditlons.

3. The signal ia audible during the taking of
bearlngs.

4. The accuracy is independent of the fre-
quency within the limits allowed by the quality
of the antenna and goniometer designs,

5. Only one receiver Is used in a conven-
tional manner. The rcceiver differs from a
standard type in that the input circuit is de-
signed to match the balanced output of the
goniometer and the output of the rectified i-f
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circuit is connected to the external oscilloscope
amplifier.

6. Remote indication ia po
scope Indicatol
cate the same image as the originsl, The trans-
riission can be effected on two wire line pairs,

7. Se ity of the d]recﬂnn Ander for a

ivity of 8 ke and a ai ratio of
8 to 1 varies between 6 and 12 uv per meter
within the Irequency range covered. Under
theae condi good readable pattern is ob-
served on the mdmwr 30 that an inexperienced
operator can take a bearing accurate to within
2 per cent and an experienced operator can take
a bearing accurate to within 1 per cent. Cor-
rection curves of the mystem installed at a
proper slte are not larger than +4 degreca.

The sensitlvity on sense is the same as on
direction finding; on downcoming waves with
clevation angles up to 80°, the sensitlvity is
practically as Indicated above; half the above
figures hold for angles of 45° and one-quarter
the values for angles of 60°,

8. Polarizatlon errors as measured by means
of & transmitter on & 90-ft tower sre no larger
than those of the best fixed antennse that
could be installed. The monopole antennas are
25 to B0 times leas sensitive to horizontally
polarized waves than to vertically polarlzed
signals. Standsrd wave errors are of the order
of 1.5 to 8° maximum,

9. Installation of the complete system plus
adjustments requirea 47 man hours; a trained
crew of five men can place the direction finder
In operatlon In two to three hours.

RIPTION OF THE EQUIPMENT

The direction finder comprizes:

1. Two sets of five monopole vertical an-
tennas, only one set to be utilized at a time with
the corresponding aet of transmission lines.
One set covers the range 2 to 10 me; the high
band coliectors covering the range 10 to 30 me.
The two wave collectors differ in the apacing of
the receiving elements, and therefore, in the
lengths of transmission lines and the dimen.
sions of the ground mats,

Each set of wave collectors comprises four
fixed monopole antennas used in conjunctlon
with a crossed-coil goniometer plus a fifth re-

ceiving element identical to the four others of
the group, installed in the center of this group.
This fifth element is used for sense finding. The
two wave collectors can be instalied in several
ways providing a irmum distance of sbout
60 yards exists between the two.

2. Two remote motor-driven goniometers i
stalled in the field near the antennas and de-
signed to operate in the wave rsnge of each
antenna,

3. A receiver covering the entire range in
several bands,

4. A CRO indicator.

5. A power-supply system no; mally designed
to be operated from 110 valts i
rent; if this current Is not available the equlp-
ment can be operated from a storage battery
feeding a rotary converter, although the bat-
tery draln is high.

A remote indicator, all electronic, repro-
ducing at s distapce of 7.5 miles the pattern
obtained on the local indicator by means of two
WI110-B type field wire lines.

The receiver, Indicator, snd power-supply
cirenits are installed in s trailer. This trailer is
arranged to carry all parta of the antennas.
reels of cable, ground mata, and electronic
equipment.

- PRINCIPLE OF OPERATION

The signals received by a wave collector made
up of five recelving elements sre converted to
balanced outputa by cathode followera, mixed
and scanned with a goniometer, the search coll
of which is rotated by an electric motor at a
constant apeed of 80 rps. The signals are then
amplified and rectlfied in the receiver.

The output circuit il anged so that, In the
absence of slgnal, a continuous current is ob-
tained. The presence of the algnal earrler re-
duces the current, which approaches zero for
signal of sufficient amplitude. The output cur-

ti
rotates about the neck of the oscilloscope yn-
chronously with the seatch eoll of the goniome-
ter.

In previous designs the goniometer was in-
stalled on the same shaft as the rotating coil,
thus avoiding the synchronization problem. In
thig design, the goniometer is remotely rotated
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by a synch motor and the sy ism i
automatically controlled.

In the sbsence of signal, the deflected spot
traces a circle on the screen. In 'he presence of
signal, the deflection is decreased and the spot
tends to come hack to the center of the screen.
Because of the synchronization with the sesrch
coil, a fixed image like a double arrow, which
can be sharpened or flattened depending on the
amplitude of the carrier current at the detector,
is seen on the CRO screen,

g Sense Circuit

Sense indication is obtained ss follows: the
central antenna is connected to the output
transformer of the goniometer through a high-
frequency iine. The resulting cardioid diagram
or one intermediate between cardioid and figure
eight causes an image as shown in Figure 1 to
appear on the screen, To make the sense read-

B 9 HELE pATES R
e i () it [ protes. ot s e
R

ing easy, the position of the figitre on the acreen
is rotated 90° by connecting the output of the
CRO amplifier to another set of deflecting coils
displaced 90° with respect to the normaf set.
This operation is performed by a relay at the
same time as the =¥ from the central receiv-

ing element is applied to obtain a unidirec-
tional diagram .

The CRO indicator used locally (type AS) is
highly accurste. The remote indicator (type E)
iz less accurate but performna satisfactorily the
operation desired

»42 Operation of the Remote Indicutor

At the main station a pulse is generated
synchronously with the rotation of the type AS
indicator, This pulse, sent over one of the tele-
phone lines 1o the remote indicator, synchro-
nizes an oscillator which is used to producs a
cirele on the CRO screen. The diameter of the
cirele is controlled by the coupling tube bias,
which is modulated by the output current of
the receiver sent on the second telephone line.
A pattern simiiar 1o that observed on the type
AS indicator ie produced on the remote indi-
cator,

A voice tefephone clrcuit can be connected to
the firat line.

The remote indicator is locally supplied with
power not required to be exactly of the same
frequency as at the main station.

vas

Wave Collectors

Quite & number of sntenna systems were
studied before the one used n this system was
selected. Vertical- and horizontal-spaced foops
were compared with the well-known vertical-
spaced antenna system and it was found that,
for efficiency and sensitivity, the monopole an-
tennas were much better.

However, when using conventional monopale
antennas, with or without solid ground mat,
and with direct shielded crossed connectlon be-
tween each pair of antenmas (buried or not),
the results obtained with respect to polariza-
tion errors were rather poor.

A thorough study of the operation of the
monopoles showed that the direct comnection
between antenna bases through a solid ground
mat of small dimensions, or through the ahield-
ing of the croas-connecting line was responsible
for a very large part of the pofarization errors
observed.

Therefore, 2 new system of connection was
established, in which the lines approach each
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pair of monopoles at an angle of 90¢ from the
position of the cross-connecting lines employed
in the old designs.

If, now, the two parallel lines lesving one
antenns pair are prolonged to infinity, no
parasitic induction will take place st the nuil
point for sny polarization of the sky wave,

However, a practical length of these lines
before cross connection has been found to be
twice the spacing between monopoles, There-
fore, the lines and cross connections have the
shape of s U lying on the ground.

Study also showed that:

1. Independent ground mats of a radius of
about 20 to 30 per cent of the height of the
monopole are the most satisfactory. The use of
& so0lid ground mat of small dimensions im-
mediately jeopardizes the quality obtained with
the U connections.

2. The connection of the monopoles as ex-
plained above, with cables lying on the ground,
gives much better resulta than direct cross con-
nections even though the latter sre buried 12 ft
in the ground.

The monopoles are coupled to the high-fre.
quency lines through coupling units made of a
cathode-fullower phase-inverter circuit. In this
manier:

1. Only one tube is used to transform the un-
balanced input into a balanced output.

2, The circuit efficiently tranafers emersgy
from the antenna to the low-impedance line, for
any value of the antenns i through-
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in spite of supply voltage variations as great as
15 per cent.

As a whole, this rew means of coupling the
antenna to the lines, jointly with the ncw sys-
tem of U cross connection between antennas.
represents s complete redesigning of the old
Adcock antenna,

The use of & remotely rotatc] goniometer
requirea the use of only one high-frequency line
between the goniometer and the trailer con-
talning the equipment, with consequent reduc-
tion in the problem of halancing the electrical
lengths of the cables,

Hy Senne Circuit

Determination of sense has alwaya been a
delicate feature of the old Adeock systems, espe-
cially when the frequency band was large. Am-
plitude awu phase adjustments were needed,
snd the results were doubtful and required too
much time. A new sense circuit has been de-
veloped which does not require sn extra ampli-
fler, tuned Circait, or pbase and amplitude ad-
justment, In this new circuit the sense mone-
pole antenna is connected to cathode followers
each of which is connected through s trans-
mission line to & common dummy goniometer.
The secondary of this goniometer iz coupled to
the secondary of the normal gnniometer
tarough  sense relay. The dummy goniometer

out the rather large band required.

3. The sanie coupling unit is used for fre-
quencies from 1 to 30 me.

4. There is & loss in the voltage transfer
from antenns to line of about 50 per cent, but
a gain of power transfer of over 20 db. This is
in exceas of an ideal transformer.

5. Tube noise Is negligible due to the de-
generation present. In thin respect the circuit
works like a the ion noise

1 to the rotating
goniometer. Its purpose is to introduce within
the frequency band a phase shift exactly equa!
to the phase shift Introduced by the normal
goniometer. The two transmission lnes are of
different lengths; the difference being elec-
trieally just equal to the spacing between the
two monopoles of one directive antenna pair.
The result Is that the phase of the sense an-
tennl signal is shifted by exactly 86° through
sli the frequency band that the di-

still being originated in the first circuit and
tube of the receiver.

8. Any length of high-frequency line can be
used due to proper impedsnce matching at the
transmitting end.

7. Due to the amount of degeneration and the
absence of voltage gain, the tranafer is quite
stable and the d-f operation can be performed

rective monopoles can cover. Moreover, the
amplitude of the signsl from the sense antenna
In cqual to the smplitude of the
directive sigral for all directions snd fre-
quencies without adjustment, Thia sense circuit
avoids any sense-circuit modification of a stand-
ard commercial recejver in its use in the d-f
system,
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FiguaE 2. Fiskl Iayout of demountable d-{ set SCR-502.

Stand-by reception is provided by cutting off ‘The cable layout and the area covered by &
the plate voltage of the coupling units of the two-wave d-f system of this type are shown in
four directive monopoles, leaving the sense Figure 2. Other arrangements of the two an-
monopole operating alone, tenna systems may be employed provided that
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Fieure 3. Dimenalona of ground mats veed with two sets of antennas,

The yonlometera are of low impedance and a minlmum distance of 60 yards exists between
without shlelding between primary and sec- them. To make the antenna installation easy,
ondary. They are connected to the receiver a amall compass and tramait on a tripod are
without slip rings, through a rotating coupling furnished, together with chaina of fixed length
transformer. to determine the spacing between monopoles.
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A relay in the coupling unit shorts the an-
tenna to ground In absence of plate current so
that any parasitic reception coming from this
antenna ia wvoided. thus permitting a quick
check.up of the individusl antennas, high-fre-
quency cables, etc.

The ground mats (Figure 3) are made of
fexible copper acreening material. The dimen-
dons are fairly critical,

The high-frequency lnes are flexible solld
dielectric in type, balanced, shielded and
vinylite covered, made up of two coaxlal esbles
of about 60 obms impedance. They can be
operated in all conditions of humidity or under
water.

u Guniometer Drive Units

The goniometery (two of which are required
for a two-wave collector system) are remote
from the antennas and are contained In a
goniometer drive unit which also comprises a

motor with jzatlon con-
tacts and a junction box for connecting the ar-
ray to the operating equipment. The relay for
connecting the sense antenna line to the pri-
mary of the goniometer output transformer ls
also placed In the gonlometer drive unit.

4 Synchronization System

The synchronous motor rotating the gonle-
meter can take four different positions with
respect to the synchronous motor rotating the

T

indieator coils around the CRO tube in the
trailer. To avold a possible amblguity of 90°
an automatic synchronlzation scheme was de-
veloped (see Figure 4). Since the stabllity of
posltion of the two motors when they are run-

ning Is better than 17, the purpose of the ayn-
chronzing circuit is only to place the two
rotors in the same position without any am-
blguity.

To provide for this result, rotating contacts
have been placed on the indicator shaft and on
the goniometer motor shaft. The contactors
are wired in serles with one end grounded. The
otner end of this clrcuit is connected to the
input grid of a two-tube amplifier. This grid
in ordinarily biased to cutoff. The coniacts are
20 adjusted that the Indicator contactor is
closed for about 270° of the rotation and the
goniometer contacts clore for about 30° of
rotation while the Indicator contacts are open.
In normai synchronized operation the two con-
tactors never close at the ssme time and thus
the input grid of the amplifier is blased to cut-
off. Under this condition, grid and cathode
of the second of the amplifier tubes are at the
same potentlal and current flows through this
tube, Plate current flowing through a res.stor
produces a voltage drop which is spplied to a
thyratron as a negative blss preventing this
tube from firing.

1f, however, the two motors are oui of ayn-
chronlsm, there wlll be a period during the
rotation cycle in which the two contactors close
together, grounding the grid of the first ampli-
fler permitting 1t to draw current. Ench time
ths contactors close, a pulse of voltage appears
scross the plate load resistor and s applied to
an RC clrcuit. After several pulses the poten-
tla] across the capacltor of the RC clreult
renchea the flashing voitage of & neon lamp.
Current from the lamp through a reslstor puts
2 negative voltage on the grid of the second
amplifier tube, cutting off its plate current and
removing the cutoff blas from the thyratron.
When the thyratron fires, it opens the power
cireult to the goniometer drive motor allowing
the motor to alip one pole but atay at syn-
chronous speed. A potentiometer controlu the
time during which the motar power Is inter-
rupted.

These synchronizing cycles will continue
until the motors pull Into step, usually a matter
of from 1 to 3 seconds.

The synchronizing unit also contains a multl-
pole uwitch which aelects the proper cireuita for
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operation from elther the low- or high-fre-
quency array. It switches phase Inverter
power, goniometer drlve, and cense relay elr-
cuite, contactor synchronlzing pulses and re-
ceiver r-f input.

a4, Loeal Indicstor

The local Indicator consiste of ths following
components.

1. A synchronous 1,800-rpm motor operating
from the 80-cycle 110.volt supply. The motor
shaft ia provided with the synchronizing contact
operation described.

2, A set of magnetic deflection coils mounted
in a rotating housing which ls also driven by
ths motor. Provision 1s made for adjusting the
instantaneous angular position of the defiection
coila with reapect to the motor armature.

3. A 6-in. CRO tube of the electrostatic de-
flection type which iy positioned inslde the
rotating deflection coils and thelr housing and
whose beam is therefore deflected by the mag:
netic deflection coiis.

4. An optical system which consists of an
illuminated scale and & miror so positioned
that the refiection of the scale appears to coin-
cide with the pattern obtained on the cathode-
ray oscllloscope.

&. A controi box containing circuits and con-
trols for positioning the Image on the cathode-
ray tobe screen and obtainlng good focus and
correct intensity for easy operation.

6. Housinga and bracketa for msintalning
the mechsnical, optical, and electrical parts of
the Indicator In correct ali it for accurate

AVE DIRECTION FINDER

VE PIRECTION FINVER .

sinusoldal voltagss in phase guadrature gener-
ated by a local 30-cycle oscillator the phase of
which is synchronlzed with the goniometer
rotation by means of synchronizing pulses.
These synchronizing pulses are taken from &
rotating contact on the goniometer shaft,

When a signal Is being received, the CRO
spot is deviated towaed the center of the screen
by a reduction in amplitude of the 30-cycle
voltags. Thls reduction ls accomplished by
plate modulation of the tubes which amplify
the 30-cyele voltage. The current which causes
the plate moduiation of the amplifying tubes is
obtalned from the rectified signal voltage in the
recelvar.

The phase shift of the indi
purpose of sense determin:
2 80° phase shift of the
from the gonlameter shaft.

When the remote indicator is used at a dis-
tance from the radio recelver, the rectified
slgoal can be transmitted over a standard tele-
phone iine into a d-c amplifier of sufficient gain
to compensate the attenuatlon in the line.

In the remote indicator assembly are the
following circuits:

1. Synchronlzing-time phase shifter. This
shifts the phase of the 80-cycle voltsge to rotate
the position of the arrow on the cathode-ray
screen,

2. Oscillator. TI the initial source of
the emf for the circular trace. A modified
transitron oscillator is employed with output
taken from the plate circuit Thls form of
oacillator 1s particularly adapted to pulse syn-

ion over a fairly wide frequency band

tor pattern for
n is obtained by
vnchronizing pulse

operation.

J Remote Indicator

The remote Indicator,” an entirely electron-
ically operated unit, displays the same pattern
an the local (AS) indicator, and {a used in
conjunction with the same receiver and goni-
ometer, but does not use any moving parts. It
Ia therefore particularly well adapted for use
as a remote Indicator.

The circulsr trace of the CRO spot is ob-
tained by applying to the deflection plates two

* Not supplied with SCR-£02.

with the particuiar virtue that changes In
speed of the gouiometer will not cause loss of
aynchroniam.

8. Smoothing amplifiers, Since the oacillator
wave form is not sinusoidal, a conventional
resistance-capacitance low.pass fliter In con-
junction with an smplifier is necessary to ob-
tain a pure sine wave of sufficient amplitude.

4. Phase aplitter. To obtain the cirenlar
trace, two 30-cycle voltages in phase quadrature
must be available. Accordingly, a phase splitter
with semivariable control is incorporated in
the circuit design.

5. Dual push-pull modulated amplifiers, To
avoid trapezoidal distortion on the eathode-ray
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tube it is necessary to operate with belanced
input to the deflection platss, To avoid tran-
aients after modulation over a frequency rangs
of 0 to 10 ke, A push-pull d-¢ amplifier is em-
ployed.

8. Modulator. Two tubes in paraliel, 5 low-
mu tricde and & higb-mu pentode, are used to
Kive an arrow pattern which Is aharply pointed
at the circum(erence of the circle.

7. Second anode modulator. Because the de-
flection plates change in potential about 450
volts, and the focus of Lhe cathode-ray tube is
dependent upon the difference In the voltage
hetween second anode and deflection plates, the
second anode voltage is modulated propor.
tionately with the deflection plate voltage.

8. Audio amplifier. A conventional single-
stage amplifier is included so that when the in-
dicator is used as a remote indicator, the
oparator may hear the radio signsl the bearing
of which is being indicated.

9. Two conventianal power supples are used.
Voltage regulation is used in the power supply
for the vacuum tube plates but no regulatlon is
employed on the CRO power supply.

Accuracy of the type E indicator is depen-
dent upon purity of wave form in the 30-cycle
circuits, freedom from diatortlen in the modu-
lation znd amplifying circuits, and balance in
the push-pull circuits. An accuracy of +3.5°
was obtained in the laboratory model.

05 CHOICE OF THE SITE FOR
DIRECTION FINDING

Considerable experience was gained during
this and othar d-f projects on the matter of
proper choice of sites for d-f operations. The
gist of this experienc: follows.

The choice of the mte 1s not necessariiy the
point which would be closest to the transmit-
ter. In fact, long-distsnce bearings are more
accurate than bearings taken at the skip dis-
tance. The following simple rules will he found
ugeful in picking a df slte:

1. Seil.

2. Must be flst (not more than 1 ft change
in elevation in 50 yd).

b. Must be as bomogeneous as posaible,
capable of supporting grass or plants
most of the yesr, and as wet as possible.

Outeroppings of rocks, or large boulders
at Jess than 6 {t from the aurface, are
undesirable.

c. A flat prairie, or a cultivated field or
pasture is perfectly suitable.

d. Rocky seashores, rock lslands, or rocky
hills are unsuitable.

e. A flat ares behind a beach is suitable if
the besch ridge meeta the following
specifications.

2. Obatacles around the direction finder.

. Froin the antenna site the angle between
the top of any obstacles and horizon
must not exceed 2°, (Obstacles are
mountains, hills. treea, houses which
mask the view of the horizon.)

. An obstacie of 2° cannot be tolerated

closer than 200 yd for many antennas,

c. Long.distance nbatacles like mountains
can be tolerated if they subtend 5° or
leas at § miles, but it must, not be forgot-
ten that they will act as a perfect
screen for direct-ray short-wave recep-
tion from & transmitter located on the
other side of the obstacle.

d. These obstaclea may slso affect the in-

tensity and direction of jow-angle {10%)

sky waves coming from long-distance

transmlitters.

Such obetacles will not generally affect

the reception of sky waves making an

angle of 26° or more with reapeet to
ground and coming from medium-dis-
tanee transmitters.

3, Power and telephone linea. All incoming
linea ahould be laid on the ground and leave
the trailer in such a wsy that they are ss re-
mote as possible from the wave collectors. No
high-voltags power line can be tolerated at less
wian haif a mile. Such power lines aupported
by tall steel towers ahould be at least 1 mile
away. The same distance applies to a railroad
or a trolley llne. On one side of the instafliation
one telephone and/or one low-voltage power
line can be tolerated at distances greater than
300 yd from the neareat antenna,

4. Trees. Tall trees (40 to 50 ft) or foreat
growth must be farther than 300 yd. Small
groups of trees not exceeding 20 ft in height
can be tolersted if farther than 30 yd from the
nearest antenna.

3

®
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CALIBRATION

In calibrating the direction finder it is im-
portant to operate the target transmitter at a
sufficient distance from the collector antenns so
the effecta of supply and h-f cables are com-
pletely avoided. If the calibration is made at
too ahort a diatance from the antenna array,
errors are observed which are much larger and
do not correapond at all to the errors observed
with wavea coming from distant transmitters.

Figure 5 ahowa a ealibration made on 8 me,
indieating thai when the target transmitter 11

Figurk 5. Calibration curve of low-frequency
arrey on 8 me.

near or above the cables, large ¢rrora are ex-

perienced. In making this calibration the tar-

get transmitter was 200 ft from the center of

the array at each target position.
thy

on the h-f array witl, the target transmitter on
& 75-ft radiua. The maximum error observed
is 5° in the north direction and is still due to
effects of obstacles around the direction finder,

The Great River (Long Island) experlmen-
tal field where the calibrationa were made s far
from ideal for such atudies with ita many an-
tennas and underground cablea,

e
T du o —

R L e et

Fow Fadtaiion ol dibiiimm mrers ©0 and
2k et

These calibration teaia show that, first,

To { e as a functlon
of the distance of target transmitter, the latter
was moved In the direction shown in Figure
6. The diagram on the same drawing indicates
for 8 and 8.5 mc how the error varied between
76 1t and 500 ft from the array.

Figure 7 shows a calibration made at 20 me

at relatively short distances, where
cable effects are magnified by the lack of homo-
geneity of the field of the target transmitter,
have to be completely discarded; aecondly,
calibrations made at a reasonable distance in-
dicate & vary fair accuracy of the direction
finder (small instrumental error) but no con-
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stancy in the resuits because these calibrations
are not yet free from effects of obstacles.

Bearings taken on distant stations, 10 milea
or farther, show much better accuracy than the
best accuracy noted on the calibration curves
shown,

Calmuien o highfrequency srray

Tww &
- -

About 50 per cent of the bearings taken
under any conditions were within 1° and 2°
accuracy and only a very amali percentage of
bearings, less than 2 or 3 per cent, showed
errors of more than 107. These errors were
attrihuted to propagation irrewnlaritiea or par-
ticularly bad interference effects.

7 INTERPRETATION OF PATTERNS

The patterns on the CRO can be read easily
by an inexperienced operator. With some train-
ing or skill, however, an operator can obtain
much information through thz interpretatlon
of the patterns which are superimposed upon a
fixed zcale graduated in degrees from 0 to 360.
The squipment is instalied and adjusted so

that the 0° or 360° point corresponda to a
bearing of true north.

In operation, a atation is tuned in on the
receiver and the gain is adjusted so that a read-
abl> pattern s secured. The preferable pattern
is that composed of a double arrow (Flgure
8A), ita points rusting or the scale and its
central point in the exact center of the scale.
Tne width of the pattern is not important
except as this determinea the sharpness of the
pointa. Such a signal is usually obtsined from
a local transmitter having an unkeyed and un-
modulated carrier and where reception is well
above the nofse level of the receiver, The bear-
Ing of such a transmltter Is eaaily determined
by reading the scale sc as to determine the
exact polnt to which the arrow points, Through
operation of the sense key, it is posible to de-
termine which cf the arrows to read. If the
signal in moduisted, the point of the arrow is
alightly broadened, but the bearing can be read
to the same degrez of accuracy. The same ia
not true for a signat which is so weak that it
i mixed wiik receiver noise, The operator ia
able to determine whether or not the bearing
ia reliable by observation of the pattern partic-
ularly in regard to the following points:

1, Are the arrows sharply pointed? If not, it
is possible that the gain of the receiver is not
properly adjusted or that the propagation char-
acteristica between the transmitthig and recelv-
ing aerials are for that moment unfavorable
to the determination of the bearing.

2. Are the oints of the arrowa fixed? If the
CRO pattern ix shifting, the promwntlon char-
acteriatics are changing with tim
be due to changing characteristi
Atmosphere, or it may be due to reflections
from cther sources or abrorption in the path
of the transmission, If the pattern i« changing,
it wili uaually be found that not only have the
positlons of the indicated bearings changed, but
aiso the ahape of the arrows ia changed. It
uauaily happens that the arrows are broadened
and also that the shape of the pattern is dis-
torted from that desired. The oscilloscope gives
the actual instantaneous conditions and there-
fore will indicate the quality of the wave prop-
agation. If the arrow points are sharp snd
steady, the operator can always be sure that
the correct bearing is indicated.
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Fiouar 3. Typieal patterns Illustrating different types of images secured under diffavent conditions
of naise and signal.

A Very stron In-l st 90° (or 270°) piving  E. Modulated signal, strong and without noise,
ol fons. By manipulstion of  but showing modul lon 2

win control, -mw ey ba widined or sharpened  wids of pattern.

but 1o chengs of bearing {n eansed by this opers: odulation and in readable o accuracy of 21°.
tion,

F. Time exposurs of my weak fading signal. Ex-

B Good kayed slguel shewing rircle, SmalAr oyt for canor, el strwen in Sovred by moive

b e O
creased In sise by decreasing bins on defiection
amplifier.

€. Signal waaker than A and B, but etill giving
good baaring indieation. Arrow points are sharp
slthough maximum signal at center doss not cause
trace to pull in toward center aa in A and B.

patterns bu bearing is vtill rendable £ =6, Sig.
nal 1 not changing in apparent direction; has
iittln o7 1o polarisation arror.

G. Tlma exposure when 1o sianef in being received
and with gain control turned to maximum. Al
though nolse sppasra o have directional char-
acteristics, thia would not be visible and in shown
hers by long time exposure requl

D. Much waeksr signal in which galn control of

receiver has hnn tum.d p 50 hiah that noise ln H Apmnnu of two keyed manals an same lw
shown on_patta: earing Il rendable to  quency. The ons at 50 to 270" fe stron

within =5 and punlhl bighur, eincs time ex- food pattern. e one st AZ to 122 1t weake? and
posurs ceused biur of moving arrow peints. shows noise envelops as we!l as slight movement,

Because of the type of indicator employed the should be able to take very reliable bearings
operator is able to take bearings on signals of under conditions which have hitherto made
very short duration, or on signals which are readings impossible.
rapidly changing at the point of reception. He If a bearing Is shifting and also fadlng, it
is provided with a continuous accurate picture will usuaily be found that the nulla are more
of the arrival of the waves and in a short time rounded at one indication than at others. It
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will also probably be found that one indication
15 given with very good nulla. This Indication
may last only a fraction of a second, but the
operstor should always remember that the
sharpest nulls correspond to the most nearly
correct bearing. They always correspond also
to the strongest receptlon during the fading
cycle. Round nulls indicate that the bearing ia
uncertain or in error.

Seldom will no bearing be possible. Bearlngs
will differ only in the degree of accuracy with
which they can be read. ‘The most common Im-
possible bearinga will be when the noise level i
higher than the aignal. (Figure 8, F and G.)

A number of patterns are shown in Figure 8
to ifluatrate the different types of images which
may be secuved under different conditions of
signal and noise.
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Chapter 10
DIRECTION FINDING BY IMPROVISED MEANS

A studys to determine if effective direction finding
could be dona by the Armed Forcea In war theaters,
uaing only & radio recelver with no special massuring
equipment and only such antennas aa conld easlly be
Improvised In the field. Methoda uaing foopa and fow
horizontal wires were developed. A scheme using low
horizantal radlal wires each radial having two wu
one above the other gave reasonably sccurate locatl
tor angles up o about B0 with the horizontal, T
text that follows Is condsnsed from the contractor's
final repo

INTRODUCTION

WO GENERAL TYPER of antennaa were tried,

(1) aimple foops and (2) various arrange-

menta of low horizontal wires, Tahble 1 sum-

marizes the results that may be obtained with
six schemea briefly described In the table.

The preliminary work indicates that: (1)
For strong ground.wave signals, the loop
scheme is Indicated; (2) for weak ground-
wave signals, a rough location may be obtained
with & smngle wire at or near the ground,
wafked around a central radio receiver. A
more accurate location may be obtsined uaing
eight raaial wires at or near the ground, each
wire a wavelength or more in length; (3) for
sky waves coming from diatances of 150 mlles
or more, scheme (2) is suitable. For sky waves
coming from distances between about 50 aud
150 miles, a scheme Involving eight radials,
each having two wires, one above the other, is
indicated; (4) the work on the loop schemes
migat well be extended to determine methods
of locating stations sending sky waves from
distances of 150 miles or more. At present,
directlon but not sense can be determined.
Further work on the rcheme involving double-
wire rudials is indicated. A mathematical anal-
ysia would be nseful to determine a further
progiam of experiments which might lead to
refinements and a more accuratc determination
of the precision of locatlon.

With the loop antenna, the test procedure
Is to turn the loop for a minimum signal and
then reverse the loop by 180° and again find a
minimum signal. The best estimate as to sta-
tion direction is obtained by blrecting the angle

& Project 13101, Contrset No. OEMar-1410, Western
Eleetrle Co.
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between the two minimum-algnal positions. A
special connection described below permits ob-
talning the sense on ground-wave transmis-
siona.

All schemes descrlbed require an a-m re-
ceiver with a beat-frequency oscillator (for
producing an audible tone from the carrier)
and with the automatic volume control, if any,
dlsabled,

Fairly extensive tests were made of the ays-
tem listed under Item 6 in Table 1 Part of the
testa consisted of locating a Taobile atation, the
dlrection of which was unknown to the test
crew, The distance of the mobile station
ranged from 50 to 112 miles. The power into
the transmitting antenna was only about 2
watts at 4.8 me and 8.425 mc, Five tests were
made. The average error was about 8° and
the maxlmum error was 22°. The received
slgnal was entirely sky wave.’ The transmit-
ting antenna consisted of A half-wave horl
zontal wire about 2 ft above the earth,

FXPERIMENTAL WORK
Loo? ANTENNA

Two-turn untuned Ioopu. shown in Figure I,
were found to be satisfactory for direction
finding on vertically polarized ground waves
between 2 and 20 me. The 2-ft loop ia usable
in the 2- to 10-mc range and the 1-ft loop in the
B-to 20.mc range. In the 6- to 10-mc range it
was found to be more advantageous to use the
smaller loop provided the recelved signal is
sufficiently strong.

At first one terminal of the loop was con-
nected to the antenna post of the set and the
other terminal was connected to the ground
poat of the set. This was found unsatisfactory
since there was no aharply defined null when
the loop waa placed broadside to the direction
of the transmitting station. (Normally a loop
18 operated into a balanced clrcuit.) However,
1f one terminal of the loop was connected to

The teats were made In the daytime. 1t is believed
that F-layer reflections were Involved at buth these fre-
e See IRPL-F1, |uned Beptember 1944, Figure

15, and T 45 (both obtainable from
Ofice of the Chiet Signar Offcer).
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the antenna post of the set and the midpoint
of the loop was connected to the ground poat
of the set with the other terminal of the loop
open, there was a sufficlently defined null when
the loop was placed broadside to the direction
of the transmitting station. The broadside null
for ane orientation of the loop was withln about
10° of the null for the 180° loop reversal, The
average of the nulls gave an Indicated direction
within a maximum of about 5° of the true
direction frem 2 to 20 mc when the transmit.
ting station was about one-half mile away over
level terrain,

Not only the directlou of the station but the
senze alao may be obtuined, The sense is ob-
tained by placing the loop in the plane of
maximum signal, a position at right angles to
the average of the null, and then touchlng with
the finger or with a pair of pllers held in the
hand the free terminal of the loop. With the
transmitting station In the direction shown in
Figure 1B thore will be an Increase in the
signal. If the transmitting station were in a
position 180° from that shown with the loop in
the same position, then touching the free end
of the loop would result In a reduction of the

1 TARLE 1. Field of use of improvined ditection-findlng uchames.
‘ Coverage | Eatimated erord
| 1 h——— ’
2 P J Bky wave t | Sky wave
scheme Kind nf sntenna | Freq :
NG (Ree Figures 1, 2, and 3) range® | tiround | ! le Groud |
‘ inme | wavat | Below wavel Below
H 10'-»«)" 0 | o ™
+ § NlmMﬁ 3-turn loop,” midpoint mn 2t020 Ye Nn Data - L 10* ]
nected 10 radio-wt ground poet, o | omplete | .
ed (0 anlenia poet, other fud foat ‘ g
ing !
! | |
2| Sige Wpnsontal wire onground hor (01030 | Yoo No | No + W l :
wore¥ In length, walked sround cer ‘ i !
o ral radio receiver. ; |
3 Single honzontal wine A4 in length | 71020 | Yen } Nao o ‘ 0 ]
ported 1 hugh h walked | i i
i around rentral mn.. | § | ‘
4 ! Pizd ystem of four wivs oo the |21020% | Y | Nao ¥e s e
' | mmd or1p 10 3 ¢ 1n the air, A or | ' ' 1 :
i n length, radislly at 90° In- ' i | ]
| Lervatn, with rentral reociver | ; ‘i
5| P systerm o eught wires, A or more [ 2002000 | Ve | N0 | Ven P 4
- in leth, il ot 48" intervab i I
HT i
| Fixed rystem of exht double wires, | Tto8? | Yes | Yeu | Yew

rachally at 45° intervaln, with centsal
receivers; lower wire of each pair
09 te 117 10 length 3

o bt b
ey [y yrrilnr ]
i e o) T e T e B B et e of 190 o D i

i e sehamen thare I o0 "atandardreve

hsbimn, Baeesd of enimaled serer botwosn
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signal. Testa in the 2- to 7-mec range showed
that touching the free end of the loop with a
wlre connected to a vertical antenna produces
the same effect as the operator’a finger, but the
helght of ths verticai antenna must be adjusted
for each frequency. ]

Three tests (at 3.4925, 4.7975, and 6.425
mic) were made when the transmitting station
was within ground-wave range and in direc-
tions unknown to the operator. The average
bearing error on these three tests was sbout
100,

0" 2o f

--__'v- IR

T, e S oven
™ —
T mipms et
[
FiGuRk 1. Sids and psrapective views of Joops em

ployed in 2- to 10-me range, For 10. to 20-me range,
loop should be 1 £t squars,

In the case of ground wave with an ap-
preciable horizontally polarized component, the
loop In broadaide position was found to give
lower mlnlmum signai when the free turn was
on the aide toward the transmitter.

The ioops, when opersted in a vertical plane
a3 shown in Figure 1, could be used to find the
directicn but not the sense on signais arriving
by sty wave from transmitters located at din-
tances exceeding 150 miles. The loop gave a

iownr minimum signal on aky wave when the
free turn wus on the side toward the transmit-
ter. However, the reaults of a few tests made
with the loop tllted off verticai and with the
free turn on top Indicated that a single auil
could be found which might give both the
direction and distance of the transmitter. Time
Wwas not avaiiable to investigate completely this
phase of the problem,

A test was made on WWYV at 5 me where
the free end of the larger loop was connected
to an elght-wlre crowsfoot counterpoise, exch
toe being about 10 ft long. The radio receiver
and associated power supply were not grounded
other than through own capacitance to ground,
but the connection of the loop to the receiver
was through a short length of twisted pair In
addition to the coaxiai cable, With the loop
and WWYV in the relative poaltions shown In
Figure 1B a pronounced nuli was found. When
the opposite edge of the loop was pointed at
WWYV there was a maximum. No hroadside
nuil existed; the typical cardiold pattern fa-
miliar in the case of & loop combined with a
vertical antesna wus obtained. There wxs sbout
10 db average dlference between null and
maximum. This scheme, with the same counter-
. did not work on another station at a
different frequency. These tests are mentioned
to indicate that the feld has not yet been fully
explored.

When the loop was connected with its two
outer terminals to the antenna post and ground
poat, reapectively, of the receiver, no null of
any sort was obtalned on WWV <r on any other
aky-wave signal. This was also true whan the
ioop was ted to a balanced i
except that in the latter case London and San
Francisco statlons were found to produce some
broadaide null,

There 1a some evidence that the special con-
nection of the ioop to the set, described above,
tends to reduce its response to the horizontally
polarized component of a wave, particularly in
the case when the free turn is on the side of the
ioop toward the oncoming wave.

For sense location the receiver must be
placed at ground levei, not inside s vehicle,
with the loop directly over the set. To facilitate
turning the loop any simple mechanical con-
struction may be used. A simple method is to
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suspend the loop by a string from a light scaf-
fold directly over the receiver with lead-in
consisting of a flexlble coaxial cuble extending
vertically below it to the recciver. The helght
of the bottom of the loop above the ground
should not be over about 3 ft. Army.Navy type
No. RG 8U cable is satisfactory, Twisted pair
(for example, W-110B) will not work weli for
sense Indieation but may be used for direction
Indication up to about 7 me if coaxial cable is
unavailable,

Low HORIZONTAL WiRks

Low horizontal wires may be used as direc-
tional antemuas. When the length is % or
more, a stronger signai is received when the
wave is traveling from the free end of the wire
(front) toward the receiver than is received
when the wave is traveling in the opposite
direction (bnck) or from the side. The front-
to-back ratio will amount to from 5 to 15 db
for a wire one wavelength or more in length.
For a given length of wire (;>) the front-to-
back ratio is greater with higher attenuation.
That s, there is a greater front-to-back ratio
with a wire on the ground than with one sup-
ported at some distance above the earth {not
ovar three feet in connection with this work).

The following rule may be used for deter-
minlng the physical length of one-wavelength
wire:

Rl e }’9‘1, i (1A 6 s ol
&
n the clear,
N of el e e e

A a/4 horizontal wire ls mou uppreciably
directlonal in itself, but becomes directional
when supported in the air and associated with
a vertical down-lead. That ls, a A/4 wire on
the ground is not usefully directional as con-
cerns front-to-back ratio, hut when raised 1%
to 8 ft in the air, with & verticai down-lead at
the receiving end, it becomea directional. In
this case, the stronger signal Ia received when
the wave is traveling parallel to the wire from
the recciver end of the wire toward the frec
end. A a/4 Wire supported up 1o 3 ft In the air
gave poor discrimination in azlmuth,

A fixed one-wavelength wire did not give
good results on horizontally polarized ground
waves,

Calculation snd test show that the 3,1 wire
has a larger front-to-back ratio than the a
wire when the wave approaches the wire from
 high vertical angle. However, it has a smslier
front-to-back ratio than :he » wire when the
wave approaches at a low angle. The simple A
wire gives s good front-to-back ratio on low-
angle direction of the wave or on ground wave.
This ratio is of the order of 6 db. A wire
longer than A gives a still higher front-to-back
ratio. The ratio is affected by attenuation, as
noted above, and therefore in affected by
ground constants as well as by wire height
above ground, The %A wire is poor in azl-
muthal discrimination and therefore ls not rec-
ommended for use. As discussed later, the
A/4 wire In useful as a walked wire In ground-
wave direction finding but is not succesaful
when used in the fixed-wire radial scheme. The
down-iead 1% t to 8 ft high also has an effect
on the front-to-back ratio of the #,a wire or
A wire, but the effect may be ignored below
about 8 to 10 me.

