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Results of Airborne Field Measurements
in the Antipodal Region

of Radio Station NPM, Hawaii

J. E. ROGERSON

Communication Branch
Radio Division

The U.S. Naval Research Laboratory is conducting a comprehensive investigation of very-low-
frequency (vif) radio wave propagation. The objective of this investiga.tion is to determine tile param-

eters necessary for predicting the reliability of ,If communications in the ocean ireas of the world.
It is believed that an investigation of the electromagnetic fields at antl near the antipo(de of a vif

transmitter would provide much propagation information. Since all the antipodcs (, -he Navy vif
transmitter stations, except for station NPM in Hawaii, are located in remote ocean areas, this makes
them operationally difficult to investigate. especially with respect to navigation. The N PM antipode,
however, is located on k rid near (;hanzi, Bechuanaland Protectorate, in the Kalahari Desert in southern
Africa. Navigation in the vicinity of the NPM antipode could conceivably be more precise thant in other
antipodal areas.

An analysis of the data obtained in July 1963 by the Naval Research l.albratory via aircraft flight-
in the vicinity of the antipode of radio station NPM. Hawaii (19.8-kHz transmitter) is presented.
Definite evidence of convergence of field strengths was found, as expected: a peak value of 2.0 mv/m
for the field was measured during the experiment. Indications of an inverse sqtuare root dependence
on distance for the field strength were observed. The expected d(iurrnal pattern of highest field strengths
at local sutnrise, lowest fields at local sunset, and inItermedliate fields at local noon and midnight was
found to be true. However, the antipxdal situation appeared to be complex; suggestions of movement
of the electromagnetic antipode were seen. Navigational difficulties contributed to tincertainties in
the data and made definite conclusions diffictilt to obtain. The Navy Electronics I.aboratory, San Diego,
California, participated in this experiment by recording amplitude data at fixed ground sites around
the geographic antiplde and also Phase data aboard the samte aircraft. When the data taken by the
two laboratories aire combined, more comprehensive results may be obtainable.

INTRODUCTION is called the antipodal region. In the idealized

In July 1963, the U.S. Naval Research L-sbora- case in which the earth and the ionosphere form

tory (NRL) and the U.S. Navy Electronics Lab- a homogeneous, isotropic, spherical waveguide
oratory (NRL) and ctheU.S.N radio wavet ronics ab- and the transmitter is a vertical dipole, this con-oratory (NEL) conducted a joint radio wave propa- vergence occurs at a single point which is geo-

gation experiment in the vicinity of the antipode verice occurs t ansminter.ich eet

of he .S.Nav vey-lw-fequncv(v~) tan- metrically opposite the transmitter. The electricof the U.S. Navy very-low-frequency (v'lf) trans- field strength E is at a maximum at this point,

mitting station NPM at Lualualei, Hawaii. This and the magnetic field strength Ei has a minimum

report deals with the analysis of that portion of vauhe at this point because of the 1ihase relation-

the data gathered by NRL aboard a Navy WV-2 vaips at the poious on th is

aircraft in flight in the immediate vicinity of this ships e 1F the various converging siganals. In this

antipode, which is located in the southern portion magnetic antipode are spatially coincident. In

of Africa. the region immediately around the antipode, the

If the earth and the ionosphere are treated theld rtrength E varies as the absolute magnitude

as i spherical waveguide, as is done in vlf radio ofi the zero-order Bessel function, and the en-

wave propagation theory, there is an area on the velope of the field strength curve varies as the

side of the earth opposite the transmitter in which inverse square root of the distance from the

the signatls trriving over the amltitude of propa- antipode. The converging signals form a standing
gation lpaths converge; this area of convergence wave pattern in which the nulls of either E or

H atre separated spatially by half a wavelength.
N RI. Problem R01-39 : Prcje(t SR 008-01-01. T ask 7044. T his is the A ntripoc p areffects aave lbeeb y treated th oreticall

finai rep,,rt )it one phas (if the problem; work is (ontinuing on other Antipodal effects have been treated theoretically
1l0ds. Mnust ript submitted Nov. 3, 1965. by Wait (1), Crombie (2), atnd Norton (3)."
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Experimental evidIencie of afltilx)dfal focusing (When this is the case, the (fifft~ictil iv; du to the
has been found by Round, el al. (4) and Crombie lack of navigational beacons in the area can be
(2). In February 1962, a joint expeuiment wits partially onert 0111).)

conducted by NRI. (5,6), NEI., and D)ECO) Elet- In theo iý. then, the NPM antipod(e offered an
tronics, Inc., Boulder L~aboratories, in) thle vicin- oppor-tunity for a more thorough and precise
ity of th nimeof' teNvtrnsmtting sta- study than is po~ssible at the antipodies of tile
tion NAA at Cutler, Maine. A peak NAAantipodail other Navy vif transmnitting %tations.
fi4-1 stren-h of' 3.7 m'nv/ woas recorded. '[his
is app)roximately the field strength that would EPRMN
be measured at a distance of'400() kmn fromt NA.AEPRMN
over an all-seawater path uinder dayl ight (ondli- Several overall ainis were established in plan-
tions. Since the antipodie is approximately 20,000 ning the experiment. The primlary purpolxse of'
km frotm thle transmitter, tile recordled peak the expe.Lrimlent wats to measure thle itmlilitudle and
field of 3.7 m%,Im represents at definite conver- phase of thii antipodal fields andi to (letertnine
gence effe'ct. Asymmetric field patterns arouand the field p~atternls in thle v'icin~ity of the antipxxle.
the antijlxxe were detected, but this resulIt wa A (determination of' thle po)sition of' thle elect i-O
expectedi since the earth-ionosphere wavegllidk magnetic ant ipod(e relati' to ithe geograp~hic
is neither homogeneous nor- isotropic. anltipode was dlesiretd. T1 1 experiment was also

Most of the antipod(es of thle Navy vIf trans- dcisignled to) measure tilt dliurnal variations inl
nuitters are located in remote ocean areas: for the po)Sitioli, ampljit ude. aInld patterns of the
example, the antilxxle of NA.A is locatedl in the( electromagnetic antipodle. A further aimt of' the
Indlian Ocean abo~ut 800 mi from Pecrth. Auistralia. e'xperimen'it was at studyv ot thle attenuation rates
C:onseq~uent ly, serious ope-rational and na~ iga- for the various prop~agatijon paths comsergring
tional difficulties are encoluntered. *A nleastare- it thle antipode.
ment o)1 ant ipXocal field patterns req~uires man The ex lKrilicni~ was (li~idtle into two) opera-
measurements over a large area; hence, an awr- ti l- tonti nu( ins mfon'orilg, of the N PMf signals
plane is more useful than a ship. 1-1oi ever, aii by fixed-station receiving sites oni thet grouind in
aircraft requires at base of operations. and sincet the)( antipod xal v.i(inily, andc nweasuremilents con1-
such airjx)rts are usually so faur removed fromt tile ductedl at, %anlo is tillines of, the d~a% abo~ard anl
antipodle. the amoun! of' time available for allr- air raft ffling p)restri~xo patterns t hrouoigh the
craft maneuvers in the anti xx~il vicinity is ~r niI LIae.1h r l dI sdst',oeae
limited. Tile remloteness of' thlt antip~o le f on) by N EI., (4 mi inti 4 ual reconoltdcl thle anl1 littude of*
land areas means that there are( no() navigation til N PM\ signals: t .hese sites (4 ntialle-(I loXop-
beacons or recognizable landmarks iii thet ntlii1 , alt'lilnni iilsrtlunleitation for dletermininig the
ocial v'icinity. li ret ti4 iis of a iiiva I of, the re~ci .e signals.

The transmnitting station N PMf, inl Liualualei. Ahoar'd tilt' ailitaft. phalise 'lata fromt at 'e~icaIl
Hawaii, has its aiitiployle on land. Thuis anltipode 0o11iiil(iictionlal %%hlip antiennia wet' reC01idetl by
is located near (.hanz,i Beclliinalatid Piott'( NEL 1!.and amplitude dalta from a1 verti4-al Olo0ijo-
torate, in the Kalahari IDesert iii 5' ithern Al ri( a. ple~( antennla and two a en ical (ro ssecd lo ops were~
In planniung the experitnent, it wits hcedi'to thaIirt4 ortlc'tlc Iw N R D.lat a fromi cardioidl-lattern
this inland site wouild providetlt, ihe olowin~g ati('tlnns %%ere taken) by NRI. also. Ihis rej)4rt
adv ant a ges: (011ncc11n s on lilthe dLia ieu i de I by N RI: inl-

I. thle 1x~sstbohity of finding an a10ir aft has)? flight phl.ist data andt grotliol-station amlplitude

of' operations mutch (loser to the ailtilxgle ihlla (ala. ait'( lo he anal~ ied h\1 NEl..

otherwise passihl(':
2. thel( xossibhiit , of inlstallinlg ground rc('oriding INSTRUMENTATION

sit'-s ill thet atitllxMial %i( iliitv ti t oninitllo~tislv

mlonlitoii sigfl.15 ill that ;larea: ,tit Sulitable \1l field sti eigtil and phase ret ording
3. tilt- IM)ssiihiiitv oaf finding ret agnli/ahic land- eqpiplyijuei l r iiistallcdo aboard one( of the N RI

illarks that tiuild be used ats na~iigationtal aids. ''fl% lg laboiatotoics,' at Na\\ ý %\-2 aircraft. A
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verriial. 2-in whi p anitentia mnd 1 iw e W I th I tIf issed (4ctlsistel oft Ifree aid ials 11111 igh thc alit i Ndial

lImhps locatdtl if) tile uppCer t.Illticl4? prilli tlle iegie ll. Lu Ii radial uits designied t Ic pss th ic ngh
ollllilidirctinllidl It4?Itieptiol of' icitial E1 andul h1(11- lit-e gCCgid)li( diitijhl('d adul to extendl eiiuii.iild
zontal H fields. *Illie nitilticouipler used with tilthe abutl 9(1 kit) oti cit her side i&f this fe lal~ poi ji

alloedtSniiias 14CWl iiitaie s (lcjreatiodn of tr- ile endIs of" thc radlial' WvelTtI ICC 34 it-jiehl In al~s
eral sit reveivers ad ull511Cile~ld Srit il-w~i tenlerel i l lilt- gograjlhil amlioi 15)dl. Fr Vallii
cadrho~idl pa~ttel . Thie effec live hieightls (i.e., (aIi- If x~ A 4l(~~he~ (oiiliticiii. dlt4?ilidie flightl
lrdiion) factfors) of* file anlicti rias wciV e (tlmliiii id patterns w bil i tiaseised va Ii radial ili oppoxsite

e~pc: ~ceenl , . permni kl 'i fielld stivric"iIl (Irflivuliml u-ir. toC 1c list.(] fco the twoC flights.
tiIeasrUITieTICls. Thie phiase. of' the re(vu'elve il Ic l l planninlg the ex 1 wriuliwnil it Wais bvlirvcd t hat
elett nti( field wals recode d Itch elative toC it ilbiditii 11ld-t- i rle)iciiioli (f thle aitijlpodal filid pill-
f'ei-cyeu l standard. IC? 11% all po(1 4 Nible un Cveli-leils oC I te del 11CC-