WALKED WIRER

A one-waveiength wire may be ured for di-
rection finding on vertically polarlzed ground
waven, The terraln requirements are satlsfied

. by an open field with short grass or weeds of

fairly uniform height, The walked wire re-
quires a ateady aignal, hence It in not useful
when fading ls present. This limits its use to
ground-wave signais.

A full-waveiength wire cut for use on the
ground is Inid out over grsss or weeds and the
radio receiver is connected to one end of it. The
unknown signal is tuned in, and the wire is
walked around to a direction 90° from the first
position, At this point the wire is again lald
back on the ground and another observation la
taken. By progressing 90° at a time, one di-
rection or two directions at about 90° to each
other will be found where the aignal in fainter
than in the other two directions. Further
moves, making smailer anguiar adjustments in
the general minimum directlon, will diaclose &
position that gives the faintest signal. In this
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position the cuter end of the wire is pointing
away from the “unknown’ statlon.

This scheme Is cumberaome at the lower fre-
quencies because of the length of the wire,
which becomes difficult to handle and takes a
relatively long time to move through an ap-
preciable angle. The scheme worka best when
a steady carrier is present. With short bursta
of carrier, as on average push-to-talk phone
operatlon, the system does not glve good re-
sults, With c-w or m-c-w telegraph, with
ateady sending, fair resuits can be obtained
on ground waves,

Quarter-Wavelength Wire. The raised 2/4
wire with 114 to 8 ft vertical down-lsad is less
cumberaome than the full-wave wire. In this
case the wire must be held In the air and as
neariy parallel to the earth as possible while
walking the outer end around. It ia preferable
to Insulate the wire from the walker's hand.
When minlmum signal is received, then the
outer end of the wire is polnting toward the un-
known atation.

“Thia scheme wili work with either vertically
or horizontally polarized ground waves. Where
the wave s horizontslly polarized, two posi-
tions giving low signals will be found; one
with the wirs pointing away from the station
and one with the wire pointing fowward the sta-
tion. The one with the wire pointing feward
the atatlon will be found to be the lowest.

FiXep MULTIPLE ANTENNA SYSTEMS

The use of fixed multlple wires (four or
eight), A or more in length, around a central
receiver, in connection with a key which per-
mits rapid switching from one wire to another.
may be used for direction finding on ground
waves or on sky waves, The wires may be lnid
on the ground or supported in the alr up to a
height of 3 ft. Above 10 mc better results are
obtained wich wires on the yround, unleas they
ars longer than A, A length of 2z or more and
a height of 114 ft is satisfactory In the 10- to
20-me range.

Experiment and caleulation ahowed that
where the aignai was due to sky waves artlving
at the receiving site at an angle greater than
about 70° abuvs the horizon, the system was
inclined to faii. Fortunstely, a faiiure is re-

vealed in the measurements; hence thers is
svoided the possibility of taking the "bad” mea-
surements seriously, The failure is revealed
by the following symptoms in the test results.

1. The combination of opposite wires giving
the greatest front-to-back ratic does not con-
tain the wires which have on them the strongest
slgnals.

2, There may be no consistent front-to-back
ratlo.

In an example of {1) the atation was due
north transmitting into a /2 horizontal wire
2 ft high. The grestest front-to-back ratio was
SW.NE with 8W greater than NE. E and W
were greater than SW, and were about equal.
As an cxampls of (2), all wires were about
equal or they changed back and forth durine a
fading cycle. At the receiving site nesr Flor-
am Park, N. J., it was impossible to determine
the direction o: Floyd Bennett Tower on Long
1siand at about 7 mc by the above method. The
airline distance s about 40 miles. It was pos-
sible to determine the dircction of WWV in
Washington, D. C., at 6 me. The airline dis-
tance is about 180 mlles. Succeasful directlon
finding was also done by the above method from
& to about 156 me on Montreal, Halifax, Toron-
to, London 3an Francisco, and on Bound Brook
and Wayne, N. J. The last two stations came
in on ground wave. Successful direction finding
was alsa done on the project transmitting sta-
tion when it was about 150 miles distant and
transmitting successively at 4.7976 me and
6.426 me.

‘The above method uiay employ elther bare or
insulsted wires on the ground provided (1)
there is no grass or weeds or (2) the grass or
weeds are short and uniform where the wires
are locsted, If there are weeda or undergrowth
of nonuniform height, the wires should be
supported in the air from 115 to § ft high.
All the wires in a given layout should be placed
at the same helght and sli should be of the
same kind of wire. Test indicates difficulties
above 10 to 16 me if the wires are raised above
the earth.

The receiving site should be level. A 5-degree
slope, however, will not give trouble. The an-
tennas may be placed in a forest provided
raised wires are used (114 ta 3 ft high) and
growth Is cut away below the wires to heights
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of not over 4 to 6 in, and laterally to a distance
of at least 5 t. Sites near overhead wire lines,
wire fences, other antennas or other metallic
structures which will distort the fleld pattern
should be avoided. The character of the terrain
under all the wires and the growth near them
should be approximately the same. For exam-
ple, it is unwise to put half the wires in the
woods and the other half in the open.

When uslng this method on & fading xignal,
a phenomenon is present which results in s
change of front-to-back ratio during the fading
cycle. For example, when listening alternately
on wires having sbout equal signal strength,
such as the two wires that are nearly at right
angles to the direction of travel of the wave,
first one wire and tien the other may have &
stronger al. 1t misy he neceasary to make
the listening comparison for some time to de-
termine which wire gives the stronger signal
most of the time, The front-to-back ratio on
Wires most nearly pointing toward and away
from the transmitter is consistently in the same
direction, but may vary over a range of from
1to 10 db. This may be quite disconcerting to
the operator st first, but it was found that
practice in measurements leads to quickness in
thelr interpretation, Thin practice may be ob-
tained by first testing on known stations,

Double Wires. When the angle of arrival of
the thy wave is greater than about 70° sbove
the horlzon, (beyond ground-wave range but
leas than 150 miles) experiment showed that
some other scheme than those described sbove
Wwas necessary, It was found thst if two wires,
one sbove the other, were put out on each of
the eight legs and  slightly different test pro-
cedure were used, & great improvement was
obtained in short-dlstanc: sky-wave direction
finding. In this srrangement each leg consisted
of & A wirc 1l ft high and a A/2 wire 3 ft
high directly above the first wire. In the fol-
lowing discussion the A wire will be called the
low wire and the 2/2 wire wlll be called the
high wire, The receiver was rapidly connected
In suecession between two opposite low v.ires.
The associated high -wires were connected
through and connected to the ground post of
the receiver which was also grounded to three
ground rods connected In parallel. The other
wires of the system remained open and clear.

=
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Now when receiving a high-angle aignal which
Is moving in the direction of the plaine contsin-
ing the wires, the connection of the high wires
as uoted above incrranes the signal from the
low wire pointing toward the station in ques-
tion and decreanes the signal frem the low
wire polnting away from the statlon, Thus in
# case which, without connection of the high
wires, would give & front-to-back ratio of unity
or less, the connection of the high wires gives
a front-to-back ratio greater than unity, ie.,
the low wire pointing toward the atation {free
end toward atation) has more signal than the
low wire pointing away from the station. To
tacilitate quick changes, all wires were brought
in to & breadboard having Fahnatock terminals
and with the switching key screwed to the
board, The arrangement is illustrated in Fig-
ure 2,
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Frouws; 2. Double-wire direction-finding echeme.

de elevation of two opposite double-wire an-
tem perspeciive whowing double-wire ar-
rangement;, C. switching urrangement with key and
bigh wire shorl connected for eaat-west compari.
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DIREGTION FINDING BY IMPROVISED MEANS

With this arrangement it was possible to
*locate” s mobile statlon out to 20 miles. There
was then » blind ring out to about 60 miles,
snd from 60 miles on out it wss agsin possible
to determlne the direction of the moblle sta-
tion, The extent of the bilnd ring would vary
In different cases depending on frequency,
earth constants and on the type of sntenna
used st the trsnsmitter, The mobiie station in
queation used s low horizontsl A/2 sntenna.
Had the mobile statlon used a whip or other
vertical antenns, the ground-wave range un-
doubtedly would hsve been extended,

The theory of this system hss not yet been
completely worked out, but successful use wss
msde of 1t over s period of about two weeks.

Five testa were made where the mobile sta-
tlon went to loeations that were unknown to
the measurir.g crew. The only stipulation wss
that the distance should be grester than 50
miles, Two frequencies were tested at each
loestlon, 4.7976 mc snd 6.425 me. The receiv-
ing antennss were arranged to be quickly
changed to the right lengths by mesns of in-
sulstors and jumpers, Both frequencies indl-
cated the asme direction, excepting for the lsst
teat, where 1t turned out thst the mobile trans-
mitter was 60 miles distant. The frequency
6.425 mc gave indeterminste results for this
location. Table 2 shows the results. The power
into the transmitting antennas wss sbout 2
watts, A Hsmmarlund rsdlo receiver was
used.

Tauis 2. Tests on double-wire syster.

T
Dustanee:

Trun bearing | Measured bearing
Lomton | i mies | in degtoee n degeves
1 83 az 00
2 1z 338 30
3 104 15 28
SR 0 389 385
8 | % 360 %

T Rverawe erm A

It 1s usus! to interpolate the bearing between
the 45° legs in 15° steps. However, in the case
of the reading taken with the transmitter in
Location 5, NW was thonght to be just slightly
stronger than NE and N wss stronger thsn
either of these, Hence It wea concluded thst

the station was either due north or very slightly
west of north, As can be seen in the table, it
was really 1° west of north.

A number of tests wero made with the tr:
mitter st 40 miles. This ls in the blind ring.
Tn sbout half the cases tested it was possible
to obtain a bearing on the transmitter, most
of them st 4.7976 me. However, in these csnes
the messured bearing usually rame out toe
lsrge by sbout one-hslf the sngle between
adjscent legs, i.e, 22.5°,

In another set of tests the mobile trsnsmitter
wss sent, a8 nearly as possible, due weat, On
the outward trip tests were msde st 29, 40, 80,
120, and 200 miles, On the return trip tests
were msde st 160, 140, and 80 miles. Errors
comparabie In magnitude with those shown in
Tshle 2 were obtained for sll distances ex-
vepting 40 mlles. The resdings for the latter
distauce were ambiguous.

On this series of tests a metor wss used in
the recelver output and it was uoted that for
the 80-mile transmission, opening the high
wire snd clearing It from ground reversed the
front-to-back rstio from a condition of west
wire stronger than esst wire by an aversge of
sbout 4 db, to esst wire stronger thsn west by
sbout 1 db. At 120 miles with the high wire
r there was s 0-db (unlty} front-
nd with the high wire connected
there was a front-to-hack rstio of sbout & db
with west stronger thsn east. At 200 miles
with the high wire open and clear there was a
2- or 3-db front-io-back rstio in the right di-
rection (Weat greater than east) and with the
high wirs connecied, the front-to-back ratio
was about 8 db in the right direction. These
complrmonl were made at 4.7975 me. Obser-
s on a broadcast station In Toronto, Can-
ldl (abouc 500 miles}, st 6+ me showed that
there was no appreciable difference between
front-to-back rstio with the high wlre con-
nected or diseonnected. The shove reaulta sug-
gest that, after further checks of the phe-
nomens, these compsrisons might well be used
33 & criterion of the order of magnitude of the
distance of the unknown atation.

The high wire and low wire were brought
from the terminsl stake of each of the sutennas
to the switehing breadboard as spaced trans-
mission lines not over § ft long. The wires in
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each transmission line were separated by about
S in. Using twiated pair for lead-in was not
tried. Sec Figure 2B,

The above method permita direction finding
on relatively weak signals and on slgnals which
are very close in frequency to other unwanted
signals. This 1s due to the selective action of
the ear in being able to identify and concen-
trate on & tone of a particular sltch in con-
trast to tones of other pitches or in contrast to
nolee, A full-wave wire 1% ft in the air
delivers a stronger signal in the 2- to 8-mc
range than & 15.ft whip when the wave is
moving paralle] to the wire from the outer end
over average earth,

e GENERAL OPERATING NOTES

In the case of any of the methods described
above, a radio receiver outside of a vehlcle
must be used. The receiver must be placed at
arourd level for the A/4 wire. For sense loca-
tlom, In the caxe of loop direction finding, the
Teceiver must also be at ground level with the
loop dlrectly over the set. For use of any of
the full-wave (or more) wire schemes the re-
celver may be mounted at table top level. The
receiver and power supply is not grounded
through other than its own capacitance to
ground, excepting In the case of the double-
wire acheme. In this case, the ground post of

but in the time avsllable no combinations were
found that were more satisfactory than the
onea described above,

No testa were made above 20 me, In the
range above 30 me it is likely that the best re-
aults would be obtaned by use of a refiector-
director or other directional antenna. The
method would not be applicable to f-m re-
ceivers, on account of the llmiter action and the
lack of a beating oscillator,

s POSSIBLE REFINEMENTS

The fixed-wire methods could be extended In
& way that might atford a field of usefulness
in other than forward area military direction
finding. The refinements would require more
apparatus, for example meana to connect two
antennas through some goniometer coupling
device to an oscllloscope for purposea of phase
a3 well as magnitude comparlsons,
i gined that would
permit rupid direction finding as in many of the
existing commercial Adcack ayatems or spaced-
loop systems. Such modificatlona, applied to the
double-wire scheme wlith eight or more radlals,
might have particular advantsges for hiyh-
angle sky-wave direction finding where the Ad-
cock and spaced-loop systems run into difficul-
tles.

The use of the loop with free turna should
also i . 1t in possible that & aingle

the set should be
driven ground located near the sct. This scheme
will work without the driven grounda but it
worked better with them,

Power ahould be supplicd by battery and
vibropack, both located close to the receiver.
A gesoline-driven generator with rubber-
covered line on the ground from generator to
receiver would probably result In intolerable
noise in the antennas. A hand-driven generator
probably could be 1sed provided a ahort length
of line between ge' “rator and receiver were
employed.

104 SUPPLEMENTARY TESTS

Tentn were made using various other com-
binationy of single- and double-wire antennas,

loop arranged In this way to auppress the horl-
zontally polarized component might be used in
Place of two spaced loopn.

b THEORETICAL DEVELOPMENT

The proportions of the antennas described in
this report were determined by cut and try
methoda, The general theory of loops and long-
wire antennaa was used as a qualitative guide.
1t appeared that this method of attacking the
problem would be more efficient than propor-
tioning the antenna structures on the basis of
predetermined calculation formulas. The ex-
perimental work has given cluea to the physical
approximations which are juatified and which
are easential to obtaining reasonably compact
ealculation formulas,
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FINDING BY IMPROVISED MEANS

A calculation formula has been worked out
for a simpie ~ase. This formula will be dls-
cussed together with the phyaical spproxim
tions leading up to it. The method of analys
could be extended to cover the more complicsted
cases. Figure 8 shows the calculation formula
for the case of two collinear horizontai wires
at or uear the ground and free from ground
at both enda. The open-circuit voltages to
ground at the inner ends of the two wires were
csleulated. If the antenna terminai of a
grounded radio-recelving set (whlich in jtself
does not plek up any voltage from the radio
field) is awitched from one wire to the other,
the relative amplitude of the sounds heard at
the output of the receiving let wiil be propor-

that if the down-lend were not more than about
140 of the length of the horizontal wire, the
effect was unimportant. The theory could be
extended to Include the effect of voltages in-
troduced In the down-leads.

The experlmenta also irdicated that it was
satisfactory to assume that each horizontal
wire was & ground-return transmission line
with uniformly distributed constants and 100
per cent reflectionaat the open ends. Since the
wires are near the ground, the transmiasion
line may be regarded as having uniformly dis.
tributed remstance. This is caused iargely by
losses in the ground; the radiation resistance
Is relstively unlmportant. The magnitnde of
the voltage induced per unit iength in the
wire may be assumed to be the same

tlonai to the relative of the open-
eireuit voltages, Therefore, the magnitude of
the ratio of these two calculated voltagea gives
the observed front-to-back ratio. It is sssumed,
of course, that the radio set does not have
automatie volume controi.

The radio set does, in itself pick up voitage
from the radio fleld if the do- ~-lead is regard-
ed ur a part of the set. Experiments Indicated

Taute 3.
(Propagstion constunt of wire yeround uij
A=

at all points of the wire, The coupiing between
the wires forming different radials may be
ignored.

Aa noted in Figure 4, the front-to-back ratle
would be unity If the transm: n line had no
attenuation, If the attenuation is large, a very
simple expresalon for front-to-back ratio 1s
obtained.

Front-to-back ratis for palr of collinear wires at or near the ground.

rewit=y = + i A=25/a A= "M%,

wavelength for propegation in air.)

s
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Froulto-back ration for wires of length
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Ficure 3. Caleulation of front.to-back ratlo; aky-wave reception.
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DISECTION FINDING BY IMPROVISED MEANS

The formulas may be used for calculating
ground-wave front-to-back ratios. In this case

A F.tanTcos g

where T - the tilt angle of the ground wave.
Since
e=0
Bi = Bycon g

Table 3 gives calculations of front-to-back
ratios for various sssumptions regarding atteu-
uation and length of the wires. The values of
attenuation were chosen aa the result of previ-
oy calculstlons and measurements on low hori-
zontal wires, The attenuation per wavelength
(of the wire ground eircuit) is roughly constant
(2:1 va. on) over a range of about 2 to 10
me, for heights from about 2 ¢cm to about 1
meter anu over a rsnge of ground con-
ductivities fro.n about 0,001 to 0,01 mho pe
meter. Values between 0.6 and 0.7 neper pe
wavelength were chosen for calcuiation. Since
these vrlues seem womewhat on the high side,
3 value of about one-half as much was also
used to indicate the effect of reduced attenua-
tion.

The order of magnitude of the caleulated
ratios is the same as those memsured except
that the experiments have a reversed frent-to-
back ratio for A/4 wires 8 ft above the ground.
The experiments showed these to be due to
voltages induced in the down.leads. Computa-
tions of front-to-back ratlos werc first made
for zero azimuth angle, L.e., for collinear wires,
one of which points at the transmitter, For
such wires the nr zle ¢ ~ 0, For lengths of wire
which gave 2 sizabie front-to-back ratlo, com-
putations were also made for values of 4 from
0° to 90, These correspond to collinear radial
wires not pointing at the tranamitter, 1t will
be agen from Table 8 that the front-to-back
ratio does not shrink to unity rapidly as ¢ In-
creases from zeru, In one case the maximum
front-to-back ratio ia obtained on the pair of
wires not pointing toward the transmitter.
Such false indications were noted during the
experiments when arrangements of wires not
of the optimum length werc used. Since the
messurements of only front-to-back ratws do
not give a sensitive indication of the direction
of the transmitter, it is necessary to compare

open-circutt voltages at the inner ends of the
wires which are not in line,

Taking us a reference a Wire pointing to-
ward the transmitter and for which ¢ - 0 and
considering other wires of angular dlsplacc-
ment +4, an inspection of the formuias shows
that the magnltude of the open-circuit voltage
for any wlre is spproximately proportional to:

)

-
4 a

eosh ol - ik 4]

ady
o
In the above expression, a is neglected in the
terms having g In the denominator, i.e., @ is sub-
stituted for u + jg, Since 8,  f,cou 4 cos @ It
is a functlon of ¢. A is also & function of é.
For ground waves A is proportionsl to cos 4.
For high-angle sky waves (# = 70° to 90°),
the reflection coefficients r. and ry sre about
equal in phase and magnitude, Assuming them
alike and assuming F, and ¥\ have the same
rms valros for a time interval of u few aeconds
but are related at random as to instantancous
magnitude, 4 is proportional to

v i Gend 4wt 8,

For low-angle aky waves, the resultant elec-
tric force due to arriving and reflected waves is
greater for vertical polarization than for hori-
zontal polarization, that is,

o (1 g M

in greater than

(T

For 6 mc, ground conductlvity of 0.008 mho
per meter and ground diefectric constant of 10,
the following values of v| and |h! resuit if the
wires are 8 ft above ground:

o r. i e L
w00 03/000 0 98/2° T oot
B 0me ompme 0% our
0 0 728/12 5" 0 74/12° 046 045

For angles where A ls appreciably less than
¢, the coefficient A in proportionsl to:

v et 8 con? 8 4+ AT 0.
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Using thesc i and app
tions, the ratio of the voliage on a reference
wire pointing toward the tranamitter to the
voitage on a wire of angular diaplacement +g¢
may be computed. Results of computations for
dya and A (wire-ground speed) 3 ft above the
earth are given in Figure 4. A frequency of 6
mc and values of elevation angle ¢ of 107, 50°,
and B0 were used, a was tuken zs 0.014 neper
per meter (0.64 neper per wavelength),

It will be seen that ¥, wires which give
celatively large front-to-back ratios for high-
angle sky waves give poor azimuthal discrimi-
natien. 1t will also be seen that A wires have
good azimuthal directivity for low- or medium-
angle sky waves.

LR

e L]
Fram i Velage rpies for oiiey sast grasd
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Chapter 11

PORTABLE RADIO

Development of & radio beacon to guide #n infantry:
man lo en objuclive for & distance of 2,600 yd wilh an
eccurecy of *3° using equipment elready uvailable.
Cholce of sntenne eyelems, moduietion methode, fre.
quency, solulion of key-tlick Irooblee are described.
The greater part of the contractor’s finai report! on
Thin project (s contained in Ihie pummary, the chief

ASSAULT BEACON

quirement was modified to be =87, Original
instructions that the equipment was to be the
beat possible was also changed tu a request
that every effort be made to utilize equipment
already available in the field and to make as
few changes in thls equipment as possible.

deletions being
chenges in requi:ements and in descrivlion of methods
of aligning anlennax in the fieid.

A

INTRODLCTION

THE BBOINNING of this project® portable
radlo assault beacons were in use by the
British for the guidance of tanks, the assemb-
Iage of paratroopers, ete. The British beacon
used lwo Beverage antennas at righ! angles.
Each sntenna was several hundred feet long
and was stretched along the ground, usually
supported a few Inches nbove the ground.

In this country, some attempt was made to
use 8 crossed-loop antenna system as a beacon
for guiding troops to piil boxes, snd other tar-
gets through fog, smoke. jungle, or at night.
The crossed loops, however. gave resulta which
were inferior to the British system. This proj-
ect studied the performance of the British
heaton under various conditions of terrain,
weather, antenna length, frequency, obstruc.
tlons, size of antenna wire, angie between the
antennas, height of the wires above earth, in-
equality of antenna currents, and the polariza-
tion error under various conditious,

Existing Army radio transmitters and re-
ceivers were incorporated into a beacon similar
to that of the British but provided with means
for steerIng the defined course over an arc of 15°
or 20° to obviate the neceasity of laying out the
long antennas very accurately,

The orlginal requirements that the course ac-

These limited the field of study
conslderably and finally the development was
centered around the use of the SCR-538 re-
ceiver and SCR-284 transmitter.

N33 Selection of Type uf Beacon

Six types of beacons were considered.

1. Crossed lcops set at 45° to the required
direction.

2. Crossed loops set at 0° and 90° to the re-
quired direction,

3. Croased Adcock antennas,

4. Spaced antenna

5. British type using Beverage antenna.

6. Modified British type using Beverage an-
tenna,

The d- ems most commoniy used are the
crossed coii and the Adcock system. They have
been used very auccessfully for aircraft naviga-
tion. Because of portability requirements, it is
clear that the Adcock {ype of antenna could
only be used at very high frequencies. Because
of site errors the use of vary high frequencies
was discarded. No work, therefore, was carried
out with Adcock antennas. Work with crossed
loops was successful but the resuits proved to
be less aatisfactory than with the Britlsh and
modified British systems described beiow.

ne LOOP ORIENTATION TO

ELIMINATE KEY CLICKS

It was goon found thlt one of the major
was the ell of key clicky

curacy be +14° were ibie of
attainment because average site errors In d-f
systems are greater than this figure. The re-

“ Project 13,1. m Coniract No, OEMar-1261, Ray.
mond M, Wilol
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which were likely to be 80 strong as o serlously
reduce the sensitivity of operation. It was sug-
gested that the crossed loops be located at 0°
and 90° with respect to the desired direstion
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instead of at 45° angles with the direction in
the center. The current in the 90° icop would
have its current reversed in directlon to
produce the switching of the antenna pattern.
The current in the 0° loop would remain
constant so that the aignal strength of the
slgnal along the desired direction would mot
chauge during the switching period. This meth-
od was found successful,

BRITISH AND MODIFIED
BRITISI] SYSTEMS

The two systems which seemed to give the
most promise were the Britiah system and a
modification of it. The British system consiats
of two Beverage antennaa st at 45° to the
required direction, The antennas are stretched
a few inches above the grou.d and act In a
manner very similar to the ordinary crossed-
coil system. Like the croased-coil system, the
British beacon suffers from troubles due to
key clicks, That problem was not solved for a
considerable time, however. Eventualiy a relay
was developed which reduced the kny clicks to
such low intensity that the Britiah system was
found to be accurate and sensitive.

The modified British aystem was an attempt
to eliminate the key clicks in a manner simllar
to that in which they are eliminated in the
crossed-loop system, Le., by locating the ground
antenna at 80° to the required direction and
by use of a vertical antenna. This system was
found successfui and from an operating point
of view was aimost identical In seusitivity to
the British system but In certain respects of

na

degree of accuracy claimed in these reports
for normal operating conditions. Other forms
of moduistion systems such a5 the dot and dash
systems were tried but were not found to be
as sccurate or as sensitive as the reaults ob-
tained with the standard A and N system uxed
on aircraft radio ranges.

The modulation can be carried out In one of
two ways, When the listener is sway from the
required direction he must hear & difference in
intensity between the signals as the transmit-
ting antenna ia sw) ched. This difference in
intensity may be obtained elther by a change in
intensity of the radio frequency or a chauge in
the percentage modulation, In practice it would
be preferahle to change the intensity of modu-
latlon because in that case the automatic vel-
ume eontrol [AVC] of the receiver could be
used to its full extent without decreasing the
sensitivity. When the r-f intensity is changed,
however, it is essentla] that the AVC be elimi-
nated, or that tue time of the dots and dashea
be short compared with the time constant of
the a-vc circuit, or that the intensity of the
signal be sufficiently weak ao that the AVC
does not operate, or operates only partially.

Since 1t was eventuaily decided to try to
develop a syatem using equlpment available in
the field without making any internal modifica-
tions, it was clearly not possible to use the sya-
tem in which the percentage modulation was
changed. The aystem eventually developed was
hased on the compromise of uslng a signal
which was sufficiently weak so that the AVC
of the receiver is only partlally operative,

was more

ns

SELECTION OF MODULATION

As regards modulation the British reported
s hahd-operated system in which an operator
switches from one antenna to the other and
simultaneously speaks into a microphone saying

“left," “right," etc., as he switches. The listener
then judges the relative intensity of the words
“left" and “right* and goes o the left or right

accordingly until the intensity of the two words
appears approximately equal. Some British
reports have indicated remarkable accuracy
with this system of modulatlon. Experlments
under this project, however, did not show the

theruby the detection of changes in
signal intensity. One method of detecting small
changes in moduia‘ion was discussed but even-
tually discarded because it would have required
carefui operation by the infantryman, This
methad consiated in using a limiter in the re-
ceiver, such as is available in f-m receivers, and
adjusting the level of the signal st the fimiter
so that small changes of signal intensity
produced & large change in receiver output.

s

SELECTION OF FREQUENCY
AND POLARIZATION
The origina) requirement of un necuracy of
=1, waa greater than the accuracy normaily
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obtained with direction finding. Since it was
alao clear that any known beacon aystem would
suffer From errora similar to d-f errors, It Ap.
peared that even though an accuracy of = %'
might be obtained the absolute direction would
probably not be known with an accuracy of
better than + 2° for most conditlonw, and
under same conditions, & considerably greater
error might be obtained, A few tests Indicated
that it was probable that & system could be
developedt which wuuld give u high degree of
sensitivity. Therefure, It becamc woparent that,
for practical purposcs, 1t waa essentlal to keep
site errors to & minlmum Driginslly it had
been suggeated that frequencles between 40 and
48 me be used, This suggestion was based
largely on experience with radio ranges at alr-
ports and becuuse at those frequencles 1t might
be possible to use spaced antennas therchy
providing greater mensitlvity than would be
possible with the comparatively Llunt type of
directional pattern that a loop or Adcock an-
tenna provides, Conditions In the field, how-
ever, were found to be substa Iy different
from the conditions found at airports, It was
also decided that the vast amount of informa-
tion available on d.f errors should be used in
deciding which group of frequencies would
reduce the site errora to a minimum or at least
to practical values. Dr. Smith-Rose indleated
from his experlenice, which also checked with
the experience of the contractor, that the very
high frequencies would produce greater errors
than lower frequencies. He suggested using
frequencies around 300 ke and lower, and that
if such frequencies could be used it waa proba-
ble that site crrora as low as 1° might be oh-
tained. However, no equipment was available
In the fleld for these low frequencies and the
size of equipment for these frequencies was
Ilkely to be excessive if reasonable efficiency
was to be obtained. Moreover, the Army In-
dicated that these low frequencies might not be
available for this use In the field. Smith-Rose
pointed out that the errors increased with in-
crease in frequency and reached a minor maxi-
mum between 8 and 10 1ac for the reason
that at those frequencies an average tree is
approximately A 4 long and by its resonance
causes comparatively large ecrors. He indi-
cated that errors of the order of 2° could be

expected in this range and suggested the use of
frequencien around 16 me with an expectation
of reducing the average site error by about bu .
The frequency eventually selected was 5 me be-
cause equipment waa available in the field at
those frequencles.

Originally NDRC indicated an interest in
studying the difference in operation between
horizontally and vertically polarized waves. The
relection of a frequency of § me eliminated the
use of horizontaily polarlzed waves, for withln
a few hundred feet of a horizontally polarized
antenna most of the horizontally polarized
waves seem to be elimlnated and only the re-
maining vertically polarized portion ia received,
The suggestion had been made because 1t was
believed that the horizontully polarized wuves
would be able to travel farther through wooded
tervitory and produce leas error than the
vertically polarized waves, since trees are main-
Iy vertical. No work was carried out on thls
angle of the project because of the decision to
use a frequency in the h-f band instead of the
v-h-f band, and because it was believed im-
practical for an infantryman to carry a non-
directional horizontally polarized antenna.

oy EXPERIVIENTAL RESULTS

(CROSSED-LOOI" BEACON

The crossed-loop system is shown in Figure
1. The loop at right angles to the course is con-

e (wd

[ e B A A
neeted to the transmitier through a keyer
which reversex the polami, of the currents in
this loop in accordance with an A and N. It
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was hoped that by performing the awltching
in that loop which has a null in the direction
of the course, the occurrence of key clicks on
course would be prevented, To avoid detuning
the other loop whenever the keyed loop was di
connected in the process of awitching, It was
necessary to resonate separately each loup, 1f
the two loops were tuned by a aingle capacitor,
the unkeyed loop was detuned to such an extent
when the keyed loop was dlaconnected during
the keying process that the kevink was fully re-
nroduced In this loop. The final circuit shown
in Figure 1 wax more complicated than the
British system und the tuning procedure re-
quired considerable care,

The field strength obtained with a loop
2 ft square was about !; that of the British
beacon and averaged lbout 12 uv at 114 miles.
The wldth of the course was +2° for a 1-db
diffcrence between the A and N signals, Ex-
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perience with loop antennss amply indleated
that no appreciable inprovement could be ob-
tained by increasing the aize of the loops and
1t was also felt that larger loops would be un-
desirable from the atandpolnt of portability.
Becauae of the low field strength, the greater

course width and the greater difficulty of
tuning this system, the crossed loops were
abandoned. 1t ia possible that the crossed-loop
beacon would glve satlafactory results at fre-
quencies of the order of 40 to 48 me and also
near 20 me,

THE BRITISH TYPE OF BEACON

The tranamitter used was the SCR-284 which
hes = maximurs output power of § watts, The
antenna was connected as shown in Figure 2
with a keyer switching from one antenna to the
other. The firat tests were carried out ualng
the words "“left” or “right” spoken in the micro-
phone in accordance with the British method.
In the first testa each sntenna was about 220
feet lang followlng the British recommenda-
tions, 1t was found, hoveever, that shorter an
tennas could be used just as effectively and
svitually antennas as short as 100 feet were
e
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TPSILSS WTH “LEFT-RIGHT" MODULATION

Using antennas 220 ft long, tests were made
on the width of the course as detected by a non-
technical person who had been given some
tramning in listening to the signals, A Navy
RBZ receiver was used. The frequency used
was 5.8 mc.
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Testa were made with AVC both on and off,
The signal was asfficiently weak in most cases
that the AVC did not have any large effect.

The reaults, of which those ahown in Figures
3 and 4 are typleal, indicate that the course
defined in thls manner of operation ls very
wide, ranging up to 8° for medium and long
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distances and has very poor deflnltion within
the first 100 or 160 yd. Although these tests

key clickn. These key clicks were frequently
s0 much stronger than the tone signala that
the observer had difficulty in eliminating from
his mind the clicks and concentrating on the
tone, The result was ofien very confusing ex-
cept to the highly tralned peraonnel. Much
work was carried out on the elimination of key
clicks, It was found that they could be eliml-
nated or reduced to negligible amounts either
by uaing the modifled British aystem or by a
relay of special denign,

After the key clicks had been substantially
removed It was found that ihe apeed of keying
could Le increased to 84 characters a minute
and still be comfortably read by an untrained
observer. Under those conditions the width of
the course obtained was about + I° for a 1-db
difference in signal level but aurally the course
width was +15° to tralned observers. The aite
errors were conaiderably more than this. belng
of the order of 2. The course could be fol-
lowed with a receiver having AVC such as the
SCR-586 and the Navy type RBZ. However, to
attain good sh: of the course with such

are highly aubjective they do give sn i
of the bluntness and Inadequacles of this type
of beacon compared with the requirements of
the Army for thia equipment. While the course
could be followed more accurately by well
trained personnel carefully controlling the in-
put and output levels of the receiver, it was
apparent that the required sccuracy could not
be attalned under normal operating conditions.

Onc resson for the bluntness of the course
according to thls system was the dificulty of
diatinguishing differences In loudness between
two dissimilar sounds occurring at different
timea and probably spoken with different
degrees of loudness. It was expected, therefore,
that conslderably increased aensitivity would
be obtained by using tone modulation.

RESULTS WITH A-N MODULATION

The use of tone modulation (1,000 cycles)
produced a greut Improvement In the sharpness
of the course. An important lmiting factor
appeared to be the key clicks. 1t was found
difficult to compare accurately the loudness of
the A and N signals in the presence of atrong

receivers it was necessary to retract the anten-
na, alightly detune the receiver, or otherwisc
malntaln the receiver input sufficiently low to
minimize the a-v-c action. Thia was particular-
Iy important at the closer distancea, say the
firat 400 yd. It was also found important not
to overload the receiver by permitting excesslve
Input voltages, since thia could cause an ap-
parent reversal of the A and N quadrants when
conalderably off course.

FACTORS AFFECTING OPERATION

The system was atudied in detail by ana-
Iyzing the effect of changing some of its para-
meters and sources of error. The factora
studied were:

Length of antennr.

Size of wire.,

. Augle between the antennas.
Height of antenna.

Effect of obstructiona.

Effect of unequal currents.
Effect of polarization.

Effect of sky wave.

Effect of weather.
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Figure 5 showa that not much is gained hy
making the antenna longer than 100 ft.
Although measurements showed that sharper
courses would be obtained with longer anten-
nas, the course with the 100-ft antenna ia only
+ 14" wide which is sufficiently sharp,
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The current distrlbution was measured to xee
if standing waves were appreciahly reduced
when using long antennas. The current in a
ground antenna a: long as 280 ft was a atand-
ing wave having an attenuation of only 25 per
cent per wavelength and a velocity of propa-
gation of 0.8 the velocity of light,

No appreciable variation of the velocity of
propagation was noted when No. 18 enamel-
covered wire, Army wire W-110B, No. 14
stranded insulated wire or No, 14 solid copper
rubber—covered wire was used. Although the
desivability of using thinner wire to obtain &
higher velocity of propagation waa evident,
experiments with auch wire showed it to be im-
practical for field use,

EFFECT OF ANGLE BETWEEN ANTENNAS

The 90° angle between the antennas of the
British aystem is not essentia!, A syatem uaing
2 60° angle waa tried and the course obtained
was fully equivalent to one using the 90° a
tennas except that there apparently was a
slight amount of coupling between the two an-
tennas in the 80° position sa that the field from
the energized antenna was dimi ed about

3 per cent along the direction of the course.
The only advantage in w a 90° angle is the
greater eage of accurately laying out this angle.

The degree of interaction of the two an-
tennss is shown in Figure 6. Here one antenna
was energized and its field measured at 2 point
on a line making an angle of 45° thereto,
while the unenergized antenna was swung from
2 position parallel to one perpendicular tn the
energized antenna. The maximum variation of
the field under these conditiona was about 8
per cent. The fleld strength was 157 (in rela-
tive unita) when the vnenergized antenna was
entirely removed. When it was placed perpen.

LD STRENETH AT o3¢
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Fraves 6, Field strength of energized xntenn 20
function of ungle of unenergized antenns.

dicular to the energized antenna and raised
from the ground to a height of 8 ft, the field
strength varied only from 162 to 164. It may
be concluded from these measurements, and
from the many 360 aurveya of the courses
which were made, that & deleterious interaction
of the antennas will not oecur under any con-
diti kely to be encountered,

EFFECT OF ANTENNA HEIGHT

Meanuriments indicated that raising the an-
tenna from the ground to a height of 2 ft
increased the field strength in (he direction of
maximum radiation only about 25 per cent, and
that a height of 6 in. produced only a 10 per
cent gain in fleld strength over the cuse of the
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antenna iving on the ground. Therefore it was
decided to adopt the simple pi actice of stretch-
ing the antenna along the ground unsupported.

EFFECT OF OBSTRUCTIONS

For this type of beacon obstructions near the
transmitter appear to have very little effect on
site errors. Such obstructions sz a fuli-scais
model airplane 25 ft from one of the "ntennas
did not appreciabiy affect the course. An auto-
mobile piaced within 5 ft of one of the anten-
nas also had no measurable effect. A amall
buiiding having electrieal wiring about 20 ft
from the apex of the antennas, small trees, a
wooden tower 20 ft tall, and another wooden
tower 40 ft tail, close to the antennas produced
no noticeable deviations of the course.

Obstructions near the receiver site were
found to be quite important. Bends in the
course resulting [n errora as high as 4° were
noted in the neighhorhosd of overhead power
lines, and multipie courses were also noted in
their neighborhood. In one case a course was
traversed by a power lire at an acute angle at
& distance of 400 yd aiong the course. There
whs alao al this point on the course a building
160 ft long and 40 ft high having electrics]
wiring. The course was bent ahout 4° in the
viclnity of the power line. However, the course
was found to !esume approximately its rrrrect
direction about 100 yd beyond this line. The
effect of these obstructions was undoubtedly
increased by their location on high ground.

There appeared to be some correlation be-
tween hlils and deviations of the courss, but it
was inconciusive because of the invarisble
presence of other site factors, The course was
found to be straight through woods. A barbed
wire fence across the course at an angle of
ahout 90° did not appesr to bend it measurably.

EFFECT OF UNEQUAL CURRENTS

The course of the British beacon lies along
the bisector of the angle between the antennas
when the antenna currents are equal, When the
current in one antenna is greater than the
other, the course is deflected toward the other
antenna, This effect is utilized in directing the
course. Capacitors C, and C; in series with the

antennas, ahown in Figure 7, vary the currents
in the antennas and thus determine the direc-
tion of the cottrae. Theae capacitors (maximum
capacity 100 uuf) are varied differentially by a
singie control knob, which whetl turned to the
right steers the course to the right, and when

=
o

Flaues 7.
Iah ayatem,

Modulator-keyer und used with Brit-

turned to the left steers the course to the left.
The course may be steered =20°. The course
may also be ateered by potentiometers placed in
serles with the antennas ut their sending ends.
It ia conaidered more advantageous, however, to
use capacitors because of the ease of attaining
smooth operation, the avoidance of loss In the
potentiometers, and the greater dursbillty of
condensers.

EFFECT OF POLARIZATION

The ground antennas in addition to radisting
the desired verticaliy polarized field aiso radiate
& horizontaily polarized field. At a distance of
200 yd, at an angie of 45°, with the antenna
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8 ft above the ground, the vertically polarized
field was 3.5 mv and the horizontally polarized
field was 0.47 mv. The horizontally polarized
field is capable of produclng an error of 2° at
100 yd and 1° at 200 yd. The polerization
error at 300 yd is 14° and at greater distances
it becomes negllgible, These errors represent
the maximum deviations which can be obtained
with the SCR-536 receiver at heights of about
2 ft above the ground and were determined by
locating the apparent course with the receiver
held horizontally and at right angles to the
course, and then turning the receiver 180° in
the horlzontal plane and relocating the course.
Thl" difference between these two course deter-
i in called the

error.

SKY-WAVE EFFECT

The course was tested at night and no sky-
wave difficulties were noted. The eritleal fre-
quency of the F layer at Washlngton at the
time was lower than 5.5 mc. Therefors, sky-
wave propagation at this frequency could oceur
only by means of sporadic E-layer clouds. The
radiation of the ground untennas In & vertically’
upward direction is so small that It seems very
unlikely that an appreciable signal can ever be
received via the ionosphere. The course showed
the same acenracy at night as during the day.
A loop directlon finder placed on course at &
distance of 2,600 yd showed no evidence of
polarization error, There was also no evidence
of fading at this distance, using a meter in the
output circuit s an indicator.

ErXFECT OF WEATHER

This British type of beacon waa tested under
varlous weather conditlona including heavy
rainfall and while the ground was covered
with a light snow. Such weather conditlons
dld nct appreciably ahlft the course. The course
shift from a dry day to a succesding rainy day
measured at a distance of 700 yd was only %4°,
which is within the llmits of experimental error.

MoDIFIED BRITISH SYSTEM

The equipment for this aystem differs from
that of the British system chiefly in the an-

tennias, The antennas for the modified British
s stem consist of & ground antenna at 90° to
the desired course, and an antenna for radiat-
ing vertieally polarized waves of the proper
phase with respect to the fieid from the first
antenna. The second antenna may be the vertl:
cal rod antenna normally used with the SCR-284
transmitter, Three antenna syatems for the
modified Britlsh beacon are shown in Figure 8.
In Figure 8A the ground antenna at right
angles to the course Is a dipole type of Beverage
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antenna. The antenna syatem In Figure 8B con-
sists of @ pair of single-cnded Beverage-type
antennas arranged In a atraight line at right
angles to the course. The courae is obtained by
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reversing the current in the 90° antennas and
thus switching the radiation pattern.

The moduiator and keyer nnit for the modi-
fied British beacon i simliar to that of the
British beacon. A circuit disgram is shown in
Figure 9.

The course of the modified British beacon can
be shifted by suitsble means. One such means
which has been thoroughiy tested is ahown in
Figure 8C and consiats of a pair of antennas
about 16 ft fong nrranged along the ground at
right angles to the main ground antennas.
These antennas are fed through a pair of unl-
controfled capacitors which vary the current in
these antennaa By means of these capacitors
and a reversing awitch (SW, in Figure 9) the
course may be shifted about 7° to the right o1
feft.

Fravmn §  Cewpasibsst o snomens sl 1y 18
i ik e
Vtia i bumany = o s b Figure 7.

PURFOSE OF MobiFmED BRITISH SYSTEM

The origina) purpose of the modified British
beacon was to eliminate key clicka by perform-
Ing the required sntenna switching in those
antennas which have & nuif in the direction of
the course, and thus prevent the switching from
affecting the field in this direction.

Another purpose was to eliminate those
errors which are caused by factors that may
cause the ground antennas of the British
beacon to radiate fleids of different intensities
or different directiona) characteristics. Such

ASSAULT BEACON

factors are variations in height of the antennas,
length, ground over which the antennas are
stretched, and current distributions of the an-
tennas. The independence of the modified sys-
tem of these factors affecting the intensity of
the radiated fieid arises from the fact that the
course in this system is determined oniy by ths
iocatlon of the nuii of the radistion pattern and
not by the absolute magnitude of the fieid or the
shape of the radiation pattern.

Factors Affecting Operation. The modified
Britlsh system was studied by al aiyzing the
severai parameters and factors which might
cause errors.

Ground antennas of various iengths were
atudied, both of the dipoie and single-ended
types. These studies showed that & dipole 120 ft
fong, and a single-ended antenna 60 ft fong had
a sharp nuli and a high ratio of verticai to
horizontsi poiarization. Figurs 10 shows the
radiation ptterns of severai types of antennas
in the neighborhood of tie nulin and exhibits
the superiority of the 120-ft dipofe at 5.6 mc.
Similar tests showed that 60-ft and 100-ft
single-ended sntennas had satisfactory radia-
tion patterns. These curves, of course, are ap-
plicabie only to antennas utifizing the type of

A L Badwiie EL b e i wls
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wire and arranged at the heights above ground
used in these tests.

The effect of the size of wire and the height
above ground has siready been discussed, and
the same findings which apply to a aingie-ended
antenna aiso appiy to a dipole type of ground
antenna.

The effects of obstructiona both at the trans-
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mitter and receiver sites are the same as for the
unmodified British system.

Tests made to determine the effect of unequal
antenna currents on the pusition of the course
showed that even a ratio as great ss four to
one between the currents In the main ground
antennas had no effect on the focation of the
course, Thia is very important because unequal
antenna currenta always oceur.

The effect of horizontal polarization in caus-
ing errvrs was found {o be the same us in the
Britlsh system.

The height of the vertical rod antenna and the
current in this antenna determine the range of
the beacon und the sharpness of the course. With
ground sntennas 60 ft long a §-ft vertlcal an-
tenna gives approximately the same range and
aharpness of course at a frequency of 6.5 mc
s the 45° antenna of the British beacon.

— DESIGN OF SWITCHING RELAY

It was early recognized that one of the chief
problems in perfecting the Britlsh beacon was
that of climinating key clicks, One solutlon was
the use of the modified British system, the
other was the design of a apecial relay.

Many variations of relays were tested. The
first attack on the problem was to study the
cauge of the clicks. It was found that the clicks
resulted from the fact that during the time of
commutstion the r-f current in the antennas
was reduced to a low value and that the in-
tensity of the clicks was dependent on the time
during which the current remained low. The
designs were, therefore, directed toward a relay
In which the actusl time of commutation was

169
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commutation should take place orle after this
moving contact had reached a substantial veloc-
Ity. 1t was slso found importsnt that the
inertia of the magnetic armature carrying the
moving contact shouid cause as little delay on
the sclion as possible.

The first relay tried, while suilable for the
volee-modulation type of Britiah beacon, was
found entlrely unsuitable when totle modujation
and A-N keying were applied.  An antenna
change-over relay having a 1/300-second time
of throw was also found entirely inadequate.
Snap-action switehes such as a microswitch
produced pronounced elicks, Two switching ar-

having bef k actlon
gave no improvement.

A doublecontact switch making contact firat
through a resistor and then making contact
directiy was tested. The reaistors were varied
from 0 to 2,000 ohms and the laust click ap-
peared to occur when the reslstors were entirely
out of the circuit, This acheme appeared to have
no promise. |

An Allied Control Company Type AK relay
modified slmilarly to one used by the Naval Re-
scarch Laboratory for the same type of beacon
and loaned for atudy was tested and found to
have a che time of i
1/2,000 second. This relay would probably glve
very little key click. The result was obtained by
an excesslve current in the magnets causing
them to become extremely hot. Eflnce this type
of relay was no longer manufactured, no work
was done to incorporate it In thy experimental
models finally submitted. r

The relay shown In Figure 11 was built along
the principles of having a light co‘nmt reaching

reduced to & 1 In ial practice
this result has been achieved by the use of very
large magneta opersting small moving parts.
Relays weighing as much as 20 Ib have been
used for this purpose, In the present case such
reiays were not practicable. It was also found
undesirable to devalop a relay which would
reduce the current in one antenna gradually
before increasing the current in the other an-
tenna. The effect of auch a shift was to reduce
the accuracy with which the course could be
detected. To reducs the time of commutation it
was realized thst the moving contact would
have to be made as light as possible and that

2 ] veiocity before commutation. It
could be adjisted to have a change-over time of
about 1/4,000 second. To avold chatter It was
necessary to dampen the vibration of the mov-
able contacta by a packing of Airfoam sponge
rubber, This relay waa connected across a 12-
volt bettery which was switched from coil to
coil by a microswitch. The curtent taken was
1.5 amperes, The relay armatuie and movable
contacts would normally occnpy an inter-
mediate rest position where they do not con-
nect to either fixed contact dujing the throw
of the i becauae the mi itch
takes & comparatively long timd to move from
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one of Its contacts to the other and the coils of
the refay are unenergized for a wufficient time
to allow the reiay movable contacts to return to
this center position. Thia condition way at first
remedled by adjusting the magnetic circuit so

C—
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that thers was sufficient residual magnetism to
hold the armature in one position nntii the coil
in the other position wes energized. Later the
reiay circuit was modified so that both colls are
energized during the change-over of the micro-
switch and hence the armature is positively heid
in a given poaition until the coif in that posi-
tion is short-circuited.

The relay s adjusted as foilows. The fixed
contacts are screwed in about 0.008 in, beyond
the point where they just touch the movable
contacts. During operation the movabie con-
tacts sequire auch a high veiocity just before
making contact on the other side that the closed
movabie contact cannut, by virtue of its spring,
remain ciosed. The best adjustment of the reiay
appeara to be one in which the change-over time
is about 0.00025 second. When so adjusted hoth

antennas are simultaneously connected to the
transmitter for the very brief time of shout
0.0001 second, but this appears to have no bad
effects. Armature stop screws maintain a suffi-
cient gap between the reiay armature and pole
pieces to prevent the armature from lecking in
one position.

The relay can easily be set to have a change-
over time of 0.0003 second. It showed no de-
terioratlon of performance after 24 hours of
rontinuous operation. Thee results require &
positioning of the fixed contacts with a toler-
ance of the order of 1/1,000 in. The modeis
deilvered to ths Signaj Corpa were laboratory
modela and might not be able to maintain this
degree of tolerance under hard field use. The
Navy Department sdvised, however, that such
a degree of tolerance can be maintained satis-
factorily in the fieid. It is believed, thereforz,
that with suitabie mechanical improvement in
the design there wili be no difficuity in having
reliabie relays for fleid operation.
us  SETTING UP THE ANTENNAS

IN THE FIFLD

Several methods of installing the antennas in
the desired directiona were deveioped and
mechanleal aids were delivered with the equip-
me~t, These inciuded a magnetic compass with
2 paic of sights and aligning bars. The antennas
cxan be aligned by placing them approximately
in the correct directions and then by adjusting
the currents so ihat “ateering” occurs, These
methods ure described in greater detaii in the
contractor's report on the project.

s

EQUIPMENT DELIVERED

Three sets of the final model of the equip-
ment for the British beacon together with an
antenna aligning device were deiivered August
5, 1944. Each set of equipment consisted of an
instruction bovk and & carrying case containing
two reels of antenna wire, two antenna ground
stakes, cal nd & moduiator-keyer unit.

The modulator-keyer unit was housed ia a
waterproof box 10x7x8 in. The 1,000-cycle
tone used for modulating the trausmitter was
generated by a General Radlo Type 572-B hum-
mer. The two colla of the keying reiay were
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connected across a 12.volt battery. A cam-
operated microswitch ahort-circuited the coils
alternately. The cam was cut to produce inter-
locked A and N characters and was rotated by a
Haydon timing motor. The apeed of the motor
was adjuated to produce a keying rate of 64
charactera a minute, The moter is capable of
keylng up to 128 characters a minute by a suit-
able adjustment of a resistor. A pairof 100-uuf
atraight-line frequency capacitors were used for
setting the course within 20° of either aide of
the bisector of the angle between the antennas.
The capacitors were coupled together so that
they were rotatable by a single knob and were
arranged so that they varied differ llly but
had equal capacitances at a midpositios

The unit was powered by the 12- vnlt bnttery
used for the transmitter. Its power consump-
tion was 8.7 watts, It was eapuble of producing
100 per cent modulation of the transmitter at
the maximum power output of the transmitter.
The weight of the complete unit in a heavy
ateel box was 18 Ib. Thia weight could be re-

TarLE 1.

€ ronscd loopu

l-'klri strength al 1.5 unles. ‘ 12 pv;m
Width of vourse for +1 db
Tunitg procedure ! Leust siinple
Pteering of course . Readily done

Key-click elimination

Unbalunce between A and X currents \ Causes no error

Time required to install and tune
Weight exchusive of Iransmitter ! Approx. # 1b
Polunsation error Not meamired

Varislion of girund uader the 2 antennas |

Comparison of bescan syalems.

* and 9
| w nqumd ety

| 42" wilh best inrtadlation

No specis] rlay regquired

More than 10 minutes

duced to 9 ib by the subatitution of an alu-
minum box and & reduction In mze of the umit.

CONCLUSION

Of the three types of beacona studied experi-
mentally the Britlsh and modified British bea-
cons were found auperior to the crossed-loop
beacon. The experimental models of the Britlsh
and modified British beacons gave substantially
equal results. The modified British system Is
less subject to certain possible sources of error,
but it is slightly more complicated If a steering
adjustment is required. From a designer's
point of view the modified British system has
also the advantage that the course can be
readily hroadened or sharpened at will by alter-
Ing the ratlo of the currents in the verticai and
horizontal antennas. As the course 13 lroad-
ened the signal intensity on the course Is in-
creased and vice versa.

A comparison of the three types of beacons
ia presented In Table 1.

Cnequal length of antennax

Brimh bescon l Modified Brinh hoacoa
60t 100 ke 010 100 py 1
£ F
! simpe Simplo
"
Rewdily donn Readly dons
\
mﬂum oy n.p.d. wilk} X0 spueral relay sequined
Curment
Helo Errar
1 2' Cuumes 1o error
i
A 2
| Lews than 10 ninutes Jomn than 10 minutes
|
Appros. 501 Approx 301h
| i mnyu +2%at 100 yd
£ 1% a1 200 yd
o o oo yd o
\[ Ahilt povesble o

Lengthening 220-ft an-
teana 16 (¢ cansed ahift
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200 yik
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Chapter 12
UALF DIRECTION-FINDING ANTENNA STUDY

gral
wava collectors utlilze a common recaiver apd indicator.
One antenna consists of an Adeotk nyatem with output
fod into  capacitive gonjometer; ths other sntenna
(fav 300 to 800 me) in a rotating slement in front of &
reflector, the position of the antenna belng aynchronised
with the CRO indicator.

INTRODUCTION

Tm: OBJECT of this project* was, briefly, to
develop a d-f system operating in the u-h-f
region of 140 to 600 me. It was hoped that
much of the experience gained and the means
developed n previous development programs
on d-f systema for lower frequencies (1.5 to 30
me) could be drawn upon jn thls project. It was
found, however, that while the experience was
useful, the methods employed in the fower-fre-
quency aystems so usefuily cou 1d not be effective
in the u-h-f reglon.

PROBLEM DEVELOPMENT

1n the systems developed for the 1.5- to 30-me
region, aperiodic thernlonic (cathode follower)
coupling between the high impedance of the
antennas and the low-impedance lines connect-
ing the antennaa to the recelver was quite
effective in making it possible to space the re-
ceiver at some distance from the antenna. and
to provide an impedance match between an-
tenna and ilne. An attempt to use thls method
in the higher-frequency region faiied for the
simple reason that tubes avaiiable at the time
provided no more energy transfer when the
tubes were operating normaliy than when they
were cold. The major contribution to trsnsfer
existed in the capacitances within the tubes.

It was found also that an inductive gonlome-
ter had to be abandoned becuuse the transfer
through it was largely capacitive and because
of its low impedance.

An ejectronic goniometer depended upen

Project C-80, Contract No. OEMar#61, Fedsral
Telephone and Radio Corporstion
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obtaining identical transfer characteristics
through four separste tubes at ali points of a
modulation cycle. The diffculty of matching
tubes made it impossible to obtain equality of
transfer with modulation or to obtain adequate
transfer of energy over the wide freguency
range contemplated. This system had to be
abandoned. Since the inductlve gonlometer be-
haved better as a capacitive than as an indue-
tive Instrument, further work was concentrated
on the deveiopment of a truly capacitive xoni-
ometer with the result that adequate transfer
was obtained. The final model of the direction
finder empioyed such & unit.

Using the design princlple which had previ-
cusly proved adequate in the frequency range
15 to 30 me, a ground plane carrylng four
monopole antennas, acting i

cting in pairs to give
4 figure-eight diagrams, was constructed.
Since the thermionic coupling means were
proved to be unsatisfactory the antennas were
terminated resistively.

The receiver research for this project passed
through three stages. The prefiminary receiver
was constructed having one r-f stage, an oscil-
Iator and mixer each tuned by meuns of coaxisl
fines the movable elements of which were
ganged to a singie control, The r-f inplt of this
receiver was applied through a B0-ohm coaxial
transmisslon fine.

The first modlfication was alteration of the
input circuit to obtain bulanced input. The sec-
ond and final modificatlon consisted of s com-
plete mechanical redesign to avoid the necessity
for having lhe cumbersome tuning method of
the previous models.

e

SYSTEM EXPERIMENTS

The first experiments with the complete a-f
system were conducted using a capacitive
goniometer mounted on the Type A indicator”

[
pelier-shaped direction pattern.
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in place of the normally used low- frequency

was then conatructed whlch gave n-uonlbl)'
The

gonlometer. The antenna output was
to two balanced transmission lines, one for each
antenna pair, and applied to the two sets of
stator plates of the capacitive goniometer, The
first aystsm tested wan composed of the most
satisfactory elements determined from the pre-
liminary research, The monopole antennas were
resistively terminated. Use of two 40-ft bal-
anced transmission llnes enabled the collector
syatem to be placed at a distance froin ths re-
ceiving and Indicating equipment. Tt was im-
mediately Jetermined that very poor nulls were
secured, that the nulls were not reciprocal and
that the overall sensitivity of the system was
very poor, A modification program was insti-
tuted leading to the following changea:

100 T T T
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b S = |
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Fiouag 1. Characteristics of capacitive

ronismeter.

The first capacitive goniometer used induc-
{ive meana for coupling the rotor plates to the
receiver input. This output transformer gave
very poor transfer and i steps were

wood transfer
istics of the capacitive xanlometer are shown in
Figures 1 and 2.

Epm

[ F1

e — T

Toasifer riamemmrrn o o gu—

One of the principal reasons for poor nulls
and for nonreciprocal bearings waa the fact
that the tranamiasion lines conmecting the an-
tennas of one pair were not properly shielded

FIoUme 3, Diirection.fnder o i i ol o

hm i sccomplished by ratating & drum which lup-
entlre r-f and converter section, varying

Efective length of thrce coaxial Tines and one

teken to increase the efficiency. One goniome-
ter was constructed in which the inductive out-
put device was replaced hy slip rings. A con-
siderable gain in transfer was spparent but
due to the use of a continuously rotated gon-
iometer, the slip rings required frequent main-
tenance. A capacltive-output coupling system

open_wire line ( tor).
Four-atage 16-me i-f amplificr with aain of 25,000
and band width of 1 me follows the converter.

and that there waa direct pickup on these lines.

It was found necensary to shield very
ission lines

to provide lddmmul shielding at the crossover
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point, and to enclose the entire transmission
fine system within an additional shield.

After the shielding means had been employed
poor nulls were still observed over & consider-

the Falanced output of the goniometer to natch
the unbalanced coaxiai transmission line. This
modification not only enabled the distance be-
tween the antenna and the receiver to be in-

Faih &

shle portion of the frequency range and large
crrors were introduced because of unbalance
in the 40-ft transmission lines between the col-
lector system and the goniometer and because
of the differences in electrical length of these
two iines. Therefore the capacitive gonlometer
was moved into close proximty with the an-
tenna system. A further improvement was
effected when tiie output of the goniometer was
fed directly into @ “balance box” transforminy

P v o] M e g ETE =

creased but in addition eliminated a great many
of the poor nulls which had previously been
observed.

At the same time It was possible to begin
tests with an improved model of the receiver
(Figure $) having square cross-section trans-
mission linex a3 the tuning elements coiled on &
drum which was rotsted by the dial mechanism.
Thia receiver used lighthouse tubes throughout
and was more sensitive than previous models.
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Some difficulty was encountered because of the
ng short circuits aa tuning elements
of the trausmission linex.
ze any difficulties which might be
contributing to errors or 1o poor operation, an
extensive series of tests wan inatituted on the
separate componenta of the collector system to
ine the i istics of each
over the frequency range and, if possible, to
discover design criteria. The resulta obtained
showed that the antennas would be extremely

difficult to maich to a transmissios line and
indicated why the capacitive goniometer ceases
to function at about 300 me and in general
show the difficultien which were encountered in

an attempt to make & monopole aystem of this
type operate over such & wide frequency range
without drastie changes In desiun.

e FINAL DESIGNS

For several months studies had been in
progress on a collector system constituted by
twa oppositely connected dipoles npaced from
each other and in front of a reflecting plane
To obtain automatic instantancous
n from a system of this type, a coliec-
tor was constricted as {llustrated in Figure 4,
This rotating collector was driven by a large
Induction motor and the instantaneous poaition
of the colleetor was repeated through a selsyn
system 80 a3 to be shown on a CRO screen. The
calculated directional pattern of the collector,
the measured pattern and the resulting indica-
tion are shown in Figures § and 6. The aystem
operated with satisfactory resulta between 300

S =Y
Frouae 8. Measured fiald patiern (left} and resuli-
ing indicator pattern of munopole-reflector aystem,

and 600 me, thereby supplementing the per.
formance which had heen obtained using the
fixed mouopole aystem and the capacitive
goniometer.

As & final atep in the development, the low-
frequency system (140 to 300 mc), consiating
of the five monopole antennaa and the capaci-
tive goniometer, and a high-frequency mystem
(300 to 600 me), con: ing of the rotating an-
tenna, were incorporated for use with & single
control unit consisting of the receiver, an iny
cator and the necessary power supplies.
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50 PERFORMANCE

Figure 7 shows that the sense performance
of the 140. to 300-me monopole system is not
adequate. A considerable amount of redesign
and further development would be necessary to
obtain results which wouid permit a produc-
tion-type aystem to be bullt. Figure 8 shows the
directions] accuracy of the monopole antenna
coliector ayaiem with the capscitive goniome-
ter In the frequency range 140 to 300 me. Thia

and 600 me, nulls are alwaya sharp and in every
way the operation of this system is much more
aatisfactory thun that of the fixedmonopole
syatem.
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FIGURE 7. Senae operstion
0 300-me Adeock.

performance could also be considerably im-
proved,

‘The rofating antenna ayatem is not subject
to the same type of errors as the monopole
syatem, The accuracy ls indicated as =3° in all
tests made. No sense ambiguity is possible
with thin type of collector system. Between 300
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we  ELECTRICAL CIRCUIT THEORY =5 = e

The entire system as finally developed con-
siats of three major units: Bsnd 1 (140 to 300
mc) wave collector snd goniometer; Band 11
{300 to 600 me) wave collecior; receiving and
Indicating unit for remote operatlon. (See
Figure 8.)

diagram is shown in Figure 11 where only one
Adeock palr ia indicated for the sake of sim-
phicity. The polar disgram of this array is a
figure eight (Figure 12).

Frovar [L Fipsss aighi
tenns,

This pattern followa a cosine function. 1f the
antenna system were rotsted by hand only one
pair of antenras would be required, the position
of the nulls indicating the direction of the re-
ceived signal. For Inatantaneous indication the
capacitive goniometer scans the output of two
pairs of Adeocks (four antennss).

BAND | WAVE COLLECTOR

Aa shown in Figure 10 the 140- to 800-me
Adcock wave collector consists of five vertical
monopoles mounted on fnsnlatora over a copper =
ground plate. Directly below the plate and
mounted in a wooden protective box are the
capacitive goniometer, the driving motor, and
the selsyn generstor. The entire system block  pymm
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GONIOMETER

The rotor of tha goniometer consists of two
semlcircular plates, A and B, In Figure 13,
inaulated from each other. The two pairs of
astators are identlcal except that one ls oriented
90° ‘vith respect to the other. One output ring
Is conaected solidly to rotor A, while the other
la connected to rotor B. These are rotuted inside
two fixed rings to provide capacltive coupling
to the rotor output. (See Figure 14.)

The atator platea are so shaped that the
eapacitive coupling between rotor and Indi-
videsl stators varies s a cosine function with
rotation. For example, assume both pairs of
antennas connected to both stators and the
signal belng recelved In the N-8 direction, The

AT AW

“

BB R

away from the previous ones because of the
positioning of the E-W atator. In this manner
the goniometer will indicate bearings of algnala
in line with the antennas.

For the case where the signal directlon is not
n line with either array, assume the signal 1s
received along the llne o-b (Figure 12). This
means that there will be o0-a volta delivered to
stator E-W, and o-b volts delivered to stator
N-S. Therefore, across stator N-8 there wifl be
& voltage

¢ cos §,

where ¢ = voltage (o-c}, and across atator E-W,
there will be a voltage
€ 8in 4
NP ams AL ARG

FioURr 14,

signal will be In the null of the E-W antennas
30 that no voltage appeara across the E-W
stator to be picked up by the rotor. For the N.§
stator, as the rotor is (urned slowly, the output
will vary from & maximum when the plates A
and B are parallel to the stator to a minimum
of zero when the rotors are at right angles to
the stators, Thus two nulls are produced 180°
apart.

Similarly, if the aignal Is In the direction of
the E-W antenna, two nulls will again be pro-
duced 180° apart, except that they will be 90°

Photograph of guniometar,

For any rotor posltion, there will be a voltage
coupled from stator E-W to the rotor propor-
tional to ¢ aln ¢ and equal to

K [esln 6],

Similarly, the voltage coupled from stator

N-8 will be equal to
Kle cos 4).

If the rotor la lined up for maximum cou-
pling to atator E-W, and then rotated through
an angle g, the voltage across It will be

Ke sin #][cos 1.
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The voltage coupled Into the rotor from stator
NS will vary from 7ero to maximum as g is
increased and the resultant voltage will be

Ke cos 6][sln g].

There will be some positlon for a rotation of

8 degrees where

K [ccons] [sing] = - K [esin 0] [cos 8].

A a

Fivmm 1. & dhews m e sgd ptwre e bd
il adisa; B ook 40 paTHTE FiTY prem gpisem
akedeed b e B

At thia point, the voltages will cancel in the
rotor for zero output in a null position. Solving
the above equation, 1t will be found that

L B
Indicating that the position of the rotor indi-
cates the actual bearlng, This would produce &
double null pattern as shown In Figure 164, To
entablish sene, the output of the sense antenna

Flgurs 16
tating antenna,

High-frequeney (309- to 800-me) ro-

must be fed in phase to the goniometer output
to produce a cardloid pattern. Since the Adeock
monopoles are cross-connected, an analysis of
the voltage vectors will show that the sense
antenna output is 90° out of phase with the
Adcock antenna output. To shift it 90°, the out-
put of the sense antenua is fed through two
unequal ission lines, through

to-unbalance converters, and mixed through a
telay with the gonlometer output. The line

i | A—

e

frwsms 11, Block diagram of high-frequency an-
kesna system,

S SROND PLANE

lengths are 80 proportioned as to produce a 80°
phase shift over the band. When the sense
sntenna |s connected in the circult the sense
pattern would theoretically appear as shown In
Figure 15B where the pattern Indicates the di-
rectlon of the bearing. Because of difficultles
with balance in two conxial lines, the goniometer
output is fed into a balance-to-unbalance con-
verte; and then via a single coaxial line to the
receiver.

)
Lo

Frovms B &
frequemrs mmenhem

sattern from crossed high

The goniometer is rotated by means of &
motor which arso turns a selsyn generator. This
selayn generator is 1sed to drive a selsyn motor
in the indicating unit,

BanD IT WAVE CoLLECTOR

As shown in Figure 16, the 300- to 600-mc
callector consists of & pair of vertical monopoles
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in front of a reflector and rotated over a ground
screen. A biock diagram of the system is shown
in Figure 17,

The entire syatem is mounted in such a man-
ner that the cylindrical-ah balance box
serves as a shaft for rotation. The output ia
tuken off via a fixed line about which the bal-
ance box rotates so that no rubbing contacta are
used. The monopoies are cross-connected at the
balarice box 120 that the antenna patterns are
approximately as ahown in Figure 18,

Since a aharp null is produced in the direc-
tion of the recelved aigmal, the aystem is uni-
directional and requires no sense, as in the
Band [ collector. As the collector is rotated, the
operatar will first find the aignal over a rather

ReceiviNG UNIT

The receiving unit (Figure 19) consists of &
140- to 600-me tuned line receiver, a d-c ampli-
fler, and switching circuits for operating Band
1and Band JI collectors. Tuning the Teceiver ia
accomplished by varying the length of & elr-
cular transmisaion line by means of shorting
bara Receiver input is single-ended and i fixed
&t 90 ohms. The 1-f channel is atraightforward
and has a bandwidth of 1.000 ke for passage of
pulses,

Motor switching circuits are interiocked so
that only one syatem ean be operated at a time
In operation only the r-f cable nieed be changed
for a band change.

[T R ST s ———

broad lobe, pass through a aharp nuli, continue
over another broad lobe of reception and then
pasa through approximately 180° of null. The
collector is driven by a variable-speed motor
which also drives a selsyn generator for syn-
chronization with the indicator.

INOICATOR UNIT

The Type B indicator (Figure 205 with two
seluyn motora for driving, and speed control for
antenna aystems are motnied on the power-
aupply chassis. The Type B indicator consists
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of a strip of alternate thin Jamlnatlons of cop~
per and poiystyrene. The profecting ends of the
Iaminations are ground to a flat aurface and a
unlform reaistance strip ls compressed on one
side. This produces a commutstor with a large
number of equal resiatance steps between bars.
The atrip Ia rotated by a pnir of selsyn motora
to produce the voltage needed to generate a
cireular trace In the cathode-ray osclllescope,

11 a current is sent through the strip a sinu-
soida) voltage wili be generated across a pair of
brushes mounted along a iine perpendicular to

the rotational axis and equidistant from it. By
mounting ahother pair of brushes at right
anglea to the first pair, two sinusoidal voitages
are obtained with 90° phase dlfference. These
voltages applied to the deflecting plates of the
CRO tube produee a circuisr trace when the
spot movex at ronstant veloclty.

By supplying the Type B strip current from

the plate of a d-c amplifier following the re-
ceiver detector, the receiver output can be 1, ade
to vary the shape of the circle for an indication.

When the receiver output is zero at the null
(0°) the plate current In the d-c amplifier wli)
be maximum and the spot wlil be at the outside
of the circle. An the goniometer scans from 0°
to 90°, the receiver output wiil incresse to
maximum, biusing the d- amplifier untll eutoff
i reached, and no voltage wiii appear across
the strip. Thus the apot will approach the
center, rapidly at first Lecause of the sharpness
of null and then more gradually.

For sense operation the same princlples
apply except that the cardioid pattern resultant
produces a pattern with one broad nuli.

To place the cardioid pointing in the same
direction as the d-f pattern, it is necessary to
turn the pattern by 90° on the cathode-ray tube.
This is done by means of a four-pole double-
throw relay which awitches each brush to the
adjacent cathode-ray tube defiection plate. Posi-
tioning of the circle ls effected by magnetic de-
fiection coils placed about the neck of the
cathode-ray tube and operated from the low-
voltage suppiy.

Circle diameter ia varied by cathode bius con-
trol of the d-c ampiifier. Speed control Is incor-
porated into the wave coilector motor since it
is necessary to bring the selsyn motora up to
apeed gradually.
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LOCATING TANKS BY RADIO

Problem of Jocating the position of friendiy tanka
with respect to & fixed statlon to an accuracy of * 50
5 miles using existing Signai Corps tank cquip
ment by an sudio-phase-measurement method. Inves
ation of the chaacteristies of exlating tank equip-
ment indieated that inherent phase inriability would
make impossible location of tanks to the required
degree of precluion.

INTRODUCTION

HE BASIC IDEA involved in these two proj-

ects* was toplace a constant audio tone on
the carrier of a standard communlcation trans-
mitter at a locator station, This signal wonld
be received by the tank and the tone would be
retransmitted by the tank on another radio
frequency. Assumlng constant time delay, or
phase shift, through the transmission and re-
ception networks, the measurcd phase shift
in the audio tone as measured at the locator
station would be a measure of the distance
hetween the tank and the locator station. The
location of the tank or group of tanks would
be accomplished by a triangulation precess.

One requirement established was that exist-
ing equipment be employed in these projects.
Therefore, although the method for loeating
tanks by radio was considered basically work-
able, whether the scheme would be successful
would depend entirely upon the following two
major factors:

1. The accuracy with which the phase mea-
surement could be made.

2. The atabllity of the phase shift through
the tank equlpment under normal operating
conditions.

Tests, therefore, were made by the two con-
tructors on the phase atability of two existing
pieces of radio equipment, the SCR-506 in the
2- to 414-me region and the SCR-508 in the
20- to 30-me region.

+ Project C-80, Contract No. OFMsr-787, Beil Teie-
phone Luboratories; and Project C-61, Contract No.
OEMer.737, General Electric Co.
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TEST RESULTS
Tesls on SCR-06

To measure the distance of the tank within
+50 yd at 5 miles requires an accuracy of
0.57 per cent. Using an audio frequency of
22,000 cycles per second would result In a phase
shift of 38.7° for a 3-mlle spacing between
tank and fixed station. To measure thla phase
shift to an accuracy of 0.57 per cent would
require that messurement to 0.22° would be
necessary.

Measurements on the SCR-508 (Project C-
61) were accurate to about =0.25°. It was
found that the slope of the tuning curve of
this receiver was about 1° per kc off tune.
Using the beat-frequency method, thia error
might be held to 0.06°. Even when the local
oncillstor was adjusted by the zero beat method,
a change of phase shlit of 0.07° occurred per
degree centigrade rise In ambient temperature.
The average slope of the curve of phase shift
versus percentage modulation was sabout 0.12¢
for a 1 per cent change in modulatlon. With
the automatic volume control disconnected
(manual galn control condition) severe phase
shifts with changes in signal level occurred.
In the a-v-c condition, no messurable phuse
shift occurred with a signal level change of
10 to 1. A signal level of at least 1,000 uv
would be required for reliable readings. In the
operating region, the slope of the volume con-
trol setting curve showed @ phase shift of ap-
proximately 0,12° per degrec rotation of the
volume-control knob,

In light of these measurements, it was de-
cided that the instability in phase shift through
the receiver clone under normal service con-
ditions would make the audio phase shift
method of measuring distance impractical.

a1

naa

Tents ou S5CR-508

Using the measurement of time as a concept
of the measurement of distance, phase shift
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would have to be measured within time inter-
vals of 0.306 usce to accomplish the accuracy
of 057 per cent required. Direction would
have to be measured within 19.5 minutes.

It was found that the inherent variations of
phase shift in the SCR-508 (Project C-60), if
uncontrolled and uncalibrated In the mobile

LOCATING TANKS BY KADIO

proximately 12 per cent or 1,000 yd in 5 mlles
would be naasible,

Elim{1s .- of all audio amplification, using
the 1-f voltage to drlve the tranamltter, and
by making other changes to the receiver {such
as changing the intermediate frequeney) might
result in s phase-shift time in the mobile unit

of 1

tank at the time of would pro-
hiblt measurementn within +8 asec, For ex-
ample, varations in temperature between
~20 C and +50 C together with changes {n
humidity would produce oaclllator drift as
much as 50 ke. This alone makes it impos-
sible to meet an accuracy of = 5.4 uaec or 0.6
mile in 5 miles, Through Inability of the re-
ceiver’a pushbutton tuner to be reset at the
same osclllator frequency by merely sclecting
the same pushbutton would produce an error
of 27 us.c. These figures do net include
the inherent differences between tank equip-
ments of the same model numbers.

So far us the SCR-508 was concerned, it
was apparent that the a-f phase-shift measure-
ment method of measuring diatance could not
be more accurate than about 25 per eent, or to
within 2,200 yd of 5 miles inatead of the re-
quired 50 yd.

MODIFICATION 70 IMPROVE ACCURACY

Variatlons In the receiver’s pushbutton tun-
ers gave errors In excess of 10° at 10,000
eycles. To offset these errors together with
the 50-ke oscillator drift world require a erys-
tal-controlled oscillator in the receiver.

By a technigue which czlled for the trams-
mission of two audiv freyuencles somewhat
greater accuracy could be attained since dis-

4.0 psec. The amplitude sta-
bility of the SCR-508 equipments will not per-
mit the adjustment of two voltages required
for measuring phase by the sum-and-difference
method to closer than 0.2 db with the result
that an accuracy of measurement of 250 yd In
5 miles is about the limlt possible with the
modified receiver suggested.

Requtired Measurement Aceuracy. A 1° ac-
curscy when meussuring phase will permit ap-
parent errors of %0 yd In 5 miles at a modula-
tion frequency of 5 ke. If the modulation fre-
queney 18 15 ke this 1° accuracy of messuring
phase shift will permit measurements to within
30 yd at 5 miles, Therefore any phase shift
method must have an aceuracy of 1° or better,
particularly if any latitude is to be left for
varlations at the mobile tank. Such methods
are known but they are not of such nature that
they could be used in the field easily. Labora-
tory methods exist which will provide an ac-
euracy of 0.2°

oL Simplified Radar Method

The final report on Project C-60' proposes
 modified radar method in which the tank car-
ries & repeater made up of a 80-db voltage am-
plifer and a b0-watt 50-me power amplifier.
The fixed statlon transer'ts pulses of 1 usec
duration. With a recriver band width of ap-

tance would now be by the total

+3 me an accuracy well within

measured phase difference between the two
frequencies rather than the absolute value of
phase at either frequency. Assuming that the
phase-shifting nelworks were {ndividually ad-
justed for each mobile tank installation and
that each receiver had the necessary crystal
osclilator modifications, an accuracy of ap-

the prescribed 50 yd independent of the dis-
tance measured is estimated. The tank unit
being a repeater requlres no tuning or crystal
and could be readily adapted to equipment al-
ready In the field. Thua It would be much
simpler than the proposed a-f phase-shift
method,
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Chapter 14

U-H.F FRIENDLY AIRCRAFT [OCATOR

A df system providing antomatic and continuous
indlcation of bearings of signais in the region 100 to
280 me, with arrangements for remote display of the
wzimuthal dutribution of received signais.’