As a navigational adit d1(oppjler radalr wdvigat- mlagiieli ;i dlii Jxlc- We 111( b, IW iorte (leteltble
liOnl S)ySITe Wits intlletdtd inl Ihc aiucraf. This In Using it'jledtl radialds hidli 1) lisinig at lif-
msi 1 ill w:Is llesiviiehl 14C pTCC~idlt sen% acIhhiate. fei-clit set of, rahlials I fiill id flightl.
gol(Ciiud Speed and1( (fhut anigle inftormiation aboi)4t Thie nadlials wcic sclce ted ll ii li 5(1 a% itv s it)
thle am raft limotion. the ompit~i of' this svstinl take ahvamilge oCf' Ihilt )iiti ilaii siltlimjon. On)ie
%,as recor~ded (Cit Lsterinie .Atgiis charts. The radial wa.is ( lnsen to lie alontg %%!liat %%as expettecd
Ii di'iga itCr5 inst rinci mn panlel wa~s pho toCgrapI hed to beC dic d irc(t1(1iln oCf1 arivl of'C It aSe liog signalI;
automaiidlldhy at 3-mn uintenials ittl byV miimidii tile Ioiheis were clnmseii to) miake utse.o ICI 11 few
comlflaiiiiid lwheever thlt ;fit(rraf't (hdnged heading. radiIo heamos if) the ariea.
Thuis a ((Clii iiii(Cil relcrdl of' I lle air-cra mt ion iu to Ci ii 1) f'oresculn Iiffi(U !ties. Iflie act tial
was to bie pro vided. As anot her navigationdal adill exilerinielt differed 54Cicli-0at timl thei pii lann ied
a trmidiljM dell).' wias,1 p~n1(I il) lilit- grollildl -pcxp ii(lllcl (Cltltilil II ill thilt'j elehh-iuig p~ilaglajphs.
oear Ihe gt.e)gtrajlllul .uilipiCC(l. Thiis beacon %%is OnlI sewn hi Cll *ililCip)l1iI flights %%erc pfssiblvl;
toned to) the fireqiicuty of* tilt aititcr~tfts reguilar tile limit flight Wa-is not~ ~ielleat'(. Thc faillure e)f
radallI and it trInIlsiittell balk tIC tile air~iruf tile (lhp)5ler radar SvStc-iil adiI the trallsjpelder
the ptilse ieceivec from if)e difl raft radai. The l)CdmCI toC f'tiflilteii pioejwlk I eitribil~lued gie.iilv

plirlxcses of'Ih t lie iaisix)uid~er lwcamc l werc e Co pill- 14C fiai igdtiliend pilohblvlns. T1whe IialsjxioIer he oleCli
pouilit tlhe destunaittn i edl a aIllmCie j)1'-ie(isIN dull to dhid not oC5erte foCr Smcilie reasold Asi d5ve tliillkiC( i,
iiicrecase lithe rlage oCf tile radar. sNIsteni .As will dnd it was latler established thi~t the el pliI adahl
he ouClie l eCitlaetei neither dii hleojpler rddai sisteni had didt %aiable eriClor %%hlid Il ladlc its mClitj~it
sistenil Ilcr (lie ildfslCIiilel bedul ii ictionlec lunreliablel ad ulliilsdbl4?. This, lidS igati4Cl %%as
Well. and botlh wvic of" little use. ill ( arrvIng outI muclh less c( Urdte [ him the e riginialIidje
the( exjeiieiiefit. geoals. These uncliertadillties led if) (lesid Iion, 1ii 0i1C1I

thle desired flight planis and iesiltecl iii greater

EXPERIMENTAL PROCEDURE difficultyil ill( teiallvsis eof the (ilaid. N~o alttempjts
wereC nidde C tii 11% ilen S (A nc I atd tl 1 l geC~g it ujh di

As lit-e base -'d lpcatieons For thec WV-2 aircraft. anatilmxle because oCf- nilvigatucllilcl (hill( utilltie.
the jati Smots Airpor~t iieau johaiidlesibm g, StiCUhl The a(iltial flight pal l dtill esselticllS1 IlaH-
At ill a. wais I h(Cseu. The hlisiall e fri-oul this pointl %elsteac ral) dlial it) c()pp)eSite d(lel ticotls ollIllte

tIC the alitip)(cCl is approllximiatelh +10t lil~iii mii: pail Cf* flights forita gis eiI 14)1al ieoidl~lo lerio. (()I)-

this Iistla(ce is useh.l wit bin the (aplabilitics oC* ihie IitiolCI. A list of, hellrespoldelule! iciiiccig lilt %dli-

WV-2 aircraft, adul thtis several hiedhrs were ()ius flights is gisenI illi [able 1.
vivailahie fe Ci IMM.41hiIliing if) the( antipcidal

cihiliti.DATA REDUCTION
The cerigtiiil planninug c)fl thet exlwihlciicti

:alled fo(r eight lo( al flighlts ill thle ai ca 1iicollill the The oniertahiit in) the kiio%%s ll'( )lI Ii(- th ir-
4ecgrapiuj mi*liti)4C1c1. hereo cm it 4 ie tilt- 1).1 icmmc- (raft's 5)4Csiticlhl Illadtle wled l tit5111 ticil ofl the m1 iiaf

4jphetil lcmillitious -Still I ise, IliolCil sti115(i. and flight pl~icttlt 141% 1 fl iIihc llidSigaiclnsI* C(gl())4Cks
miidnlighlt - tvml flightis %%crv 1C.lainced. Ead i flight move14 Ilifhiltilt. dI (ejptilig I eltaiti po4ints. Stilhi



TABIX I very few of the radials passed through the geo-
Correspondlence of' Flights in the Vicinity graphic anitipodce: therefore. in tile field st rengthI

cif the NPM Antipode vs distance plot for at given radial, tile bearing

I AX l Sk Metrelative to the geographic iintilxflle was ttonistantlý
I~c~l Susetchanging. (Of' course, in thlt planined flights, thle

First Flight Fifth Flight bearing relative to the gc 4rajphic antipoc(le would
radil Seondchange by 1 80 (4'egrees as thle aircraft passed

First rdaSeodradial throuigh this point.;
Second radial Correslionds to Third( radial Alagprto'ieanysssbsdolthe
Third radial I II First -radial pltA f larel pat of the ana( lsiswashae d f ont thleseo

laxiual Mfidnight 81.4hi a1 " tltip(Jdc Tlm% iI e tlroblnit-11 in. nasi-
gat ion resulted in at lack of' precise po sit ion infh r-

Secornd Flight Sixth Flight matlion, AwhichI in turn contributed to tincertaint ges

Firstradia Tird rdial anid dIifficulties in analysis. Often, necessities for
Second radial Correspo~nds to, First radlial the aircraft to change (-()first- in the antilodal~t
Third radial ' I Set 4111( radial %icinit s added fuirt her coin jlict aion tol tilte an..ls'sis

and( int erptet ation of' ) Ihe dIat a.
l[ixal Stinriv Another conicept used in thle analysis is that

Third Flight Sevsenth Flight of .resolving thle received field strengths into at
major and at mlinor comlponetit. This is based on

First radial r hird radial thc- assumpjtioni that the field strength at aIN
Second radial Corresponds to First radial point in thet vic-inity of thle anttipo4dle can hie re-
Third radial I, I Second rddidl solvyed into two cc il)4 Ients. a tic that it is the

N c:t h. f.mirth flig~ht,iA I-A m1itmw~ flight mid -. i% n.t i-,e~wmc. amnpl itutde aniid phltse rel at ionships o5 f' thIiese two
due 1. *.jratio ,,uI difttu ulli,,. compoi XCnents along tilte ath ii( f i ghlt ot t ie airpl)1anie

that prc (Irie tilt coscilIlat 4) v Fiat ic 11 in tilie

ats celestial fixes and visuial oIbservation ot(f' known field strength. The resilective amp llitudles of tlie
landmnarks, as being correct ot'ier po~ints in the two comonipientis wvere dedi iccd I ro n lithe data
flight pa~ttetrn were determiined by "dead reckon- by assrini ing that the( average vclitage ot ..,I 'jacent
ing." lIn other words, front tht( aircraft hearing miaximla awlnd minima was (lthe am plitutde o f' the
and gr4)und spe'ed at ai given ltime, its po~sitio n ma ,jor (4)111 Itentit andil te des at i4 n Ef the( mlax-

a t afututtre time was est itiated. itnal and milinina fro 10 thle average %.Is afite .impli-
The orlclrillates of these known po~ints, thle tildle of' the mninor (1)1114 nenlt. Thed t iine assigned

lttme atl whfich the airc raft wAas locted.1at each po~int, toI thlt tIna ' ran ~itllte 11110 clit (illlnieill %alltes
tilt aistiniecl grounidc speed between (-ac hi pair is tilt- as eragc olf, the t innst (If thle c nsec ti isv

o1f poitins. and -lie coodXIiliatei; ()' the geograp)hic' iiiaxinliun and1( nijulifirtit ficeld strengths. Plots
.11altjIde were fed 11(I anoi digital 4 otlllriter. whih oIf, tile ilnijolr (onmpollienfts of Ithe field stretigtil I'.
then calcullated thle bf-aving and thfe distance olf, cistamce froml the geogralicpi aimrioX~le ssere malide

the amrcaft from the( geographic anitipodle ats andc tise(1 ini the anllsisis and are givent at thev
f Liim tions oIf linl. These lestilts w re theni p~lotted endl (f this report.
aIS jNlar j;Ipts 4)f thle flights. witl] thie geclgrapllic A mioniitor ic~cisci wais operated in WAashinigton,
anix lfeiiic ais 4 Iigini. D).C( citiritg tile experiment, aticd Cie datla takenl

[INs tising the o1111pill of the ccluiptitter ploglail11 in t[he anitipo4dlal Sic i-liit W%%- (41 i1.lled wit I dat a
arid the listings (If illc field sti engthis as hiticl- Nc ordcl b% in thc nli~mitotlo14 identify lc kec-kes
tlions of, tilm., ii wais poI55ibl) toI (''t)strrict pl4Its I itl listiiss14ltls and offI pitiocls.

(If, thet field strenigthls rI' cisrtiiic 11(111 tile geE)- All Eli the dalta plolts ale jlic'scit-d'c at the cnd
gli .Ihiic *ititixldlc. Inl the planneid flight pimttcrris of* this iplell . On smile 541 O1 tle fieild strenlgth 7,.
in NIsliichi all Owc racil.il went Ihirillighi the gc'o- Clistarn e. pilot%, tille.haic ekms tol thle l ight, %shlile
gtapi m ifidatijlcl)(c. all field streng~th I410115 a~long 0111 4,thIet. 61le 1Cl~i( 14) thet le-ft.. A% jxmlitiite
at grisei icl.l 55401141 "m ld at ihlie samle hearing from (ll ot cat herl. Owihc f ,,ligt pattll Ols iii'lc' so1 designed~c
thet gc4Igr.pI~li( ,l11ilm)x(le. I) lit-e ac tral flights. thatl on rei'eiltecl flights% tOe rilials iscic ti,tseisecl



ill 4)ppm)itc (lel tiobi)%. PIEottilig thle daita ill this 1841) 11'. S1214 i44214o5)I14ii sllisIEli ( lote i('l l
wily madI(e ( 4fl411atl-sos of Simila1r i.1diatls ca~ie~l alKblit 16-12 I'T t ile if)- aitiKpto, the( iint 2aft wa;s
I)CCRdSC te diit' la~ 0h)5'tCI % )2 Cdoni gisetl side of1 the ill the antitijxicial to-gion l t iE t ;M'12444 extendin~g
geographic dtltjK)Ie ini~g Ille flights apjicaliedl fromn abomt two4 hotn4% bef44tV lo.14 iiStolttlw dlo)iblt
ol th %ariti side of' tilt-' 44igilI ill thlese 1)1441. Iwo4 hol)14% .ifter 14K al sunsetI.

FirstI Raduia-Thle maxirutini E field streiigtl

THE INDIVIDUAL ANTIPODAL FLIGHTS of 49 (11 icoie 4)1 lithe first radial did not4
f(litj unr i ilt-e iit(lithf had pilt%%d the G A anld

Ill this5 e( tiol of1 the repol,) sof)( %44i' )lvltliculis was4 ;it it Clistimt( c d4)f d~ji 44io 44iteI% 1.4 kilt nllters
are mm~ile 424 lithe inldlidtialtI atitmoi)4(a fligh~ts. (kill) and it abearitng (of 187*1 I rum 2141% hK)intI
Thie flights ait( atiak /e(, tjaIial 1)5 lidiall. andic thle The signals appIeaIred1 to) be buildting hf) ~od( A442g
iniplic atiomn of* the datl for eact(h flight are '- - d1 " law un4til Ot~ ilil(t.Ift I cdi iv .1 pninti
niari/ed. Reletenm is of 1ten miade inl this sect 1141 ah 4111 36 kil (210*1 licatilg) frEl ~the C1 A, at
to4 Figs. I (a)-(d) Whii( h1 present the pre-exix-iiti~ct abo)1t t 111% point2. tihe .ilinrat I heiadilig (hatlge4
cctdiildtto!15 oIf Owtlfim~hel attj4(dI1(( trengths 111id 1fr0om 2240' to 23 1'L Aftlet this ( l4.iigt- iii 1112 e fiti04,
anritillil al behlas i 42 these p1' Is ate exl- incd lilth- field s1! etigt h dro~ppedI sharIpl, arnd the( d 2

miore lullsN ill Ote At~liahss atil Re5Iljlt% sc(in t1)2 lha~ior Was1 lost. 1141% (it44J vds not) explain~able
of' this tecpolt. Thle j)4)la lot of41 4111' t iihe ich~i~i~ftll by lo~kihng iat thit i(il tilated field %tivlglgt IK)Iar
flights, uithi the ge4)grap)hli4 alitijm)444e ats originl. p~lot of' Fig. I (a), arid would pto4)ah~lv 414) he ex-
are giseii inl Fig., 2(a)-(g). Figure 3 is at 1)1l4 of' pecte1 144 be' is large ats thle mieasuiredt clerease.
the fuinction f(d) = -10 log :dj. whidh wil useri t-144ever, lithe plot inl Fig. I (a) did inidicate that
to4 inlvestigate p)14o'. of 111c field strength mia 'jor this pass sb1)4 b11( e alonig the direction oI' arris at
(orriplmlemis zii i'( 5 41 the ftsam 41 lithe geogra ph1i( )f at strong signal: tius somle d l" heha i4)r mighit