1 INTRODUCTION

T THE TIME this project* was started radar
Awn In 1ts infancy but it was realized that
means for identifying friendly aircraft were
needed. 1t was belleved that d-f methods giving
the azimuth of the target would be useful, par-
ticularly if two or more d-f stations could use
triangulation techniques,

Means were developed for taking bearings in
a matter of ahout five seconds with an accuracy
of approximately +3° und for transmittlng the
bearlng data over conventional telephone facili-
ties. The system waa operable on c-w, i-¢-w, and
pulse signals. Bearings were taken at nearly
maximum signal level rather than at a null, and
could be taken on two or more signals at the
same time provided the bearings were not too
close together in azimuth. There waa nv am-
biguity regarding sense. The visual indlcator
(CRO) traced a polar diagram of the received
signal, and an electrical marker system put
markers on the CRO acrecn at 1° intervals.
e TIE OVERALL SY5TEM

Principal compouents of this direction finder
consisted of a rotating directional and non-
directional antenna assembly, a u-h-f receiver
having two channels for ampiifying the respec-
tive antenna signals, line transmiiter goniome-
ter units to prepare the signals from the d-f
channel of the recelver and signals from the
goniometera which indicate antenna orienta-
tion for transmission over a telephone line, and
a line receiver indicator unit which obtalned
signala frum the line tranamitter (directly in
the case of the monitor and over the telephone
line in case of remote operation) and prepared

s Project C-12, Contract No, NDCre.193, Haseltine
Llectromcs Corp,
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them for tracing out the necessary Datterns on
the CRO screcns for indicating the bearing A
block diagram of the apparatua is shown in
Figure 1.

Prsomn L Bk dhagrars o) srerah bewie

. ANTENWAS

The antennas provided (1) a directional lobe
of the received signal for bearing purposes and
€2) a nondirectional signal for audible moni-
toring and for a-v-c purposes. The directional
antenna consisted of & conical dipole /4 from
the origin of a paraholic reflector; as the an-
tenna rotated, a varying signal was induced in
the antenna producing a aingle-lobe pattern
with the axis pointing toward the received sig-
nal. The antenna rotated at 100 rpm producing
rapidly recurrent patterns so that continuous
indication of the received signal took place.
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U-H.F ¥RIENDLY AIACRAFT LOGATOR

The nondirectional antenna consiated of &
single-cone monopole and an artlficlal ground
motinted on top of the parabolic reflector.

Sheathed transmission lines matched to the
characteriatic impedancea of the antennsa con-

Feam i
ta tolephone line

nected the antennas to the inputa of the re-
cewer. Rotating tranaformers designed ss
lines

and furnishing output to a headset for aural
monitoring and & voltage for automatically ccn-
trolling the volume of both channels. A com-
mon heterodyne oscillator served both purposes.

Provisions were made for handling either c-w

[Tl
L
il

aw=

i i T i vl TR Trmpn) b 1 wrm— fkaemilion

or pulse signais; the i-f bandwidth could be set
at 859 ke for ¢-w or at 3.5 me for pulnes by
itchi In four of the six I-f

band-pass filters coupled the tr i

from the rotating structure to the receiver.

- U.H.F RECEIVER

The equipment waa designed for two fre-
quency ranges, 100 to 166 mc and 156 to 250
me, The recelvers were auperheterodynea with
two separste channels, one modifying the aig-
nals from the directlonal antennz and appiylng
its oulput to the line tranamitter, the other
amplifying the nondirectional antenna signs!

stages, The circuits were designed to handle
pulaes having » repetition rate of from 625 to
4,000 per second and having a pulse width of
from 1 to 16 psec.

LINF, TRANSMITTER
GONIOMETER UNIT

This unit obtained electrical information as

to the exact and instantaneous position of the
antenna and prepared these signala aud the

e
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LINE HECEIVES AND CATHODE-RAY INDICATOR UNITS

output signal of the d-f channei of the receiver
for transmission over the telephone fine. Three
goniometer assemblies were required, esch
geared through a differential to the votating
antenns. One gonfometer rotated at tha same
speed as the antenna, providing X and ¥ com-
ponents for tracing out thg sngular position of
the antenna on the a t CR

11

A totai of seven audlo signals was used to
transmit this Information to the line recelver.
Frequenclea and amplitudes of these signais
were proportioned to produce the ieaat smount
of distortion and crosstalk In the teiephone
lines. A block diagram of the iin= ‘ransmitter
showlng several frequencies employed to trans-
mit ion is given in Figure 2.

- AL
TR

Floume 3. Block dingraiss if s imsiiusi and CRO indicator tubs.

tube, another rotated at four times the antenna
speed and produced the componenta for trecing
out the angular position of the antenns on the
bearing-indicator CR tube, and the third goni-
ometer rotated at 12 times the antenna speed
for producing phase-modulated signala for efec-
trical markers on the bearing-indicator cathode-
ray tube.

i

LINE RECEIVER AND CATHODE.
RAY INDICATOR UNITS

The fine receiver (Figure 3) separated and
prepared tha signals recelved from the line-
transmitting unit as to antenna location and
d-f signal output for tracing ths poiar dis-
grams on cathode-ray tubes, one for indleat-
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188 Ul ¥ FRIEADLY AIACHAFT LOCATOR

ing the directionsl lobe of the recelved signal
for approximstely locating the signal and an-
other bearing-indicstor cathode-ray tube hav-
ing an expanded scsle such that one complete
revolution on the sereen was eqalvalent to 90°
of antenns rotation. On-this tube & portion of
the directionst lobe was slso traced out.

Because the lobe jtrelf was not sharp enough
to indleate the bearing sccurately, circults were
provided for switching s deflectlon field at a
rapid rate so that two Intersecting patterns
appeared on the face of the tube. The point of
intersection of these pattcrns enabled the op-
erator to determine azimuth sccurstely.

'I'\..--I 1 o [ e drenae Buder
amrrma

[
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Electrical markers at 1° intervals with dis-
tinguishing marks at 6° and 15° intervals were
provided. Transient traces were blocked out
30 that clear patterns were obtainable. A qusd-
rant blockout control hlocked out sny two
quadrants, a useful feature when examining

two signais of the same frequency. The sig-
nals that were blocked out were shown elec-
tricaiiy on the quadrant indicator tube by dot-
ted traces. Only solld traces shown on the
quadrant tube were reproduced on the besring-
Indicator tube. A ssmple indicator pattern ix
given in Figure 5.

Ficurs 5. Sample pattern obtained when taking
Dearings.

Provlsions were made for equalizing the tele-
phone circuits,. A pre-emphasis control was
avaiisble for use where a Signs! Corps line
was connected between the d-f statlon and a
telephone line, enabling the input to the Signal
Corps line to be increased so thst the signal
arriving at the commercial facliities had the
proper level.

AT APPARATUS LIMITATIONS

Effective service waa accomplished on sig-
nals having strengths of 50 uv per meter or
less. More modern techniques would euable
this figure to be increased by a factor of five
or more. The antomatic volume control in the
d-f channel of the u-h-f receiver obtained lts
voltage from the monitor channel so that the
guln of the d-f channel was controlled in pro-
portion to the Input level of the monitor channel.
Inssmuch as the monitor signal was not exactly
constant aa 3 funtion of an‘enna rotation, it
was necessary to have a reasonsbly long time
constant {(approximately ¥} second} in the a-v-c
cireit for the d-f channel 50 that minor flue-
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tuations resulting from antenna rotation would
not distort the a-f pattern and cause bearing
error, Hence the d-f channel automatic volume
control would, in general, respond tc only rela-
tlvely slow changes In nignal level. Rapid
changes caused & proportionate distortion in the

d-f pattern which were indicated as instantane-
ous bearing errors on the cathode-ray screen.
Such rapid variations caused the Indicated bear-
ing to vary about the true azimuth Averaging
the bearings of several traces visually enabled
the aperator to obtain the correct bearing.
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Chapter 13
ELECTRICAL DIRECTION-FINDER EVALUATOR

Development of an elact-omechanical device which,
from the bearings to a radio transmitter measured by
any ramber of fixed radio direction finders, determinea
the most probabla location of the transmitter and the
boundary of the smallest reglon In which, to any pre-
assigned probability, the transmitter can be presumed
1o be located.

INTRODUCTION

T THE TIME of thla project* there were, in
use or available, a great number of radio
directlon finders capwble of providing informa-
tion which, if properly anslyzed statistically on
simultaneous beirings, could determine the
iocation of a radio transmitter with much
greater precision than had been ohtained by
methods of evaluation then existing.

This report describes a device which, with-
out mathematical approximations and almoat
inatantaneously, can apply the method of least
squares to the bearings of any number of direc-
tion finders operating in a network. In con-
junction with d-f networks orgsuized to make
optimum use of its properties, this electrical
d-f evaluator was expected to place direction
finding In an entirely new category of precision
and dependability.

STATEMENT OF PROBLEM

A radlo directlon finder providea means for
measuring the bearlng to the source of a radio
signal, and therefore two direction finders can
provide sufficient information to determine the
positlon of & radio trsnsmitter, provided that
the position of the transmitter is not on the fine
joining the two direction finders.

The bearings from the two direction finders
will determine & fix (point where the bearing
lines cross) with an accuracy dependent upon
the pretision of the iwo direction finders. In
common with all physical measurementa, the
besrings as obtained from a divection finder

" Project 13-121, Condbat Ng. DEMar-1472, J. A
Maurer, ine ¢

%0

deviate about ths true value. And as with all
physical measirements, If & number of values
will be obtuinod and properly averaged, &
resultant value will be obtained more dependa-
ble than any of the individual values.

The use of a number of direction finders
Instead of only two will provide informatlon
which, if properly sveraged, wiil determine the
location of & transmitter with grester precision
than would the bearings from any two of them.
In fact, the bearings from a large enough
number of instruments can provide informa-
tion for a fix of any desired accuracy. But the
difficulty is in properly averaging the bearings.
Unlike the messurements, for example, of the
temperature at some location by & number of
thermometers whose readings can be averaged
by determining  simple mean value, the cor-
rect bearing of a tranamitter from each direc-
tion finder of & network Ia in gereral a different
value, and thus the mean value of the several
bearings from direction findera located at dif-
ferent positions has no slgnificance. 1f & meth-
od for correctly averaging their readings is
used, tbe accuracy of & d-f fix is theoretically
limited only by the number of direction finders.
In Appendix A of the final report' the theory
is fully expounded.

o VISUAL D-F EVALUATION

The method usually employed in averaging
the information obtalnod from & number of
direction finders is to plot the bearings on &
map of the region Involved, and then, by visual
obeervation, to eslimats on the map the most
probabls location of the transmitter. This proc-
ess makes use of various rules-of-thumb, geo-
metrical constructions, and common-sense ap-
proximations In an attempt to obtain the coor-
dinstes of the most probable location of the
transmitter. The more direction finders there
are in a network, the leas likely is the result of
visual evalustion to appioach the correct solu-
tion of the proper averaging process. The other
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desired value: the boundary of the ‘“'search
region,” that i is, of the Amll]est region in w ich
10 any
can be presumed to be located, cannot even be
estimated by the viaual evalvation method com-
monly employed. And yet this information may
be very important in certain situations, such
38, for instance, upon the reception of a distress
signal, when the size and shape of the area
most profitubly to be searched by rescue craft
should qulckly be determined.

0 GROUP D-F SYSTEM OF

EVALUATION

Another method to aversge the values from
several direction finders has been attempted.
This requires that a number of direction finders
be located ao close together that in effect they
may b= conaidered to have the same geographl-
cal Tocation yet they must be far enough apart
to prevent electrical coupling and to aliow the
errors In each instrument to be entirely un-
correlated. Thus if half of the direction finders
sre grouped at one location and half at another,
the bearings within each group may be aver-
aged by simply computing the mean value, and
the resulting two bearlngs are used to obtain a
fix on a map as if eacb were from a aingle
directlon finder, except that each mean bearing
should he more precise than a bearing from a
single direction finder. As experimentally
tested, this group d-f system has been disap-
pointing. Aside from the obvioua limitation of
having only two locations, it was found that
when several direction finders were placed close
enough to be trested as at one geographical
point (not more than 2 miies apart) the
deviations were not atatistleally random, and
80 in other words the errora were correlated,
and the mean value of the bearings taken by a
group was not much more dependable than the
bearing from one direction finder alone.

s USE OF THE SUMS OF THE
SQUARES OF THE DEVIATIONS

The requirements for properly averaging the
bearings from & number of separated direction
finders may be represented geometrically in
Figure 1 where the dotted lines represent the

reported bearinga from three direction finders
25 plotted on & map of the region, and the solid
lines represcnt assumed bearings which meet
in & common point 7. The angles b, 5, and b,

P o Lot o e by ol
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rvnries bas
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= s point T,

are the deviatlons between the reported bear-
Ings and the assumed bearings to the common
point I. If the deviations of each direction
finder are normally distributed (this ia de-
scribed in Appendix A of the final report'),
then the most probabie location of the tranamit-
ter is that positlop of T' for which the sum of
the aquares of thq deviations is a minimum.

A niethod whikh has been developed for
evaluating d-f fixes\wnalyticaliy on a map com-
prises a series of computations of the sums of
the mquarea of the deviation angies. In the
neighborhood of the estlmated location of the
fix, a number of points in regular pattern are
marked. By means of a transparent protractor,
the deviation angle of each point from the re-
ported bearing jine of each direction finder ia
measured. Thess angles are then squared and
added together for each of the points, The re-
aulting values of the sums of the squares com-
puted for each point give an indication of
where the minimum sum would be located if an
infinite number of points were used.
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ELECTRICAL DIRECTION-FINDER EVALUATOR

HASIC PRENCIPLES OF THE
ELECFRICAL D-F EVALUATOR

The stectrieal d-f evaluator does not use any
approximationa nor are any computations re-
quired during the sctual evaluation process.
lustead, it provides a mechanism whereby the
common point T of Figure 1 csn be moved to
uny position and almultanecusly a ding pro-
portlonal to the sum of the squares of the
deviation anglea ls indicated on an electric
meter, Thua by varying the poaition of T until
the sum of the squares of the angles of devia-

is a constant value (indicated by a constant
meter reading) is a contour of constant proba-
bility density for the location of the transmit-
ter. For any number of direction finders and
any desired probabillty a value of this sum may
be determined. Actually, the value of the sum
has been computed for varicus probabilities
and is provided with the evaluator in the form
of a tuble.

In the development of the evaluator, tests
were run on various d-f networks which verified
the requirement that deviations of direction
finders are approximately normally distributed,

Fioume 2. Electrieal s o Suier pusbuu

tion is & minimum the most probable locatlon
of the transmitter can be determined. The con-
tour which bounds the smallest region in which
to any igned babili e i

can be presumed to be located may also Le
determined from the sums of the squares of the
devintlons. Each curve along which thls sum

and thus the method of least squares Is proper
for these determinations.

The shove desctiption assumes that the bear-
ings a5 reported from each direction finder re
equally dependable, In case it is known that
the several direction finders have unequal
precisions, the deviatlon angles (b, b,, and b,
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GNOMONIC CHAST DISTORTION £

of Figure 1) are weighted by dividing each by
the staadard deviation of the respective instru-
ment. In the evaluator the weighting is per-
formed in a circuit in which the squares of the
deviatlon angles are measured, and therefore,
the welghting control is a measure of the
wvariance, which 1s the square of the standard
deviation.

w1

BASIC MECHANISMS OF TUE
KLECTRICAL D-F EVALUATOR

The electricai d-f evaluator, illus rated In
Figure 2, is approximately the size and shape
of the visuai evaiuating tabies now in use by
the Army Alrways Communication System and
the U.S, Coast Giard. It performs the opera-
tions of determining the minimum value of the
sum of the squares of the weighted angles of
deviation by mesns of a number of protractors
located at polnts repreaenting the positions of
the dlrectlon finders on a gnomonic chart of the
reglon Involved, Each protractor electrically
measures the square of the angle between the
reported d-f bearings and the great-circle line
to the common point T of Flgure 1. In the
evaluator, this point can be msnually moved to
any position on the map, and is called the scan-
ning point. Each protractor is a furm of poten-
tiometer carrylng 80-cycle alternating current
and {4 constructed basically of a resistance
atrip attached to the bearing disk which can be
oriented to the azimuth reported by the direc-
tion finder, and a wiper attsched to a telescop-
ing pointer arm which leads to the scanning
point. From each protractor a separate pointer
arm leads to the same scanming peint. The

in series, and the serlca output is applied to the
grid Ot . vacuudi-lule amplificy whose ampii-
fication ls variable in five steps. The vutput of
this amplifier actuates the “summatlon meter,”
and this 1« the meter whose reading is propor-
tionai to the sum of the squares of the weighted
devlation angies.
1 PANTOGRAPHS

Because each protractor is a fairly large
component (about 4 in. In dlameter) and be-
« ause dlrectlon finders are occasionally jocated
rather ciose together, it would not be practical
to piace all the protractors side by side ou
chart. In the electrical d-f evaluator this dim-
culty is resolved by providing & number of
decks, permitting the different protractors to be
located at different levels, hut ench 1a directly
beiow the point on the gnomonic chart repre-
senting the position of its corresponding dlrec-
tion finder. The scanning point appears as the
reference point with a marking pencil at the
end of a movable arm just above the map on top
of the evaluator structure, but at each deck of
the evsluator there is a duplicate seanmning
point attached by a horizontsl pantograph and
vertleal shaft assembly to the scauning point
0 that it always remalns directly below it. It
is to the duplicate scanning points that the
pointer arms from the varioua protractors ure
plvoted.

s GNOMONIC CHART DISTORTION
CORRECTION

The chart or map used with the evaiuator

resistance strip and wiper of the p
are 8o designed that a voltage is obtsined pro-
portional to the rquare of the angle measured
by the reiative position of the pointer arm from
the reference line on the besring disk, Exter-
nai to the protractor is a selecter switch which
perinits the 60-cycle current to each protractor
resistance strip to be ac reguiated that the volt-
age from each can be weighted according to
the variance of the dlrection finder represent-
ing the protractor. The voltsge from each pro-
tractor is applied to the primary of one of &
bank of “summatlon transformers.” The sec-
t

must be a g P because only
with such a projection are aii great circles
represented by straight lines, This projection,
however, has one property which presents
fleulties in measuring the angles of deviation
at vanous parts of the map, Thia property ls
called nonconformallty and because of it angles
on the surface of the earth are nut preserved
in the fiat projection.

To overcome this difficulty, a corrector as-
sembly is employed in each protractor by which
the angle between the wiper and the resistance
strip is aitered by a cam to compensite exsetly
the ie distortion.

ondaries of these ! 8 ATE
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194 ELECTRICAL DIRECTION:

DEA EVALUATOR

e 1-F BEARING INPUT

At the right end of the evaluator Is a series
of boxea called bearing-input boxes, one for each
direction finder of the network. Each containa
an internally illuminated translucent drum
with an engraved scale reading 0-360° which
can be rotated by means of a 36/1 ratio bear-
ing knob to the bearing reported by the corre-
aponding d-f atatlon. A flexible shaft runs from
the bearing knob of the beuring-Input box to
the bearing disk of its assoclated protractor
through s 86/1 ratlo worm so that drum and
protractor rotate together.

Esch bearing-input box slso has a 10-point
awltch by which the current to the reslstance
atrip in the protractor can be varied tu provide
proper weighting for deviation angles accord-
ing to the known dependabillty of the partlcu-
lur direction finder. The weighting Is depun-
dent upon the statistical history of each direc.
tion finder.

Means are provided for visual evaluation in
case a breakdown occurs of the electromechani-
cal myatem.

" METHOD OF OBTAINING
‘THE DESIRED DATA

‘When all the reported bearings have been
entered into the bearing-input boxes and the
veriance awitches are at their proper positions.
the operator movea a vertleal pencil on the end
of a pantograph arm above the map. With one
hand controlling the sensitivity of the summa-
tion amplifier, the pencil Is moved untll a
minimum la notad on & aummation meter. A
mark iz made on the map at this point. Then
the pencil I« moved perpendicularly to the first
straight line and a new motion described
parallel to the firat line and a mark made when
a new minimum is found. Now on a line join-
Ing these two points a third minlmum will be
found. It will be very close to the most probable
loeation of the transmitter. The pencil may b2
caused to describa short motions about thix
point to find an absolute minimum and thia
will {ocate the most probable location of the
transmitter.

Means are provided for rejecting "wild”
bearlngs. In the contractor's final report' are

given a procedure for describing the boundsry
of aearch regions of any glven probability, and
atatistical data reaulting from fleld testa on
east and west cossts; also the rcport gives

i ion to further of the
electrical-evaluator circults, directlons for
making the cams, the use of servo mechanisms
to ellminate the manual manipulation of the
protractors, and to means of making the com-
putatiouns required automatic.
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Chapter 16

A STUDY OF SFERICS

Tha work on thia pmju:t' wan divided into two parts,
The firat of existing lteratore on the
aubject of s jes and thelr relation to weathar
information; the mecond consisted in tha operation of
two radio statlons In New Mexlco In cooperstion with
tha Bignal Corps o gather visual, slectrical, meteoro-
logical, and photographic data on local thunderstorma
Whila the contractor submitted completion reports’’
covering both phases of the project, the summary foi-
lowiog is condensed only from the ons' covering the
experimental operaticns.

w1 INTRODUCTION

HE PURPOSE of thia project was to gather

a5 much data as possible on thunderstorms
snd the types of sferics (atmonpherics) they
produced with tha object of answerlng the fol-
lowing questions.

1. Can thunderstormsa be located accurately?

2. Given a distribution of thunderstorms,
can the weather situation be analvzed?

3. Are there characteristica of sferic signals
which can be associated with storms of definlte
type or energy which wiil supplement or clarify
the information obtained from geographical
distribution of storms?

4. Ia any given region do thunderstorms oc-
cur with such frequency that the sferic direc-
tion-finding technique can be profitable?

The project consisted of two parts, a survey
of the pertinent literature available and an ex-
ploratory experimental program. Only the ex-
perimental program ls deacribed herein.

g EQUIPMENT UTILIZED

Two ohserving stations were set up, one at
the University of New Mexico in Albhuquerque
and one on top of the Sandia Mountains. The

* Project lsn&, Contract OEMar-1485, Univarsity
of New Mexi

Signal Corps provided a mobile-unit-equlpped
sferic-waveform and d-f apparatus which was
located st various distances from 80 to 1,500
km from the University station. The ohserva-
tlonal dsta on lightning flashes were synchro-
nized with the sferic records in the mobile unit
by menns of radio signals, The Signal Corps
also provided waveform and d-f apparatus for
uee at the University and a B-17 plane with
equipment slmilar to that in the mobile unit.
The plane was not continuously available
during the time of the project.

Ench station was equipped with an electrical
potential gradient change recorder consisting
of an exposed inaulated electrode connected to
a quartz string electrometer and to ground
through a high resistance.* The time constant
of the gystem waas chosen so that gradlent
changes due to lightning atrokes occurring with-
in & few hundredths or tenths of seconda
produced large electromeler deflections hut
alow gradient changes of seconds’ duration
produced no deflections. The gradient changes
(electrometer deflections) were recorded on a
16-mm fiim moving at constant apeed past a
alit 0.002 in. wide. The instruments were suf-
ficiently senaitive to record gradient changes
due to lightning strokes wilhin a radius of 26
miles and fast enough to resolve gradient
changes due to repeated elements of lightning
fiashes,

Each station also was provided with a tape
recorder on which the time, type, and azimuth
of lightning flashea and the time of the thunder
were recorded. Frequent time aiynals and
lightning atroke signals were keyed on the
gradient change recorders and simultaneously
transmitted by radio to the mohile unit to
synchronize the several records. In addition,
each station was equipped wilh an alidade to
mensure atorm and lightning flash azimuth and
cloud base and top elevation sngles.

Time lapse photographs of cloud development
were taken from each station.
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A STUDY OF SFEBICS

MosiLE UNtT

The sferic d-f equipment in tha mobiie unit
consisted of AN GRD-1 apparatus‘ made up of
two square ioaps mounted at right angles for
detecting perpendicuiar components of the in-
coming nignaia. Tie separate ampiifiers were
properly phased and the component aignala im-
pressed on the horizonts] and vertical pltes
of a cathode-ray tube. The sots were tuned to a
frequency of approximately 10 ke.

The aferic waveform equipment consisted of
a vertical $6-ft antenna, an aperiodic antenna
circuit, an amplifier with neariy constant am-
plification up to about 200 ke, a cathode-ray
tube, and a triggering circuit. The latter started
the sweep after the sferic was received with a
deiay of about 6 usec, The amplified sferle

apemovic

nala was mounted between the scopes. The film
OV i at a rate of i ly
2 in. per second.

OBSERVED WAVEFORMS AND
STORM DISTANCE

‘The waveforms observed can be divided into
three principal types.

1, A series of prominent, easily distinguished
features (e.g., maxima, sharp breaks), usualiy
with amplitude decressing in a fairly regular
fashion forming a repeated pattern. The usuai
sweep with 1,800-usec time base showed fron:
two to five such features. The interval between
the features characteriatically increased from
100 to 200 ysec 2t the beginning of the trace to
400 to 600 usec at the end of the trace.

P

artmenic
awririen

Ficuns i

was impressed on the vertical piates sa that the
cathode-ray tube trace represented the field
variations of the sferic signal with time. The
time base or aweep used varied between 1,500
and 2,000 psec, The aweep was calibrated hy
1mpressing 10-ke or 20-ke alnusoidai signals of
various amplitudes on the apparatus. A biock
Qingram of the d-f and waveform equipment s
given in Figure 1.

Both the d-f and waveform scopea were

e

anrLinics

Block disgram of d-f end waveform equipment.

2. A seriea of prominent features with leas
regular intervals and greater amplitude varia-
tion than in the first type. The waveform fre-
quently suggested an interference pattern
formed by two or more superimposed pulses or
oaciliations.

8. Very complicated waveforms with varying
amplitude and with intervals between maxima
from 10 to 100 usec.

‘Waveforms of Type 1 were anaiyzed accord-

photographed simultaneously by a 85-mm ing to the suggestions of Laby' an. Schouland"
camera. A aigna! famp for ing aig- on the ion that the pulaes or nacillationa
CONFIDENTIAL



RESULTS OF

were due to multiple reflections between esrth
and iorasphere. According to thia hypotheaia
the time of transit of an electromagmetic dia-
turbance from a lightning stroke to the observ-
ing station ia
t -{ utht + )t
where ¢ ia the velocity of propagation of the
disturbance;
& ia the height of the ionosphere;
d is the great clrcle distance betweeil
source and observer;
» is the number of reflections at the
lonosphere experienced by the pulse.
The time between the arrival of & pulse
which has been reflected at the ionosphere n
times and one which has been refiected n — 1
times ia
R
M= '7{(4..1111 - [4(n |)w+d'] ’}'
In the analysls of the sferic waveforms, the
procedure was to choose distingnishable re-
peated parts of the pattern {maxima, minima,
sharp brenks, etc.), measure the time intervala
between them, and calculate h and d by the
above formula.

ANALYSES 19

for by multiple refiections from an jonosphere
90 km in liight suggesting a storm to the east
where the path of the nferics would be In the
dark. The largest concentration of directions
Isy between 80° and 90° azimuth with a maxl-
mum at 85°, The caleulated distance of the
sources wan 1,375 =+ 100 km, The atorms pro-
Qucing the aferics were thus located within
120 km of the center of Arkansas, Weather
data of the date showed that a number of
thundere‘orms occurred along a cold front ex-
tendlng from Arkansas to Pennaylvania. At the
time the recorda were made a storm was in
progress at Little Rock, Arkansas. Thua the
location of the storm at this site without prevl-
ous knowledge of lts exiatence on the part of
those analyzing the records offers convincing
evidence of the validity of the multiple reflec.
tion hypothesis.

LIGHTNING FLASHES AND STORM CHARACTER
A study of the visual and electrica? potential
gradient change records of tightning strokes
in storms near Albuguerque during Auguat aud
September, 1945, yielded some interesting pre-
liminary results, In this group of alorms, the
frontal storms were more intense, they had a

Tame 1. Resalts of waveform analysis.

{ Tiime of obn. of | Ntorm distance | Caleulated
corlated | frm mobile | sonoaphe
fashen, it A
MST l m km w km
1935-1048 400 ©
15371600 M |0
16131515 30 1n ‘
+543-1550 «0 50
i 1626-1630 L B2 -~
Sept 6 14831015 B0 85 l
Totat
T RESULTS QF ANALYSES

The results obtained by this mesns of analyz-
ing the waveforms are given in Table 1.

The record of the storm of November 2, 1946
disclosed manuy simple pstterns which, upon
analysis, indicated that they could be accounted

No. of corr. { Ko of wave- | Na of wave-
omosphery | wavaforms .| foruw corr by
hoiht A | Vath of sferic | ronatent wath e and

nd d nly

3 +
21 2
2 2
5 7
1 1
4 4
5 o

greater atroke frequency, s relatively larger
number of cloud-ground atrokes, and & larger
number of repeated elements per stroke than
intra-gir-mass atorms. If these observationa
are supported by further atudies over entire
thunderstorm seasona and In different climatic
regiona, there ia a possibility of determining
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storm types a3 well as storm diatance from
sferiea waveform records.

Sl GENERAL CONCLUMONS

1. Sferic slgnals from lightning flashes ex-
perience multiple reflection betwezii the jono-
sphere and earth. The repeated pattern wave-
form produced by sferic pulses which travel
paths of different length due to different num-
bers of lonospheric reflectionn may be used to
calculate vhe height of the ivnosphere and the
distance of the flash from the observing station.

2. The use of waveform equipment to deter-
mine lightning flash distance In cunjunction

with equipment to measure direction and sense
of the aferic aignal makes possible locatlon of
thunderstormn from a single station. A
thorough test of thia technlque should be made.

8. Preliminary results on a small group of
thunderstorms In one climatic region indicate
that frontal and nonfrontal storms differ In
lightning flash frequency, relative number of
cloud-ground and cloud-cloud Aashes, number
of repeated elementa in cloud-ground fiashes,
and the duration of cloud-ground flashen.

4. The great advantage of determining storm
type or [ntenslty from usferics recorda indicates
that the preliminary results should be checked
and extended by observations on storms in
neveral climatic regiona.
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Chapter 17

ANTENNA PATTERNS FOR AIRCRAFT

Studiea and experimental jnvestigations in connection
with antenna pstterns for alreraft and tanks su s fune-
tion of location of the antenna, frequencles employed,
ete,, also davelopment of the “mcdei” techniqua for
studylng aircraft antenna impedances and patterns.
This eoniract was administered by Division 13 untii
Aprlt 2, 1044, when it was transterred to Division 16,

INTRODUCTION

ROJECT C.11° was Initlated by NDRC at

the request of Aircraft Radic Laboratory,
Wright Fieid, to achieve the foliowing princi-
pal aims,

1. To investigate methods for measuring
antenna patterns on aircraft at varloua fre-
quencies,

2. To measure the patterns of various anten.
nus on various types of aircraft at varioas
frequencies,

3. To obtain generai statements on the
eifects of aircraft structure, antenna locatlon,
frequency, and other factors sn the radiation
patterns.

4. To investigate the patterna of varioua
special antennas and antenna arrays.

5. To investigate methods for improving
patterns of aireraft antennas for specific ap-
plications,

6. To investigate the conatructlon of modeis
to determine the accuracy of construction re-
quired.

ity

RESULTS ACCOMPLISEED

Aithough measurements of aircraft patterna
uning models had been made for seversi years

= Project C-4), Contiact No. NDCre-100, Ohiio State
University.

CONMIDENTIAL

prior to the atart of thia project, the meaaure.
ments were limited to simpie typea of antennas
and to an upper frequency of about 600 mc.
Under the project, techniques and equipment
were deveioped to extend the model methods to
a greater varlety of structures and to cover
greater frequency ranges. After the equipment
and techniguea had been developed to the point
where routine measurements couid be made, at
frequenciea as high as 10,000 me, patterns of
various antennas were investigated to deter-
mine the generai factors which Influence the
patterns. It was found possible to predlct the
generai features of patterns of aimpie types of
aircraft antennas,

Modeling techniques were applied to a
iety of apevial problema and it is believed
that these applications are new, Methods for
measuring propeiler modulation and for
measuring ellipticity of polarization of airveraft
antennas were developed. Modeling techniques
were applied in the investigatlon of 2 tank an-
tenna probiem. The posaibifity of uaing modeia
for measuring radar echoes from aireraft was
considered and development of methods atarted.
Methods uaing models for measuring the im-
pedances of aircraft antennas were investi-
gated.

The research program outlined above was
requested by Wright Fieid in order to develop
the wmod 1 technique for use as a tool in the de-
sign of aircraft antennas to meet definite apeci-
fications. Modeia were used in the investiga-
tion in preference to full-scale siveraft since
they furu’sh more information with less labor,
time and cost. The fact that the actual airpiane
ia mot aiways avaiiable for antenna tests aiso
was an important factor.

The information and techniques developed
on thi  roject were used in the design and de-
velopnicnt of aireraft antennas for a wide
variety of applicstions.




L PATTERNS OF ANTENNAS ON
AIRCRAFT AT VARIGUS
FREQUENCIES

1t is 10t easy to predict from theoretical con-
siderations alone the upproximate patterns to
be expected from a proposed antenna fnutalla-
tion on an alrplane. The relative importance
of reflectlon and diffractlon effects and the
nature of the current distributions on the sur-
fuces of the aircraft are difficult to estimate.
If sufficlent antenna patterns measured under
» wide range of conditions are avalluble, it be-
comes poasible to make A better estimate Jf an
sntenna pattern. To provide such patterns, a
group of patterns has ben obtalned over a
wide frequency range for simple antennaa
mounted on various types of aircraft.

Only the patterna for the princlpal plancs
have been menaured. It has been found that

[ Bl st b -
aamirr by

principal plane patterns are almost as useful
us complete three-dimenaional patterus, and
much easler to obtain. The orientations of the
coordinate planes with respect to the aircraft
are shown in Flgure 1.

The followlng is a list of the patterns In-

TTERNS FOR ARGHAYT

cluded with the contracter's final report dated
August 24, 1943

B-17F

A 4-ft whip antenna on the lower frequen-
cles and & A74 stub at 15, 25, 35, 50, 75, 100,
150, and 200 mc, the nntennas being located
(1) directly shead of the bomb bays, project-
ing vertically downward, (2) directly behind
the bomb bays, projecting vertically downward,
(3) 4 ft ahead of the leading edge of the horl-
zontal atabllizer, projecting vertically down:
ward from the belly of the ship, und (4) cen-
tered on wings on top of fuselage, projecting
vertically upward.

A-20-A

A A/4 stub antenna on top of the fuselage,
Immediately above the trailing edge of the
wing at 50, 100, and 200 me.

P-38

A 4-ft whip antenna projectlng forward
from the nose at 50, 100, 150, and 200 me.

P47

A 4-ft whip antenna just behind the pilot's
cockpit at 50, 100, and 200 me.

B-25

Two typea of antenn: a/4 stub and a A/2
coaxlal-type dipole at 100 and 200 me. The an-
tennas were raounted In two locations, on top
of the fuselage, first just above ihe leading
edge of the wing, and then above the trailing
edge.

1ns  TYPICAL ANTENNA PATTERNS

In making the meazurements only half of the
pattern was measured In those cases where
symmetry could be asaumed. The symmetry
was checked in several of the patterns and
found to be sdequate.

In Figurea 2 and 3 the row of patterns on the
left Is for tne plane 0 — 90°, the center row
for the plane defined by ¢ = 0° and 1807, and
the right-hand row for the plane ¢ = 90° and
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in frant of bomb bays, Dotted lines indicate

FiGurE 2 Autenna ey for 4-1¢ xtub on belly of B-17F direct]
vertical polarization, £r; full lines Indicate horizontal polsrieatio

270°. in Figures 4 and 5 the patterns for The principal plane patterns in any hori-
angles 10° below the horizon (¢ = 100°) have zontsl row in Figures 2 and 8 are plotted on
been plotted also. the basia of a constant power input and there-
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ANTENNA PATTERNS FOR AIRCRAFT

b

Al

Flaurk 3, Antenna
verticul polanstion,

fore may be directly compared. It ia not per-
missibie to make direct comparisions of reia-
tive signal strengths between patterns in dif-
ferent rows.

The pat! :rn of any almpie antenna mounted
on an airplane may be estimated with the aid
of these sample patterns. The sample patterns
which approximate the conditions of the an-
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S

ternn of )4 stub on belly of B-17F dmﬂ.ly In tront of bomb bays. Dotted tines Indieats
ol ines lndieate horizontal poRrication,

tenna whose pattern is to be estimated are com-
pared to determine the amount of diffraction
and reflection to be expected. If the current
distribution on the antenna is expeeted to dif-
fer considerahly from that obtaining on the
stubs used in these measurements, due aliow-
ance for its effects on the pattern must be
made. It wili ke found, however, that the
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@ - 1000 $eat @e2r0t b v0°

0100°

Flaune 4. an top fuselage sbove lexd:

me wdge of wing of B-26, Dotted lines Indicste
Versiea polarizsrion; E'. sy f e T el ‘polarization, Es.

sample patterns will be approximately correct the current distribution on the spheroid than
for linear antennas of lengths from a small by the current distribution on the antenna.
fraction of a wavelength up to roughly JsA.

As an additional aid in estimating antenna
patterns, a number of patterns were measured 17% METHOD OF MEASUREMENT
on a A/4 stub mounted on a prolate spheroid, EMPLOYFED}
which approximates a fuselage. 1t is apparent
from the patterns in Figures 6 and 7 that their A fairly adequate deacription of the princi-
shapes are determined more by the nature of pal methods employed in messuring antenns
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ANTENNA PATTEANS FOR AIACAAFT

patterns with models is given in the final re-
port dated August 31, 1842' A few minor
changes were made as a reauit of experience.
The vibrator method described briefly below
has certain advantages over other methods

the other hand, the vibrator method Fss certain
disadvantages.

1. The amount of moduiation obtainable
with a commereial vibrator s very low at fre-
quencies about 2,000 mc due to unavoidable

in certain appliestions, The fact atray resctances and losses in the vibrator.
e il s
i // \ e
e
W s }
( S P o
RS v i N

g S

M
ﬁ,

Ficuns b, Farterns of 5,
teal polariation,

that nio connecting Wires to the model are re-
quired in of particular advantage in aome
mensurements. The phasing adjustment offers
possibilities for Investigating the cilipticity of
polarization of radiation from an antenna. On

® oo

atub st 200 me dlm-tly ahovs ‘Mhi' sdge of wirg of B-25. Dotted lines Indicate ver-
il ot lesth Vorisontal polarisation, Ho.

2. The need for phasing the aystem for each
reading increases the time required to measure
a pattern compared to other methods. It fs
possible, probably, to eliminate thia phasing
adjustment.
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3. The aignal leveiz obtained are low, and
the aystem ia rather semsitive to changea in
components.

- 7
= ey f
» o 10 ol L a3 cIJ
s obtsined from i/4 stab pro-
d

Fi . Pats
Jecting from one of prolats apheroid 15259 cm
in dimennions, vertiesi poiarization

curren! which flowa in thu model antenna ia

by i vary:
ing im;edance (tuned vlbrltnl‘) to the termi-
nala of the antenna. As a consequence of the
variations {n antenna current, a modula(ed
wave is re-radiated, Some of the re-r
energy re-entera the transmitting .nunnn
ayatem where it ia picked up by a receiver sen-
ve to modulation oniy. Since there are two
signaia entering the receiver, the audio output
of the receiver dependa upon their reiative
phuae, The phase may be varied by adjusting
the separation between the model and the trane-
mitting antenna. Variations in the adjustment
for proper phasing (maximum audio ocutput)
yield Information on phase variations in the
field re-radiated from the modei.

) The New Method

The methad employed for the majority of the
pattern measurements usea & bolometer (Littie-
fuse) detector as a receiver in the modei to de-
tect moduiated signaix from a horn radiator.
8mail wires are used to connect the output of

4a

£
=

e

74 800 M0

Ficure 7. Pattarnn of X 4 stub on side of prolats sphareid, 15x60 em in dimension, paraiisi to minor axin;

vertical polaization.
LT The Vibrator Method
Au unmoduiaced tranamitter produces a rei-

atively uniform field in the re.ion oceupied by
the model exciting the model antenna. The

the receiver to the observing position. Pro-
vided suitable precautiona are taken, the dis-
tortion of the antenna puitern due to the
presence of these wires in the field can be kept
amall. For antennas of low efficiency, the out~
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put of a bolometer ia rather iov so that a sili-
con cryatel detector 1a usuaily substituted.
The output of mont detectors is essentially
proportlonal to the square of the input voltage.
Since antenna patterna are usually riotha on
& voltage basia (to accommodats the large vari-
atlons in aignala found in moat palteins) it is
necessary to take the mquare root of the valt-
age output of the recelver. An amylifier which
does this automatically Loz buzs dcnstructed,
It Ia essentially a logarithmic 50-ke amplifier
whose components have been adjuited to give
the desired square root

most important being the necessity for chang-
Ing the length of the skirt with each frequency
change. Also, the length of the skirt 1s quite
critical If the antenna Impedance is high. 1t ia
often difficult to find space In 2 model for the
matching sectlon.