attl Ie igitiv's 4 11124 lgh 10 aret ploE ts f)'; the hiave beeni expected and14 was 4 ll1e'edl. [he rclatfisv
mieasuired find st rclgigt115.2( i an [fit- i tlatect field a ilhilit udes of' d ie E aridl H fields were appaetcri I

strenigthl Illt 'jor (44111K )1e4t s holr eal II ratia~il. 1800 ow14 o)' phase~ ill lilt- app;roadch t44 the G A.
The elect rorriagullt 1 alit ij Kode Was assuniedi The to)tal m1easur2ed field st renigth pi114lot fo this

t(o be the largest value of1 elec ri n field intermit v pass is shown in Fig. 4(at); tilie (aIl( ilatetci tiliajE )
lfleat5122ale ill dhe ant ilmn iallR h it l~ 5.th J)si_ (4 4iiKctiit plot4 is ShE 4m4 ill Fig. 4(b).
tin of, 4 the elect rol4liagrietic aliti INKe wa-is not) Second R~dial -T u1w itsiasr#'tI field st renIgth zi v

eXwix-ted to) be (4)1214idetit wvitl ilthe ge i~glapl~li( d.~ ist ance plot4 f'Or (he seton (412aclial is shf 4w2 inl

aitlilpf1K IM idit (4ulcld halVe varie'd With Ii ti'i. Fik. 4(c). atid Ilt'e (akula.tedl 114aj4r compon442enit
Ill t his sc('tiol of1') thle 4e))t.the geoglgaphl1 14 '.1 distanue p~lot for tINs radial is sho4wni inl Fig. 414d).

anltill Idic' is (ailed lithe CA and th cl'e~tecIr4tilag- This pas missed Ithe(- GA~ Iy ab1)414 26 km.l ats 4)41-

nittic ait ilK(l(e is lef'erred to ats lithe EA... l fielId paredto 24)t miss (listarie of 4 441l5 abiX 42 8 kuil f In

strenigths (except4 inl Fig. 1) !re' giveri ill d(I(4ihets thle first pass. '[le niaxitmi124 field strenrgth hi
(db) rt'lafct i ' I mitiii l 44 r ISlt v' mete. All bearitigs 51.5 dhb mctcinrt'( ab)444 30 kill fromi tilie GA at
from ilthe geograp1hii( anlx dle, ats wellI as all air- a 225'1 b~earniig: t his peak altie wais 2.5 dhb higher

craft hieadinugs. are-( gistn ill de(greets tt'latic teo4 than the peak valuec 4421 thile first pass. ( )n ( his

true rio~rt i (tIN ) All times are gimn ats U riisersal scondi( p'~'ass, it fitl slentig I'ewl of' 413.5 (11 %itws

Time WT'). reiE )de(I abou41t 27 kml from21 thle GA at at bearing
of* lot~ghly 255'F.14 followed'( 1n anthe r tlweKak (of

First Antipodal Flight 50.5 (11) al t a cista .e o' 3(0 ktill an it( a hearintg 44f
2821'. Thet fIiniimli241 .fliie ss.12d thuis %cmtotn 4

The first 144c.41 antipoda)1.l flight was niadc of)4 he ilKolit tIlidwav hetweeti dw~ twvo illaxiliaI and1(

j14ly 14, l!963, midei (l( ond44iti045 4)1 local sutinset atl a (listalif o*Ef ,jltit 1II kill fit 4414(%4i. If, .is
lt lith- antlipodeI(. The ( al~tEilatd field stteligt %% sas t'xl)('(t'( ad4

1 4eit vilnaximilad .2( Illilliilid 5541414

polarn plot) for 1444.1 littset is giwtit ill Fig. Il(a). he separated I, at quillte t(tEf at was e~vlegth alon)4g
and1( tlw( 14441.1 pl~ of the( first flight tadials is tilt- 41irci~tiE4I (of it St(i~ltg signal. theni the angle

gsi .. inl Fig. 2(J). h'it' aiiotalt Ic'2,llailedI ill the lwt-mee tlhe .ii(traft headling andi thle sttotlg.

antipocial s itinlity from allKowi 1430) LT 14) aho~ut signal direc 1ion1 %()uilldI 1)t' ElKi~ 7.40. Situe 0) v
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aircraft heading wits 344'1'. #he strong-sigal EA wats stationary atndt that tile three jIasses sit(-
direcion could be 2700, 0580, 09W,0 or 238'1'. vessively passed closer to its poisition, or IX)nh
T'he field strength polar pl1ot tA Fig. IGO predicted of these sit uationps.
strong signals arriving front apprmoxmate hearinigs
of' 280", 95", 150*, and 2101'. Theli flight track Second Antipodal Flight
was not expectedl to he along a strong-signal bcar-
ing, andI no strontg-signal effects, sttt-h as d "u T'he second antip)-xial flight was made onl filly
behavior, were observed. After tile scuotid maxi- 15.16, 196;3, tunder midnight conditions at the
mnuml, the signal h-vel decreased gradltallv.. TG A. TFhe polar plIot of the ualcutlatetl field st renlgthis
suddencr increase in signal level att af 1imin apllrtxi- atl loc-al midnight is given in Fig. 1(b), and ic It1 x~lir
mately' 36 L11. ilk~l d Im~ari ng of 211M, troml the p~lot (P1 thet flight raliAls is given in Fig. 2(b).
G;A cotuld not he accouinted for-, eX(Celt perlhapls '11wl aircraft wais it] the ant ipodal are-a ftronit about
as a sunset, day1%-night thisconIti fillit v line t-ffett. 1930 UT to abouit 2330) UA*.

Third Riudial -1The measured field strength zu First Radial - '[e plot of' tile ictastiredl fieH!
distance plot for the third radiAl is shown in strength zu distance arnt. the calculated Ina jor
Fig. 4(e), and the calculated ma ijor componment v. ctltnp4 pent zkv dlistance for tile fitst p~ass are giv ell,
distance p~lot for this radlial is showni inl Fig. I(I). respectively', in Figs. 5(a) imid (b). As the G A wats
T-he radial passeti by the GA iat a (list ance of ahotut iappr)oat'hed, the field St retgt h iippeared to he
8 kmn and in at tiret t ion of'I fli'.'rle ma.ximum bu, Iilding ti ll according to the d I I tvla~iol. In-
field strength recordled ol tips pass wats 53 (1h; terferencc eff~ects were observed, with tilth- reIa~ive
this maximitim on o-curred abmnt 42 kml from Gi A iit phase relationship~s of thlt E and H utaxinta var.,
a bearing of ablout 275'1'. Onl t he appr~ioac~h to ing hetwee ii 00 and I 80*. TI he d 112 behaiMor
the GA, d--i12 Ibeavior isas qIuite evidjent, ats ex- was observable onl the dleparture from thet G A
putted. and the E arid H fields werle apptxinjiatt'lN hilt wats riot ats (efiiiite ats onl thet ap)Irom~l). A
180* (oll of' pIIaS4. inthe11 tW1FII( C (ie it'eO tiht-it 1iaximnuin E value of' 55 d11 waps tplsscret lla apl-
maxima and minimat A fter the (l.ticrrence (of tile lIrOxiii1littelv 24 kml aind a tweating of 3091F foit

peak field strength, the( signal levecl dlecreasedl thle GA. A simiilar peak in H o~curred neatby
siowly, it dlid not appear that the d 112 reClationl such that thet separatin p of' the E aind 11 pv.LS
was obeyed very closely' in thle re,:itl Pu est (If thle was aibou)t 4 kill, or X/4. 'Iw'l( lIxLtr lplt Itof Fig. lI b)
G;A. Theli polar plot (If Fig. I (a) indicited that at indicated that th-is palss sholt~ d hasc bee ietal(luig thvi
strotig direc(t itnal effect, suich ats d 11 deedec lirett ion (If alrrivalj f'f a St rong signal1; a st ri-ing-
ri field st rength ii, ight he exp)ected onl this pits%, signal dfire t iot? behavit r, slit It asd (Ii2 (Id wil(ttlein

and t his phteinomeno n wats obserset. of' tile fieldls, was o~bsertved. As nmia bx- sectl fmin u

the Ix~lair plo~t (If Fig. 2(b), thet air.; .d i iteldting

First Flight Resume (Iii this im~ss wais about 2831'. and tile- Higlht rtisscd
tile GA In about I I kni.

The pecak salutes (If' field st rengthi (Itt this flight Sectind Ratmi - I lie mutashiml field otietigth vi%'

were always oPlsersetf in areas west pf' the GA;V distanc e and hetit a Auilatetl miajorP (01111A1 ttlui

it might t;m~s appecar that thle EA was west (If' the vsi tistamue for1 thei set~ rtt raia~il alte shoss i in
GA. Because opf thle Itighem' peak ollsmet'v()iot thet Figs. .5(c) and (d). This radial %%is cotpllph aed
third radhial, it w(Irild seerti thati this lIm~s (;line by atircraft 11mIrtIuses. H1e .Iit( rl aI)imoitPIlit.1
closer tto the EA hlan tilt o~ther' passes: it is js thle G A at ai hemditig o)f 52 'F until it recihed it
sihle that tilie peaik ()t tite thuid pas ie-pictt'S tetl poitt at about 77 kill md ah .lurting of 21I9'V
the l.A field strength at that tittle. It is ":lso very frps tIll GA .\; a this IMiltt. tOl aio talft ilssrticd

p)roblable, be~t aise of the( dtarr~ttm of, the flight at hea.ding (4 35,1 ar11d (oaitinuiet past tile 6 A.
arid the stimiet ti juisitiori period atl Ill G A. that .'\long t16iscgmlent of the flight lmIatl. tOwt AMI'dIt t
the EA. mmtpedtimduing tit(- flight. [riml the first palssed by tilt-. GA. at a1 Okit~rit of -ihI(Ptt fi kill and
itl thet third p*ms'sc tIle Im)sitlilns of tile pevak at beating (If Ailtmtt 30f1), I . At a1 point IS7 kitn mid
field sit ergths om tiiritl d e tSl(.Ssis('I futheilr we-st a bealnitg of' 131 ftml Iltlte 6 A, thait, i al;ft
tpf tile (;A; tl;n, tenotlemt v mnightt itnidit ate 1ltai tilt- dssutledl( at #7'1' hel(difttg. whith hiws nimiaitijnet
EA m.\ c irtpeltsmisnil tluiitig 0the flight, mr that the 1ititil thet aiircAft 11ilmell our of, thet iuuintetiare



aiitij14ltldl vi(iliiit . Thit aviClige signa~l l('SI t' ic %);tti.il~l %('Jialt('t b% '27 kit) tiff Iinun' wimatcad

Ilifiiaind fa;irlil ste'adylt thlighoiit this itlaial. b)% atl~hit 3 hi1: Owe illiol iflationl sliggt.'%iC(l thiait
('This hehavoior, (1)1( Otld be bestsel 5 ill Ohw (ilit ilatt't Iltn'l i tj~ he' E'.% ti wi(.' djijlmIxiruat'I% 27 kit) fit

W4ert: nlot veti~ Ioliteilbtalt', anld d U/2 i'h or ii.sl('lrt.Ailothet' 1liossibiltt% %%ais that Owit

Wa's not %Crv t'vitlt'il. 'Ihel field str.i-igthli Ixlar' t~~o pt) k .iLS Im'j ent'5'itlt Iifiti ('t malidtlli fitt .

phiot ill Fig. 1(1)) lilgg('ste'l that this pass shouild sliltiotlltN dititil)4X.1.I~l %lil(liflg %% j(L J'If 1111( If:
hiave ibttli along III'(ft'tiE- (Ilcto f~a r i' at of ai stionlg if' this VCI C SO, [ill (II j.i%(' shoin 11.11%F~'c uII f (ol(lu1
signial, billtrit) strong-signal diic~tijm li tfht'is %%(.tC other jN'aks tii.it I~oIil~lf IM' Siiiilli.1 stE]I.11 *C41,
tiollte. If it siroltig signal attliliig fioll) :I ilttarilig Stithl w i aks wt'i mot1) ohsui d. hov~v~vii
of 280*o I 30Ol pirt'doininatittd. tii heiit ( i Aif %Nouild
hasv be ie.'l rliig ill it (fivettion m iili was rounghlN Third Antipodal Flight
flEIffiI.I 14) the dr(ll lionl of arrisal of, this stiong
sigral, arid aI vLitisels onlstiarit signial tesel wlotill ThcIlt'tlit(I .iliti1I4Ill.1l fl~ilt lu.Is Ill'iOlt 1,ii *iils
he C-Xj)t'(1E.dt.Th 1111' lill J~lllt If- Fig. I (h) suiggtstetlI 17, l9t,3. tiitft' lolt l umiw1 15CI lillitionis. "Ilit'

a stiorig signlal fiomiii 280'1' d1u et t ion. .iir~tiaft WdS iii lhV i iliiit of tl 1A trt011)101to
Trhird Raditil If( 11()plts for the( mcasuied hecld 0035 t"I to 0(135 V 1. Simne ionosili't-6 simii .51

strength arid (ahitilait-d major (orriltoru'l I,% o(ul ! d ,,roiind 04134.1 t-1 .i Ow alIIft w~is Ica%-
fist~i~lm ftol Ithuti (,\ ill.ii giseri inl Figs. 5(c) ilig thit'(- G.-\\Am i htdl lIIll Atou I( ililt' S11111 151

armd (I). il'tsk.for tiff third raldial of thlis W (14(11ilfig. 'I his5 flight %%as5 tutuill wiiiiitlmle
flight. :\ peak F field %tiength of 57.5 d11 I((t ii Vcl ill CaiJoun i n~i fsteadf (f ittitiiiiiig to jlIhitiliW-s
atl aboiit 50O kmt ani( af hearing of 302'Y h on the hiliig. Tile ;1411d1 J~llt o~f ihet ( .1i llated .iiitip Id.il
(;\ Tlhe* field sticrngihs built upi fastet thi'ir JIt'Itl Stie.iigrh Pitl' .1% i 1 S 151's( % gi(LIi ill

f'aster limii th Il(1 "? rLitinl ()In lising ilit' 1)l'k. is grisil inl Fig. 2(( ).
The iptIIat 1)111 ill F'ig. I (I) Srigg('Stv'l that thil Fl? t IRatata - ASs 5(t) In thw dii1.1 ph ios ill Figs.
ratliait 5uIii(l ht'. dIl(Ir15 .1 wt'ik-%igril of lI c( t ioi . fi(,i) anrd 11)) foi tilt-fiisi Ownid.tn ficld sitiiigtiils
andl( Jith 1,s't ' (IfadI2fipileuI i Xalt h~ilt 111) ill .1 %,Ihiiv 111,1 it'iii.iir('l f.iit !% I(-\('I as

(If it~~fileic.li c If~ciitr~llit'ld. [Ihis radlial wA.isAS d 11H )tihIt 6 kiidill ani i) 1'.11 jug 40I 200(' 1. 'I )is lflaitt'ihi

alit'.ll at he'dintg (If 160,1 hiult 4 harigt'tfi t ba ii.nl _)it) l), f li' dill I %%fi s ifs iig fii .I 2S91I (Iii ~thwh
ilg (If I l 35 it a (istainlE (If Ailtom 961 kili fi~hi ititil it icthud11( I lIioirt thiit %%,as ;0 kill (fistinlt

tile (;:%. This hmittadng w~as tniiiriaitit'd untiil a1 1r fil hIN ( ;A .it a1 lIt'i irig if ,iiIul~ 2151 tuti a
jtlirit ait at (istatilt (If I I itii and a hw'airig ilf iieaiilig (If 300'1 %%as assinm'd~. Peaks (If fit fh1
2201) from thw (A was iea~tihtd: at this flmlirt fml E dril Hf vw(tv thtn ic'E 01(itl. I hit' E 114.ik
.1 headlitig (If 140')1 was .isstrimedtlIillil tIllt' air- l(xt il'l ait dJit~q~irimlt'l 512 kml from lilt- (,.\
(tr.,t had( tt'jI( hetI .i po4in~t it 54 krill and~ a iX'atirg and ti Iatit'irig (If 29M O 11it Fl jXik oIt offi tl'll It
Elf 152'1 fror lite(- G.. Tht'n .u ht'aditig (if 170'1 about 56 kill ftoln tit' I \ it I (high iis Same5.111
%%i5 ds11111llt'(liutil tilt' ailt ift le'ft til' .illtijx.(ldI ht'At irig. flit' E andi~ 11 x'.iks ofilleli t'l.;IIof
5if iriiN. tiiittls loil (111.11 ti (f a m- -Iseh'igtii aijlar No

Second Flight Resumei Ert tfil ~tmliail . ltt'i Ow ut' Iis(l '.11 f I.ik, Ov- I:
field sti('ligilts (III I s('(el mlolt.I .flmlIS 11fiiti a

lilc E fie'ld peaks ()In tit(' fitst antI thidl~i( 1,061 d I 2 dt'pl~clthii e. Iihe f4l~iifla l ()itof Fig, 1o(1

fIIld ait Ihe titilt's if, ilit'lt tIl.IsiitE.ilwil'ts. ofI tiit' s ignal %%ct'I toilinirg fiomii. I14.1 iing o~f 2101,1
Itiiglit iiaist cit'f-tc5litl'(I sillmi'll pe-Iks Ili Owt F'.\ tOw fail IN Stt'.I( fielil stict'igtii lt's('l nevat thec (,\



aitcraft normal to this strong signal (direction. The aboust 37.5 db. and thle pe-ak %-tilue wits about 61 (l.
peaks could be the result of cottstruti'tie inter- After this pleak, the field strength stased fliirly
fererne between this signal and a weaker signal level, maintaining an average value aroundl 57 d11
from a bearnugof 280"or 290,r. The field strength until after the aircraft had passwd the GA, After
then might decrease quite rapidlyV as (lie aircraft the aircraft reac hedi a po~int at about 60) kinl and a
left the antipo~dal %icini~tv, as wats observed, hearing of 15331* fromt thle GA. the field strength

Second Radial- The wecond pass missed the (;A decreased. Very little evidence of itnterference
by aboutt 26 km at a bearing of 1 25"1". The air- phenomena wits obscrved onl this paIss; tile ciii-
craft ap)proached the antipx~al region from the citlated major complonent p~lot did not show any
southwest ait a heading of 65'1' until it reached at d-112 behavior anywhere; thle E and H fields ap-
p~oint 84 kmn at a bearing of 21 I9' from the GA*; peared to vary, in the samne manner as though
the aircraft then assumed af 39*T headcing and only a signal fromt a single propagation path were
maintained this direction throughout the rest of present. Tile polar plot of' Fig. l(c) suggested that
this radial. The measured field strength and cal- this pass should be along a weak-signal direct-ion;
culated major comnlxlnent i's distan~c pJlo ts are thle behavior of' thle field strengt h data inl the
shown in Figs. 6(c) and (d). No well-defined peaks immnediate vicinity of the G;A suiggested thiat this
were observed; thle sigiial level ittcreasc-d rat her piortion of the radial might be normal to thle clirec-
slowly and steadily froin roughly 40 Al *o al-out tion of arrival of a strong signal, and the decrease
55 db throughout this paiss. [here was somue in signal level before and after the aircraft passed
evidlence of an interference patte~rn in the r egioni the GA also agreed with this idea. If' this radial
south, west of the GA. Abo ut 120 kill n4 rthIeast of were normal to a strong-signal direct ion, then it
the GA. the signal atta;ined this 55-dh level. whic If woul~d he expected fromt thle plot of Fig. l(c) that
was nmaintainedl for af large distan e: thiere was the strong signatl wouldI be coming ftoinit a cirec-
little evid-ncc- of an" inter fcrence ptttc-rt on) this tion of' about 240'1*. It should he noted that this
part of' the flight. The po~lar plo t in) Fig. 10c) pass was tiade just ats sunrise was occurring at the
%uggestedl that this pass should hite shown the GA. andl( thle nearness of' the day-night transition
effe( ts of mnotion along the( (fir ettion of' arrival could have pr0iKtided addcitiOttall effects.
of at strong signal. hut nfl) d "I dlcpeilene fit tic'(
field streiigttis uas obscrved. 'Ihicte isis little Third Flight Resume'
evidence of, inierfer-ente plietll illeia. A single
dlominant signal at the antiltiox ie fro m t.'* nrt ii- E% iHenice of, anl intetrletrence pattern wais seen oIil
we-st (.pproximlatels 310"1" hearling) or thle the entire first radial hut was only slighthl indicatted
southceast (appr-Ml ,xtnitchl 130'1 ticawiiinf,) (141nd ()i the oIther two passes. The poIsitionis of the peaks
have prodlticecl the field st rengai Ii Iwixim A4r - oin the first and third passes5 suggested that til-
served (Iii this radial. 1lfowever. tifis sty 41 g-signal FA~ might be somnewhiere ildrthwvest of thle GA;
(lirectif I) ( ont rad(l ts the( strm ig-sig 11.o1 dlire(til n since thc:;e peaks were applroximnately of the samne
po~stulafted to) txphlin illu (lata 601.16U), ()11 the( amplitude. t hey miight have represenited twio
fir-st radiail. in orclcr to igrce wth t60 Oil, lpftlait., crossings of thie samne ecital-amiplitude contour

teset 1(1n radial ss ul d havce it) 511445 stimig cli- arolund thle EA. Since the field strengthls onl the
recti4 mal eflet ts. i% hic h were noIt h)scr% ecl. second pass were lossez 'hall these peak values, it

Third Radial - [lie iiieasuarcc flet %( ty cnl hi anld wo uldI then appe-ar that the EA was northwvest of'
ca lIc uiaed in1.1jof mi ll pfmnin pl4 Is lot Oti thirdl the G A. If'. onl the oIther hand, these peaks ie--

radcial arc' sho%%n1 inl Figs. 6(c() and (f ). Thiis i .11 .4i~ presented thle EAX field strength at the times (If

passed thle (.. .11 '1t (listalule of 3 kill '1. itc wa Iointg their 41hservatil i. then the first aind third pass5
fi ab ithm 250'1' Ole lcadin rigll t he ail c raft %%as results suggested that thel EA had nicw'-c ap-
15 1'1', and this dir.cctfioti wats ililiiaiti~iicl thrilugh- pi i'Xiitiatelv 30 kill in) a 55'1' direction inl af peiiodl

" 11m this Jl~455. JIlhe f ield s treng th ( u ri-c App- rent10 ()f ,iho ijt 1 hIl. ' ['lie relati vely steady, fielcd strengths

thc GA Own thOwih fichl Stretii.ýthi built tup tf) a4 1x'.k .1 sft4~mg directionl of' arrival fromn a 310'1' or it
%alti aut a dfis:ianc (d 1~-4 kill m1(l i4 xlnaiig (if I 31'l dltc tionl. The resilts of the first and third
328'J hin I)it'e(- GA. lh inin itiminit E %a hit %is a~p.Isss Siii.gcsted thle 31Wj' dir-ection. [herefore,
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if' t he first and1( third radlials (lid not) Ims, throungh 211Ill. thw Jiircraft Ihanged to it 41* II h.icling.
tile EA, jlerilaij) it could( be ,Isstitnwe t hat the L' EA 1( an ilie signal dropped shi l'fIoweser, at it
was in thle secto r 1)etweel1 the lIasses, with anl jxflht about 18 kil f'rom the G A .atilia 2021'F
angular width of apl' .-xillately 300. hearing, the aircraft heading changed to 45'1.

and thle signal strength ret tivned it) thle level
Fourt Antiodal lightohsscl.%: julst befo re thle aircraflt Changed f'ront
FouthAntpoal lihtits 57(1' heading: this leve'l wats approximlately

The 1n,01ith flight to the N PN ant ilxiodal vii it v 53 (lb. TIhe aircraft then passed the G A at aI cis-
was performed onjil m 25, 1963. mimler 4 oildit io ns tanme (if' 7 kmi and at hearing If' 1401L Ano4 t her
4f1 14 wal noo xn at thle 6;A. The lixlar plo t of' thle (fllj in signal level (E = 46 d11) otcurredl abotitt
caklclated ant ipodal fiet- I strength paittt'ris at 26 kil f'rom the G A at aI hearing 4 f'61 '1'. Ano4 ther
1100xli is given in Fig. I(d). A po lar plo4 t of' thle peak (E 56 c1h) otxcmL-rec at appIroximately 54) kil
flight raclials is given in Fig. 2(d). 'I'1w aircraflt and at lixarm ng ofl 54'1' front thle GA.~ After this
was inl the immiiedliate vicinity (i tl te G A frtm anpeak, thle signal level decreased graduiall% as the
abowlil 0615 UT to1 abo4~t It 1030 VT'. atrcraflt left the imlmedliate viuinitv (of the ( GA.