A modification of thia methed is shown In
Figure 9. A aliding polystyrene plug Inserted in

TS e

The model anpporting atructure described on
page 34 of the final report dated August 81,
1942, 1s now used exclualvely. Selsyn Indlcators
¥lve a remote indication of the rotatlonai posi-
tion of the horlzontal member. The horn radla-
tor ia on rollers to nllow complete freedom of
rotation about Its longitudinal axis.

1”e

PATTERNS OF BALANCED
ANTENNAS

Patterns of antennas requiring a bulanced
feed cannot be measured as almply as those
using a cosxial-feed system. Particular care
must be taken to assure a balance In the cur-
rents on the feed llne otherwise stray currents
appear on the outer ahield, distorting the
measured pattern.

Since the meaauring equipment was orlginal-
ly deslgned for use wilh coavial lines, the first
method used on balanczd antennas employed a

lomiim sbin bewwrn el

A/4 skirt or balancing section on the end of a
coaxial iine to obtain the phuae reversal re-
quireg for a balanced antenna. (See Figure 8.)
This method has several disadvantages, the

Fiovae 9, Tunsble coaxinl skirt balewrmg sl

the akirt unit allows aome adjustment of the
tuning of the akirt. The tuning range is rather
restricted, however, and there la no good ecri-
terion for proper tuning.

The next method trled used a balanced ays-

Shielded-pair

lmel and balanced detectors were constructed,
ar shown in Figure 10. Two coaxial tuners

s -

Fasm i Ml psivng 1 e wrib o
aram i sl i ks

were used at the detector to allow adjuatment
of balance since the detectora were sot quite
aymnietrical mechanically. Thia method was
found to be satlsfactory for a wider range of
antenna impedances than the previous methods.
There was stii! a lack of a critcrion for proper
Luning, however,

A system which achieved greater mechanical
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THE SIMULATION OF DIELECTRICS IN MONFLS 211

and ejectrical symmetry is shown in Figure 11.
A twin-fine tuner and dual detectors were used.
The two bolometern were comnected In serles
for the audio output. This equipment was rei-
atively satlafactory.

Frnwn il Busbics o7 mm o b own) el

A system which usea a resonator to couple
an unbaisnced detector to a baisnced transmis-
aion line is shown in Figure 12. This avoids
the difficuities encountered lu eonstructing bal-
#nced detectors.

b
e

L L e P
i 1 L

AR, PROPELLER MODULATION

Preliminary testa were made to determine
the feaslbiilty of using models to atudy pro-
peller moduistion. For a given direction of

propsgation of the signal, it is posslbie to ob-
serve the variation in aignal when the propeiier
Is oriented in varlous directions. From the
maximum and minimum signais observed It is
possible to determine the percentage of modnin-
tion due to the propelier.

173 MEASUREMENTS ON ELLIPTICALLY
POLARIZED FIELD!

Radiation from even aimple stub antennaa
mounted on aireraft is eliiptically polarized st
the higher frequencies, It Ia to be expected,
therefore, that measurements of the ellipticity
of the radistion would yieid information of
value in interpretations of patterns.

The major and minor axes of the ellipse of
polarizations at any given point in a fleid can
be readily measured by roteting s lineariy po-
larized antenna to determine the maximum and
minimum signais. If the field ia linearly pola:
rized the mlnimum signal will be zero. If the
field ia circuiarly polarized there wiii be neither
& maximum nor & minimum. To determine the
direction of rotation of the electric vector
2round the ellipse apecial mesaurements are re-
quired, The phasing adjustment used In the
vibrator method for measuring anterna pat-
terns makes its de* >rmlination possibie.

Measurements have been made of the ellip-
ticity of the fieid radiated from a aimple vertical
stub antenna lccated to the rear of the cockpit
of a P-40 at 150 me. The data obtained are
tabuinted in Table I of Appendix T (report
dated August SI, 1942).' Table II' was ob-
tained from measurements of the fieid radiated
from a o/4 atul autenua located on the alde of
& prolate spheroid parailel tv & minor axis of
the spheroid. There {s & considerabie amount
of eliipticaliy polarized radiation {n directions
not In the pienes of symmetry. The direction
of rotation of the polarization waa not measured
in the pattern for the P-40,

172 TIE SIMULATION OF DIELECTRICS
IN MODELS

An accurate simulition of a dielectric in &
model is obtained by using & material whose
dielectrlc constant is the yame and whose cor-
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ductivity has been increased by the factor by type aireraft, Ia In some cases important. Alsu,
which the dimenfions have been reduced. Since in certain special cases it is necessary to model
suitsble materials were not readily available, plastics such as Plexiglas. The enclosurea used
an i igation waa d to i on some antennas, such as loops and high-fre-

3w cu

vertical polarization. (z =

Fioven 13, Reflection trom 2-em Iayer of wood, A, horisontal palarization; B,
€= B0X10 ' emu )
methods for constructing approximate models  queney radar antennas, sometimes affect the
for pattern measurements. The modcling of pattern of the antenna.
plywaood, such as is used for constructing cargo- The precise calculation of the effect of &

CONFIDESRTIAL




213

THE MADEL TECHNIUE

curved dielectrle surface, such as s plywood
fuselage, on the propagation of waves radisted
from an antenna is difficult and invoives too
much labor to be practical. Much useful infor-
matlon Is obtainable, however, from the aimpler
caleulation involving plane waves and plsne
surfaces.’

The reflection coefficient for a 2cm layer of
plywood was caleulated for a number of angles
of incidence and for both vertical snd hori-
zontal polsrization. The valuea for dielectric
constant ¢ and the conductivity » were obtained
by averaging published vaiues from a number
of sourees. At the tlme of the caleulations the

 of Roberts and Von Hippel* wans not avail-
abie. The results of the calculatio: . arc shown
in Figure 13. An examlination of these figures
shows that there s negligible refiection for
wavelengths longer than about 10 meters. As
the wavelength is decreased below 10 meters
the reflection increases to a msximum in the
reglon around 16 cm. Beyond 15 em the reflec-
tion coefficient exhibits alternate maxima and
minima, the piywood acting ss a pure dielec-
tric reflector.

For antennas which operate at wavelengths
longer than 10 meters the plywood may be ex-
pected to have but small influence on the an-
tenna pattern. Consequently it is not necessary
to model the plywood at &il. It will be necessary
to model any conducting materials In the fleld of
the antenna, such as the motors and gas tanks.

For the regton from 15 em to shorter wave-
lengths, a reasonably accurate model may be
obtained using plywood of proper thickness In
the model, since the conductivity becomes un-
important.

For the region between 16 em and 10 meters,
the sltuation is not so favorable. Reflections
from the surfacea of the alreraft may have
considershle influence on an antenna pattern.
The model should be conatructed of materiala
having the correct constanta If accurate results
are desired. An approximation to the pattern
may be obtained by uslng a plywond model, und
the results wlll usually be good enough to Indi-
cate the general performance of the antenna
system. The errors in the pattern will depend
on kow much the Waves reflected from the ply-

. wood surfaces contribute to the antenna pat-

tern.

oy 4 TANK ANTENNA PATTERNS

The followlng investigation was undertsken
to determine a method for measurlng the
patterns of certaln high-frequency antennas
mounted on a medium tank. It was considered
necessary to inciude the effoct on the patterns
of the finitely conducting ground in the neigh:
borhood of the tank.

! TIHE MODEL TRCHNIQUE

The characteriatics of the ground on which a
tank is located may intluence the pattern of an
antenna on the tank in two ways. The most
important effect at high frequenciea is the
change in the pattern due to reflections from
the surface of the earth. Of lesser importance,
generally, iz the effect of the ground on the
current distribution on the antenna and on the
tank.

An electromagnetic wave Incident on & sur-
face of finite conductivity and dielectrle con-
stant is ordinarily reflected with a change in
magnitude and phase and possibly a change In
polarization. The wave received at any point in
space from an anienna fear the earth's aurface
will be the vector sum of a dircct wave plus a
wave reflected from the surface. Because of
the change in phase on reflection and because
of the difference In path traversed, the phase
difference between the direct and reflected
waves at a point in space will depend on the
relatlon of the point to the antenna.

An aceurate simulation of the conatanta of
the ground could be obtalned for model mer-
surements by using a model ground constructed
of a material whose dlelectric constant equals
that of the earth and whose conductlvity is In-
creased by the factor by which the dimensions
in the model are reduced. Suitahle materials
of these characteristics were not readily avail-
able, although there was a possibility of ob-
taining them by losding rubber with a large
amount of carbon. Mechanical difficulties in
the mvler squipment made it deslrahle to ob-
tain the patterns by other means If posnible.

The antennas of principal interest operated
at frequencies aufficiently high so that it could
reasonably be assumed that the presence of
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the ground had only a negliglble effect in de.
termlning the eurrent distributlon on the an-
tenna and on the tank. If, therefore, the model
tank is suspended in free apace, it can be as<

==
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sumed that the current diatribution ia un-
changed, It thus becomea possible to measure
the pattern of the current distribution in free
space. From theoretical considerationa, an es-

ANTENNA PATTERNS FON AIRCRAFT

timate of the pattern ineluding the effect of
the ground can then be made.

Free-space pattern messurements were made
on & stub-type antenna mounted on a medium
tank in two positiona (positiona marked A and
C in Figure 14). 1'lotographa of three-dimen-
afoual modela of the patterns appear in Flg-
ares 16 and 16. The patterna In Figure 18
show the influence of the position of the turret
on the pattern, alnce the turret ia not locsted
symmetrically on the tank. The frequency ured
in these measurementa was auch as to make the
helght of the tank about BA.

Frurss 1k Thiseshwmmenitd jfore. o e
el bk

The free-space patterns can be modifled to
obtain an approximation to the true pattern
including the cffect of ground reflections, An
examination of the pattern ir. Figure 16 ahowa
that there Is very little energy radiated at
angles more than about 20° below the horlzon,
owing to the large aurfaces of the tank body.
Only those waves included in the region from *
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PATTEANS FOR A CCRAYED ANTENNA ON A MEDIUM TANK 215

the horizon to 20¢ below the horizon can theve-
fore be expected to Influence the pattern after
reflection from the ground. Since the angle

ersge magnitude of the signal in the region 0°
to 20° in the measured free-space pattern oy
the pattern for the corresponding region for

Propish |8 Pl Fov datinne ey am g wrel g g A reer) 1 el g b g

I unn peintig: i B, guss ssteTUn

of reflection Is equs] to the angle of Incidence,
only the pattern In the region up to 20° above
the horizon will be distorted by the ground re-

Fum (4, Tumwts ol v
sty AL mher A
flections, For sngles greater than this, the
measured patterns sre probabiy about correct.
For angles up to 20° sbove the horizon, the

FioRe 18, Pattern of verticat stub antenna on
small turret.

measured pattern must be modified to Include
the ground reflections, By multiplying the sv-

the dipale, an approximation to the true pat-
tern is obtained, The caleulated pattern for s
infinitesimal dipole located 51 above sn average
earth ia shown n Figure 17. Flgure 18 shows
a pattern which has been modified In this way.

AL PATTERNS FOR A CURVED
ANTENNA ON A MEDIUM TANK

An examinstion of the patterns In Figures
15 and 16 shows that there 1s s severe cone of
silence along the axia of the antenns. As thls
cone of silence might be deieturlous in the care
ot tank-to-plane communicatio: eurved an-
tenns was Investigated to nee if the cone of
silence could be climinated, Measured free-
spuce patterns indicated that s rnore uniform
distribution of signs. was obtained with thls
sntenna. While there is some energy in the
horizontally polsrized component, it was not
important enough to warrsnt measurement.
The presence of the ground will have about the
same effect on the pattern of this sntenma sa
on the pattern for the stub dlscussed sbove.
The exact shape of the antenna to produce the
uniform distributlon of signs) is not too Im-
portant, provided only that an appreciable com-
ponent of the uxla of the antenna Is horizontal.
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i1 IMPEDANCE MEASUREMENTS BY
MEANS OF MODELS

In designing an antenna for a specific appii-
cation there are generally two electrical fectors
which have to be conaldered, the pattern and
the impedance characteristics. For maoy appil-
cations 1t {s possible to design the antenra to
produce the desired pattern and to aocept what-
ever impedance characteristics result. There
are many applicatiors, particularly broad-band
antennas, where it {s not permissible to choose
the one characteristic independently. To be
able to correlate the pattern with the impe-
dance characteristics it was feit desirable to
attempt of antenna
by means of models. After & review of the
principal methods described in the iliterature
for measuring impedances at ultra-high fre-
quencicr, the standing - wave method and a
modification of Chlpman’s method offered most
promise of being adaptable to the problem.

Equipment was constructed for making
standing-wave measurementa in the frequency
range 800 to 8,000 me. The first crude equip-
ment revesled the necessity for very precise

hanical i iati of the
center conductor from the axin of the outer
conductor as smafl a3 0.001 in. caused very
noticeable distortions in the standing wave pst-
tern.

24 n

£y e o n
XeD 3 [
Fiouss 19, Basic elreult of Chipman’s method of

‘meanuring impedance.

Most of the development of methods has
centered on Chipman's method, for which the
basie clrouit is shown in Figure 19. A skeich
of the equipment used is shown in Figure 20.
The antenna whose impedance is to be mea-
sured is connected to one end of a coaxial trans.
mission llne, snd excited by a remotely located

transmltting antenna. Varying the lengih of
the ilne o obtain a resonance curve supplics
data from which the uoknown impedance can
be determined. An indication proportlons! to
the current In the short-clrcuiting plunger of
the transmission line ls obtained by means of
a small coupling laop snd tranamission linc to
a detector. The plunger is driven by a microm-
ster drive. A alilcon detector and gaivanometer
sre used for the detector.

mEi e

mier 1 il A

g

T

The eailbration of the equipment was car-
ried out as follows. Owing to the dissymmetry
introduced by the plunger, there Is some un-
certalnty as to the focation of the origin from
which the length of the line is measurad. A
calibration was obtained by short-clreuiting the
antenna end of the line with a disk, and deter-
mining the resonance position for the fre-
quency used by feeding euersy into the de-
tector line. The resistance Introdured by the
detector-coupling loop (it was asrumed that
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THE RECIPAOCITY BETWEEN TRANSMITTING AND RECEIVING ANTENNAS 217

there is no reactance introduced since the line
is tuned) was obtamed from the reionance
curve in the usual way with no antenna con-
nected to “he line, Energy was fed into the
open end of the line by means of a probe intro-
duced near the open end.

Meaxurements have been made of the impe-
dance of a verticai rud antenna mounted on &
large plane conductor at 750 mec. Measure-
ments were made of the impedance as & func-
tion of the length of the antenna. The pro-
cedure was simpiy to determine the position
of the piunger for resonance and the breadth
of the resonance curve at the haif-power points,

The results of the measurements are shown
in Figures 21 and 22. A curve calculated from

the formula given by King and Blake® has also
been plotted for comparison, The large devia-
tion from the calculated values has been found
by other experimenters, and so is not consid-
ered serlous,

173s  THE RECIPROCITY BETWEEN
TRANSMITTING AND RECEIVING
NTENNAS

Since some radio engineera have doubts con-
cerning the valldity of the reciprocity theorem
for antenna patterns,’ it seemed denirable to
make a rough test of it. The buals for this
doubt lies In the feellng that known differences
in current dlstribution on an antenna when
transmitting and when receiviix should jead

i;rirﬁ-:—nrnl
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to differences in patwern. The opinion has been
expressed that the nature of the Impedance at
the terminals of a receiving anienna might af-
fect the pattern.

A rough test of the rectprocity theorem was
mude by meanuring the patterns of a number
of antennas when receiving and when trans-
mitting. Tn no cage was any attempt made to
keep the Impedancea of the generator or the
current indicator negligible, as required by the
reciprocity theoiem as usually stated. The
agreement between the receiving and trans-
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mitting patterns waa satiafactory in all cases.
The antennas tested included A/Z linear aym-
metrica] antennas, and a fiat antenna mounted
on & disk.

The method which has been described for
meausuring antenna impedences based on Chip-
man's work, measures the impedance of the
antenna when receiving. It is, therefore, im-
portant to show that this impedance is the

ne ae when transmitting. Tbe proof ia es-
sentially that given by Franz.: Conaider any
antenna with an impedance Z connected to its
terminala and under the Influencc of an srbi-
trary jncoming wave, The wave sets up a cur-
rent [, in the impedance Z. Suppose now that
& generator is inserted in series with Z to re.
Juee the current flowlng in it to zero. Tha
generator ests up & current [, which is equa!
and opposite to J,. By the superposition the-
orem, I, is unaffected by the presence of I,,

S FOR AVRCAAFT

and vice versa. Hence,

b+h=0 n

Ii= T«F 7 @
where Z, Is defined as the frapedance of the
antenns when transmitting. 1t followe imme-
diately that the recelving antenna acts iike &
generator or open-clrcuit voltage E, and in-
ternal Z,. Hence the d of
A receiving antenna s identically the same es
that when transmitting. 1t is aposrent that
Thevenin'a theorem applles to & recelving an-
tenna.

Notua that the equaiity of the currenta ex-
pressed in the ~wati 48 applies only to the
currenta in the impo's1ve . It doen not imply
that tha currerda sre oqual over the entire
antenna, alnce in ganeral they will not be equal
axcapt at the tarminals,

but
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Chapter 18

AIRBORNE ANTENNA DESIGN AT U.-H-F AND V.-H.F

Btudy of sntenna deslgn taking into sccount direc-
tlona] proparties, powor-handling s
tion at wh.t end v.hf frequenci
vertieal polarization, broad:bund entennes, surface an.
tennss, effect of the structure on drag, precipltation
static, ate. The summery which follows is condensed
{rom the contractor's finel report,' the chisf reduction
consisting In the ehmuistion of & great sumber of field
patterns, drawlngs, and bibllogrephice] refarences.

(LS INTRODUCTION

Tma OBJECT OF this project® waa to "atudy
optimira radiation patterns for use on or
In aircratt in the v-h-f and u-h-f ranges from a
communlcation point of vlew, taking into ac-
count the variety of attitudes in which an air-
plane may be when communication may be nec-
sssary, to study designs of antennas required
1o realize such optimum rediation patterns, and

5. The Radiation Laboratory [RL}, Massa-
chusetts Institute of Technulogy.

6. The Bell Telephone Laboratories [RTL],
New York City and Deai, New Jersey,

7. RCA Laboratories {RCAL], Rocky Polnt,
Long island,

134 CENERAL CONSIDERATIONS IN
AIRBORNE ANTENNA DESIGN

Since it s a rare antenna inatallation in
which the tranamitter or receiver can be lo-
cated directiy at the antenna terminals, the
problem is usually complicated by the presence
of & transmisuion line, In practice, with low-
foss transmission iines of essentlally real char-
acteristle Impedance, the power transfer prob-
iem is solved by so designing the transmitter
and the antenna that their reapective input

to include i of aspects

are resiative and equal in value to
the chi i of the line. Under

to the end of attaining antennas
minimum drag.” The work resuited in a report!
containing as complete information as could be
obtained within the specified time,

In view of the extremely generei nature of
theee spacifications and the short time aflowed,
it was not conaidered feamible to undertake
specisl experimental or theoretical work.
Therefare, thix summary and the final report'

these conditions the line is said to be "flat” or
"matched,” the energy delivered to the line
passing down the line in the form of a travel-
ing wave, which, on reaching the antenna, s
entirely absorbed and radiated into apace.
When the antenna {a not matched to the
transmission ifne, the incident voitage wave ia
reflocted at the antenna terminala with
change in and a shift in phase de-

from which it is are

based upon work dane for or by the various
agencieaof the Armed Services. The buik of the
work was performed by :

1. The Antenna Section, Research Division,
Aircraft Radlo Laboratory, Wright Field,
Dayton, Ohio.

2. The Radio Test Department. U. S. Naval
Air Station, Patuxent Rlver, Marvland.

3. The Robinson Laboratory, Ohio State
University Resesrch Foundation,

4. The Radio Research Laboratory [RRL),
Harvard University.

® Profect. 13-106, Contract No. OEMar-1396, Redio
Corporetion of Amerlca.

termined by the input impedance of the an-
tenua relative to the characteristic impedance
of the ifne. The effect of such reflection is to
set up a system of standing waves on the line,
the characteristics of which are described, for
engineering purposes, In terms of two equiva-
ient quantitics: the magnitude of the reflertion
coefficient 'K), and the standing wave :ath,
SWR. These are defined 1n terms of the terral-
nating impedance and the voltage distribution
on the iine by the following expresaions:

o =2l

ZtZ ay
where Z, is the terminating (or antenna im-

Kl =

CONFIDENTIAL 219




220

AMBORNE AIVTUNNA BESWSN AT U3 F ANDSH-F

pedance) and Z, is the characteristic Impedance
of the line,
and SWR = Evur/ b, @
where E.. and E,., are the relative magni-
tudes of the maximum and minlmum voltages
in the standing wave syatem.

The two quantitiea |K' and SWR are related
by the expressiona:
SWER

- =_777“| 14 |K
IR = Swr 1

SWR =T

and

©

R Revonant Lines
1t is evident from the general tranamission

line equation (for lines of real Z, and negligible
attenuation)

St = 2y ntan 0 & 2y

LORE Y g 7Y ] &)
that while the Input impedance Z,, of & flat or
matched line Is Indepandent of 4, the electrlcsl
length of the line, and always egual to the
characteristic impedance of the line, the input
{mpedance of a mismatched, or resonant, llne
ia qulte definitely a function of line length. If,

greater the greater the SWR and the longer
the line,

1825 Effect of SHR on Line Voltage

For a given power delivered to the anftenna
terminals, the maximum line voltage is greater
the greater the SWR. The greater the voltage
the grester the possibility of line fallure duc
to arc-over, particularly at connectora and other
discontinuitiea in the line. Dielectric losses,
other thinga being equal, are proportional to
the square of the line voltsge; the presence of
high SWR on a solld-dielectric line ia often in-
dicated by local heating effects in the vicinity
of voltage maxima, partleularly near the trans-
mitter end of the line. Furthermore if the line
voltage ia high and & voltage maximum hap-
pena to fall at a line discontlnuity the effect of
that discontinuity will be greater the higher
the SWR.; many an otherwire eatisfactory an-
tenna system has been impaired by the unfor-
tunate locatlon of & cahle connector with re-
apect to the standing wave syatem. Flgure 1

at a given an antenna is
to an extent described by a given SWR, the
input Impedance of the line ia determined by
the line length through equation (4), the re-
aistive and reactive components R and X of
the Impedance assuming any values satisfying
the equation

(R XY 2 (SWRTH) 5

- SWK o
which Is that of a clrcle (of constant SIVE)
In the eomplex imp~dance (R-Y) plane.

The effect of this dependence of input fmpe-
dance upon line length ia that while a given
tranamitter may be adjusted to work directly
into & glven miamatehed antenna over a range
of frequencles, the asme transmitter may re-
fuse to work Into & low-loss line terminated in
the aame antenna, It ls necessary to minimize
the SWR by matching the antenna, if it is
desired that a transmitter dellver energy to
the llne over an appreciable range in frequen-
cies without apeciai udjustment, the range and
rate of variation of Input impedance being

LR WO o e
Pt L i ol semdig Seve adis (IWHD
- gy Tl s e .

showa the effect of SWR on power transfer
at the antenna terminals, for the mythieal case
of & lonsless line,

it Trausaission Lise Losses

Losses In the polythene-filled flexible coaxtal
cable ordinarily used In aircraft antenna Instal-
Iations are of two general types: reslstive or
“‘skin-effect” loases In the cable conductors, and
dielectric lossea in the polythene. Theae losses
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introduce attenuation according to the follow-
ing expressions:

and

where a i the aitenuation in db per am due ta
eonductor lossca.
ap i the aifennation in db per em due ta
dieleetric fnse
1 the skindepth in cin
X is the wavelength in
 in the radius of the diefectric in cm.
@ in the radius of the inuer canduetor in cm.

«in the diclectric constant of the catir

dicieetric. : .
tan & i the Josa factor of the cuble diciectric.

The sum of theas two attenuationa ia the total
attenuation (ar) of the lne. Since skin depth
variea inversely as v/f, conductor lossea in-
crease us v/f} dleiectric losses increase directly
s the frequency. Therefore conductor lot %
are more important at low frequencies, dielec-
tric lossea becoming more serious at high
frequenciea; thia effect ia shawn in the foliow-
ing table appiying to RG-14/U coax, a medium-
powur cable In common use in aireraft radio,

Atsenuation in G146 U eble

¥

requenry 3
e | meindb o001t apindh 100it| arw db 10001

we | oo on 16
o | b8

el R dri -,,l,_“

The effect of line aitenuation on overall effi-
clency may be made evident by the fact that as
little as 25 feet of RG-14/U cable has anfficlent
attenuation at 3,000 mc to reduce the maxlmum
efficiency to less than 50 per cent—even if tha
antenna and the transmitter are perfectly
matched, For thia reason the use of b

CONSIDEMATHINS IN AIRBUANE ANTENN

144 Ty pemsitting Antenna Characteristics

Since the weight and power capacity of air
borile trunsmittera are severely ilmited, the
necessity for & fow SWR on the transmisston
line imposes rather rigid restrictions on the
characieristics of the trupsmitting antenns,
For the antenna to be efficientiy matched to the
characteriatic impedance of the line over & wide
frequency band, its imipedance must be char.
scterized by a resistance of the order of the line
impedance, and by fow and not too rapidly vary-
ing reactance, These canditions are most easlly
met in practics by antennas worked against
the skin of the piane as ground, and operated In
the vicmnity of A/4 resonance” Nonresonant
antennas, much less than A/4 in iength, do not
make efficient transmitting antennaa

w38 Flectrieully Short Trutsmitting

ntenuus

Vertleal stub antennas worked against
ground and less than A/4 foug huve low radia-
tion resi and large Ive
the latter rapidly varying with frequency. 1 it
were desired to use an antenna onfy 0.04 A long.
for transmitting purposes, the stub, for &
length/diameter ratio of 50:1, would have a re-
slstance of about 1 ohm and a resctance of
--1,000 ohms, While such an impedance conid
be matched to a 50-ohm line by meana of a twa-
element transminafon-line matching section at
very high frequencies (where there is no par-
ticular point in using such & smail antenna), at
lower frequencies it could be matched In a prac-
tical way only by a matching section of lmnped
impedances, An L section would perform the
double function of tuning out the 1,000 chma
capacitative resctance by means of a ioadIng
coil and of atepping up the 1-ohm resistance to
look like 50 ohma. While such a matching sec-
tion matches the antenna to the itne, at the apot,
frequency in queation, the frequency hand over
which the SR 1 ess than some reasonable

iengths of solid dielectric cabie ln avolded at
frequencies in the upper nh{ range, wave
guides being used instead 1f efficiency ia re-
quired.

say 2:1, ia iy smail. Further-

* Throughout this Teport the symbol A 1
wavelength; 1hus a h'4 wntenna indicates an antenna
une-quarter wauelength lang.
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more, aince the loading coti muat necessarily
have resistance (n Q of 26¢ haa been assumed)
only a fraction of thu power entering the
matching section wili actually reach the an-
tenna. In this example the transmltting sys-
tem hase a powar efficiency that is at most 20
per cent, and even that amall figure neglects
transmlssion line lossen and losses due to the
ohmic reaistance of the antenns and its ground
system.

1825 Characteristies of Good Transmittiog
ntennas

Efficient transmlttlng antennas are realized
on aireraft in the form of /4 anteunas worked
against the metal akin of the ship, or antennas
of »/2 dipole-type suspended In space from the
structural members of the plane. Even surface
antennas, i.e, antennas mounted inside the skin
of the plane and radlating through the aper-
tures of alots, horns, and cavities, have critical
dimensions of the order of A/2 nr more. Such
antennas have high input resistence, of the
order of the characteristic impedance of the
feed line, and amali reactancs which ls a rela-

feeding a,stem, Where this s impractical, &
poor second-best procedure ia to messure the
antenna impedance by means of models, 2 1/7-
seale model of the antenna being installed in
proper location on a 1/n-scale model of the
plane and its impedance measured at u times
the actual full-scale frequencies. This method is
eapablo of good results only If great care ia
taken in scaling all detsils of the antenna and
its mounting and feed system.

At higher frequencles, or in general for any
aireraft antenna mounted on or in an sirplsne
surfacs which conatltutes a good approxima-
tion to a flat ground plane for at leaat A in all
directions, satisfactory resulta may be obtalned
by means of impedance measurements made
with the autenna worked against u ground
plane in an ordinary laborstory setup. But in
all cases an effort ahould be made to euaure that
the antenna ia studied under conditions which
closely approximate actual flight conditions.

w34 Antenna Impedance Matching

While satisfactory antennas for some pur-
poses can be reslized without knowledge of the
antenna i d by trlai-and-error sdjuat-

tively slowly varying function of

1437 Aptenna Impedance Measurements

Since the sctual impedance characteristics of
a praction] v-h-f or u-hef aireraft antenna
rarely have more than a alight resemblance to
theoretical impedance data, it ia almost always
necessary to determine these characteriatics by
setun! messurement, if optimum performance
is desired. This ia particularly true with air-
craft antennas for the lower v-h-f range and
for any antenna located on surfaces of curva-
ture. ble to i h
or near reflecting and resonating structures.
.In auch casen the antenna impedance ahould be
measured under conditiona as nearly identical
as possibls with those under which the sntenna
is to be used in practice, The most aatisfactory
procedure, a3 far as resiilts sre concerned, is to
conduct these measurements un the full-scate
shlp—in fight, if necessary---with the sntenna
complete in all details of it .al mounting and

ment of tuning atuhs and aimple matchlng sec-
tions, modern methods of Impeaance matching
presume & knowledge of the impedance chsr-
acteriatics of the antenna. These methoda go far
beyond the simple A/4 transformers and shunt
tuners described in texts and other published
literature.

1922 The Receiving Antenns Problem

The receiving antenna probiem is different
from that of the transmitting anfenna problem
in that the former is not so much eoncerned
with power transfer but with the attainment of
» high signal-to-noise ratio. Thia end can be
approached in a twofold manner, by mereasing
the received signal strength and by reduclng
noise.

Noise may be picked up by the antenna along
with the signal or may be generated in the re-
ceiver jtself. In the upper h-f and lower v-h-f
ranges antenna noisz may be iurge compsred to
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hat developed in the receiving circuit, but as
the frequency increases antenna nhoise de-
creases, until at frequencies greater than 70 or
80 me it is negligible compared to set noises.
As far as the receiver proper ls concerned, the
attsinment of high signal-to-nolse ratio at
nltra-high frequencies is iargely a matter of
reduciug tube and circuit noise in a cioser and
cioger approach to the limits zet by thermal
agitation,

There are many nther sources of nolse In air-
eraft radio reception since not only the antenna
but the skin of the ship itself are party of the
receiving system. |f poor electrieal contacta
exist anywhere in this ayatem, the vibration
associsted with normal flight is likely to resuit
in relstive motion of the adjacent conductors
at such contsets, which motion will sppear in
the receiver as noise. Hence the necessity for
“ponding.” Shieiding ls usefui in reducing
static of local origin. Antenna design features
tending to- minimize precipitation static are
discussed elsewhere In this report.

- e L
L

31 Receiving Antenna Efficiency as a
Funetion of Fre.quency

The useful power delivered to a receiver by &
matched resonant antenns varies inversely as

IDEAATIONS 1N AIRBOANE ANTENNA DESIGY
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£, & fact which may ssverely limit the range of
u-h-f communication. This relation is shown in
Figure 2. While the received signal may be In-
cressed msnyfoid by means of arrays, horns,
or reflectors, increased gain implies increased
directivity, and extreme directivity 1s not usu-
ally a desirable feature in aircraft communlea-
tion antennaa. Furthermore, since the gain of
a directive system is roughly proportional to its
aperture area in square wavelengths, It is evi-
dent that, except at very high frequencles, a
practical limit to the galn of an aircraft an-
tenna is qulickly reached,

1 [mpedance Matching of Receiving
niennus

The effect of antenna mismatch Is much less
serious in receiving than in tranmmitting sys-
tems. Receivers msy be designed to have Input
i equal to the istic impe-
dance of the feed line over very wide frequency
bands, snd in such cases, even though the an-
tenna may be very badly mismatehed, there wiii
be 1o standing waves on the line. The efect of
mismatch is to reduce the signal reaching the
receiver terminal, the loss In received signal
voltage being a slowly increasing function of
the degree of mismateh until the msmatch be-
comes quite large. Thus an antenna system
which wouid be quite impossible for efficient
transmission may well be very satisfactory for
reception. Fur this reason the design standards
for receiving antennas are usually much lower
than those for transmitting, a simple atub or
whip much shorter than a A/4 often making a
satisfactory antenna if the field strength s
sufficiently high,

1axiz  Fffect of Line Losses on Line

Input Impedance

The effect of line attenuation ix to reduce
the magnitude of the variation in input impe-
dance of a mismatched line, with a resulting re-
duction in the appsrent reflection coefficient or
SWR looking into the line from the receiver or
transmitter terminais, Thus the longer the line,
and the greater Its atienuatlon per unit length,
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the flatter Ita iuput characterlstle for a given
degree of mismatch at the antenna, The effect
of these iosses is to make the loading of 2 trans-
mitter or the tuning of a receiver a lesa critical
function of frequency.

233 Reception of Very Weak Signals

In the u-h-f range, where the received signai
ia often mot much greater than the receiver
noisa jevel, it may sometimes be found that a
mismatch at the receiver will result in increased
sensitlvity. 1n auch cases It is desirable that the

HORIZONTAL PLANE

PORT

ASTERN

directlons in space. Unless certain fairly rigid
conditions are met, there ia usually not much
resembiance between the actuai field pattern of
a glven antenna on aircraft and that of the
same antenna in free space or worked against
a flat infinite ground piane. Except for special
cases, which sre most commonly met in prac-
tice only at u-h-f frequencles, it ia necessary to
by actual that the
fieid pattern of a given installation is satisfac-
tory for the applicetion at hand.
A clsaale example of the absoiute necesalty
for fleid pattern measurements is ahown in
Flgure 8 where the disgrams represent the

VERTICAL FORE-AND-AFT PLANE

Figus 3, Twao wires strung from sides of fuseiage to tips of horlzontal stablliser, fed out of phase, harlzon-

tal polarizatlon, 100 me.

receiving antenna be matched to the line, for
otherwise standing waves can exiat on the iine,
with multiple refiections resulting in multipie
aignala if fine lossea are low,

jesit Radiation Characteristics of

Airborne Antennas

In slrcraft antenna design, particuiarly In
the v-h-f range, it is necessary for the antenna
to radiate or plek up energy in the desired

measured horizontal plane and vertical fore-
and-aft-plane patterns of a 100-mec V-antenna
installed on a 4FU, The antenna conslsted of
two wires strung outward from opposite sides
of the fuselage, aft near the tail, to the tips of
the horlzontal stabilizer, The antenna was used,
with rather disastrous resulta, at the start of
the war 1n connection with an applicetion which
requires a pattern having a maximum or lobe
in a generally forward and downward dlrec-
tion, This antenna actually had nulls in the im-
portant directiona.
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ws  VH.F AND U.H.F PROPAGATION

Plane-to-plane and plane-to-ground commu-
nication in the v-h-f and u-h-f bands is de-

phane of the retlection coefficient rem:
substantialiy 180° for all sngles from grazing
incidence to normal incidence. For vertieal
pollrluuon {the electric vector in the plane
of the of the refiection

]\em‘lent almost entirely upon spa

except for occurring
under certaln atmonpheric condltlons in which
2 sky-wave effect is introduced by “reflectlon”
at the discontinuity between air massea of dif-
ferent synoptic properties.

SE The Space Wave

The space wave ia not a single wave but
rather the resultant of a direct or line-of-sight
wave and a wave reflected by the ground, The
direct wave is not direct in a strict geometri-
ca) sense, owing to refraction in tha atmos-
phere and to diffraction around the bulge of
the earth and around other obstacies. Under
ordinsry conditlous the direct-wave fleid In-
tensity ix subject to iittle more than the in-
verse distance Iaw attenuation of free apace.

The ground-reflected wave is subject to all
the laws of optical reflection and ls ordinarily
subject to greater attenuation than the direct
wave, since the former must necessarily travel
a longer path. For this reason, and because
the magnitude of the reflection coefficlent la
less than unity except at grazing incldence, the
amplitude of the ground-reflected wave at the
receiver ia less than that of the direct wave.
Since the space wave ia the reaultant of two
waves of different amplitudea and different
phases, it is evident that it is a complicated
function of elevation, distance, frequency, and
polarization.

132 Ground-Reflection Coeffivients

The nature of the g d-reflected wave ia

) drops rapidiy from unity ai grazing
incidence to a small value at a amall angle to
the horizon, rislng gradually with increasing
angle to approximately equal to the value for
horlzontal polarization at normal incidence.
Meanwhile the phase shift for vertical polariza-
tion decreases rapidly from 180° at grazlug
incidence to 90° at the angle of minimum re-
flectlon, finally becoming 0° for angles between
the angle of minimum reflection and normal
incldence.

Therefore the reccived slguai In aircraft
communleation will vary with distance, eleva-
tion, and frequency.

L] Effect of Distance

At dlatances smal) cumpared to the antenna
heights the resultant space-wave amplitude os-
cillstes about its normal free-space value as
transmission distance increases, since both the
phase difference between the two component
waves due to their different puth lengths and
the phase difference due {o the fact that the
ground-reflection coeficient ia a function of
angle of ineidence depend upon dlstance. With
increamng distance these oscillatioha develop
larger amplitudes, aince the amplitudes of the
two component waves approach cquality as
their path lengths become more nearly equal
and aince the magnitude of the ground-reflec-
tion coefcient approaches unity at grazing in-
cldence. But while the amplitude of the oscilla-
tions increase, their frequency decreaxes with
tance, since the increment in distance for &
given phase difference becomes greater with
ing distance.

determined by the ground-reflection coefcient,
which is different for verlical and horizontal
polarlzations. For horizontal polarization (the
electric vector normai to the plane of inei-
dence) the magnitude of the reflection coefi-
cient drops steadily from umty (o a smaller
final value as the angle of incidence varies
from grazing to normal Incidenee, while the

At distances large compared with the ar-
tenna heights, corresponding to ground reflec-
tion at grazing incidence, but still above the
Hne-of-sight horizon, the received rignal i no
longer oscillatory, but obeys almost exuctly the
inverse-square Jaw.

‘At atill larger distances the component waves
approach phase opposition and the resultant
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field drops off more rapidly than the nurmai
free-space fieid as the distance Increasea be-
yond the optical horizon. The phenomens de-
scribed above are very simiiar for both hori-
zontal and vertical polarization, except In the
near region in which the distance 13 of the
same order of magmitude as the elevation of
the antennan; in thla region the oscillatory re-
aultant fleld is more complex for verticai polar-
Ization owing to the greater sensitlvity of the
vertleal reflection coefficient to angie of Inci-
dence, when that angie is large.

A Effect of Elevation

The effect of elevatlon is quite aimilar to
that of distance In the near region In which
the height is not negilgibie compared to the
transmission distance; the same osciliations in
received signal occur In the field strength ver-
nus height curve as in the field strength versus
diatauce curve, and for the same reasons.