hotIM/admia-T'he i 1st radial aj)j1romlad cl c(- GA T[here wsas somne eiicelec o f' interf'Ceme'n eflcc'ts
at ai headciing of' ahotil 2851Y and passed this 4111 1 hi appIr(Iaci to the G A hit1 114 e~ iden~c illf
trefercence j ititt at a clistaitce 4 f 11 kil and at such effects cltiiring the depar-tire hs In) this polint.
Iwarn g 4f' 19¶51'. At at lXioit 504 ki I fromil the (;.A According t41 the liollar ploIt ill Fig, I (d), this
and at hc'aring 4If 272'1. thce aircr-Aft assumled a racdial shotilcl have beenl alo ng at sI ro Ig-sigrtal cli.
net-% hieadinug 4If' 296'l1. *Ii' ic'asu re'4 field rc'ct io Il(f' atrrial. hil 114 d 11 dfjc~mhtjcln('e was
50 erigth atic cak iilatecl nia jor 4411111p 'ncr VA Th'iievos'vc.'he clips ill the signal level
4Iisilaice p)Ilt atc gis en itn Figs. 7(Oa) ndiv (1

'i). 111-1i'ing iu I ille pr4Iimniit% of* the G A cannot be

reront at di ti (If lbilt I Mt I kinl c'pilch okingalr Fig. I (c); these inii milaare
east of' the ( GA, the( signal~ I level in( reasc'c in aI d L2~ pj~ilblyal, thle resu Its 4 f' interference oIf' signals
mnalnier lo anl E field pecak of1 61 .5 (11) at aI p''int iirrmviig f'rom t wo o1r more direct ions. TIhese

abtmit 30 kinl fro n thle G A and at hearing (of 26311'. mm ninia were separated in distance by about
The E antd H miaxiima o)('i'il rec simi ilta neIilsly. .46 kill: the last two' peaks were separated hy abouti
'Iher11%%i' ws litltI evidemce of initerferencle pile1- 50) kml. Allowing for thle uincertainty irt thle air-

114 CIidM~ Oni tilt' ajprdnai'h t4I thle peak ' alries, but craft jxositio n and slicedI. these' two dmstancc's (0111(1
after thle pecak 4Icicuried and thec aii craft assuu med easily bie icdent ical. Assumning at half' waveleuugth1
its nlew heading (If* 2961l', iiiteu'!crence effects separation between nmaxima (or' miltinta) along at

hea Ite ore evicleit. iThe field st renIgt h dc- str(Ilg-signal direction, t his resuilt would suiggest
(creased 41iiite rajpidlv after the( pecak \aliiv' ot- that the aircraft wats fly'ing at all angle oIf apl-

Suirred. huit after the new'i heacdinig was taken, a p)roximately 8)0* to a strontg-signal direct ion. A
smaller peak (EF 50) 11h) c< cuirrec at a distalice 4 f' strong signal (tir ection wouild thent he a ihearing of'

86 kni altici a hearing 4 f aix lit 2801Y front11 the (A. 1250. 1450, 3050, oIr 325'1'. 'The polar p)lot oIf

after witich the field stienglil dec reast'd 1o14 IF iig. I (d) suiggt'sitcd that the' 305'1' direc tion would
slowI\ A d"' i/l (i'jtttllncet in Iil(' fie'ld st engtl it e the lilost jlrcbahle cho ice.
was sevin in tile appromh i to the (;A hilt is as 1141 Tihird Rtmial - Figures 7(c) and 1I), respec'tiveh.'
sc'c'i alter til ht- ctiirrencv of' tilhe jx'.uk field siti 1W th'i~le (asuit'd fild'c strentgthi and tht cal-
strrcng'th. It also apjx'~iared that the E ancd 11 fields ctiilatecl mtajor c(orilfl jnellt vs distance f'roml tilte
maintatined a conIlstaltt Glis'rltv 4 'ci I cr (A for tile t hirdl radial. T1his radial mtaintainted
thrisugilclit t his radial. aI heading ('If 60)'F throtlgh lilt the viciltit v of tht'

.Ser"ond adal - Thet nieastired field st ettgt h and G A and passe'c this j)4ioit at at distance If 4 knil and
cal( ii altec Inia 'jr ('41111 ponent lrS cistaiuce 1)1()tS frI at hearing of' 701L lThere wais good evidence (If

lite' sc'c'm111( radial arc' s1ho wn iii Fig%. 7(c) mid (d), ilntC'rfrenC'1 p41icIlTCI )ilt llalt this entire pass, biul
i'espec'tiv'el. Front oit lioit apj)r~4 ximaltc'l 120) kml ('5lc'('ally ill the approach to the G A. The varia-

f'rin li itG(A, t he fielcd strength -,osc' grad iiilk ats l4ion of' titte F and H fields appeiared to he approxi-
hei aiirc'raift alpprdoac'hi' titc (;A at ai 571'Y hic'aing. niately, 18(00 (lilt 4 f' phase5(, with thle separation (of

At at polint 36 kil f ro m the (GA and at beariing (If thc'1 liaxilita and Iltinillia (If bo4th fields tw.ittg If'
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the order of' 4 to 8 kinl. A peak E field value of of 125'1'. After the aircraft p~assedl by the GA, the
55 db occurredI at a distance of ld km and a signal level dropped sharply, a~s cans hx' Seen) best itl
bearing of 3541T from the GA; tile H field peak the calculated major (onlpoltwnt plot in Fig. 8(b).
occurred nearby at a distance of 20 kmn fromt the Interferecme phenomena wvere apparent through-
G;A at roughly the same bear ing. A setondars. Out this radial, hutl esp-cially after the G,% wats
peak occurred app~roximately 48 kin from the GA passed. Maxima andl tillinla (lifferentcs of' tile
at a hearing of 1 55'F. Both on the approach to order of 10 (l were observed and, in the region
the first peak and on the departutre from the to the west of the GA, it wats noted that the cal-
second peak, the data on this pass roughly obey'ed citlated nlipor c ompclnents of' E andl H varied in
the d-112 dependence, although the origins for dlifferent manners, i.e., thes did riot follow similar
the d-112 plots were not coincident. The (alculatedi patterns. Sonie evidence ofa &t d112 beChavior was
field strength plot of Fig. I (d) indicated that this observed in thle area far to the east of* the GA on)
pa~ss should be along a weak-signal (direction, but the approach: the data in the range from 170 kml
phenomena associated with a strong-field direction to abo~ut 9() kmn showved this behavior. Suchi be-
were observed. havior was not oibservedl elsewhere on this p~ass.

The po~lar plot of' cal(tulated field strengths

Fourth Flight Resumeo in Fig. l(a) suggested that the dlirection of' this
radial should be close to two, approximately

The position of the EA was difficult to dletermline oplx)sile, strong-field dlirections. However,
from the data on this flight. Since the highest at this time of' day, mnany strong-signal (lirec-
peak occurred west of the GA onl tile first radial, tions were preclictedi So that a complex field
it might seem that the EA was westward of the GA; strength pattern inigllt be observed for this
however, signal levels only a few (lb lower were whole flight.
recordedi north and nor .'east of the GA% onl tue Secondl Radial -T'he perItinentt data plots for the
o~ther radials. These results could have indlicatedi secondi radial are shown in Fgs. 8(c) and (d). '['his
that the EAX was somesshere close to the GA and radlial applroachled the GA. at a hieadling (If 53'1*
that the aircraft was passing near the EA butl not bilt (hanged to at Leading of 41 I aI l t a pint 37 kill
thlrotugh it. front the GA and it bearing of2 2101'. Tihis heading

wats maintainedl for a short titme uantilI the aircraft

Fifth Antipodal Flight reached a point ap~proIximately 18 kml frotlI the
G;A at a bearing of' 204'1, where at iheading of'

The fifth flight Asas the second Icmal sunset 43-l was assumed. This heading wats minittained
flight and wats performed on Jmill% 26. 1963. The approximately throughout the remaitnder (If this
radials are plotted in Fig. 2(e); thre ajppli( able field pass. The app)roach to the CA wa-is therefore
strength jprnlar plot calculatnions are shocwn in comlplicated by aircraft illanievers; thre latat (In

Fig. 1 (a). The aircraft wats in the vicinity of the GA this portion (If' the pass showed solnic inlter-
from about 1204 ur til abo)ut 1600 [UT1. Sinlce ference behavior. Onl the dIepartumre f'ronl tile
iolnospheric stinset olccurredl roughly alit about ( AX, a d--111 dependence wats followed approxi-
1642 UT. the aircraft lef't the area before 10110- mnatelN. The field strengthl peak (xccinried sillilul-
sp~heric suinset. Ho(wever. ground sulnset O(CU(A~l~ taneonslv f'or both E anid H at at (istan~c o f'36 kill
at about 1605 UT, jtst ats tile aircraf"t ssa ending and at he~aring of 541I fromt the Gk. Iilowever, at
the last pass. somec other po~ints, the E aind H fields appleared tif)

First Radial - The first radIial mai ntainled at 2900 be 1800 olut oIf' phase; tile phlase relationship
heading throughout the vi( inity (If the (',. which lx'tween E and H was riot ((Instant (~lye this pass%.
was missedi by 2 kmn al t ahearing (If' 200'1. The The field Strentgthl estimnationls Shlown ill Fi'g. 1(a)

measlredi field strength and calcuilated mna ' Ir suiggestedl thiat stronlg direc tiolnal efice(ts shtldc11(
CO~ompient vs (distance plots folr this radiai ire have been observed ()Il this pass, and d "2 field

sholwn in Figs. 8(ý,) and (h). Oni the alpprIat h to) the strengtf, behaviclr was oIbservedl. Tihe absenlce of'

GA, the signal St rength1 increasedl gradual ly to at data fit toI a d- "I dependence (lilt the first half (Ifthe

p~eak value oIf abc lut 50 dlb,. which (KIMCcure al ta radial mnav be' tile r esult of' tile air( i af1t inaneus ers,
p)4 irt abc lt 8 kmn f'ro m the' ( A an it( h earn g (In it naN be' clure to the Lfact that the first half of,



life radlial was less aligned with i a strmog-signaal Sixth Antipodal Flight

Third Radial - The mewasured field str-ength andl The Sixth ..ntipodal flight wits pI'-fiiiiinec ()n
c'alculatedi major ('onl x)flnt I% dlistanice ph its fuOr Juzly 27, 1963, under ccninlioi ns f lota aI nidrught
the third radial are- shown in Fig. 8(c) arid (f'). As at hie antipodle. Thle p)Iit of* the exil'e(le antip)-
may' be seen f'rom Fig. 2(e), this r;,dial was also Mdal fielud strength patterni, is shown it) Fig. 1(b).
complicated! by' maneuvers Iin ahe area of* thle G A. A po~lar piIot of the radials for this flight is sho wn
T[his p~ass appIroached hie GA at at heading of' in) Fig,. 2f). 'I'l( aircraft was ii Ilie- viciriit of'the
1 581 Larid aj)p~arent ly was one of' the few radials GA over at period ranging froi n 2035 ['I'to aboutii
that passed through lthe GA. The mnatieiveririg 0005 UT'.
began after thfe aircraft passed thrci a'h the GA,.' Firsit Radial -The relevant dlata j)iiis f~or t his
and the subsequent data were difficult to analsie. first radial are show-n in Figs. !)(i) and (h). This
After the aircraft reahecd at point at about 72 kill radial miissed the (.A by about 25 kil ifiata bearing
and aI bearing of' 163'1' f'romn the (A, thle field of* about 3251'. The aircraft etiterec l 1w GA It-
strengthi set-led cdown andl grad ually decreased. gion fromn tilie northeast atl a heading of' about
It wats at this po~int that thle aircraft assum red its 2 3 2 ,r[ aiicf switchedi to aI heading of' 2271' at a
final headling of' I56'1. A lvak field (E = 40 dhb) at pI iint 37 km (list ant from tile G A an ait hearing if'

about 108 kmn and at bearing of' 338'Y f'rom the 2741'L After this heading (hange. tilie field
(;A was f'ollowed by' a minimu m field (E = 31 d11) strengt hs app;eared to obey the d "I2 relation, but
at about 56 kmn and] thle same bearing fromi the GA. bef'Ore this alteration of the flight paith no sin( h
The largest peak oc(curredl at about 13 km andi at behavior wats %ei's obvious. According to the mlrlar
hearing of' 1 60'1' froni thle GA when the airdraft plot of* Fig. 1(b), the change in heading should
was executing a mianeuaver; the E field at this ploint have i'esuliecl in motion along at sironger signal
wats aboiut 45 d1b. D)uring thle mianeuvering, thle dir'ect ion, So perhapi this was tile reasonii for the
signal strength changedl i'akidhl. The ph it oif' Fig. d-111 behavior bvcoriiing more p.romiuanced. An Ei
1(a) suggested that this radial s~iuould be (lose to field peak of' about 53 dlb oc~curr'ed al t a x~iiat 58
a strong signal direction. However, no d 112 hle- kml distant froni the GA and a bearing iif 255'1';
havior was observed. Very few interference effects anl H field peak occurred at a point 6i2 kml f'roml thle
were noted. GA and a bearing of' 253'1'. Thle E and H peaks

were separated by about 5 kni in space then. It'

Fifth Flight Resume' the E and H peaks along a strong-signal direction
were Separated by it quarater of a wavelength, t hen

The double peaks onl the first and third passes thle flight wa-is miaking an angle of' about 40*
of the flight and the separation of the E and H with a strong-signal directioii. Thus, a Strong-
major ('(imllonents oiii the first radial suggested signal dlirectioin would be suggested, with a
a ('iinplicated antipodial sittuation. IDefinite coni- bearing of' 2670, 1870, 870, or 071[. 1'he poilar
('lusions regardling .he motion of' the antipxiid l)dIot oif' Fig. 1(b) suggested that tile 2671' bearinig
could not be reached. The maxima on thle first wits the most likely. 'There wats somie evidence oif'
and third imsse occurred very' close ito each other interference phienoniena before the occurrence

in spaice, being separated by only about 6 kni; of the peak, but s'ersv little ev'idlence of Suich effects
however, the difflerenice ill Magnitude wals about after this peak. The plot of, Fig. 1(b) p)redicted
5 (l. T[he Secondu radial maximum o< ld urr'ed abount that this entire radial should have shown strong
4to kml from the Ixisitioins o'f these peaks and!( was direct ionial eflec is.
of' approximnately the same niagnimle itids the first .%et'opd Radial- 'hue imeasured field streingth
pass 1ak. Tlhe first piass peak (ciii d tildla 1232 and calcu lat, di ma oi' compoilent Z's dhistanice plo4 ts
uT, the second p~ass peak occurred atl 1406 UT'I, or tile second radial are( sho wn in Figs. 9(c) and
artid the third pass niaximnim otui rrect at 1544 (d), respectivespl. 'This radial appIruiac led tilie G A
UT. The time separation of thce peak oxcurr-cmres [t-oni thc' s iuililmest at aI heading of 330'1' and
was of' the order of* 1.5 hr. It wo uald seemu that per- passed t his Ix iint at at cistance of ahihIft 16 km and a
hills the EA was somiewhiere east ward of the GA he Iarintg of 60'Y. at at point 20 kil froiiit (fie GA
Judging fron (i te positions of the various tulaximla. anducl abe'arinrg of' 20'1', the aircraft changed toi a
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new heading of 338'1', which was maintained tititil stons regarding such behavior must be catitiolusly
the aircraft was 120) kml away front the GA. The drawn because these radials missedi the GA (the
signal levels appeared to build up gradually as. origin of the data plots) by large clistatices. None
the (;A was approached and passed. Ani E field of' the radials clearly exhibited effects which were
peak of 51.5 db occurred 20 kil fromt the GA just regardled as being chlaracteristic of a st rong-signal
as the aircraft was chaniging its heading: an H direction.
field minimium occurredl simu tlt aneously with this
E field maximum. A second E field peak of 'p- Seventh Antipodal Flight
proximately the same level occurredl 65 kml from
the GA at a bearing of about 350'F. Trhere were T'he seventh and List antlipodal flight was petr-
very few signs of interference effects and only formed on Juily 28. 1 963, around t he timne 4 local
slight indications of a d-11 behavior, but. because sunrise at the GA. T'he calculated fheld strength
of the large GA t'iss-cfistance, atty conclusic it re- polar plot for antipodfal sunrise is shown in) Fig.
garcling such behavior must be cautious. The 1(c. rhe flight radials are plotted in Fig. 2(g).
field strength polar plot of Fig. 1(b) suiggested that The aircraft was in the antipod(al re ' ion from
this radial would be along at weak-signal direction; about 0230) UT to about 0606 UT!. Since local
conclusio~ns about this point were not definite. ionospheric sunrise occurred at about 0434 UT,

Third Radiaf- The pertinent daita plots for the the flight lasted from about 2 h-- bef'Ore sunrise
third radial are shown in Figs. 9(e) and (f). This to about 1.5 hrt after suinrise.
radial entered the CA region at a heading of First Rhutial -The mneasured field strength and
1091l', but at a distance of 42 km and at bearing of' calculated ma~jor component ivu distance plots for
288'F fromt the GA, the aircraft chanigedlf ito the first radial are shown in Figs. 10(a) and (b).
11 5'r heading. Thie GA was then plassedi at a This radial approached the GA from the north-
distance of 5 kmn and a bearing of 20)0~'LT''he east at a heading of 226'1', which was maintained
po~lar plot of Fig. 1(b) indicated that this p~ass throughout the immeditate vicinity of the antipocle;
should show definite strong-signal ctitc'tion the (;A was passed at a distance of about 3 kmi and
effects. Interference effects were evident. especial- at bearing of' about 315'1', The signal level wats
ly after the GA wats passedl but no d- '12 behavior fairly constant around 53 (lb onl the applroIach tol
was definitely observed anywhere. As may be see'n the GA-. then H and E maxima were recoirdled,
from Figs. 9(e) anid Mf, the field strengths main- respectively, at distances of' 4 and 7 kml and
tamned a fairly constant average level around -10 clb bearings cof 2700 and 250'1' fromn the GA. These
after the aircraft pasise'd the GA. A simultaneous peaks wtere sp~atially se'paratecd by 4 kmll or about a
peak of E and H occurred at ap~proximately 54 kml cquarter of" a wavelength. The E peak value was
from the GA and a bearing of 288'1; tile E valuie 62 (lb. T[he field strengths then decreased rafpicll
at this ponint wats about 57.5 (lb. If' the first two to minimal values at about 80 kml and at hearing of
racdials did lie along strong-signal direc'tiims, then 220'1' from the GA for both E and H: the E field
these signals might have jprotcedlccI tifi inter- here wats 44 (lb. Thie field levels then increased
f'erence patterns seen onl this racdial withouit gradutally f'rom this point. The field strengths
produicing any d-'1/2 b~ehavior. apparently did tnot follow at d'1/2 behavior cml this

radial, and the E and H fields appeared to bet in
Sixth Flight Resum49 phase throughout most of' this racial. Tlhe plolar

plot of Fig. 1NO suggested that this r-adial should
IDetc'rrrination of' the' locati n of' the EA frTOml shown~ definite strong-signal direction effec'ts, but

the datat on thi's flight wats e'xtremcely difficuilt; four apparently no such effects were definitely seen.
widely s~att erecl peaks of approximatelN (the same Second Radialt-Th le second radial mnissed 'the GA
mlagniitutde were found ocl onl( therhee iaclils. flow- by 20 kinl at a 771' hearing. This pass maintained
evcer, the largest peak oxcutrrc-c on the last radial at heading If' 348'T throughout tiic- GA regioln.
at a xi min wtest by nio rt hwest 411'the G A, so pe'rhap)s 'The illeasulrecl fitlcd sti'etigtii and cajlculajted majo~r
the EA w~as some%%here west of the CA. T1here was uoinmpnent plcmts are shown in Figs. 10(c) and (c).
some indication ol a d "/ dependence in the field Thei fielcds built upl glad ually onl the appro'~ach to
strengthI data oni t he first two p~asses, butt ccndlu- tlmt GA, hul ta sharp dlip Pn Itie E field fxccurrecl
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athoit 21 kmi fr-om file ;,- ;it a hearing of' i2'1': Ile along af si rtong-sigilal clii etfon expelle~jV(td
file fieldI st rengtil dIrope 4jw I1441 ape it 4115 ole IeveI stit ng-signitl di rti-lio11IN I-1. I1441l %%Is as 141 t iolli
o4f 54 (it it) ;lx~uti 44 cdh. 'I'l( pres ionls Iel ill the ~ini-fill rWeSt 411 OW li(.-. (.tain '1111(1 6 Clirs

tK(Iirredl plst ;is ille ;lit(1irlf't wa's passinig tle . ot 4( itir red ' just if% this raldial wasit lwgii I. so Ilie
After life minimutm, the E field exhibited a peak a iii ~ij~ l fieldl paltterns WtiVplot 14dl1 (olipiip-

of' 60 (11) mt if Iliiit 28 kill from dc GAw mi~ad at (itedl bs sunruise eflec: is.
bmin~lig o4f '541 Ani H j~t-;k ot(t iii red about 38 kml
f'rom fltl GA at it lx'aing of' 20'1. 'I'1w E mi H Seventh Flight Resume'
pceitks ilths aiijle.redl 1(4 be- suptij-raec by 13 kml.

* [h111 signal sli rengt us clet'eased graclduallIN fit 4111 Ihe two4 ix'iAs tolserm tl411 olxh f14Ilit- liist miiid

thiese- pea;ks. 'l'here was stome esclieiie 4f1 intel- I liid raijlals iligit haw inihatmet tht flt-e IKA
feremlu e iet ts 4411 Ilhe (litire g aliAi. ''ll plot it) t % as no ita ltxiuli/(-d pMfl lit. bv., ailifipolal t'lletIs
Fig. I () suggested that this ratlial shoit4 Iil im.~ mlight N. lobsvt'%lVbl~lt owl. if wide itea il imiltle~i.IV!

bieni along it weaik-signal dirt~itui. lli1cre was 114 stilrlt411(itig the ( ;A. *llwsc p-Aks toukl Agso~ 11.15
esidclie of ins d lit bchsit 4ot- in the( field stireiiglis bween the result of' sum lisc effet is lx'cauiselw Ile ias
oil1 thiis raldilal. 'Ihle laige (fll iii flie- E field in the night dis tontin ulits line initmed ihit igh t he a itip-

ski nit o f, the (;..% ((4111( 1xossiblN has e been at otxll regitn during this flight. 'I'1l iIsmi ad
stunrise fade effect suit e it 4ii)5 1)lric suililise third lImsses Ie((4iuled jeAks of roigh Is I l(e smnIlt

ocurred teuIle GA. cl-iring this raialI6. imigniiute (lose-it the (G.V l'tssiblIis tl~k

71i'ird Iaudia'I -[he hiid radlial 14assed ers I% (lse (44111( has~e re;presetitetl the E.A field st icigi Ii at
to flthe GA, ;ilparentit missing this potint bs a flt- timeis tof their fliieas illetiilit. .a1 ilt- hE I% (mild14
kilometer ofr less: by ttll~ip)iikol4 wit I other have been dlose to f lie- (GA (Itirilig hlis flightl. If
riadialls ill this exp~erimlent, fits radial couild( these two peaks nemrest flthe (G. on tilt-first and
Ile clescribetl ats pasn I liii 4gh tflit- G .A. Ani air- third radialls dlid lep)rcsenif the IF.,% field sIeitclgil ,
craft lierlding tof I1I E'l' %%as malIIintainedl 111litlg~1tit thlen the E.,% had iulappai-etl shifted aibot 17 kill
tile litillx4(lal %.i(iiitý. *'lhe Ilileasil et field strenlgthl ill a I iW (hicuettion inl tie( 2 Ili-iind1( 42 mlini imcit %all

anfd c;l( uilactetl litlaj4 (4111(4tIimet plots ille givenl lbt'teli g flit- tuitrene of1 these peaiks. 'lilt- 4-

in) Figs. 10(c) and (0 . hI'it field stIiclgthi aplwarcd illitIi~lel apilvaralice of lilt, E and H filtl( pcVaks

to h 1wl ata peak %iltiie tf alihrloximiatels 53 d11 al t aon1 the thin d r-adiall (lid 1144 1agree with the i(Ie.Ili/tl
jN~inIiit ab(4it 1640 kill tistanit fioni file (;. A and a; am1i1)4lial miodels in %Isli, hI Ili(- mlaxiiil of E' til-
hearing tof* 2900 1'. 'I'lie signal st rengt h d(lereasecl cidu wit flit mienlimiia of H. mtid sitc %'c Isa. Stit h
to4 it liliiiliial lelVI. which ot u irr-ed moundii~ 81) kill bt'haviil oul (44411 t'slt. liowt'ser. if Ille anti ip)1.(4l
fi-tln iilte (.% Aiat Ihe salic' bearing. then all ini- fields wvere (lilt primallili to signals f~ioll lplt'