At greater distances, beyond the oscillatory
region, the field strength la almost proportional
to the product of the antenna heights. Below
the ontieal horlzon the field atrength 1s very
mennitlve to antenna helght. For low helghts
field strength 1s at firat Independent of height,

At greater distances, but sti) above the hori-
som, an increase In frequency resuits in an
increase in field strength for horizontai polar-
ization; for vertical polarization there ia no
significant change. Below the optleal hori.on
(into which region the apace wave extends by
virtue of refraction and diffraction) the field
atrength Ia less the higher the frequency, par-
tleuiariy for vertical polarization.

For aif of these reasons dependabie v-h-f and
uwh-f communleation is restricted to atations
above each other's optical horizon. Although
ths situatlon preciudes the possibility of ex-
tremely long.range communication, it is not
nearly wo severe a restriction as might be
expected, aince plane-to-piane and plane-to-
ground communleation can extend over quite
respectable distances,

Flgures 4 and 5 summarize the effects of
frequency, polarization, distance, ¢levation, and
pature of the ground upon high frequency
propagation. While these curvea are based on
caleuistiona for ideal short doublet antennas
and take no account of the field pattern of an
actual alrcraft antenna, they are vaiuable in
that they give a qualltative picture of how the
controlilng factors affect aircraft communica-
tlons,

then increases with altitudc at an
rate until it In directly proportional to helght.
At very great elevatlons (but tiii below the
optlcal horizon) field strength increases more
rapldly with height than as the product of the
antenna helghts,

Ed Effect of Frequency

As far s the osciilatory region s concerned
the effect of Increaalng frequency Ia to increase
the number of oxciliations per unit distance
and to extend the distance over which oncllia-
tions oecur. This effect Is particularly pro-
neunced with horizontal poiarlzation over
ground, ths extent of the oscillstory region
Incressing from approximately & to approxl-
mately 100 miles a the frequency is Increased
from 30 to 600 me {for the case of communica-
tion between a ground statlon and a plane at
40,000 ft altitude),

Rimgs varess {1y ctemen 4=
it baw (18 e Seld =
B w i pewar, v geieee 4 B o8 fona.
the bur i T, demtt

1 "
tmaa Tl dres Bl Tomonors | i
uss  Pylarization and Propagation
Flgures 4 and 5, and the preceding discus-
sion Indicate little difference between vertical
and horizontal poiarization, as far as propa-
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gatlon over land ia concernﬁd. In the near

ordmnrl]y attained. If the discontinuity layer

region vertical since
the field atrength is greater heirapnlids
of the oscllistions less pronounced. Verticsl
polurization has better transmission over sea
water and moist soil at the lower frequencies.

e other st #ituden indicated short
tennas. (Dsts from Bell Telephone Laborstorien)

37 Angmatous Effects at High
Frequencies

TROPOSFHERIC REFLECTION

Since the veloclty of propagation of u-h.f
radlo waves in alr depends upon the dielectric
constant of the atmosphere, which in turn Is
a functlon of pressure, temperature, and hu-
midity, it |s natural that there be a correlation
between anomaloua propagation and the pas-
sage of meteoralogieal “fronts,” and with the
existence n the upper atmosphere of any ab-
normal distributlon of temperature and hu-
midity. Under such conditions, as the radio ray
passes into the region of different electrical
properties it will be refracted. perhaps suffi-
ciently to return to earth, giving rise to what
are known as iropospheric reflections, although
they are not reflactions In the strict optical
sense, slnee the discontinuity is not sharply
defined.

TAAPPING OR WAVEGUIDE EFFECT
Such may make

the radistion may
be effectiveiy trapped at the top of the in-
version layer, the region between this layer
and the surface of the earth acting somewhat
like a waveguide having large attenuation.
Whiie this waveguide effc:t may be helpful in
making extremely long distance communlea-
tion possibie, it may also be a llability st
smaller ranges, depending upnn the helyht of
the inversion in the stratified atmosphere, due
to Interference betwcen the ordinary snace
wave and this preudo sky wave.

FaDiNg AT U-H.F

This interference resuits in fading. which
may vary with time as well as with altitude
and distance, due to the relative motlan of the
two air masses resuiting in shifting of the posi-
tion of the dlscontinuity layer.

Fading and trapping are generally more pro-
nounced the higher the frequency, partly be-
cause directive antennas are ususlly used for
both transmission snd reception at the higher
frequencies; and since the sharper the radio
beam the greater the fraction of energy re-
ficcted by the discontinuliies, and the more
apparent their effects.

At prusent there iz no conclusive evldence
that either polarization i less affected by at-
mospheric disiurbanees.

STATIC AT V-H-F anp U-H.F

The higher froquencles are much less af-
fected by rtatic of natural origin than are low.
Due to the abnence of a sky wave under normal
conditions, u-h T communication 1s lesa suscep-
tible to static from distant sources. Slnee the
field strengih of static is approxlinately pro-
portional to wavelength, static of local origin
is les effective the highe= the frequency.

D Man-Made Incerference

Noise in rotating machinery and

possible over much greater distances than are

other mources of interference scems to he pre-
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dominutely vertically polarized; consequently
such Interferrnce is generaily worse for vertl-
enl mircraft antennas than for horizontal

e Multiputh Interference

Since the wuvelengths corresponding to very-
high and ultra-hlgh frequencics are small com-
pared to the dimensions of buildings, hills, ete.,
tilere may be multiple ground-refiected rays
resulting in even more complex interference
effects In 5p: 3 i than those

given antenna will be m.adifled to & greater or
less extent hy the plane upon which it Is used.
To be certain that the field pattern of a given
aircraft antenna installation satisfies the re-
quirements of the problem, It is usually nec-
exary to determine the field pattern experi-
mentally.

1et Flight Measarements of Field
Patterns of Aircraft Antennas

The most direct method for determining the

discussed abore.

Furthermare, the structural members of the
aireraft upon which the antenna i mounted
are large enough relative to amall wavelengihs
to cust shadows cause reflection snd dif-
fraction cffecta which msy interfere greatly
with tranamlasion and reception In certain di-
rections, These effects are generally more pro-
nounced the higher the frequency.

g Propeller Muodulution

Prapeller modulation, at a frequency equal
to the product of the numher of propeller
blades by the number of revolutions per sec-
ond, will affect both«transmission and recep-
tion. Although such modulation ¢an approach
100 per cent In extreme cases, 1t can be mini-
mized by remaving the antenna from the Im-
mediate vielnity of the motors,

ms FIELD PATTERNS OF ANTENNAS
ON AIRURAFT

Since the radiating system formed by an
aircraft antenns and the skin of the plane
upon which it is mounted is generslly quite
complex, the ficld patterns of such a system
arve ususlly quite different from those of a
similar antenna in frec space or mounted on
n flat infinite conducting plane. Except under
certaln speclal conditions, usually met in prac-
tlce anly in the cas: of u-h-f antcnnas mounted
on or in flat, unobstrueted airplane surfaces
of dimenslons large in terms of wavelength,
experience shows that the Acld pattern of &

characteristica of a given antenna
on sireraft is to install the antenns on the plane
upon which it will be used, connect it to a trans-
mitter covering the frequency range In gues-
tion, and fly the plane in a deflnite course
around a field-strength meter located on the
ground. While dlrect, this method has dis-
advantages: it Is a dificult procedure, requir-
ing that the plane be fiown on & prescribed
course mai ing constant speed, distance,
and clevation; there are perhaps les than &
dozen pilots in the country with sufficient skill
and practice to make accurate pattern mes-
purements possible, Furthermore flight mea:
pensive and t i
often—In times of plane and personnel short-
ages—an outright impossibility.

The most serious objectlon to flight measure-
ments Is that at best they yield information
about only a very smali part of the total field
pattern of an aireraft antenna. Because of the
oncillatory nature of the space-wave field upon
which alreraft communication depends it is
difficult, if not impossible, to obtain meaning-
ful field-strength measurements when the test
alrplane is at distances comparable with its
elevation, The oscillatory region extends from
5 to 100 miles from the ground station, depend-
ing upon elevation, frequency, polarization, and
ground conditlons; accordingly the angulsr
spread of the space pattern that can be mea-
sured in flight with any pretense at accuracy la
extremely limited—0 to 10° below the horizon
being an optimlatic runge. While this range of
elevation angles could be extended by banking
the plane, the pattern pilot nsually has enough
to do without having to maintain his plane at
& constant angle of tlit. The use f a second
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plane to replace the ground ststion would
merely muitiply the difficuities already present
and would introduce the further complication
of the directivity of the receiving antenua ays-
tem on that sccond plane.

For these reasoua flight measurements are
usually restricted to the determlnation of field
pattern in the horlzontai plane of the shib.

42 Pattern Measurements by Means of
Models

Mode! measurementa, based upon the prin-
ciplea of simifitude and reciprocity, form the
moat nati y method for ining the
radiation patterns of aircraft antenna systems.
In this method an accurate 1;n-scaie modei of
the plane ia mounted on & lic tower

m

NTEN,

AINCRAFT

of the horn over the entire region in apace in
which the antcana can be situated as a resuit
of the motlon of the model. Aside from the
care required in acallng the length of the an-
tenna and in locating it in its proper position
on the ahip, no turther precautiona necd be
taken with the antenna and Its associated feed
aystem, in ordinary work, That is, as far as
field patterna are coucerned It 1s not necessary
to acaie every detall of the feed aystem nor to
be sure that the antenna is matched to the
detecting system. An exception to thia general
rule in met in the case of multiple-antenna sys-
tems, in which two or more indlvidual antennas
are fed with currents of defluite relatlve mag-
nitude in definite phase relationshlp. En such
casen it may be necessary to scaie every detail
of the artenna system exactly and to be sure

in such a way that the model has two degrees
of rotational freedom and ia located in the
unlform fleld of a pyramidai horn radiating
energy of frequency » tlmes thal used on the
full-zcale plane, The model plane 1s remaote
from the horn (in terma of wavelength), the
directivity of which ia such that there ia no
danger of interference effect due to reflection
from the ground or from nea-by obstacies, A
1/n-acale model of the antenna is mounted
upon the metallle surface of the plane in its
proper position and is connected, through ap-
propriate feed and matching aystems, to 2
thermocouple, bolometer, crystal, or other de-
tector, focated inside the model, the d— output
of the detector being fed from the model to a
remotely focated microammeter or other indi-
cating or recording device. The reading of the
d-c instrument bears some simple relationship
to the r-f slgnal received by the antenna. By
properly orientlng the modei plane, whose po-
sitlon with respect to the horn is usualiy re-
moteiy controiled, it ia possibie to determine
the relatlve fleld pattern of the antenna in any
or ail directions in space,

The vaiidity of modei pattern measurementa
depends largely upon the accuracy with which
the modei and the antenna are constructed and
scaled, It depunda aiso upon the memauring
equipment, particuiariy In regard to frequency
stabitity and constancy of output of the oncll-
Jator and upon uniformity of the field pattern

that are matched throughout the
system,

Although the conditions upon which the
principle of similitude 1a based are not com-
pletaiy fulfilled in that no attempt is made to
scale either conductivity or dieiectrle constant,
there ia ample experlmental evidence that this
defect introduces negligible error.

mas

Caleulation of Aircraft Antenna
allerns

1n the v-h-f range particuiarly, the radlating
aystem formed by the antenna and the skin of
the ship upon which it i mounted may be ex:
ceedingly compler. Here the dimensions of
structural parts of the plane are of the same
order of magnitude as, or large compared to,
the operating A; auch atructural members tend
to become increasingly effective in casting
shadows, in causing reflection eflecta, and in
generally disturbing the reaultunt fleld pattern
as the frequency increases. Because of the aimi-
larity in aize between such paris of the ship'a
structure and A it Is possible that reaonance
effects wlll occur in taii fins, atabilizers, guns,
and in other antennas. It is further possible
that resonance effects may oceur in the amooth
unobatructed skin of the fuselage itself; surh
resonznt surface currents may have radistion
characteristics that entirely mask that of the
antenna proper, the antenna functioning soine
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what like a coupling loop by means of which the
skin of the ship is joaded. Becsuse of all theac
possibilities and because of the geometrical
compiexity of the surfaces of modern aircraft,
it is usually impossible to calculate the field
pattern of a v-h-f aireraft antenna with any
degree of accuracy.

At very high frequencies and under certain
conditions 1t Is sometimes possible to make pat-
tern culculations that are qualltatively useful,
‘These posaibilities are limlted to cases in which
the antenna is located remote from reflecting
and resonating objects, on or near smooth clean
surfaces of extent large compared to the operat-
ing A, As an example of a pattern calculation
under auch conditlons, consider Figure 6. Here

HALFwAVE
DIPoLE

T EEN

the fin constltute semi-infinite conducting
planes intarsecting at right angles. At 450 me
the surfaces involved are large compared to
and when the antenna {a close in to the side of
the fin the angle rubtended at the antenna by
the lower edge of that surface is large, ap-
proachlng the 90° that would be subtended by
the "edge” of a semi-infinite plane It wiil be
seen that measured and calculated patterns are
In good agreement for the small spacing of A/2
(corresponding to a subtended angle of 77°).
At the larger spacing of 2 (subtended angle
45°) the sgreement is only quslitative in that
both pstterns have the same number of lobes in
shout the same position, At 4x (subtended
angle only 27°) the agresment is poor.

| ——

Fievis & lrowpawcy briwes cwwslaipl abd sssae
PBY. Dotted lines sre calculuted data; full lines as measured,

the aolid lines represent the messured vertical-
athwart-ship-plane patterns of s horizontal 2/2
dipole suspended with its axis in the line of
flight a/4 below the undersurface of the hori-

Al s o b et Gl e of

e’ Definition of Polarization

Unlike the clear definitions of polarizauion
used in optics, these concepts are used in air-

zontal stabilizer of a PRY, at various dist

ont from the side of the vertical tail fin. The
dotted linea represent the corresponding pat-
terna calculated from simple image and antenns
o ray theory, npon the aswimption that the
undersurisce of the stabilizer aitd the side of

craft radio with con-
fusion, In the horizontal plane there is little
difficulty, the electric vector of horizontally
polarized radistion Iying in the “horizontal”
plane of the ship In normal flight; that of ver-
ticalty polarized radiation lylng normal to thls
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plane. In the vertical fore-and-aft plane the
electric vector for horizontal polarization is
alwsys “horizontal” in that it lles parallel to the
horizontal surfaces of the ship and ia always
In the same sense, that ls, in the athwart-shlp
direction. In this plane the electric veetor for
vertlcal polsrization is truly verticsl only in
two directions, dead ahead snd desd aft. At sl
other angles of elevation in the verticsl plsne
of flight "vertical” polsrization has a horizontal
component, proportion:| ta the sine of the sngle
of elevation as measured from the horlzontsl
ectly nbove and dlrectly below the

zontsl in the ususl geometricsl sense, the di
tlon of the vector being along the line of flight.
In the vertical athwsrt-ship plsne, “horizon-
tal” polsrization is always horizontal, the elec-

Where complete laformstion Is desired, or
where sn unusual installation makes s peculisr
field distrlbutlon probable, the complete spheri-
cal psttern, covering s solid sngle of 4, may be
taken. Complete spherical data msy be pre-
sented by means of three-dimenslonal models,
by mesns of s serles of plane polar diagrams, or
Ly means of atereographlc projectlon diagrams.
An exsmple of the latter form of presentation
is shown in Figure 7. 1t has the blg advantage
over other methods of showing st s glance just
where the radiatlon is golng, with 1l lobes snd
nulls clesrly evident, rspldly changing parts of
the fleld being Indicsted by the crowding to-
gether of the constant-field-strength or con-
atant-power contour llnes. In the genersl cuse
two such stereographic projections—one for
each hemlsphere—are necessary (lur ench

) for complete ps f the

trle vector lying parallel to the sur-
faces of the s its direction slong the line of
fight; but “verti polari-stlon ia truly verti-
eal only off the port and starboard wing tips,
the electric vector being 100 per cent horizontal
and athwart ship, directly above and directly
below the ship,

There have been attempts In the past to avoid
this confusion by the use of symbols, polariza-
tion helng exrressed In terms of lia componenta
slong the two angular coordinates of . sphericsl
reference system. Thia is correct and quite un-
ambiguous to people having the apherical co-
ordinste systrm perfectly in mind st sl times,
but such persons aeem to be few and far be-
tween. Airersft radio engineers continue to use

the phrases “vertical polarization” and "hori-
zontal polarizatlon” with thair customary
promisculty.

L Presentatioa of Pstiern Dsts

Many different methods of presenting pat-
tern data in graphicsl form have been used In
the past.

The most usual procedure is to give only
three complete polar patterns for relative field
strength or relative power in the horizontal, the
vertlcs] fore-snd-sft, and the vertlcal sthwart-
ship planes. In most cases the distribution of
radiation In these three planes auffices to give
a pretty fair ides of the directlvity of the an-
tenna aystem.

data. But in the case of symmetrleslly locaud
antennas & single disgram is sufficient for each
polurization.

" Alsolute versus Relative Field

Strength Pstterns

It has been the practice in the past to present
patterr dsta on a relative basls, slmply in terms
of arbitrary fleld strength or power units plot-
ted sgalnst azlmuthal or elevation angle. There
has been some interest In the presentatlon of
aireraft antenna pattern data on sn absolute
basis, in terma of millivolts per meter watt
input power per mile, or In terms of the diree-
tivity of the system with respect to an isotropic
radiator, a Hertz doublet, or a /2 dipole.”

Model messurements can be made to yield
absolute patterna, but the procedure Involved is
extremely tedious. .

1€ D 1 the power dirsctivity referred to sn isotropie
ud.nor, then:

23D in power directivity with respoct to & Herta
doublet

ve/ib
061D

is field strength directivity with respect to a

e 't
1a power directivity with respect to & 3/2
dipole.

0.718VD ﬂo,dld-nnnxth directivity with respect to

340VD w absolute field strength In millivolta per

meter per watt per mile,
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mer

Detween Aireraft
Fdeal Antenna Vatterns

Simidurif
Antenna

The radiatlon maximum in the vertical pat-
tern of & 4.4 {or less than A/4) antenna worked
against fist infinite ground is along the horizon,
the entire field pattern of such & aystem being
simply the upper half of the pattern of a verti-
cal dipole In free space. This Is not the case
with ground planes of finite size.

Carter* has measured the vertical plane pat-
terns of A/4 antennas mounted on circular and
rectangular ground planes of various size, and
has found an approximately linear relation be-
tween the angle of throw-up of maximum radis-
tion and the logarithm of the diatance in A from
the base of the antenna to the edge of the sur-
face upon which the antenna is mounted, the

This same cffect sceurs in the case of stub
and whip antennas mounted vertically on alr-
craft. Figure 8 shows a plot of throw-up angle
as & function of relative distance from the an-
tenma was mounted on & smooth unobstructed
logarithmic acale, the linear relation obtained
by Carter for simple flat ground screens belng
dicated by the straight line. The twelve points
«hown {n thia figure were obtained from meas-
ured vertical plane patterns of atub antennas
on aircraft in installations auch that the an-
tenns was mounted on & smooth unobstructed
surface of curvature small compared to the
operating  in the directlon in which the pat-
terna were run. It is evident from the close
agreement between these two seta of data that
many antenna installations are found in prac- °
tice under conditions such that the surface on
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Pioure 8. Angle of maximum radiation n functlon of distance from antenna Lo edge of surfuce on which an-
tenna ia mounted, Solid line represcrts experimenta’ data for A/4 antannas on flat ground planex,

angle of throw-up beiny less the larger that
distance, the theoretieal value of zero elevation
for an infinite plane belng approached very
slowly sa the slze of the surfuce becomes large
in terms of A

which the antenna is mounted in a close enough
approach to a flat ground plane ao that Carter’s
data may be used to advaniage in predlcting
the general 1. fure of the distribution of radia-
tion in the vertical planes. This simple relation
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wili be guite invalid for antennas mounted on
surfaces having pronounced curvature nesr the
antenna, or for Installations auch that obstruc-
tions Ilke fins, motors, turrcts, and other an-
tennas urs likeiy to effect the field pattern in
the plane in questlon.

A similar correspondence hetween alreraft
antenna patterns and the patierns of antennas
in ideal iocatlons is found in the case of v-h-f
and u-h-f horizontsl antennas mounted near fiat,
horlzontal surfaces on aircraft, Patterns qulte
simllar to theoretical patterns are actually ob-
served in the case of horizontal antennas
mounted near & wing or fusclsge surface that
is iargs in terms of wavelength, In the case of
airciaft inutallations, the fieid atrength will not
drop off to zero ulong the horlzon because of
the finlte size of the aircraft surfacea,

148 Field Patterns of Vertical Antennas
on, Aireraft

PATTERN VERSUS FREQUENCY

The field patterns of & given type of antenna
in & given jocation on a given plane are mark-
edly sensitlve to frequency. Patterns of a given
antenna on a given plane (see Chapter 17) re-
veal the foilowing frequelicy-dependent phe-
nomena :

In the Horizontal Plane, At the lower fre-
quencies ths harizontal plane patterns are
xirly symmetrical, the vertical members of the

ip's structure {for example the vertical fin of
a B-i7) being too small relative to the operat-
ing A to be capabla of custing sharp shadows or
of causing pronounced refiection effects, At the
higher frequencien these urbing structures
become large relative to A, and the horizontal
patlerns are then more complex. Definite
shadow regiona appear, In which the field In-
tensity ls smali compsred to the average, al-
though rarely zero owing to diffraction around
the edges of the obstscles. Other minima are
doubtlees due to destructive Interference be-
tween the direct ray in certsin directions and
the ray refiected from the tail-fin surfaces.
Similarly maxima also appear in the pattern,
resulting from constructive interference be-
tween direct and reflected rays.

CONFIDE.

In the Vertical Fore-and-Aft Plane. Even
though the antennas (of s B-17 for example)
may be mounted atop the fusclage over the
wings, & great deal of radlation Is found below
the horizon at the low frequencics, at which the
wing and fuselage surfaces are too amall in
terms of A to act s efficient acreens. At the
higher frequencles little radiation is found
below the horizontal plane.

At the lower frequencies the angle of maxi-
mum radlation is higher than st higher fre-
quencles, agreelng with measurement and
theory In the case of Stub sntennas worked
agalnst ground planea of finite aize, showing
that the smaller the extent of the ground plane
In terms of A the greater the angie of throw-up
of msximum rsdistion,

Another effect evident in vertical fore-and-
aft patterns is the increasing number of lobes
and nulis aa the frequency ls increased, These
are partlally explained on the basis of structure
effects, which would naturally be mure pro-
nounced the higher the frequency, but wouid
aiso appesr if the surface of the plane were
sbsolutely fiat and unobstructed. due to the
presence of standing surface waves on ground
planes of finite size.

In the Vertical Athwart-Ship Plane. The ficld
patterna In this plane may be marked by similar
effects, such aa decreaslng radiation on the
opposite side of the ship from thst on which
the antenna is locsted, decreasing angls of
throw-up of muximum radistion, and decrens-
Ing symmetry of pattern, .s the frequency is
incrensed,

PATTERN VEASUS LOCATION OF ANTENNA

The field pattern of a given typa of antenna
for a given freyuency on a given plane, Is
greatly dependent upon the focation of the
tenna on the plane, Thix dependence is best
demonstrated by reference to experimental
results,

Figures @ and 10 show the field patterns ofs
10f-me A/4 stub antenna in four widely differ-
ent locations on a PBY. The grest effect of locs-
tion is obvious in this series. The patterns for
the installation stop the vertical stabilizer are
of particular interest in that the effectivent
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HORIZONTAL PLANE VERTICAL FORE-AND-AFT PLLANE

HORIZONTAL PLANE VERTICAL FORE-AND-AFT PLANE
AHEAD
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of a large surface (the wings) as & reflector 1s a screen (note the relatively large amount of
{notice the large forward lobe in the upper downward radiation in the sume pattern) are
vertical fore-and-aft pattern) and the ineffec- both demonst.ated. The horizontal plane pat-
tiveness of a smali surface (the tail stabilizer) terns of this series are mtereating in that they
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HORIZONTAL PLANE
AHEAD

VERTIGAL FDRE -AND-AFT PLANE
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HORI1ZONTAL PLANE
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VERTIGAL FORE-AND-AFT PLANE
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show the effect of slight deviations of antenna
Jocation from the axis of symmetry of the plsne
upon the symmetry of the horizontal patterr.
Another unususi example of the effect of
location on field pattern is showr in Figures 11
and 12, The project in connection with which

i U e el b Bleme s B, witias bl siow
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these patterns were taken involved s series of
ntennss for a B-24, the antennas to yield “uni-
form™ distribution of verticaliy polsrized radia-
tion in the horizonta! plsne and in the upper
hemisphere for 30° to 40° above the horizon.
At 20 to 40 me, suitable pstterna could be resl-

CUNFIDENTIAL




FIELD PATTERNS OF ANTENNAS ON AIRCRAFT _ a7

ized by means of antennas Installed 2'op the
fuselage, on the line-of-flight centerline, ap-
proximately 12 ft forward of the leading edge
of the horizontal stabilizer, To simplify Installa-
tion prohlems it was desired to mount the high-
frequency antennas (40 to 60 me) in this same
location, While the horizontal and vertical fore-
and-aft plane patterna are satisfactory, Figure
11 shows that the vertical athwart-ahip pattern
Indicates that most of the radiation in that

VERTICAL ATHWART-SHIP PLANE

i
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plane i3 downward, and that there are sharp
nulls about 20° above the horizon to either aide
of the ship. For these reasons thia iocation for
the h-f antennas had to be abandoned, and the
48-me antenns was moved forward along the
fuselage centerline to the trailing edge of the
wing. Now the patterns in all three planes were
satisfsetory, the radistion in the wvertical
athwart-ship plane (Figure 12) now being uni-
form and upward as desired. This effect, be-
lieved due to the loading of the surface of the
cylindrieal fuselage when its circumference is
resonant, is diecussed in greater detail in the
treatment of the broad-band whip aniennas

elsewhere In this report. In the case of t
pai’ cular problem, such loading effects with
consequent strong radiation from surface cur-
rents in the akin of the fuselage were inhibited
by moving the antemua forward to where the
wing surfaces could Interfere.

VERTICAL ATHWART-SHIP PLANE
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‘The pattern of a given type of antenna for a
glven frequency ls greatly dependent upon the
type of alrcraft upon which It is mounted. This
Is particuiarly true in the middle and upper
v-h-f range. The effect of the nature of the
plane is most pronounced when the antenna is
worked at frequsncles such that sizea of struc-
tnrai members of the ship are of the same order
of magniturie as the A, and when the antenna ia
located on surfacea of pronounced curvature.
About all one can say as to the patterns of simi-
lar antennas in similar jocations on different
planes, is that if the planes are much alike, dif-
feriag mainly in size, then the pattern char-
acteristies found on one plane will be found on
the other plane, at a higher or lower frequency,
depending upon the relative aizea In the gen-
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eral case, where v-h-f and u-h-f antennax are
mounted on planes of widely diffcrent dimen-
aions and shapes, the patterns wlii be greatly
dependent upon the nature of the plane and
upon the reiation of the antenna tu the predomi-
nato structural features.

"4 Effect nf Nearby Stenctures on

atterns

One of the hazards of alrcraft antenna dealgy
1s the possibllity that an antenna designed to
have certain patlern claracterlstice and in-
stalled on the ship in question will later be
ruined by the Instailstion of another antenna,
2 new turret, or an auxiliary gaa tank In the
immediate vicinity of the firat antenna. Unless
the eflects of such disturbing structures are
allowed for in the design of the original an-
tenna, it Is well to locate any metallic object of
alze or length comparabie with the antenna
dlmensions at least one wavelength from the
antenna.

410 Cross Polarizstion from Aireraft

There 1s usually some of the opposite polar-
izatlon present in the field patter: of a simple
vertical or horizontal antenna on aireraft, par-
ticularly in the lower v-h-f range. While the
actuai percentage of energy In cross polariza-
tlon for a given nstallation depends In a com-
plicated manner npon the frequency, the aize
and shape of the ship, and the locatlon and
crlentatlon of the anteuna, it is fuirly safe to
sny that under ordinmy circumstances It ia
small compared to the normaiiy polarired radia-
tion.

Under certaln conditions, when the currents
in the skin of the plane are properiy disposed,
the amount of croas polarizstion may be much
greater. Also, the amount of cross polarization
may be greater in other planes than the hori-
zontal. While the presence of relatively lerge
amounts of horlzontal polarization is found
with vertieal antennas in particular inat
tious, the phenomenon is not one upon which
one may count in general; that is to say, it i

ill-advised to expect to recelve or tranamlt hori-
zontally polarized radiation efficiently with »
vertlcal antenna.

Cross polarization is auaily more pro
neunced with horizontal antennas than with
vertical, particularly in the h-f and lower v-h-f
ranges. Here two factors are at work: (1) part
of the vertical radlation may be due to loading
of tho skin of the ship or to rasonance effecta in
vertlcal surfaces of the structure of the plane;
and (2) at very low frequencies a horizontal
antenna may have an appreciable verticai com-
ponent, which, although smail compared to the
totai antenna length, may be a relatively much
more effivient radiator than the horlzontai com-
ponent, eapeclally sioce the horizontal antenna
cutrent tends to be inhittted in Ita radiational
effects by the presence of an opposite image
current in the nearby surface of the ship.

ol Conclusion

Most of the pattern problems discussed above
are serious only in the v-h-f range, At higher
frequencies the pattern of a given antenna
worked againat a jarge clean surface on air-
craft, wiil be quite simliar to the pattern on an
infinite ground piane, except, of course, In cazes
where obatructions vxist in the near field of the
antenna. The effect of disturbing factors is then
more the higher the

ANTENNAS FOR VERTICAL
POLARIZATION

Compared to the problem of obtaining goed
alreraft antennas for horizontal poisrization
the design of vertical antennas for the v-h-f and
u-h-f ranges is relatively easy. Not only Ia it
easier to secure gowd input-impedance char-

inti lstent wlth sati y me
chanical and aerodynamicai features, but, be-
cause of the aymmetry inherent In the field of
simple vertical antennas sud because of the
wide varlety of locations In which they may be
mounted on a piany, the problem of obtaining
isf; diational ica on air-

craft iz also much less ditficuit.
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cone antenna are remarkably flat over a range
of frequencies corresponding to a range of an-
" A

‘The design of antennas having flat i
characterlutics - 1s easier the higher the fre-
quency. There are two reason for this; (1) the
higher the frequency the amailer the physical
dimensions of an antenna atructure large in
terms of A and the leas difficult the problema of
mechanicai and serodynsmical design, and (2)
the higher the frequency, the amaller the an-
tenna, and the less difficult the problem of feed-
ing the anteona structure in a manner which
will not impair its inherent broad-band char-
acteristics, For these reasons antennas having
band widths of the order of several octaves are
practical In the u-h-f range, whlic in the lower
v-h-f range it 1s a triumph of design to obtain
a flyabie antenns having a band width of oniy
20 to 30 per cent. Bearing these facts in mind
we proceed to a discusslon of severai successful
broad-band antenna designa,

WioE-BAND U-H-F CONE ANTENNAS

The flat Impedance characterictics of bleoni-
cal antennas fed by baianced two-wire trans-
mission lines were dewonatrated experi-
montaily and theoretleaily by Carter, by
Schelkunoff, and by others, veara ago." More
recentiy the Radio Research Laboratory has
deveioped singie unbaianced cone antenuaa for
broad-band use on aircraft at ultra-high fre-
quencles,

The cone antenns ¢ naista of a sheet-metal
civeular cone tapering from a smali diameter
at its base, where it la attachxd to the inner
conduetor of the coaxiai feed hne or to the
Inuer conductor of a coaxiai tejper leading Into
the feed iine, outward to a d:emetcr of the same
order of magniwde ma ita helght. The apex
angle varies for different applications, a typical
value belng 60°, The top of the cone Is capped,
either with another section of a cone of greater
apex angle or with a segment of a spherical
surface. The Impedance characteriatics of the

4 Parcentage band width = (Fuc/Fuss—1) X 100%
whero Fue ahd Fau are the upper and lower limita to
the fraquency runge over which tne antenns fa matched
to some apecified standard, ueuslly to a beiter than 2:1
SWR on & Su-ohm ine,

helght-t 5 ibs
from about 0.2 to 2 or more. For many appli-
catlons the cone antenuzs ace sufliciently broad
band in themselvea to permit their being fed
directly from the feed line without need for
conventionzl matching sections. Figure 13
shows 1 aketch of a cone capable of covering the
entire u-h-f range, 300 to 8,000 mc, with iess
than 2.5:1 SWR on a 50-ohm feed iine,
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Cone antennas may be supported by insulat-
Ing bracketa attached to their peaks, or may be
mounted within fucite radomes or blisters. Be-
cause of the lurge cross-sectionai dimensiona
of the vone, or 1ts surrounding biister, these
antennas are not suitabie for use on aireraft at
frequencies much lower than 300 m
The patterns of cone antennas ar
similar to those of simpie cylindricai radiators
of equal slectrical fength, If desired, the cone
antennas may be mounted at an angle with the
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side of the ship or in a horizonial position, in
order to secure various amounts of horizontally
polarized zadiation,

THE SLEEVE ANTENNA (Foa Urrer V-H-F
AND Lowex U-H-F)

The sleeve antenua, developed by RCA
Laboratories, Is easentially a A/4 stub aur-
rounded for about half Its length by a cosxial
nleeve which may be simply an extenslon to the
feed line. The siecve ia grounded to the skin of
the shlp at iis buse, the antenna being fed at
the mouth of the sleeve. Since this feed point
is approximately haif-way up from the base, in
a low-current reglon, the appsrent input re-
sistance is high, of the order of 100 chma. Thls
conatitutes a big advantage la broad-bandlng,
since & high-impedance antenna can be matched
down to & 50-ohm fine over a much wider band
than that over which a iow-Impedance antenna
can be matched #p, other things being equal.
The sieevs antenna differs from simpler broad-
band antennas in that the attainment of flat
input impedance characteristics is mot of pri-
mary importance. The sieeve antenna invoives
four adjustable parameters—the ratios of aleeve
length /total length and sleeve meter /atub
diameter in addition to the basic parameters
(i.e., fength/wavelength and dlameter /iength)
of the simple stub—which make posslble a high
degree of control over the impedance character-
Intlca of the antenna. By properly manlpulat-
ing these four variables one can attain char-
acter] which are not necessarily flat and
which may vary rapidly with frequency but
which vary in the right wey to "track” with a
preseiected type of matching aection. Because
of this flexlbillty, the sleeve antenna can be
used to take better advantage of the propertins
of a slmple mstching section than can be o5
tsined with antennas affording less control over
input impedance. The effectivaness of thia ap-
proach to broad-banding, l.e,, that of distorting
the antenna Impedance to fit the characteristics
of a given matching section, can be atriking, a
{enfoid Incresse in useful band width resuiting
from the application of a properly designed
matching transformer to a properly deslgned

a simple slecve antenns, and a typical SWR-
frequency curve arc shown in Figure 11,

Since the current distribution on the outer
surfaces of the sleeve antenna ia very much the
same as that exlsting on the surface of a slmple
stub, the field patterna of sleeve antcnnas on
alreraft will be similar to those of whip or stub
antennas in corresponding locations.
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The sleeve antenna ia most useful on aireraft
in the general range 100 to 1,000 mc. At higher
frequencles a cone antenna may be used to bet-
ter advantage, while at lower frequencles the
cross sectlon of wide-band sleeves becomes pro-
hibitively large, so thut broad-band whip an-
tennas are more satisfactory.

BaoAD-BAND WHIP ANTENNAZ

Broad-band whip antennas developed by the
Antenna Section Research Divislon, Aireraft
Radio Lahoratory, Wright Fleld, constitute
some of the most successful aircraft antennas.
In addition to their electrical features these an-
tennas have very low wind drag, lrn ur(lcally

are esslly A
are relatively easy to instail on Am:rlft.

Tha antennas are tough steel whips, the

sleeve antenna being not unusual. A nketch of diameter tapering from about Uz in. &t the base
CONFiDENTIAL



to about Y% In. at the tip, the height (roughly
1/4) ranging from 30 in, to 6 ft, depending on
the frequency band. When used In conjunctlon
with & simple two-element matching section
consisting of fengtha of standard couxlal cable
compactly coiled in a metal can attached to the
base of the whip, these antennas are capable of
approximately 4C per cent band width In the
lower v-h-f range. Several such antennas, each
with itn sssoclated matching sectlon, have been
designed to be easlly interchangeabie In a single
mounting fixture, four of them together cover-
ing the 36- to 110-me band with less than 2:1
SWR on 50-chm cable.

The whip antennss depend for thelr broad-
band characteristics partly upon the fact that
the impedance level of a stub antcans worked
Against a cylindrieal ground lurface having &

of the order of of the
operating A is higier than tnat of the same
antenna worked against s fiat ground plane.
This fact in shown by the curves of Flgure 15,
which represent the variatlon with frequency
of the resonant resistance of stub antennas
1dentical except for length mounted on curved
surfaces. Both curven indlcate that impedance
{evels much higher than the normal 38 chms of
& stub antenna worked againat flat ground csn
be obtalned with atub or whip antennas
motunted on the roughly cylindrical fuselages of
large pianes In the lower v-h-f range.

Evidence indlcates the necessity for baslng
the deslgn of antennas for the lower v-h-f
range upon Impedance measurementa made
with the antenna Instailed 1 the locatlon in
which It i3 to be used While suck measure-
ments are preferably made on the actual ship,
or on s partlal full-seaie mock-up it 1s possibie,
If great care Is taken In scaling beth the plane
and the antenna and Its feed system, to obtain
useful resuits with measurements made on
models. While the cffect of the fuselage upcn
the Input characteriatica of broad-bsnd whip an-
tennas is favorable, both as regsrds high-Im-
pedance level and Mat reactance characteristics,
if a whip antenna iucorporating a matching
section based upon flat-ground-plane impedance
measurements were used in the same location
23 these whips, the resuits would not be satis-
fuctory. The characterlstles of the antenna are
tco greatly affected by currents in the curved

ANTENNAS FOR VERTICAL PDEARIZATION 241

fusslage for ground-plane measurements to be
valid, This effect is not fimlted to the lower
v-h-f range, but occurs in uny aircraft antenna
inatallation where the radiis of curvature of
the skin of the ship at the antenna location is
small compared with the operating .
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Frouse 15, Umrmmnisine of 4, deisi wies
atop Toscinee ol B3 24, 18 11 aft of tiisbug g =
ving, full-scale hip {n fight (dats trom ARL) ;
B, stib a; of B-24 on conter.
G B e e R O
from RCA Labaratories).

Figure 16 shows a typical SWR-frequency
curve for a low-Irequency broad-band whip
mounted on a B-24, The band width shown,
obtamed by means of a aimple two-element
transminslon line matching section, ix more
than twlice aa great as that obtainable with the
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Ficuas 18, Broad-band whip sntenna for B.24.
(Data from ARL Report 360.)

same antenna mounted on a large flat ground
plane and used in conjunction with & much
mote complicated matehing sectlon.

Figure 17 ahows the princlpat plane pattevns
of whip antennas mounted stop the fuselage

do the latter, ea would he sxpected wince the
top of the funelage represents & much closer
approach to large fist ground plane along the
line of flight than It does athwart ship.

BROAD-BAND FAN ANTENNAZ

A fatshaped array of three or more wires,
strung from a lead-in on the side or top of the
fuselage to some supporting structure, such as
a guy wire or part of the ship liself, forms &
satisfactory broad-bund antenna at the ex-
tremely low-frequency end of the v-h-f band.
These antennas, developed by the Antenna Sec-
tion, Research Divislon, Alrcraft Radio Labo-
ratory, Wright Field, have numercua advan-
tages.