IT.ICd( (4tI'llfedl againl until it iiiaxinlitiml signiil (lt11iiiiiiilth, oe(lict'tiicliol.
level wats real hed il t apo4int I I kill fl 441 (thtIle (;..
and at bearing of about 1 W 5 '. 'i hE and H fields ANALYSES AND RESULTS
had coinitidenlt maxima t tl his point; flithe E field
strenlgth %itws abou~tl (if db1. 'l'lie field strengthis General Considerations
followed a1 d 112 pattern ver el ini the intecrsall
f'rtn 411I60 kill 1(o 80 kill wetst of t he (;:%, bilt no(- 1n di(list in~ig Ih lit'.11i1X4laxtil experimenut . I lltre

Whiere clst' did they appear to follow% thlis behasitwo altv sewt'al detfinlitionls diat mlight be. adtipled.
veisý tltsels. I nterfec'lue e tfltcIs cot liId he nitoticedl First (f, alli, there is thet gt't 4g1.ijl)lli illit ils4(le,
weSt of thit (;A. but after fihe alirt raft plasst'tf wlii( h1 is a gemllit'tii( dclfiiititpll Next, af detfiniiitpio

thrlough the 6 :k, suith Iit'lects were 1)141 s44 esililt. £4f theilett- nigiti atitilode hised 4)11 14lmst
'Fi'h E and H fields ajyearled to4 be ill pliast with tpnisidt'ralitons t(miltd Ib. iiiade: for examtplt'. tilt'
eat-h olther tin thlis radiall. Hlie H field stifl'recl area %hitli(I is flit' lifiiit of (4414 c'gt'nlc tof isopllase
deeper iminimna than flthe E field:I separ~iationsi of- contouirs might be defined as thet t'let tltmiiiglicit'i

14 (1f) aid 17 (11 weie notet'd lx'tweenl ac 'ja elit .inltiptxle. I1he dltfinlifioii doltped Iti, this lcot'lti
iiiaxinilif and miiiliifila. 'I'llt lar1gest st-paratioll iitctt't is 111that'(h c'1e tr(4111.glitict. alltij)(tl is tw1he Itatitn
in tht E fiehl datai was ail)(ttlt I 1 (1b. 'I'll( polaii of f lit- Iliaxillillill t'le6Ili( field stlt'igthi 441)5(11 lblet
plot of' Fig. I (() suiggestetl thatl this rlthl l shn nilt in) ihe antipIodxal legion1. Sinne tilh- analysis (it-als
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only with amplitude information. this (lefini- E=K + 10 log Pr+ A
tion mCetns thle most apjprojpriate. A I tither
restriction might be that, at this po~int of' maxi- - 10 logf - 10 log [a sin) (dia) I
mumi E field strength, the H field strength shouild
be at a minimumn value in order to iagree withi - I MI a, d, - I A a, d,,
sample idealized theors',. fHoweVer, this restic- whr
tionl is not imjxose(I sitnceIhe re~al aniflt)(il) hr
situation is not expec ted to fit too) (loselN to E = electric fie'ld intensity iII d(leibels (dhb)
the idealized case he~atse (if' the nonranifoIli rel~ative to I A%./mI
ity of the eart h-ionosphiere wa'.egitid~e. and

alobecause the dletection of athe mi ainim n K =constant (db) dlepetndent uplon ionosplieric
of all the minima in thle presence of' no ise is he-ight
practically impo~ssible.

In the following paragraphs, the results oh- Pr = radiated ixo%%-cr of' the traasmitter- in
tamned f'rom the exiieriment sand the methods of kilowatts (kw)
analysis usedl to obtain the resuilts will hle discu tssed
in) somle det~ail. A =excitation f'actor (luimped loss) in (11

Field Strength Convergence f = t ransmitter frequrentcy in kiloccles/seu )nd

On ev'ery flight, ati increase in nmagnit udle (c

of the field strenthgi Was observed ats the air- a = earth radltus in kilotmeters (kill)
craft approached1 the antipo(lal area.A(o-
vergence effect Was therle'f() (litite ecident d = poation patth lengthI in) kml
at tile antipode of the N PM transmitting sta-
tion. This resuilt is in agreement With the I-e- M = maganetic directional paaice (dimniasio n-
stilts of earlier antipodlal work, tiot~ahlY the less)
1962 Joint experiment of' N RL. NE!.. and IDECO
Electronics, Inc. (5,6). i=at tentlit it io raltte ill (lb per it-lgait iet r (,\ilta)

The mnaximutm E field stn ngthI obser~ed Withi an infinlilely c( ndti( tinrg ctrt h and it
during the experimn11at oic~urred ol (inthe last constant ionospheric height
flight; the value observed was 66 (lb ~abos
1 /AVs'/m or 2.0 mv/il. This svaluec is apprloxi- d, = prop~agiat ion p~ath letngthI in \fill f'r at given
mately tile field strenthg I expe~ctedl ftor one ionosp1 heric height
mnode over at (latiine all-st-awitter p~ath Iif ;in.
asotropic w~avegIjide ~at at tlistane tif Abortl Aau, = ddit ionual iattentiat ion rate in (11/NI fll6 r ia
3(9)0 kml front the sataie transmnitter. t he, fie~ld givenl tvjw of' terrain Witlli fitiite tnlttiiv

strength of 2.0 mv/tn near- thle anti lxxl.ic, %hi~h
is app~roximately 20,000) kill Frotm thle t tans- d., = prt jilgat urn p~ath length iii Mm over ;t
mitter. does letiotnist rate the convergence given t vpe of' terrain.

effect.[he valltes ~asslittied for1 the ~ab ave varliouis

Diurnal Variations propagatiotn lpirainl(ters are givenl below%:
.- hiddiwmal Torrainjf .411enitstjtn Rates

Prior it) thle atctual pen ormamne of' the( ex Iwri- erriAdb\m
merit. attempts were tnatde to cal~tiulate the anti p-
ocl~al field st retigth amnplitudles ~and platterns at Sea water. 0.0)
those tlinmes o)f the dayts at whIich Iit wais pllitmted A\c ~iage land 1.0
to make the acititl tnirntnetnelT1l(1ts. The haisis for Pomt land 5.0
these (~al(tiltiutfins Wias the watvegrtidl( miode Arttj( l~and 12.0
e(1ttitttn ill mlodiftecl foG reenlandl -cecall) ~atid Ant~arcti~a 24.0
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ImimO~p/lri( .4tuinuaiwoi Rate.,* kill fi'q iii theitipa t IJI i. mduf A is thle waselengthI of'

Iooimphv'ric Confldition? aj (db/Nm~) tlw signal in kill. For the' ase uwhere d ý-I kill.

Dayi (h = 70 Am) 2.0 E = - 15.964 - 10 log I + 10 log A
Night (h = 90 kin) 1.0

Magneht'o Dirertitmal Pa ra mpte? 1"5.964 + 10 log A

0.75 -_ M1 - 1.3 = c'uistl~:it (for a givenl X).

The M LM 1 'to M('t'tiflt fSIoWr hit 11011114 iI)t(K il I ariouis prol)imgtion piaths fhoni the traimsnhimt(
lna t'r o f, vIf prop~agaiot1 I In i olg east- west tc- 1 the anltlj)4(Kit' Welt. %('k'4'td. And. 101 ('ithi 11ilathi
tionis inl the ('ard i-jonios dere (a\sity. This fai ictr an attelijpt Was nuide to(1Iahialate the fiekldsint
is a hi litijon of* hie angle hutsmu'il Ihle earll I's from this plath it at a (istatif e of' I kill f oi lhe aiti-
Illagnlietf fieldl andthe p1w pi4lagtioii j)imli aiit ~Ix)1c For viaf It p:101. the amounit (t ' ý,.i 11 t% x of'

dali 111c iol iIospheric attelitult 4ii lt' a1t, ;:t4 di~lg ii erani ssefI wais cotisitfeitt, hellt- ('iitcagt'
Iv. 1he M1 salties its(.ti ill the amiipoIAl tiil(tilitioiis Wiii ( Ii.1 iisilgit11( itbikt' w tei

were average(1 values taken ()(I ths enrn Int 1wurl and1 litiosle ad al wi
propjagationi Iathi. 'I lits( values weic( takeni from, ..iae.Ile 11-lgt11iiinlle
Wait (7). 'The salties of' A wkent tiiktii from Waiit %%is tslil~.ll'(~-liltI isl i l

andtSies( weret taktri ats shaip houndatics, andt no4 (115-
It will be?1 noted( tiit .ml theW~ s't'gui iIt t'(plall if itI tit sit'enigithis iil millivo lts per i' i eter W(' i' lie i

ctfitajils at siiigiilarit% l 'h .alltim)4)fe bec'tause' of' plolted ol it1 a 1)4)1.1 plot (eilt'red lat the antiplode(.
the -10 log [a sin) (dIi) ] tieim. 'This tlifhlitalty 11 As 4ItI 'lsews ian r)tgilt em
be Init' inseiiedilaing tht' field sticengthI r'it a he i' eu4sd s1)'
at .i distante of I kill 1101)1l tile illtil)4dlt a~nd then (rst'egt pasin'ts handitheareintegrated ('bi\ trea

cxtrijNolating 14) filet antipode' As5 5hli55 below. 11A %%;Itstnt't MC() t'siliiINt I die energy~l ai% mc5ii 1

the -10 lo g [a sin (1/a)] terim .inishes if this htpewlc ant t')I hsis aeais af s the energ'l'tef to at

Al I~ kill hI i n is n ip (e tist' Ir p ga i t e ni~is lent itin iharl areal of whlit l I thv li'ditis

p ath L le gt Iis ) li 7 a lii) I l' - li, soo a at 4 h re'pre'set edtt an ef h'u i se fit'ld si r t'ng th at I kill
path ltiigt Iiis (I =I~t) - , so Ironi thte alit il)(lt. fhie t'fltttis alit ilx)(Iil fildd

Ina sitrefgth %%its~ It'eli otlaillt't by' (Xtrapo4laltioll 11sing
a si.i - - aSir n(a) i h' Besscl f'unwt ifn ens '1 pe e'xpression )iis gis t'i

Ihv Norton (3).
1 _1)3t'ise ('al~t'ilatjions indic'atedc that the shlinis'e(

a a ields shol Ix-( 1 highest. lt'e sti uset fitds% II )Iu's
arid the' noon and miidnighit lit'lds intt'iviiiediatc.
'The results are conitainedt in Tahlte 2 along ssit I

llThe'i'tfvli. some14 mieasuirt'd pea;k fit'lds at i iest' s'arhIols filtics
of* day. Po)lar p)lots (If' thet taulatilled aililtijd(al

- 10 log [a sin (ti/a)] 10 log 1 0. fit'lds are gisen iti Fig. 1.
As mas he sceen ff41111 T1able 2, th li' ntasu it'd

The extr~apalaion tl to It' ant i1x)xe (anl be Itpeaks at iltest' \mniots tunecs of' day apparelitls
(tllni)!ishit'(f by uisinig thet expresi'~5on for' fhite followved lithe alt udated dtlii'l lmd ttt'i'ii, allthou)1gh
ensve1lope of' thie Besst'l ui'til Iii, as given h In the' tciit'sirt't field petaks wert' lo'er thaun tho)4se
Norton (3) for at single direction. Th is t'spt5i4 sion is talutt latd. ' ht'se dif''ICIT't's nus'\ resuilt f'i'qli

illattlilaAte tahuilations. 4)1' Ilit' 111i1%' ilii(itcdt
E =-15.964 - 10 log (t/A) that th lit' irtaft nct't' paissedtilmt igh th clt tlt

whiert' £ is the field strenigth if] (9) relatist to tlie' tiotilgi i'tui .11litp4Ithe or' the% navit ,'eslti foin
fitdd st ret'gthi at the ant ip4)It. d is lt'e dIistantcv il ('oibiiqiiiioIli of' both (onildiols. Thle NEII grouiid

5t1.tifn le (I ('4il)riigs leivl lt'e aitipoot' also Shiowed
1n4:mq gIim~i "V)(li, ,~io.thet same tliutial mil vias im~ (9).
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TABI. 2
Antipodatl Field Striengths

Local Computed E Field Measured Peaks of E Field
Ioniospheric~ (db relative II(db relative
0clnition m/r)to I 0&%/m) (rrv'm) to 1 )V/M)