1. They have Impedance characteristies such
that they are easily matched to 50-ohm cable
over frequency bands of the order of 25 to 85
per cent wide, an unusual band width In view
of the low friquencles Involved. Impedance
matching of fan antennas is usually effected
by means of & two-element matching section

of a B-24. The typleal butterfly
avident In the vertical athwart-ship planes is in
fair agreement with that calculated by Carter
for stub antennas warked sgsinst cylindricu!
surfaces of correaponding relatlve aize. The
effect of currents in the wkin of the fuselage can
be aeen by comparing the vertical athwart-ship
nlane patterna with those for the vertical fore-
and-aft planes; the former show much more
radintlon In directions below the horizen than

s S

Fioung 17, Pattern of whip sstsind installed on B-24,

T, - Y S

=

of fengtha of islly avallable
goaxlal cable compactly cofled In a metal con-
tainer mounted juat after the fead-in, inalde
the shlp

2. Since the fans are made of ordinary air-
craft-antenna wire they offer much leas wind

than do i 1 13

ares antennas of comparable band width at
comparable frequencles.

8. Because of the fineness of these wires &

I

top canterling 55 in. behlnd tralling edge of wing, 40 me.

CONFIDENTIAL




ANTENNAS FOR VERTIGAL FOLARIZATION

243

i -
il-r i

™

-

e e —

5

= W now .
——— .

Fomwr 10 Gt for asiasss o B0

ilrwm fre L st 857§

fan antenna is practically invisible at distances
of the order of 20 ft or more, an obvious tacti-
cai advantage,

Among the disadvantages inherent in fan
antennas, of negllgibie importance eompared
to their advantagea for most applications, are
the following:

1. Fans must be taiiored especially for each
instailation. Because of their spread in area,
the characteristics of fans are sensltive to

- b .

minor differences in the structure of the plane
in their immediute vicinity and to the presence
of near-by antennas.

2, Installation of & fan {s not a very con-
venient procedure.

3. The field patterns of fan antennas nre
not notably symmetrical, since tn get aufficient
height for a large percentage of vertleally
polarized radiation the antennas must usually
be worked against one aide cr other of the
ship. In some cases the nsymmetry is such
that a tactical course must he fown.

4. There is uaually a conslderable percentage
of horizontally polarized radiation in the field
of a fan antenna.

Figure 18 shows a sketch of a typical fan
antenna installation and ity SWR-frequency
characteriatic as measured in flight at Wright
Fleld. Figurea 19 and 20 ahow field patterns
at the center of the band of thia antenna, for
vertical and for horizoutal polarization, re-
spectively, us measured by meann of modein
by the Ohio State University Rerearch Foun:
dation.

BROAD-BAND INVERTED-L. ANTENNA
(Low V-H-F)

The broad-band mverted-L, antenna, devei-
oped by RCA Laboratories, ls an adaptation
of the simpie inverted-L, or flat-lop, antenna
used on alrcraft at frequencies so iow that the

——— T P R

Ficums. 19 Vertleal polarization patterns for S-wire fan 31-m

near top starboard faselage 47 in. forward of lesding

fuselage 105 in. forward of

antenns for B-24, wires stgwey Fiusm bl in
edie of starbanrd ntabilizer to point near bottom alde of
leading edge of vertical stabilizer. (From ARL Report 357.)
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bottom side of fusctege, 108 In. forwerd af leading odge of vertical stabitirer. (From ARL keport 357.)

helght of a conventional A/4 whip or stub
wouid be prohlbitively great. A skeich of a
almple inverted L having a height equai to balf
its totai length is shown In the upper portion
of Figure 21, where the measured input im-

e —p————
-

T

jiz

IR
ki

pedance of such an antenna is also shown. it
i evident from these impedance characteristics
that while the antenna has a much smailer
physical height at resonance than the corre-
spondini, whip antenna, its impedance levei is
fow and Ita reactance characteri ia steep,
limiting its usefulness to spot-frequency” or
narrow-band applications.

it has been found possibie, by means of a
sleove (that is, by extending the coaxial feed
line beyond the ground plane up to the bend
in the antenns) and by properly proportioning
the relutive cross sections of the vertieal and
horizontai members of the antenna, 1o retain
most of the reduction in vertical height gained
In the simple inverted L and at the same time
secure an antenna of broad-band characteris-
ties, The modified Inverted L Is sketched in
the lower part of Flgure 21. The modified ver-
slon has & much higher impedance svei and
an appreciably flatter reactance-frequency
curve than the simpier antenns. Consequently
it can be matched to a fow-Impedance iine over
much wider frequency bands. The sctuai band
width obtainable with an inverted L depends
upon the complexity of the matching wection
used; band width varies from about 12 per
cent In the case of an L fed directiy from
50-ohm line to about 58 per cent when the L
I used in conjunction with a three-eiement
matching scction consisting of lengtha of com-
merciaily availabie coaxial cabie.

CONFIDENTIAL




ANTENNAS FOR VERTICAL POLARIZATION

1855 Quarter.Wave Antennas for Vertieal
Polarisation

Among the more simple antennas suitabls
for use on aircraft In applicstions ealiing for
{imited band wldth In the u-h-f and upper
v-h-f ranges are the ‘ollowing.

e ARILM MEL
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o Bl Bty 481 T -9

TRICK STUB ANTENNA

A A4 stub of falriy iarge cross section i
known to have broad-band Input characteris-
ties. However, there are two difficutties inher-
ent in these antennas: (1) The fact that they
must be base-insulated requires the use of low-
loss solid-dielectric mounting fixtures of great
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mechanical strength, and (2) the large base
must be eonnected to tiie small Inner conductor
of a coaxial ferd line in & manner which wiil
not deatroy the Intrinsic broad-band charac-
teriatics ot the antenna. This last is a difficult
problem which has not been satlsfactorily
molved to date.

The AN-155 antenna, developed by the Radio
Resesrch Laboratory, ix an example of the
thick stub as used on aircraft. Thls antenna,
sketched in Figure 22, consista of a phenoiic-
impregnated maple mast, covered, axcept at ite
base, by a metallic sheath. The bese is heid by
an Insuiating bracket and the sheath is fed by
a tepered metel strip, or "‘dog ear,” connecting
the lower edge of the sheath to the Inner con-
ductor of a standard conxiai cable connector.

‘The measured input impedance of thix an-
tenna is aiso shown in Figure 22. It ia to be
remarked that these characteristics depend to
 rather jarge extent upon the shape and posl-
tion of the “dog ear.” Such a mast antenns,
30 In, high, and of 2%,x114 in. streamiine cross
section, is capable of covering the 80-to-110-me
band without need for externai matching sec-
tions. By cutting down the length of the an-
tenna, higher frequency banda, of increasingly
greater width, may be covered.

BROWN-EPHTEIN ANTENNAS

A simple u-h-f antenna, combining a strong
mechanical mounting with provislon for mod-
erate hand width, 1s shown in Flgure 23A. In
its simpie form the antenna conaints of a A/2
rod mounted coaxially in a »/4 deep cylindrieal
well set Into the ground plane against which
the antenna is worked. The portion of the ays-
tem conteined in the well serves two purposes:
(1) It scts aa a shorted A/4 line, which, by
presenting a high impedance to ground at the
centrs] feed point, effectively insutstes the base
of the protruding a/4 radiator whlie at the
same time it provides a strong metallic mount-
ing, and (2) this shorted a/4 jine acta 2a a
parallel-resonant clrcuit in shunt with the an-
tenna, a cireult well known to be effective In
fisttening the reactance characteristic and in
raislng the impedance level of & serles-resonant
antenns.
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A version more suitable for use on alreraft
is sketched In Figure 28B. Here the shorted-
line support has been placed inside the radi-
ator, where it functions exactly as before, with

& s e
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tha additionai advantage that the radiating
surface is now larger and consequentiy wili
have flatter impedunce charscteriatics. This
surface may be streamiined to reduce drag.

SKIN-BACK ANTENNA

The skin-back antenns, sketched In Figure
23C, conaists of a A/4 radistor which may be
consldered as the continustion of the inner con-
ductor of the couxisl feed line, the outer con-
ductor of which ia folded back upon itaelf to
form the iower half of s vertlcal A/2 dipole.
The ahorted A/4 flne acts as & high-impedsnce
choka in series with tha lower half of the an-
tenna. effectlvely lsolating it from the re-
mainder of the outer surface of the feed line.

This antenna has been used on alreraft in
inataiiations auch thst It is desirable to lsolste
the anteuna from the adjscent surfires of the
ship. For example, it has heen used atop the

AIRBOANE ANTENNA DESIGN AT U:H-F AN. V-H-F

vertical fin of & B-17, where surface currenta
in the immediste neighborhuod of the feed
point of a conventional stub would greatiy
medify the stub Impedance and radiation
characteriatica.

HALF-FOLDED-DIPOLE ANTENNA

One-half a Carter folded dipole worked
against ground (see Figure 23D) forma an
sireraft antenna with two advantages over a
ple stub. (1) 1t Includes its own matching
section, for, by proportioning the relative di-
smeters of the two conductors properly, it is
poasible to secure a perfect match to the feed

CR I
Fovomn i | geine e jPminsieiliilel al® & REE-
ol e, s L, b kot Fobdnd g

line, and (2) since one slde of the anteuns is
metaliically grounded the antenna is inherentiy
strong. Mcaaured impedsnec characteriatica of
a typirs] half-folded dipoie are shown in the
upper part of Figure 24.
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Less-than-Quarter-Wavelength
Vertical Antennas

Au obvious meana of minimizing aerodyna-
mic and mechunical difficulties while at the
same time retsining some of the desirabie
features of the /4 antenna ia to use resonant
antennas which are short compared to the op-
erating A. There have been many sttempts at
antenna deaign along thls line, four of which
are ahown in Figure 25.

DIELECTRIC ANTENNA

A simple stub radiator, surrounded by dl-
electric material, will be resonant at a mueh
lower frequency than the same antenna in air,
the actual reductlon in physical length depend-
ing upon the inductive capacity and relative
volume, of the dlelect The impedance char-
acterlatics of auch an antenna are plotied in
Figure 26, 1t will be noted that the impedance
level is too low to permit auccessful hroad
banding,

HELICAL ANTENNA

The helical antenna contalns ita ovn loading
coil, and while it can be made to be rasomant at
& height equal to a amall fraction of /4, its
characteristics are marked by a very iow-im-
pedance level and by a very ateep reactance
characteristlc so that Its usefulness, If any, i
Hmited to spot-frequency appiicationa

INVERTED-L ANTENNA

The inverted L han short physical helght
and, If modified, can be hroad banded, as Is
described elsewhere in this report,

———
titanzes idin

o m aw a a m

Fioune 26, Impedance charac
cal antenna of Fuguro 25, and
dieleetric eylinder.

BENT HALF-FOLDED-DIPOLE ANTENNA

This artenna has Impedance characterlatica
which are matchable to 50 chma over moderate
frequeney bands.

154 Half. Wave Grounded-Loop Antenna

A semi-cireular A/2 loop antenna, mounted
In g verlical plane, with one end grounded to
the skin of the ahlp and the other end uttached
to the inner conductor of a eoaxiui feed line,
han several advantages over the simpie A/4
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stub for vertical polarization in the u-h{ range,

1. Ity vertical helght is less than one-sixth
of the resonant A, so that if mounted with the
plane of the loop in the line of fllght this an-
tenna will have less wind drag than the corre-
aponding stub.

2. Since one side of the loop is grounded it
can bs made to have great mechanics] sirength.

3, Its impedance characteristics sre such that
it can be easily matched over qulte wide fre-
quency bands.

The field pattern, for vcrtical polsrization,
of this untenna worked againat a flat surface
on aireraft will be similar to that of a vertical
stub antenna in the same location, The patierns
of full-wave loops have been investigated theo-
retleally by Carter, and are dlscussed In Sec
tion 187,

16 MULTIPLERESONANT ANTENNAS

1t may sometimes he desirable in alreraft an-
tenna work to use a single antenna for trana-
mission or reception in two or more separate
frequency bands, the frequencles being s
widely spaced as to make the use of a broad-
band antenna covering the entire range in-
cluding these bands Impractical, Ome scheme
for reaMzing such an antenna system is shown
in Fignre 27, The antenna consists of a cylin-
drical stub made in two pieces, the upper
portion belng supported by the inner conductor
of » shorted conxlal line which Is receased into
the lower part of the stub. The lower part of
the antenna is of such length as to be resonant
at the center of the high-frequency band, the
A/4 line built into unis section effectively isolat-
ing the lower stub from the upper portion of
the antenna, The total length of the antenna
is made such that, sllowing for the reactance
introduced by the line aection, the coinplete
antenna wiil be rasonant in the center of the
low-frequency band. It will be seen from the
impedance curves of Figure 27 that the partle-
ular antenna ahown is useful from 820 to 372
me and from 468 to 520 mc, representing un
extreme runge of frequencies which could not
be covered by a conventional antennu of like
croas sectlon, By varying thc dimensions of the
various parts of the antenna it is possible to

secure pass bands of grester or less spacing and
of greater or less band width. The principle
can, of course, be extended to three or more
poss bands, This antenna has one advantage

Frams 7. Fah ssiees by TOR pe——"
e, ST S A T

over very wide-band antennas, in that it avoids
the pattern difficulties which may appear st
the high-frequency end of the band of such an-
tennas, where the antenna may be several
multiples of A/4 long.

e ANTENNAS FOR NORIZONTAL

POLARIZATION

The deaign of aireraft sntenmas for hori-
zonta) polarization in the v-h-f and u-h-f ranges
generally involves much greater difficulties
than the deslgn of curresponding vertical an-
tennas. Not only are there gruve me.aanics
problems, particularly in the lower v-h-i 1 7
where the structure of the plane offers i
slternative methods of supporting the antenna
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and consequently permits only a restricied
choice of antenna locations, but there are elec-
trical problems as well. Thbe pattern and im-
pedance requirements for horlzont«l antennas
at these frequencies are uaually such as to
demand that the two components of the an-
tenna ba fed In some definite phase relatlon-
ship, uauslly 180° out of phase, with the resuit
that balance tranaformers as well as conven-
tional matching sections must ve included In
the feed aystem if band width is desired.

174 Broad-Band Balance Transformers

Since most antenna installations for hori-
zontai polarization on alrcraft are of the bal
anced type, and since most aircraft transmit-
ters are designed to work into low-impedance

"bazooka or “halun” deveioped by the Radle
Research Laboratory, sketched in Figure 28.
When properiy constructed this transformer
maintains both aldes of the two-wire line at
equal and opposite potentials with respect to
ground over large frequency rangea to cither
side of that for which the twinax line inside
the balun A/4 long. Furthermore, 1f the
characteriatic impedanee of the twinax line in
the balun i iarge compared to those of the
conxial and balanced cables hetween which 1t Is
inserted, the presence of the balun will cause
little refiection over very wide frequency bands.
as may be seen from the reflection-frequency
curves of Figure 28, These curves appiy to a
rather artlficial case, since the Impedance of
balanced cable or of balanced antennas la usuai-
1y higher than that of conxial cable, In practice
s tranaforming section muat ususily be in-
serted on one aide or other of the balm,

form” Horizontal
Pattern

114 Antennps for “U
Pi

BENT-SLEEVE [IPOLE ANTENNA

"The sleeve dipole antennas developed by the
Radio Research Laboratory give pear-sbaped
horizontai plane patterns for horizontal polar-
izatlon and have broad-band characteriatics at

Eﬂ et Fulmd
port 411-TM22.)

unbalanced eable, it in usually necessary to
Insort between the antenna and the line a
device for maintaining balance even though the
frequency departs conaidersbly from reso-
nance. One of many such transformers is the

ica less than 600 mc. The sntenma
conslsts of a A/2 dipole bent Into & V having
an included sngle of shout 100°; each arm of
the V is aurrounded for about half lt: length
by & coaxial sieeve; the arms tie in to the bal-
anced side of & broad-band balunce tranaformer
which in turn Is fed by 50-chm coaxial cable.
The antenna and its attached balun form a unit
which plugs Into a streamlined cylindrical
mount which ix permanently attached to the
skin of the plane, the mount holding the plane
of the V horizontal, in proper relatlon tu the
akin of the ship and to the direction of flight.
A series of auch antennas may be used inter-
chsngeably in the same mount, in order to
cover a very wide total frequency range.

Figure 29 showa plan and elevation aketche«
of this antenna, and includes a sketch of the
feed aystem. The SWR.-frequency curve of that
figure givea aome ides of the band wldth at-
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Fiourg 29, Plen and elevation viewa, foed system,

and SWR of bent-sleava dipols. (From RRL Re

port 411.-TK-122.)

.
tainable in the upper v-h-f and lower u-h.f
ranges. While these antennas have very satis-
factory characteristics In the 200- to 600-mc
range, thelr Impedance characteristica are
marred at higher frequencies by the adverse
effects of the feed-system discontinutiies on
band width, and at lower frequencies they be-

belew the undersurface of the fuselage of a
Iarge plane, The targe energy throw.down in
the vertical plane coutd be remedied by moving
the antenna farther out (closer to A/2) from
the akin of the ship.

‘THE COAXIAL-FED V-DIFOLE ANTENNA

In some respects this antenna is similar to
the bent-salecve dipole antenna. It conslsts of a
coaxial-fed (unbalanced) dipole with A/4 arms
attached to the inner snd the outer conduciora
of the supporting feed tine, the arms lying In a
plane perpendicular to the feed line and
forming & V with an included angle of 95 to
100°, The supporting line extends A/4 beyond
the ground piane on which the antenna is
mounted, its outer conductor being grounded
at the base

The horizontai plane pattern of the antenna
in peunut-ahaped with slde minima tn field
strength about 4 dh down from the maxima.
The vertical plane patterns show the large
amount of throw-down to be expected from a
horizontal antenna mouiled A4 from a con-
ducting sheet,

The anteina ylelds little vertically potarized
radiation at resonance, but as the length of the
supporting line departs from A4, the currents
in its outer surface reault in Increasingly larger
of vertical radistion. It has been

come arge,
and wind-drag difficulties,

Flgure 30 showa the pattern yletded by the
bent-sleeve dipole mounted approximately A/4

found experimentally that the antenna ean be
used over frequency bands approximately 35
per cent wide before the maximum average per-
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energy. Since no effort is made to maintain
balunce between the two aides of the V, the
patt .ns tend to become asymmetrical at fre-
quencies far from resonance, another factor
limiting usefui band width to about 35 per cent.

Figure 31 showa a aketch of a simplified
verslon of the antenna, a typical set of input
impedance characteristics, and a SWR-fre-
quency curve for an antenna having a buiit-in
low.impedance series tranaformer. Because of

e e -—
et e

Fiovnz 31. Coaxial-fed V dipole for horizontal

polarization.

centage of vertical polarization becomes greater
than 20 per cent of the total radiation in the
plane containing the most vertically polarlzed
-

o

the ai of the feed system these antennaa
have wlde-band u-h-f impedance characteristics,
a set of four interchangeabl: antennas covering
the 500- to 1500-mc range with ieas than 2:1
SWR on 50-chm line.

Figure 82 shows the messured horizontal
piane patterns at three frequencies distributed
over the range of a model intended for uac in
the 1175- to 1600-m2 band.

SPLIT-CAN ANTENNA

Figure 33 ahows a sketch of a u-h-f aplit-can
antenna develuped by the Radio Research Labo-
ratory for horizontal polarization. The antenna
consiats of a cylinder of streamlined cross sec-
tion, spllt iongitudinaily alung the tralling side,
and mounted normal to a ground surface from
which its base is Insuiated. The antenna is fed
by a balanced line, which tiea on at the two
opposing edges of the split. In a tentative
theory the edges of the spiit are regarded as a
continuation of the two-wire feed ilne, the
aurface of the antenna acting aa a shunt icop

- S
e
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acroaa this llne. Since the currents in this sur-
face loop are horizontal, tho resulting radiation
ic horizontally polarized, the horizontal plane
pattern being aubstantially uniform with the
minimum only about 8 db down from the maxi-
mum. When the aurface of the anienna ia less
than A/2 around, its effect is that of an induc-
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tive shunt across the feed line, resulting in an
increase in the physical length of the antenna
at resonsnce, For example, the 30-cm high an-
tenna of Figure 38 i resonant at approximately
375 me, correspondlng to an electrical length of
0.375 A compared to 0.24 or leas for a conven-
tional resonant atub of almilar cross section.

LOOF ANTENNAR

The possibilitles of circular loop antennas of
dimensions 1srge compared with the operating
» have been expiored, independently, Dby
Carter, Fouter,’ and Sherman.* Large loop an-
tennaa have characteristics quite different from

those of the amall foops used for direction find-
ing at low frequencies, characleriatics which
make these antennas attractive In certain ap-
plications where horlzontai polarlzation is
desired in the u-h-f range.
In the absence of experimental data on the
and pattern ristlcs of full
circular loops on alrcraft this discusslon wili be
Iimited to the presentation of theoretical data
taken from a report by Carter. While the im-
pedance level of loops less than A;2 in circum-
ference 1s low, loaps of the order of A in clr-
hi

sve le input

A loop »/2 in circumference mounted with its
plane horizontal wouid yield a very uniform
pattern for horizontal poiarization In the hori-
zontal plane ; unfortunately Its radistion reaist-
ance would be only about 13 ohms, a vaiue
which would have to be stepped up consider-
ably, posaibly by meana of a aieeve, before the
antenna would be useful for any but narrow
band applications.

22 Autonnan of the 3 /2 Dipole Type

Antennas of the center-fed A/2 dipole type
are ueed for hori 1 i
in applications such that the nulls in the feld
pattern along the directlon of the antenna
axis are not objectlonable.

BROWN'S ANTENNA

An Interesting u-h-f antenna for horizontal
polsrization on aircraft la that developed by
G._H._Rrown_The r/4 arms of the dipole
cousiat of strong tublng held in line by an sxial
lusulating rod, the dipole being aupported in a
horizontai position A4 out from the skin of the
ship by means of two vertlcal metai cyilnders,
closely spaced and connected to the two arms
of the dipole at either alde of the central feed
point. Since the vertical aupports are base-
grounded, a machanically strong mountlng is
secured, while the fact that these aupports are
/4 fong insures that the antenns is electrically
inaulated from ground. A coaxial feed line,
which may include a scrles transformer match-
Ing section, runs up through one of the aup-
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porting eylinders, tying on to the two sidea of
the dipole at the feed polnt.

In another version of thia antenna the axlal
rod aiigning the two halves of the dipoie is
metallic and connected to the rsdistors only
'hrouxh metal plugs at each end of the dipole.
aystem is fed from a balanced line, one
mdc of the line tying on to each radiator at the
{eed point, the coaxial lines included inside the
radiators acti as a shunt matching section,
which resuits in flat input i charac-

or as four »/4 antennas arranged along the
diagonals of a aquare and fed in 90° phase
rotation, yiclds an unusualiy symmetricsl pat-
tern for horlzontal pelarization in the hori-
zontai plane. and has the further advantage of
naturally brosd-band characteristics in that the
reflection coefficient on the main feed linc is
equal to the square o that existing on the
branch iines leading to the individual antennas.
The desirable features of the turnatile antenna

teristics over a falriy wide frequency bend.

WIrE DIPOLES

_ Beeause of mechanieal and wind drag con-
none of the antennaa con-
sidered are auitable for use on aircraft at fre-
quencies much beiow 200 me, For frequencles
in the lower v-h-f range It becomes necessary
to use wire antennas, an exampie being a 2,2
dipele of ordinary alrcraft antenna wire atrung
parallel to the line of flight, supported at its
iwo ends either by masta or by convenient
points of the ship’a structure, and center-fed
from a t ed pair or twinax cable. Such an-
tennas are, of courss, extremely narrow band,
and are therefore useful only for spot-frequen-
¢y applications, or for applications in which
manual or mechanical antenna tuning ia per-
missible.

The band width of wire dipoies can be con-
siderably improved by making esch radiator
in the form of a cyilndrical or conical cage of
wires, thus aimuiating iarge-surface conductora
while at the same time retaining the low-drag
features of wire untennas, The average char-
acteristic impedance of multi-wire cage dipoles
is dlscussed at length in & report prepared by
Divislon 16.7 1

nre Polyphase Antennus

Another example of antenne aystem which
has u-h-f possibilities, and perhaps even for
much lower frequencies, is the turnstiie an-
tenna developed by Brown and by Lindenblad
for {-m and television transnitting purposes.
This antenna, whicil may be regarded either as
two erossed A/2 dipoles fed in phase-quadrature

are in the three-phi Y antenua,
which, since it has only three radiatora, instead
of four, {a perhaps morc attractive for low-fre-
quency use on aircraft. antenna consiats
of threc A/4 radiators arranged symmetrically
in the horlzontai plaie, the radiators being fod
with equal currents In three-phase relationship.
In this syatem the reflection coefficient on the
main feeder In equal to the cube of that existing
on the individual branch lines, resulting in stili
greater broad banding due to feed than is ob-
tained with the turnstile antenna.

Deaplte their advantages there are very good
ressons why polyphase antenna systems have
not been explolted thus far. In the first pince
these systems requirc hlgh-impedunce com-
ponent antennaa, of 100 chms input impedance
in the case of the turnstile, and 150 ohms In
the case of the Y, presuming a 50-chm maln
line. Whlie high-input-impedance-i/4 antennas
may be obtained by meana of sieeves there reo-
mains the problem of obtaining high-lmpedance
branch lines. Furihermore the patterns of these
antennas depend upon proper phuslng uf the
currents in the component antenuas, which in
turn depends upon a proper impedunce match
throughout the system. For this reason it s
difficult to messure the ficld patterns of these
antennas on aircraft by means of models, since
not only must the antenna dimensions be prop-
erly scaled, but the individual antennas must
be accurately matched to their feed lines. The
Iatter condition is difficult to realize at the s-h-f
range uaed in model work, Whether the large
amount of experimental work required in the
development of these antennas is justified
dependa upon the need for uniform pattern und
broad-band impedance characteristics. The fact
remaine that these are among the very few an-
tennaa that have even  chance of satisfying
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such requirements on aircraft in the iower
v-h-f range.

75 Multiple Antennay for Horisontal
Polarization

Any of the antenni suitable for vertical
polarization may be used for horizontai polsri-
2ation if properiy mounted, However, such an-
tennas, mounted on one side of the fusciage
in a horlzontal position or at an angie with the
wldn of the fuselage, neceasarliy give asymmet-
rical patterns. 1f aymmetry is desired it is
necensary to use two similar antennas mounted
in corresponding pusitions on oppoaite sides of
the plane and fed in proper phase relationship.
Such antenna combinations have been devel
oped by the Radlo Resesrch Laboratory in col-
Isboration with the Ohio State University Re-
seareh Fuundation, When antennan made up
of A/4 stubs and cones are fed in phase, the
horlzonta: plane pattern contains lobes ahcad
and astsmn for vertical polarization, with nulis
in the cor ding positions for hor |
polarizaticn; when the antennns are fed 180°
out of phase the situation is reversed. As far
as symmetry is concerned, these antenna sys-
tenis become iess satisfactory the higher the
frequency.

Since no compenastion Is gained in in-phase
or In out-of-phase feeding, individuaily broad-
band antennza must be used If band width ir
desired.

w7e  Surfsce or Interior Antennas

Fiush-mounted antennas such as alots, horns,
and wedges are suitabie for horizonta! poiarl-
ration at upper v-h-f and u-h-{ frequencies. In
many cases, such antennas, mounted singly on
the underside or wing or fuseiage or in pairs
on either side of the ship, have pattern and
impedance characteristica sutiafactury for cer-
tain applicationa. These antennas are described
sisewhere in this report.

wa  ANTENNAS FOR BOTH VELTICAL
AND ilORIZONTAL POLARIZATION

While any of the conventionai iinear anten-
nan can be mounted at odd angles with the skin

of the ship in order to secure varying amounts
of both horizontal and vertical poisrization,
and while other antennas, such a3 fans and
Ioops, incidentaily give radiation of both types,
there ara apecial antennas for this purpose.

THE FisH.-HOOK ANTENNA FOR CIRCULAR
POLARIZATION

The M2201 and M2202 antennas developed
by the Radio Research Laloratory consist of
two thick dipoles, crossed at right angles, with
the Individuai radiating eiements bent down-
ward at an sngie of approximately 30° with
the horizontal, Each radiator is supported by
one conductor of & four-conductor open fine A/4
jong. This iine ieads into the interior of the
ship to a phasing and matehing unit which
feeds the two dipoles In phase quadrature and
which matches the combine input impedance
to the main transmission line. A sketch of the
antenna, together with its SWR-frequency
characteristic and measured fieid patterns, is
shown in Figure 34,

vintea
vovanitsneon
i

Fious 34, Fish-hook antenna for circular polar-
ization. {Datn from RRL Report 4)1-TM-52)

The antenna ia intended to be mounted on
the underside of the fuselage of a piane, the
maaimum radiation being dowoward with ap-
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AND HORZONTAL POLARIZATION

proximately equal vertically and horizontally
polarized componenta. The untenna feed sys-
tem 1s 80 arranged that it can be used with
cither one or two transmitters. It is desigied
to be mounted Inuide a piastlc radome.

TRAILING-WIKE ANTENNAS (H-F AND
low V-H.F)

The aimple trailing-wire antenna used on
aircraft for lons-range communication in the
m-f and h-f ranges is an example of an antenna
with which greater or less amounts of elther
vertical or horizontal polarization may be ob-
tained. Jt consista simply of a length of copper-
clad steel antenna wire wound on a reel and
passed out through a fairlead installed In the
boltom or mide of the fuselage. The wire ter-
minates in a wind sock, for horizental polariza-
tion, or in a streamlined weight If vertical po-
arization is desired. The antenna is fed from a
coaxial cable through a contact located where
the wire enters or leaves the fair-leud, and may
be considered as working agalnst the skin of
the ship as ground.

When tralling wires are operated at a fixed
length less than A/4 their impedance character-
lstics are marked by low resistance and by
large capacitative reactance, varylng rapldly
with frequency. 1T transmitting efficlency is
desired, the antenna must be fed through &
matching section or tuning unit containing
manually adjusted or motor-controlled varlable
lumped elements. When tralling wires are op-
erated at some resonant length, such as x/4
or 34/4, they are, of course, nonreactive and
have a reasonsbly large input resmnnce which
varfes with frequency in a compl e manner
depending apon the size of the plane, the length
of the wire, and the relatlve positions of plane
and wire. Under many conditiona thia resis-
tance is close enough to 50 chme 5o that the an-
tenua may be fed directly from the transmis-
sion line without recourse to wnatching sectiona.
If extrems transmitting efficiency is required
the antenna resistance may be matched to that
of the feed line, by means of simple cireuits
of coils and capacitors, as is shown by the ex-
ample of Figure 35.

At the low frequencies at which trailing-
wire antennas are ordlnarily used, matching
sections consistlng of lengths of transmission
line are too bulky to ke practical.

The patterns of simple trailing ante:nas in
the lower v-h-f range are generally messy as
compared with those of the fixed aireraft an-
tennas recently developed for low-frequency
use,
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wire antenna opera
from ARL.)

Charactentica of resonant tralling-
at 33/4 resonance. (Date

STINGEREE ANTENNA

The stingeree antenna, developed by the Bell
Telephone Laboratorles, i intended for broad-
band use, for either vertical or horizontal po-
larization, In the lower v-h-f range.

The sntenna consists of a A 2 dipole of the
skin-back type, trailed from the plane at the
end of 50 to 100 ft of standard coaxial cable.
The antenna, sketehed in Figure 36, contains &
two-element transmission llne maichlng sec-
tion which Is built into one side of the dipole.
The radiating surfaces of the dipole consist of
cylindrics! metal-braid sheathing, quite similar
to the armor used on RG-35.U corxial csble.
The far end of the antenna terminates In a

weight. The eed and
tow cable s colled just before entering the
dipole proper. the coil acting as a high-im-
pedance choke in series with the antenns and
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therefure tending to keep radiating currents
from the outer surface of the feed line.

This antenna is said to have band widths of
the order of 25 to 35 per cent at the extreme
low end of the v-h-f band, the SWR at the in-
put of the feed line, some 50 to 100 ft from the
antenna, being less than 2:1 over such ranges.

| v P

i

scnematio siaenam

Fioums 36, Stingeres watenna of Hull Telephono
Lsburaories.

The pattern of the atingerece is said to closely
resemble that of & , 2 dipole in free space. The
antenna has the furtber advantage in that it
iy towed A or more behind the ship and there-
fore its radiational characteristies may be ex-
pected to be much less dependent upor the
nature and elze of the plane than are those of
ordinary fixed aircrafl autennas.
1 SURFACE ANTENNAS

By mounting an sircraft antenna inside the
plaie, with its radiating aurfaces fiush with the
skin of the shiy, many of the problems of an-

AIRBOANE ANTENNA DESIGN AT U H-F AND V-H-F.

conspiculty, are solved at once, simply by

i i These 1 have
aroused greal interest in surface antennas, an
interest which has extended to the development
of planes especlally designed ‘o accommodate
such antennas, an example being the Bell D-6,
a plywood plane upon whose nonconducting
surfaces antennas were simply to be pdinted.
R vely little, however, had been accom-
plished in the feld at the time the present re-
port was prepared. In a rather complete file of
the reports issued by the various jaboratories
engaged in aircraft antenna research there was
not a single one dealing with surface antennas
at froquencies lower than 3,000 me.

The following material constitutes what little
way learned about surface antennas at this
Iaboratory (RCAL). It represents work done
here largely at the request of the Radio Test
Department, U. S. Navsl Air Statlon, Patuxent
River, Maryland,
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The Single-Slot Antenna
Flgure 37 shows a sketch of a simple zlot,

tenna design, including wind-d
strength, icing, precipltation static, and tactical

708 long by /30 wide, cut out
of the skin of the ship. The slot is backed by &
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rectangular resonating cavity, of the same
cross section, and A74 deep. The system ls fed
by a short eylindrical rudiator, running across
the slot, and introduced along the center ilne of
the wide aide of the cavlty aa an extension to
the inmer conductor of the coaxial feed cable.

Figure 38 shows that the system behaven as
an antiresonznt cireuit of fairly high Q.
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Frorz 38, Impedance characteriaticn of aimple-

siot antenna.

This figure alao shows the effect of the posi-
tlon of the feed, relative to the bottom of the
cavity, upon the impedauce fevel of the system.
Since the input resiufance at antiresonance de-
creases from high values to zero s the feed
rudiator approaches the bottom of the cavity,
it is evident that the simyle slot can be matched

to the feed line, at one frequency, simply by
adjusting the position of the feed.

Because of the steep characteristics of the
antenna input impedance 1t in possible to ob-
tain only four percent band width by means
of a conventionai A/4 tranaformer, a band
width which may be approximately doubled if

[t t t isalon line i
tion 1a used. In view of the size of the antenna
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in wavelengths, it is evident that a simple-siot
untenna has impedunce characteristics very
mach iess auitable to broad-banding than those
ot conventional cylindrical antennas.”

Tt may be objected that the above data on band
width apply to an extremely unfavorable care, in that
the Impedance level of this slot 1a much higher than
that of the line to which 1t ia to be matched. 1t miaht
appear that band width could be increased by chunging
the position of the feed point so that the rwsonant
resiatance move nearly approuches the characteristic
impedance of the line. This ie not the case; while the

istanes match can be improved hy lowering the fed
the reactas not affected 1n the asme propor.
the remuft st low-impedarice antennas have
higher e and led o width.
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The radiation from slot antennas ia confined
to the same slde of the ship as that upon which
the antenna ia located.

b Doubte-Slot Antenna

Flgure 39 shows a sketch of a system of two
parallel slots, each 31/4 long, apaced 24 apart,
fed In phase. Although no Impedance measure-
ments have been made for thia antenna, It is
not likely that the band width of thls aystem
will be greater than that of a aingle alot, since
there la no compensatory effect in the in-phase
feeding of identleal antennas, and aince the
effect of the mutual impedance at auch amall
spacing Iy fikely to be adverse.

i BT SHE

HIGH MPEDANCE THARS
ISOLATING RADIATING SUNFAGE
FROM ALS? OF GROUND-FLANE

Fiarme 40, Denigns of doubleslot mntennaz by
Lindenblad.

The field patterns of a double slot niounted
under the wing of & PRY.-uA are more sym-
metrieal than those of the single slot, and the
downward beam in the vertical plane trana
verse to the siots ia sharper.

23 Lindenhiad's Double.5lot Antenna

Flgure 40 ahows alternative arrangementa of
two slota upaced A/2 apart, each slot being fed
through a A/4-deep reacnant cavity which is
folded back parallel to the skin of the ship. In
thls aystem there Is evidence that surface cur-
rentn in the A/2-wide atrip are responsible for
most of the radlation, the strip behs ving much
like an array of thin A/2 dipoles lined up side
by side. The 4/4 feed cavities serve to isolate
the radlating surface from the rest of the sur-
face of the ground plane, performing the
double functlon of placing a high Impedance in
series with the Immediately adjacent outer aur-
faces and of insuring that what current does
exist in these aurfaces will be in phase with
that in the strlp.

SWR messurements indicate thst band
widths of the order of 10 to 15 per cent may be
Gbtamed without recourse to matching sections,

mes

Lindenblad’s Broad-Band Slot
Antenna

A very interesting slot system, which In-
cludes & novel broad-band feed, is =ketched in
Figure 41.* From the outside of the ahlp the
antenna appears as two thin slots, approxima-
tely 0.654 long, spaced 0.15A apart. From the
interior of the ship the antenna uppears ai a
thin square box, approximately 0.556A on a alde
snd 0.07x thick, so oriented that the two outer
slots lie parallel to one diagonal. Thia box is
divlded into two layers of approximately equal
thickness by meana of an nner sheet of metal,
which contains an inner slot 0.06x wide lylng
under the atrlp separating the two outer slots.
A septum attached to thia strip passes down
through the Initer slot to the bottom of the box.
A feed strip, shaped as an equilsteral triangle,
leads from one edge of the inner alot to the
bottom corner of the lower iayer of the box,
where It tiea on to the inner conductor of s
standard coaxial eahle conncetor. By sys-
tematleally varying the width, length, and
spacing of the outer slois, the spaclng of the
inner slot, and the ahape of ti . feed triangle,
it has been possible to attain band widths of
20 per cent without need for external matching
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sections. Much wider band widtha are possible
if the atandard of matching were to be slightly
relaxed, say to 2.5:1 SWR on a 50-ohm Jine.

The SWR-frequency characteristic of &
broad-band alot ayatem designed for altimeter
use ia included in Figure 41,
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e Louvre, or Wedge, Antenna

The louvre antenna developed by P. 8. Carter
for an application quite remote from communi-
cationa ia an interesting example of a flush-
mounted antenna. The eystem, Figure 42, con-
sisty of three very thin wedges arranged to
overlap 5o that their open basea sve spaced
approximately A/4 apart. The aystem is in-
tended to be mounted upon the side or under-
surface of the plane, depending upon the polar-
ization and pattern desired, the open ends of
the wedges appearing as long thin slots covered
with low-loss dielectric, the antenna being fed

dircetly from a coaxial line entering the middle
wedge. The impedauce characteristics of the
anter.na are auch as to make it very sharply
resonant. The field pattern, except in the plane
normal to both the rurface on which it Is
mounted and the length of the louvre openings.
consiats of falrly sharp alngle lobes, the posi-
tions of which in apace may be adjusted simpls
by manipulating the tuning condensers in the
two outer w

fpen. midienn useful in
rbwey, W mrer applica-

While the louvre antenna has few featurea
attractive for communleation purposes, it docs
have possibilitien for other usea such as drift
indicating, tail warning, and applications
whers cusily managed lobe switching 15 denir-
able.

o

The Waveguide Antenna

The waveguide antenna sketched in Figure
43 i a speclal type of horn zntenna, i.e, 8 horn
of zero flare. [t is excited in the H,, mode by
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i Wemmean e i B o
horn of merr Bues
means of a atub antenna mounted paraliel to
the short cide of the gulde, lncated approxi-
mately A/4 from the closed end and fed directly
from the conxial feed line entering at the cen-
ter of the long side.*
The open, or radiating, end of the guide can
be covered with a sheet of low-losa dielectric

HORIZONTAL PLANE
AHEAD

materis] mounted fluah with the akin of the
ship. The patterns of a waveguide antenna hsv-
ing the dimensions shown in Figure 43 and
mounted in the tafl of an F6F are ahown in
Figure 44. This antenna waa intended for hori-
2ontal polarization at 400 me, the gulde being
oriented ao that its long side ia vertical. The
patterns are quite aimilar ¢; *hose predicted by
the theory and experiment of Barrow and
Greene.

27 Antennas in Semicylindrical Cavities

Figure 45 is a conventional cylindrical anten-
na mounted axially in a semicylindrical recess
in the skin of the ship, The recess or cavity
has an aperture approximately 0.4a square

. ~which can be covered with a dislectric sheet

mounted flush with the aurface of the plane.
The SWR-frequency charaeteristies show that
while o band width I ttainuble with & simple
stub radiator in the cavity (the resistance 1
too low and the reactance variation too ateep
in thia case), the use of sleeve antennas reaults
In quite appreciable band widtha,

VERTICAL FORE-AND-AFT PLANE
upP

AHEAD

OOWN

FIGURs 44,  Atennn power pattern of waveguide antensia having ttimenuions of Figure 43, operating on 400
me, locuted in FOF tail with mouth of guide facing directly afl.
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s Conclusions

The materia) presented in the preceding sec-
tlons summarizes what 18 known about surface
antennas at this Iaboratory at the present time.

'
- " i
|
diaia i
R
cavity.

From this data we draw the following conciu-
sions !

1. Surface antennas, whether they be slots,
horns, or cavities, are much larger relative to
the opersting A than are conventional exterlor
antennas. The maximum dimension is usually
of the order of a A/2 or more. While slots or
horna of such aperture are feasible at frequer:
cles down to 100 mc (assuming their use on
lnrge aireraft), a 30-me slot antenna would
require quite a little mechanlical engineerinz.
Surface antennas also have more or less buik
inside the skin of the ship, & fact which means
that Inatallstion of even a small h-f antenna
will be something of a major operatlon.

2. Surface antennas have much less Intrinsic

band width than ordinary sntennas. For most
communication purposes this is not much of an
ohjectlon, particularly in the fight of recent
deveiopments reaulting in band widths of the
order of 20 per ecent or more.

3. Surface antennns have field patterns
characterized by more directivity than s uau-
ally desirable In communieation work. They do
not tranemit or receive energy In directions op-
posite to that in which they face, a situation
which can probably be remedied by mounting
{wo antennas on opposite sides of the ahip.

4, Surface antennas, while having reached
» stage of development permitting their Im-
mediate application to many aireraft antenns
problems, conetitute & rich and virgin field of
renearch, particularly slong the lines of In-
creasing band width (by contlnued develop-
ment of broad-band methuds of feeding them),
redueing hulk (possibly by means of filling
them with low-loas dielsctrles of high Indue-
tive eapacity), and improving patterna by
means of multiple-antenna systems.

s POWER CAPACITY OF AIRCRAFT
ANTENNAS

The maximum power that can be handled
by sireraft antennas depends upon the nature
of the antenna and upon atmospheric con-
ditions.

Power capaclty varles approximately as the
square of the conductor diameter, and conse-
quently will be greater for thick cylindrieal
and conical antennas than for antennaa con-
sisting of one or more small wires, such ax
fixed- or trailing-wire antennas or fanx.

Since breakdown due to corona or arc-over
depends upon fieid strength rather than volt-
age, maximum power will depend upon the
orientation of the antenna with respect to the
ground plane agaiust which 1t is workes, being
greater for aumple vertical antennas than for
antennas having components parallel to the
skin of the ship. Furthermore, since artenna
vuitage for & given power input is & function
of the surrent distribution along the antenns,
it is evident that an antenna with top-icading
will havea diffevent power iimit from that of 2
siraple A4 stub.
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Antenns Length and Resistsnce

The antenna voltage for a given power Input
1 proportlonal to the square root of the input
reslatance, Implying that thc maximum power
for a given corona voltage will be proportional
to the radlatlon resistance of the antenna.
Hence & A/4 or longer antenna will handle mors
power than u short antenna. Since in electri-
cully short antenna reqiires inductive joading
to be fed at all, and aince the ohmic reaistance
#f the coil may be of the same order of magnl-
tude a8 the radiation reslstunce of the anteana,
an apprecisble fraction of the input power wili
not reach a short antenna at all. The ioading
coll must he designed to dis ipate that frac.
tion safely.

L Anteana Surface

The surface of a high-power antenna shouid
Dbe smonth snd of relatively larger radius of
mypvature, nince corona seta in at lower volt-
nges the rougher the surface,

The effect of dirt on the antenna surface ls
10 start local discharges and may cause the un-
set of genersl corona at lower voltages.

e Atmaspheric Conditions

The breakdown voltage of air is a compli-
cated function of its density, and so depends
upon pressure and temperature. The dielectric
strength of uir increases with density, density
decresses with decreasing pressure and with
increnalng temperature. The power espaclty of
aireraft antennas is therefor.. iezs at high altl-
tudes than at iow, the effect of decreasing pres-
sure much more than compensating the effest
of decreasing temperature as the aititude in-
creases,

While moiuture present in the air has little
effect upon the starting point of corona, once
corona is started rain and humidity reduce the
apark-over voltage greatly.

ization P isting in the air
ing the antenna has iittie effect. on the onset of
ccrona, However if the plane picks up sufficient
charge, corona in the form of precipitation

d.

static will sct in, regardless of the voltage on
the antenna,

s Summary

The problem of power iimits of aircraft an-
tennas is too complex to permit solution by
simple, unqualified Tules or formuiss, It is,
however, possible to make aimplifying assump-
tions which may be usaful in a qualitative way
in showing the eifect of u few 'ef the factors
entering into the problem. The curves of Fig-
are 46 represent such approximationn. Whiie
in particular cases tuey miy not eveu be cor-
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BMALLEST DIAMETER 1N INCHES.

Fiauek 46, Power-handling limit of /4 antenna
at elevation of 40,000 ft.

rect a8 to order of magnitude, they ehow, in &
general way, the relation between power limit
and antenna dismeter for two types of anien-
nas Important in aircraft radio.

— PRECIFITATION STATIC
Precipitation static interferea with aireraft
communication when the receiving plane passes
through rain, enow, or through clouds of dust
or ice particles. When first observed the statle
appears as a series of popping nolses in the
receiver, which noises finally develop, as flight
contlnues, into & continuous roar rompletely
obscuring the signal. The effect seems to be
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worse with higher speed planca, and in a given
case static can usually be reduced by reducing
apeed.
wn

Remedies

The ellnination of static s

density, the siream velocity, the maximum
linear dimenslon of the body uormal to the
stream, and the reciprocsi of the coefficient of
visconity of the air) the flow In this boundary
Inyer I8 laminar, consisting of 1ayers in which
al) or almoat ali the fluld motlon is parallel to
that of the stream. Under this condition the

schieved by a twofold aitack on the problem.

1. Sharp points on the surface of the plane
are renishod, <Aa far as antenna deslgn is con-
cerned this demands that the use of fine wire
or of filtings involving surfaces of amall radius
of curvature be avoided.

2. Provislon is made for dissipation of the
charge accumuiated on the plane in a nolse-free
manner at a point remote Yrom the antennas.
Such discharge can be effected by means of a
very .t n wire, ending in a sharper point than
uny - the surface of the plana, trailing from
the rear of the plane. A large-vali= vesistor in
series with this wire tends to damp the oscilla:
tions ordinarily associated with the discharge.

mis ATRCRAFT ANTENVAN AND AIR
DI

AG

All antennas projecting beyond the surface

of frictional drag is almost Inde-
pendent of the nsture of the surface of the
body, depending only upon the Reynoids num-
ber and the shape of the body. At higher Reyn.
olds numbers, sbove a certain critical velocity
which depeuds upon the shape of the body, the
flow in the boundsry layer becomes turbulent
and there 1s greater frictional drag  For turbu-
jent flow, frictions] drag Is greater the rougher
the surface.

uad Form DNrag

Form s, is due to tha disturbance created
in the aicst) o0 by passage of 'he moving body
and depenus largely upon the shape uf that
body. For objects with sharp edges the form
drag s virtoally Independent of Reynolds num-
ber, being almost entirely dus to the differ-
ence in pressure upon the leading and traiiing
surfaces. For rounded bodies the form drag

Mcient depends upon the Reynolds number,

of the airplane are iiabilities in
that they are sourcea of parasitic drag. At ordi-
nary subeonic velocities parasitic drag may be
conidered aa consiating of two distinet types;
frictiorat drag and form drag, which although
Interrelated in their effects wili be considered
separately.

i Frictionsl Drag

Frictional drag la the resistance experienced
by a moving body due to the viscosity of the air
through which it moves. It is always propor-
tlonal to the total surface srea exposed to the
airstream. Any moving surface ls surrounded
by a trausition layer in which the air velocity
relative to the surface Increases from zero at
the surface (neglecting the phenomenon of
alip) to the full value of the atream valocity at
the outer edge of the boundary lsyer. For iow
Reynolds numbers (the product of the wir

the surface roughnese, and the degree of turbu-
lence in the airstream. Such rounded bodies as
spheres and cylinders may have smaller drag
coefficients at high velocities than at jow, the
reason belng that at Jow Reynolds numbers the
boundary-laver flow is leminar, the flow sepa-
rating on the leading side of th body, resulting
in a wide wake and a large form drag, while at
higher Reynolds numbers the boundary flow is
turhulent and does not separate until it reaches
the trailing side of the body, resulting in a nar-
row wake and A correspe..dingly smaller drag.
The aisgnitude of this effect can be startling.
I the case of & aphere the drag coeflicient sud-
denly decreases sixfold when the velocity
rasches the critleal value at which turbulence
sets in. Turbulence pre-existing in the air-
tream reduces the criticai velocity at which
{nls decicase in form drag cccurs. At still
higher velocities, bevond the eritical velocity,
the drag ient riscs slowly with i i
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veloeity until aonle apeeds (75 per cent or more
of that of sound) are reached.

At sonic velocities the entire charactor of the
airflow around the moving body changes, the
leading surfaces setting up shock or compres-
slon waves resulting In a type of drag known as
wave drag. The wave-drag cvefficlent rlees
rapidly as the veloclty of the body spproaches
that of sound, the total drag becoming much
greater than that ascribable tu form or frictlon.

mies  Calpulation of Anteuna Drag

Tables of values of frictional- and form-drag
coefliclenta are avallable In the literature of
serodynamics which also includes formulas by
meana of which the drsg on a given antenna
may be computed with reasonable accuracy for
either laminar or turbulent flow, Wave drsg in
& relatively new phenomenon, encountered since
the start of the war with the atialnment of
aonle velocities In divea with auper-fast planes.
Very little quantitative data Information on
wave drag was available in published liters-
ture at the time this repert was prepaved.

1t should be remarked heie that the total
drag of a body moving at ordinary speeda may
conslat of frictional drag and form drag In
almost any proportion, ranging from 100 per
cent frictlonal drag for a properly designed
atreemline form to almost 102 per cent form
drag for a amooth sharp-edged prate.

An approximate aemi-empirleal formula for
the total drag of & amooth elreular cylinder—a
ahnpe cominon among canventlonal aircraft an-
tennas—Ix

D = 0,000V

where D Is the drag In pounds per aquare foot
of projected area and ' ia the velocity In mph.
This formula results in good ngreensent with
experiment for wire and rod antennas moving
at moderate speede.

w138 Measurement of Antenna Drag

A more direct procedurs, glving aore satis-
tactory resulta when the antenna fa nf compli-
cated ahape or located in such s poaition on the

plane tha e <= mptions underiying the drag
formulas ar- not fulilled, 1s ta measure the
drag of a model of the antenna mounted on &
acale model »f the plane b, meaua of a wind
tunnel. An alternative method is to mount the
antenna on the actual plane &nd put it throuzh
all the maneuvers likely to be met in ordinary
fight.

10388 Giinglc Means of Reducing Drag,

Frictional drag may be reduced by smooth-
Ing the antenna surface. While at low apeeds
the nature of the surface is more or less im-
materlal, at high speeds (turbulent flow) a
smooth surface is essential to low drag.

Form drag muy be greatly reduced by
streamlining, that is, by a0 shaplng the an-
tenna that it produces little eddy-current dls-
turbance as it passes through the air. The shape
of the streamline form resulting in mnl
drag depends upon the veloeity, 2
major-to-minor axis of 2 or 3 being satisfactory
for modezats sneeds, of the order of 200 mph;
larger ratios, fe., thinuer forme, are required
&t higher apceds.

The effectiveness of streamiining In reducing
drag Is evident in Table 1, In which the drag in
ponnds per projected foot for standard circular
aircraft cable is compared with that for stream-
lined wire of simiiir nominal diameters.

nin 1, Kffect of ut

i

- —
Drag 10 pounds per projected foul o1
Norinal diameter 100 ruph

inches = -
1 Cireutar cable | streanilined esble®
025 oo U 0k
032 0 80 007
0 375 0w 3 0077
050 121 oo
* Axs ratie &1, L 3

While autenon wires are rarely streamlined
in practice becsuse of the difficulty nf maintain-
ing the wire orientstion in flight and because of
the fact that the ding of the antenna fittings
are usually much greater than that of the wire
ituclf, 1t 1s worthwhile to stoeamline antenna~
of thick cylindrical form.
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2186 (her Fartoes Affeciing Antenna
Drag

Obvioualy the length, cross aection, and
orientation of the antenna are important fac.
tors in determining its total wind rellllhnce
these s are

hich.

fed in & manner which wlil ot detract from
that intrinsic band width, Other things being
equal, if the impedance characteristics of n
given h-f antenna of cylindrical form are to be
duplicated at a lower frequency, the cross.sec-
tional dimensions of the anienna must be

U

by electrical they
are inextricably connected with the reason for
having the autenni on the alrplane in the fiest
place—must be regarded as being at least as
important as the matter of air drag.

Antenua length is controlled by frequency.
A conventiona] transmitting antenns, to be rea.
sonably efficient and capable of even modest
band width, must be of the order of +/4 long.
Since wavelength iv Inversely proportional to
frequency, the drag of a smooth-surfaced cylin-
drical antenna will atso be inversely propor-
tional to frequency, other factors remaining
conatant, Thia situation is emphasized in Table
2 in which the approximate drag of amooth
i nuas i dinneter, moving
re compared for various resonant

frequencles.

TARLE 2. Antenna drag as a funetion of fre-
quency. Drug on vertical quarter-wave antennes
1in, in diameter at 200 mph.

Fraeney | A Deag Wasdial power
“Ibt hy)
S 1 0 N30 [T
o0 10 X 3 44
M o K3 0 10

‘These figures are only approximate, and In
certain antenna inatallationa may not even be
of the right order of magnitude. They are in-
tended only to aupport the following rule: Jf
dron myat be mintmized, avoid low frequen.
¢ yarticularly if the impedance and pattern
requirementa are such as to demand the use of
a conventional exterior antenna.

The cross-sectional dimenslons of conven-
tignal antennas are controlled by the band
width deslred. Negleeting special cases in
which the aclenna impeaance Is markedly
affcted by it stion on the particular plane
involved the fatt -1 the antenna the greater ita
intrinsic band width, assuming that it can be

of this fact on air drag as a
function of frequency, for constant band width,
is shown in Table 3,

TasLE 8. Anlennu drax as a function of fre-
Gueney. Drag o) vertical quarter. ey antennas
of comparabie band width at 20t mpl

[ram— Drag | Wasted
(L feny [y Fee
e Thp
3 oo 1 05 [ ou
200 0 35 2 1
k1 0o %0 2,100 Lk

Again the parposc of the table is pu
trative, to show that, for conventionai antennas
at least, the dexives fur band width at low fre-
quencies and for low drag are incompatible.

Antenna orientation s coutrolled by the
nature of the pattern and Ly the type of polar-
Ization required. ¥or vertical polarization in
the v-h-f and u-h-f bands, orlentation is uaualiy
not a factor, since a vertleal A/4 antenua is
necessarily perpendicular to the airstream. For
vertical polarization in the lower v-h-f and
higher h-f ranges, where flat-top antennas must
be used, the horizontal portion of the antinna
ahould be atrung buck paraiiel to the line of
Aight. For horizonta] polarization the antenns
should be crlented so that it presents a mini-
mum projected area to the wind stream, provid-
ing such orientation is zonsistent with the
nature of the fleld patiern desired.

Speciai Low-Drag Antennas

In many insances it ia possible to aatisfy the
polarizition, pattern, end impedance require.
ments of a given problem by means of aniennas
having much less air diag  han the simple
wires, stubs, and whips to wh:ch the preceding
discussion applle. A classlc example of a aatis-
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factory low-drag antenna is the wire fan de-
veloped by the Antenna Section, Research Divi-
sion, Alrcraft Radio Laboratery, and described
cisewhero in this report, Other antennas hev-
ing reduced drag to the extent that they are
shorter than conventional radistors, are treated
in Section 18.5.8.

The most effectlve way to minimize drag is to
remove the antenna from the airstream, placing

it inside the skin of the ship. Several such an-
tennas are described in Section 18.9,
In many cases low-drag antennas nf the types
shove will have i pattern,
or mechanical features making them unsuitabie
for a particular application. in which cases
about all that can be done is to reduce friction
by smoothing the antenna surface snd to reduce
form drag by streamiining.
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Chapter 19
DEVELOPMENT OF FAIREDIN ANTENNAS

Development of » suiteble davice for exelting the sur-
face of an all-metal plane to merve sa the radistor,
Slots, bars, ete, are looked upon as axelting devicea and
not A the primary radistoes. Fiald pattern, surface
curcent, and impednce measurements were made on
scaledown modela at & wavelength of 10 em and on
full-scale plane modeln using v-hf {requenies,

” INTRODUCTION
F ANTENNAS IN the v-h-f band are to be used
on all-metai high-speed aireraft it Ia neces-
sary that the antennas be streamiined into the
contour -of the airplane. This means that the

exciting device that would not protrude, that
would be compact, that would have suitable Im-
pedznce characteristics, and that would give
the required field pattern.

Althourh the work was only well under way
at the close of the war and the project termi-
nated, much work was accomplished that will
serve as background for lts continuance under
the Office of Naval Research,

s

DEVICES INVESTIGATED

The following current-exciting devices were
Investigated.

Frovac 1,

surface of the plane becomes an Important
component of the radiating aystem. In fact,
the approach in this project* was to consider
the current on the surface of the plane as the
principal source of radiatlon. The plan was
to i i the ibility o igning an

° Project 13-110, Problem No. 5, Contract OEMpr.
1441, Harvard Univeesity.
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Sehematle drawing of W.slot antenns,

s

On Sheews a1 16 Cm

SLOT ANTENNAS

Slot antennas are recognized by the presence
of these featuren: (1) the surface to be ex-
cited, (2) a cavity, (3) a slot to coup'e the
cavity to the surface, and (4) a dipole or other
exciting device to act up a fleld In the cavity.
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W Siot. The advantage of this typ: ot
over most others is that the skin of tn 3
plane need not be cut except for the coaxial
line, Two W alots were investigated having
the following dimenalons (aee Figure 1) ¢

W-1 (short alot)

1=010a d= 0200 w =003
W-2 (long siot)
1-060n d= 0452 w: 0.08n

A Siat. The essentlai dimensions of thia
type of slot are shown in Figure 2. Two models
were examlned having these dimenalons:

A-1 (narrow slot) w =002x = 0.84a.

A-2 (broad slot)  w = 0.315x 1= 0.64p

Fronm 4

H Slot. This type of slot (igure 3) was
used in an investigatlon of the proper location
of an AN/APN-1 altimeter in & PAM bomber.
(See Chapter 20.)

C Slot. Thia slot (Flgure 4) was devised to
see what effect bending the slot back on itself
would have on the surface current and fleid
pattern.

BAR ANTENNAS

A simple bar antenna conslsts of a metal rod
parallel and very close to the surfacc to be ex-
cited, together with two coaxial type phase-

NEVELOP ENT OF FAIRED-IN ANTRN NAS

reversing sleeves, onc slceve located at each
end of the bar beneath the surface. The pur-
pose of the phase-reversing sections is to in-

“ease the radlation resistance by spresding
the current on the surface. 1f these sleeves
are not present, the surface current in merely
the image current of the bar. ‘This current falls
off very rapidly 2a one moves away from be-
neath the bar. The ra n resistance {8 low
without the sleeve because the Image current
and the bar current are iu opposite directions
and for thia resson the field of the bar tends
to be cancelled by the field of the image cur-

rent.
The following bar anteninas were tested.

Belmmatic drawing of A-slot antenna

1. B-1 end-fed bar. This was adapted from
the B-2 center-fed bar by using an unbroken
bar and hy covering ep the center section. The
conxial cable from the {ranemitter wan eon-
nected to one of the coaxial fittings, the other
fitting was connected to & vuriable-fength line.
This latter conmection permitted locating the
maximum current at the center of the bar. The
bar length was about (\5A.

2. B-2 center-fed bar. The conxial cable from
the transmitter was connecled to the center as
shown in Figure 5. The two side fittings may
Le connccted Logether by an adjustable length
of coaxizl line or each fittlng may be attached
separately to an sdjustable length of line. In
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either case the adjustment is for optimuin lo- phase difference adjusted for circular polariza-
cation of the current maximum. tion..

3. 2B-1 parailel-bar antenna. Two B-1 bare 5. t4B-) or half-bar, Fes preje pil|ssiasil
separated by about 0.5x tadjustable), driven of the B-] antennas a yellugs sl appsssie il

- L]
i
1.._._._,1I ':7.-.!
i TR
R S — W IR
=

FRi i g o L

the middle of the har. Therefore it can be con-
nected directly to the surface at thia point
‘This makea posaible an antennw of half the
length of the B-1 bar,

cither in phace or 180° out of phase. The
tength of the bars wi

4. 2BX-1 croased-bar antennas. Tvo perpen-
dicular B-1 antennas of standard size with
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023

On Sheets in the V-H.F Band

B-1 and B-2 antennos were tested for their
proper impedance cha: cterlatics. Various
sizes and shapes of bars and phase-reversing
sleevea were teated.

DEVELOPMENT OF FAIRED-IN ANTENNAS

D-AN ANTENNAS

Position 3 front right 0.47a from the nose
of plane.
rear right 2.75A from the nose
of plane.

Total length of plae was 5.5 Combina-

Position 4

Fiorae 5. Drawing of center-fod B-2 bar arlits

1022 (o a Sculed-Down Model of & PA7N.

SLoT ANTENNAS

A W alot was adapted to the vertical stabi-
lizer and tested for 860° coverage with good
results.

BAR ANTENNAS

The B-1 end-fed bar was mounted vertically
on the sldes of the fuselage In the following
positiona:

Positlon 1 front left 0.23x from the nose
of plane.

Position 2 front left 0.87a from the nose
of plane.

tions of the sbove positions using (e Th-d
antennas were also used.

STUd ANTENNA

A vert'al stub A4 in length was mounted
on top the fuselage at 2871 from the nose.
This antenna was useful for compurison pur-
poses.

METHODS OF MEASUREMENT

HMeasurements undertaken under the project
were (1) the fieid patterns of the anennrs an
well as the effect of aifferent condltions va -
justment, (2) the distribution of aurface cur~
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METHODS OF MEAS T

M

rent on the sheet of metai or the model piane
on which the anterna was mounted. The re-
sulte of such measurements were to be prop-
erly correlated.

'**1  Field Pattern Messurements

The antenna under teat waa excited through
2 50-ohm coaxia] cable from a moduleted klys-
tron oscillstor. A double atub tuner matched

modulation could be varled In frequency from
500 to 5,000 cycles.

‘The antenna systom was mounted on a re-
moteiy rontrolied turntabie driven by geared.
down aynchronous motora and equipped with
selayna for remote Indication of the azimuth
position of the antenna.

In addltion the antenna couid be rotated
abont & horizontal axis to glve an “elevation”
rotation.

The receiving antenna consiated of & haif-

—_— e
- T

Fiouus & Amplifier for ure with bolometar,

the line to the osciliator. Part of the osclllator wave dlpole at the focus of a 120-cm parabalic

output war fed to & crystal detector clreult
which woa part of the modulation menitor unit.

reflector and piaced at a diatance of about 130A
from the tranamitter to Insure far-zanc condi.

The relative output of the oscillator could be tiona. The received signal was detected by a

checked by the detector carrent as resd on bolome

& meter or 0y the deflection on the screen of
a cathode-ray oscilloscope.
The operating wavelength of the klyatron

ter consiating of & 10-ma Littiefuse In-
serted in the coaxiaf fittings of the paraboloid.
The output of the bolometer was amplified
(Figure 6) and the ampilfiar nutput was read

oxcillator 'was 10 cm while the square wave on a d- miliiammeter or was recorded on an

.
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external automatic recorder. The readinga
were directly proportlonal to the aquare of the
clectric field.

SURFACE-CURSENT MEASUKEMENTS

In mecuring surtace current measurements it
is of primary importance that the indicating
Instrument response be determinad by the cur-
reuts flowing In the small area of the surface
aurrounding the point Investigated, A small
loop placed In a plane perpendlcular to the
surface belng excited satisfled this requlre-
ment. At S-band frequeicies, & loop area of
from 1 to 2 sq em gave good locallzation of
renponisc with aufliclent sensitivity to permit
measurement of very wesk currents.

The detecting element was a crystal. The
square-wave modulation of the klystron (type
410R at 80-100 watts input) made it pousible
to amplify the detector output.

The final report glves the resuits of n areat
many tesis and Includes surface current dia-
grams,

Ll Tinpedance Measurements

Deluys in procuring a P47 plane limited the
impedance mensurements planned to actuzl
v-h-f band dats on B-1 snd B-2 antennas on
fint sheets. Since measurements on a scaled-
down model of the antennas at S-band fre-
quenclea were teen to Involve many difficulties.
investigatlona along these llnes were under-
taken cnly as a sideline. The results of the
measurements made are contalned in the final
report' which also contalns the theoretical an-
alyses necessary for proper evaluation of the
work accomplished.

s CONCLUSIONS

Although the planned work was not com-
pleted, due to the terminativn of the contract
ut the end of the war, certain canclurions were
veacacd. One of the most striking results of
the surfsce current investigation la that, at
v-h-f frequencies, skin antennas usually excite
the plane as & whole, Thus the bchavior of

CONFIDENTIAL
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auch anlepnas in dependent on the general
shaps of the aircrait. A single antenna located
properly on the slde of the fusclage may he
able to 30 excite the pline itself as to give
360° coverage with no aerlous nuils. Also there
may be a large horizontally polarized field from
an antenna that, judging from the result on &
flat sheet, should give only vertical polarization.

On the other hand the interpretation of the
surface-current patterns glven In the final re-
port! is serlously limlted by & lack of knowl-
edge of phase relatirnships. Further research
on surface currents should include the mea-
rurement of relative phase along with mea-
surement of direction aad magnitude of cur-
rent.

Slot-antenna studies were very largely con-
ventlonal, The bar aniennas, however, repre-
sent & significant departure frowr other skin
antennas. Thelr importance lles not only In
their merits as possible antennas but also in
the fact that they emphanize the slgnificance of
current on the planc itse!f. With this view-
polnt In mind, many other novel waya of ex-
citing a planc at v-h-f should result from fur-
ther research, Such research should lesd to
antennas cupable of satisfying » great varlety
of requirementa

The B-1 and B-2 bar antennas differ de-
cldedly In their behavior from that of a dlpole
mounted at the same distance (0.02x) feom a
fiat sheet, The difference expresses itself in 2
greater extent of surface current excitation, a
narrower beam width, and greater efficiency.

Impedance measurements of the bar anten-
nas were made only In the v-h-f band and at
full scale where the phase-reversing sleeves
were very much smaller in diameter relative
to the wavelength and the distance ot the bar
from the sheet than they were in the 10-cm
models. Here the band width for a 2:1 stand-
Ing wave ratio was about 0.8 per cent. Thus
the bar with phase reversing sleeves of very
small diameter ia serviceable as it stands at
one frequency only. If the reversing stubs are
tunsd by remoie control, a very broad band is
possible.

The fact that a plane may be exclted as a
whole by & bar antenna or other device makes
It seem likely that ity impedance i8 changed
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from that as d on a flat
sheet. To lnvenlmatl.' thia effect a full-acale
plane mounied on a platform so that it ia suf-
ficiently decoupied from its ground image, or
a careful scaling down of the plane, the exclting
antenna, and the antenna feed syatema, 1a neces-

One of the conclusions that was drawn from
the measurement of aurface currents on the
maodel plane was uot only that currents may be
large over the entire plane, but that currents
remote from the antenna msy be of primary
importance in determining the field. Hence

the shape of the plane may. at v-h-f frequen-
cles, materially affect the impedance at the ter-
minals of the cxciting antenna,

In the appendices of the final repoct' will
be found ccrtaln analvtical studies usefu) to
any work in this field. Theae subjects include
"Surface current distributions that produce
circular horizontal polarization road-band
characteriatics of a dipole uking & series trans.
former s a matching section”; “On the proper
apacing of inaulating beada”; and “A conver-
sion chart for impedance measurement using
transmission line.”
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MISCELLANEQUS ANTENNA RESEARCH

L 1.OCATION OF ANTENNA FOR
AN/AP.‘{I-'I ALTIMETER ON
NAVAL AIRCRAFT

HiB PROJECT AR sel up to sludy the problem

of locating l‘r-lype alot anlennas for mini-
mum feed-through on Navy type P4M aireralts
The atudy Indicsted thal the siots should be
located on tha oppasite sides of lhe horizontal
stabilizer underdurface and that for absolute
minimum feed-through the slots wonid have to
be lppraxlnulel;( perpendicuist to each other,
thus seriously sffecting the operation of the
altimeter.

Iniroduction

the region 420 t) 460 me, it was decided to use
2 1/7 scale-dowi) In consiructing a model PiM
jel-asist bomber tail scclion and to empioy a
frequency of 3,080 mc. The pian was to mea-
sure the surface current dislribulion on the hori-
20nta] stabilizer surface and on the surface of
The fuselage in the vicinity of the stabiiizer for
a wide varlety of pasitiona of the transmitter
H siot. These mensurements were to determine
fines of flow and contours of constant surface-
current amplitude, Then for each position of
Ihe transmilting slot, positions for the receiv-
ing aiot would be chosen

1. Only in regions permitted by the inlernai
structuve of the plane.

2. So thal the angie formed by the lines of
orlentazion of fhe transmitting and receiving
siots wouid not|exceed 46°.

3. At poaitions of minimum surface-curren]
amplilude.

4. S0 thal khe receiving slot would be
orienled paralie! to ine lines of surface-currenl
How in its vieirity.

Since the AN{APN-I altimeter operales in

1441, Harvard Unfsarsity. Originally Projeet 1211

s Praject w“(k Lroblem No. 7, Contract OEMar-

Condilions (1) and (2) constitute limilations
{mposed by the practical location of the siols
and acceptable aitimeter performance. Condi-
tions (B} and (4) constitute limitations on the
location of slots for minimum feed-lhrough
caused by surface-current coupling.

i Laboratory Technigne

‘fo obtain accurate mcasurements of feed-
Through It was necessary lo minlmize direct re-
fleclion of energy from one antenna lo lhe
other. This made it desirabic to aimulale flight
conditions Ly mounling The model on & platform
far from ground and upside down s0 that the
H slots would be direeted skyward. Difficuitiea
in getting the platform deisyed Thia part of the
study until near lhe lime lhe experimental
work was terminated.

Concurrent wilh surfacecurrent messure-
menls, attempts were made lo determine a
salisfactory melhod of =~c-ving absolute
feed:through. The probiemas of establishing a
proper reference levei, of matching, and of cable
josses ali had to be soived before the actual
feed-1hrough data couid be coliected.

As a firs] step In this direction a flat metal
whoet was construcled 50 1hat it could be driven
by a weyeguide alot. Holes were cut in the
sheet at positions of different curren] ampil-
tude. A rotatable H-slot mounting disk was de-
signed and constructed so thal when iocated in
any one of the holes it could be rotated con-
tinuously through 860° snd ctamped in any
desired posilion. With this setup an Inventiga-
tion was made aa to the correlation between
feed-through and (1} surface~current ampli-
Jude a1 the receiving H-slot position and {(2)
the angie between H-siot direclion and lines of
surface-current flow in the vicinity of the slol.
The resultr obtained arc of value In estimating
the exten] to which the feed-through is mini-
mized by locating a receiving H slot according
to conditions (3) and (4) above.
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ML Conelusions

The final report' givea a description of the
experimental equipment employed and the re-
sulta of the measurements to the end of the
contract. Work of a somewhat mure general
nature Is continuing under a contract with the
Office of Naval Research.

The conclusions cited below are tentative.

Surfacecurrent coupilng between transmit-
ting and receiving antennas can be minimized
by choosing the slot positions in such a way
that the receiving slot Is located in a region of
minimum surface-current ampiitude and orient-
ing the receiving slot 10 that it Is paralle! to the
fines of surface-current flow in its vicinity,

Mensurements made indicate that minimum
feed-through values of between 70 and 80 db
dowu may be reasouabie and that vaiues be-
tween 90 and 100 db down may not be beyond
the reaim of possibility.

1t may Le necessary to orient the niots at an
angle with respect to the line of flight. Surface
currenta are smaller on the stabilizer surface
opposite to the side on which the transmitting
slot is iocated and less than on the bottom sur-
face of the fuseiage section adjacent to the hori-
zontai stabifizer,

To achieve best final resuita in iocating the
siota, the measurement technlgue may have to
be carried out on & fuli-scale mock-up of the
tail assembiy nwounted at a sufficient height
above ground so that the presence of the ob-
server and observing equipment may be less-
ened in its power to affeci the measurements.

s

STUDY OF PROBLEMS ARISING

FROM CLOSELY GROUPED ANTENNAS
b Tniroduction

Experience in the theaters has indicated that
the first practical atep In minimizing the sever-
ity of local radio interference In & headquarters
area i to estabiish se; e siten for groups of
transmitting and receiving antennas. The prin-
cipal purpose of the survey conducted under
Project 13-103" was to determine the minimum

& Project 13-103, Contract No, OEMar-1412, Western
Electrie Co.

required separation hetween such transmitting
and antenna “parks,” and ietween individual
antennas within an antenna park. This sepi-
ration is iargeiy a function of certain spurious
interference-produclng properties of existing
miiitary radio sets, snd on the coupling between
various antenns types over different types of
soil. Some data on apurious radiations and
renponges of radio sets were obtained in eariler
work under Project C-79* (Contract GEMsr-
1018), and these were suppiemented by addl-
tional meusurements on a number of sets. Be-
cause of the theater needs, thls information on
set characterintics was incorporated an part of
‘War Department publication TM 11-¢86* pre-
pared by the contractor prior to pubiication of
the final report on Project 13-103.

M Resnlin of the Snrvey

The final report’ on the project contains
information for estimating the required sepa-
ratlon between transmitting and receiving an-
tenna parks for both h-f and v-h-f tacticai radio
circults, separations which shonid exist between
individual antenuas in an antenna park, and
the relative advantages of the several methods
of connecting several receivers to a singie
antenna,

Considerabie information is given on trans-
mitter-to-receiver interference as a result of
spurious radiation at harmonics of the master
oaciliator, spurious outputs caused hy in‘erfer-
ence between transmitters, effect of radiation
from receivers, and spurioua responses of
superheterodyne types of recelvers, with curves
und charts enabling one to predict where such
undesired receiver reaponses will occur in fre-
quency.

Separatlon between tranamitting and receiv-
ing antennas is considered from severai angles
and data given in tables and charts taking into
rccount the types of antennas employed, the
ground characteristics, the weakest usabie sig-
nais, and the tolerable r-f interference-to-signai
ration.

Sugrested layouts of h-f sky-wave transmit-
ting or receiving antenna parks are giver: based
on (1) assigned frequencies being divlded mnto
groups in auch a way that the frequencies of
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any pair within the group are not lees than 10
per cent apart in frequency, (2) half-wuve an-
tennas for the frequencies within a group belng
placed parallel to ench other and about & ft
apart, and (3) antenna groups being located
about 260 ft apart.

Simllar layouts are given In the final report
when other types of transmission are utlllzed,
ground wave signals, for example, for other
types of antennas, etc.

Considerable data are given on the mutual
impedance between coupled antennaa over an
impertfectly conducting earth, and on possible
methods of connecting several receiving an-
tenn s to a common antenna.

STUDY OF IMPROVISED V-H.F
ANTENNAD

= The Problem

Reports from combat aress indicated that
dipole antennas made from ordinary field wire
and using paired field wire for feed lines might
be used when atandard antennas and feed lines
were not avallable. The purpose of thls project”
waa to evaluate the losses in auch systems and
10 suggest «Tective arrangements wineh could
readiiy be improvised from available materlals.

e The Solution

The type of wire in common theater use con-
sinted largely of ordinary fleld wire {W-110-B},
long-range tactical wire (W-143) and apiral-
four cable (WC-548). Messurements indicated
that the losses In these wires would attain
values as high as 10 to 25 db or more per 100 ft
at 100 me. At 30 me, ordinary fleld wire when
wet had losses 2z high as 16 db per 100 ft.

‘The high loases of ordinary wire used sa a
transmission line indicated the use of apsced
leads for the feed line. An Improviaed antenna
consistlng of a hal{-wave dipole and a spaced
lne with a quarter-wave matehing section at
each end operated satisfactorily. The line con-

< Project 15-102, Contract OEMar14ll, Western
Electric Co.

MISCELLANEOUS ANTENN{ RESEARCH

4 RESEARCH

sisted of two conductors formed by field wire
spaced about 2 in. apart while the quarter-wave
matchlng sections at each end of the line eon-
sisted of suitable lengths of paired W-110-B
wire, With such a line 100 ft long, the power
radiated from 8 transmitter was only a few db
lesa than It would have been with a flexible
coaxial cable. The actual losses were 2 to 4 db
greater at 30 to 40 mc and 3 to 6 db greater at
70 to 100 me. With the line wet these values
were inereascd an additional 1 to 8 db. These
Io-scs were relatively unimportant when receiv-
ing unless the signals were marginal,

Loss tharacteristics, figures illustrating an-
tennas hung from trees, etc,, will be found In
the contractor’s final report.

DISGUISED ANTENNAS

»y Imroduction

The preblem? wan to design an antenna that
would not project into the air, revenling the
presence of the radlo set to which it was con-
nected. The research was confined to the por-
table radio set SCR-300 which is ordinarily
used with one of two aniennas, one being 10 ft
8 in. long, the other being 33 in. long with a
parallel leading cireuit grounded to the case of
the set.

The tests were made largely in the field, one
pack set uaing the Improvised antenna and the
other the atandard 33-in. antenna. The testing
procedure consisted in comparing the impro-
vised antenna with the standard collector under
the same conditions.

= Results of Ficld Teats

The raost promising disguised antenna tested
was that employing helmec and connterpoise.
A ahort length of wire connected the helmet to
the parallel matehing sectlon. Amnother wire,
connected to the ground terminal of the pack
set and serving as counterpoine, extended
Almost, to the ground. The latter conld probably

+ Project 13-110, Problem No. 10, Contract OEMar-
1441, Harvard University.
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be sewed into the trouser leg. Good signal
strergth and intelligibility was possible over
ranges of 1 to 3 miles. If the operator's head
was les” “han 15 in. above the ground the max|-
mum rsnge was about one mile,

Another promising arrangenient was to use
the pack aet Itrelf a2 antenna and to drive it

against the ground or the operator's body. An
L-type matching section waa required. The
range was ahout the same as that described
sbove,

Tests in which the antenna wire waa aewed
into the clothing were not so succesaful as the
other schemes devised.
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