Susemnse 4.23 72.5 2.00) 66.0)
1.26 62.0
1.19 61.5

Noon 2.06 66.0 1.19 61.5/
0.60 55.5
0.53 54.5

Sunset 1.35 62.6 0.45 53.0
0.38 51.5
0.28 49.0

Midnight 1.84 65.3 0.75 57.5
0.75 57.5
0.60 .55.5

The higher fields at local sunrise are apparently the two fields appeared to he in p~hase before, and
dlue to the niighttime. virtually all-seawater out1 of p~hase afier, sunset. T1he E antd H fields did
propagation path to thle cast fromt N PN through not maintain at constant phaise relationship rlts
the Central American area. The path front thle to each other. 0On the third fiight (the first sunrise
oppo~site clirevtioti is also virtuially' all seawater, flight), the E attl 11 fields seemed to he in) phalst
but it is less favored at local sunrise because of its about the time of' local sunrise, which o~ccurred
sunlit condition and hetause it is at propagatio n near thle endt oft he third radial (1510 true heading).
path to the west fromn thle t ransmtitter. Sn~ der T1he E and H fields a.liso) seemied to he in phiase
et al. (9) have stuggested that the clifierence in thle near the ltime of' ocurrenice of' sunrise onl the
amplitude of the sunrise and sunset fields mlaN' he %seVlnth flight. St Inr-ise (Ktirreo onl this ,light
due basically to the n iliiecipri ~ity (at fif ) f near thle enid of' thle seond inladial (3480 truie
propagation to thle east fromt the ýransmnittcr i'.% heading).&

propagation to the west front thle tratismitter, Tlhe changing phase relatiotnship of' E and( H
since he feels that the su nset fields are duie pri- on) the fifth flight mlight lime been] thle resultI
manily to signals propagating to thle we'st fron)tt of nn tile ci kttt-sersn ti Ifeccts ats thle clay-ni ght
N PM to the ant ipode. Thie other pathIs (ountain tiIransition line moved through thle ant ipo dal

more attenulating land masses and are less his-c r- regionit. Thei E anid H fields aipparently' were oumt
able to propagat ion to the ant ipode than these if' phase juist prior to sunrise, hut the-% apparentlN
two path sectors considleredf. were in) phtase dur-ing a nd just after, sunritise onl

If Snyder's suggestion is correct, the slinrise. thle Se entit flight. Tlhis phelot'i( eim on againl mlight
anti sunset fields sho uld he primiarily duie to be expjlainab~le in) tertns of" mode toi iversionl effects
energy arriving fromt a single (Ii ent ion; ther-ef'ore, akt Ihe dayV-n iglt (liSC1tint initV flne.
the E and H fields slio uld hie in phase. The N El. The hehasio r o fthe E ancf H fields onl the sunl-
ground site recordings indicated this behai inr (9). rise, flights indicates that Snyder's suggestion m~ay
Onl the first flight (whith % as also the first stin set -he correct bitt the dlata frontt the sunset flights
ffight), the E andf H fields applearedf to he outit of* art- Iit((is (011(i ltisis e. lIn this case, the N EL.gic ilit

p~hase itear thle t imlc Of h teal stit set. itm %Nih tociiireif statio n daita mnay prove to be mnoie signific ant.
dfutring the set cnd radial (3.150 tritec head ing). Onrt 11 Th ailluatedo antip lilA field st rengi th polar
thle fifthI flight (thle seu mud sttftse flight), smitrset plot i in Fig. If(a) fI ir Ii wal sunset indicated at st irmug

iwnurred aftc-i thle third radial (I 600 truecIteadlinrg): conlipontent arriving at thIe antipode frontm the east
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and a stronger ( to i14rupoeilt from Iirnte %otitheast , It. tlI lt' the ther of~i i c ( lIt oIt hg stgtil i 0111l it

hilt St rf ng signals froul tilie west ild sltI.01itwest gise CliivJti 41 *n or (,lt* ptedol Iitniltt ed. all .!it. rillt

were 111541 lptt'ti~ttt. '[lus test11 i d tllo141 (jIlite hemiliiig tlrmirltl 14) this Ilearing uohilld sield at
agree with Sns~fer's stiggvstif ti. wlttereas the Lutrlý cti stant signal lesel. Behat-l~ot of t his 1Is)

sunlrise plarlll plot [Fig. I hc I shh %ed sirt uAiI' is indit mied bN Figs. 6(d) aind 7(d), Alt I h iugthIlese
all of lith- energy totning from the( %west amid soulth- flights were giiia11% pI('-iti et! ito Ix. 1miati~el to

West. whu~h better ;lgreed withi Snsder'I.s idea.ý a stro mg-signal1 dijiet lUiiil ;1% (IiS4 ssed hlw iw.
It maslle tw lotedl thilt the restilts of the plots ill

Distance Dependency of Antipodal Fields Figs' 4l(I ). 5(bi). at144 501 ) igreed with lith- poLar
ploit (alkt ulaioiis iii Fig,. 1(a) mid (b); tht'ixemirings

As oted ill the fiI wttoluttion. sitIjIIlte mtltiJN)tlal itlitated as strong-signall heaingsll Im the( l~oIal
theory pmeiet its that the censek q of lit- 1 fieldl Jflhts 514m -ds 'itX wlc'td St Ionfg-sigima I hicas~ r (Ill

stretlgil thrc ieSshould vart. as lithe iterse mitllrae the flights, and the weik-sigrtal Ilet-itg ats ini~i-
ro ot of' distatwe d fi 011 the alit ix)tfe, i.e., E tilted bVth Ix l~ia plo4t [Fig. I (ii)] did not sh Is
C d 112. For the idteAli/et tase. the( intltajor (011Jix- lilt, d belmv111iot t'xjit'tel of1 St riog-sigmiil

iient s, its defjined inl the Rata Re-dutit 14n settion he)Iarings. 114 15 VS r. as illdiatmed In tOwi IN)lir Jl4 )ts
of' this rej)4)rt Shoul also1~t5( obteN this t~i~ttionl. ill Figs. 1(t) arid (di), thle (liat' aJ)l4Its ill Figs. 6(d)
Herwe, (helw , ljo~r coml)Emnent I~s tlistant Ve f 4111) the miid 7(d) shouild hase shis il 5troIng-sigilal lw('atiflg

geognigrphlit atipol J I(IV l "c4t sre usetd to 5Vdl(h Ii ehai or. but t hes did not. T his disalgieetiient
if); this tNJX of, hehasior. itiditates thalt the Vxpet ed st riig signatl ft4 )11 tldw

A pcl( , w'I t he hI' mtit tin f (d) = 10 log Idl was 2000 to) 240'1 set' h r at lith, ant i;x)41 was ptlcIapsI)

(Ol)1151 M ruttd ad pietI)id to the tlia jotr tcfl11 f)IlVtt 11ot lnrcstellt.

plo4ts to w'e if' aills, set ti')IIS if' th'se p~lots fit this S'ewrajl of lit-e raiaNIis thirmgh the ai~tij)4141a1
Inlltation. Vsevelal j)15Iolas K irg port iomi thll. ;aI)Jar- region sho54 we'd a d 112 h~ehas~jo to o4 4)llie detgree.

(titls 4hemVl this relai4)n %%ere foundtI the f(d) arlid ploIts 4lf the tahtilatied imiajoi 4111mpoicetit

11111luion wa.is heri(.IhII 4))l then JA)lts. mid1( the (iatat fOr t hese I itli~ils, Al4)1g withi til'f(d) Cut m.,

oirigin1 for f(d() wa-is imltl(iaellc. Ast-eipetedI. the or- art'( shown ill Figs. 40h), (d). anid (If ). 5(b) aind (td);
ginl for f( d) sers seldom1 t4i~nti41ed with the origin, 7(b) mitd (f*): 8(h) midt (d); 9)(h), (dI), aiti 0f)

(the get~grahi4ii il4ntilmile) If the timijor tmini1xmenV~t and IONh. (di), and (f ). \'eus few 41f thles(. pIlts

1)11115. 'I'he fuanctio~n f(d) is Illotteti( ill Fig. 3. olx'-ed tlit' d 1,2 re-lation ovvI the uholc raldial:
All hear-ings fromi thle a ii jixxle Wt'reiV~ e1) x- oftenl (M~ly %el-% stmiia so-~gI1Iillts of, the [)lotls

jitttetl it) show at dI 12 dtl)elitl't)e titie 14o tilt- intitai~m tti Ihis lwhaitvir. This ht'hasi I (4 )ill(]

ill 114)111 gV 11 itý of' t het eartil-14 ilol~t )5 l w itisae- restiu ft o ill tihe Lu tthat tile a ri guIm arsc 14

guiiide. Tihe 'it 14itg-sigtial directionls. Stith ats the fro m whiith the( 4 ii sc'iset signal wiis arlisi 11g

scot~t~ from n te t ransin itt e'r throu11ghi ( V ll tatl hx'tarn more homgenou mtt 11 11 Iv t4it541lss 1)414iogeno'4ils

Allleritai toI the at)tiIxKIt'. were t'x pet td to1 :;. as the( aircraft In: s d through the( anit il)4Itflal
pbsn d I," hehiasion hecatise thetse st'ttios M'C, WI ies reai.
llc~lriv11111 ho )lgt'llt' )tiS anIll 1114h it'(titl iJq)ro Xi- Thie (ltvl~l of'e (Ithe illguiilt set'ttt 41sr %%ishii

Imitt't the ( nlditiom os4f tOlt' itlt'aiii/dt'tl lr tile rece'ived sigmal anrises re4Itiir('s somlie eLab-
han Ilthe otheltr hIaths. Figures 4(f ) midt 5(h) atre 4 ;tat ionl. Bnieflsý, thlis ideal Irtieans I hat . beta list'

t'xaiiijils Elf [)lo)ts 4f' (ltat that we'te taikel from oIf' thte t4)15 tgt'tlt o f the %.iriouts prorlpga-
flights tit~lolg t'Xj)tttet-l stronlg-signlal hearings antd tioitl patlhs as the( aitlipite is ia11p14at hetl. tht'-
shovc thetftlt d "I IN'hiasior. tis't signail is til'he~ Itanil.1t oIf t(olitrihua-

If tht'. Oeletrollaigneit antipoiti(t'., as tlt'flit-i it) tiotns froml Ittlt'r anti moleit paths ats the' oh-
this rejs itt. were at single IN iint. signa~ls artrisintg sterser nios vs t st'r antid tlo~ser 141 tht' allit i N xlt
frvoi tilt( less fas~orahbe ptIJwgiatiotl jIatis mm4lii ive., ats Ilt' 1114154s tlosertot1 the alltmi;Nlft Ile tlt'-&

has%( 14 tim ireilst' faistet tila d 112 ill tilt' ;ltltijIXiLIl suit's( the re.sutiltait signal1 from ll a widl4r angular)

airta; if)i ttaiil th i'atipoxidal fiteld strn'lgthI les el. (list Iihhtt imi lf- lr41m)gati~o IImtits. 'Ihlis idea

Figuite 50f) sho4ws at j)IlE that built1 ili) 14) at jx-;ik has betenI gi~t'1i t11,ililtill'iti4 ill t'Xj)Ite55i411 ill

1114 lIt' qickh Ow hn d V11; t1hs1h', iil of 111 teanl if-t ett'p utan (llt it'tas It-veslh ijwe hn

ex X't ted to bte it st r4ing-sigi'll tliret li41I. 1). 1). ( i rllibe (10)).
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The angle of acceptance 9 is dIefinedI by x = distance front GA to another point (C)
q$ angle between x and CD

-~Cos (0/2) 1 - Xi(2d) s = distance fromt B to C.
From the Cosine Law,

where d is the distance from the antipodie, and X
-*is the wavelength of the signal. Here it can be seen rs=s + x2 - 2 sx cos4,

that as d gets smaller, 9 gets larger until, at d= X/4,
09 2w. Over a range of dlistances front the anti- or
pode where d is large and 0 is small, the angular
sector whose width is 0 may be homiogeneous: $2 + x2 - r2=2 sx (cos,

the signals arriving from this sector would then
obey the d-"1 dlependence. hlowever, ats d is re- Now,
duced, 0 would become larger stih that thc en-
closed sector may not be hornugeneous andl the sin 4, hix and (c54s [I - sin12 4,]I/2
resultant field strength would dlepart front thle
d-11 behavior over at given range of distance cos 4, [I - (hlx)2]"12 .
from the antipode. Thus, as at radial was flown
through the antipod~al region, only a smnall seg- By binomial exp~ansion. (os 4, I - (A/x)2/2. If'
ment might be observed to follow thle d 112 pat- Aix is very small, then cos 4, I and
tern. This idea could also explain why dlitferent
segments of the radial could show d-111 field a'2 + X2 - r2 2sx,
strength behavior, but the superimpo~sed f(d)
curves onl the dlata plots could have different or rearranging,
origins.

It shotild be po~inted out that sliding this f(d) S2 
-2 SX + X2 (S - X)2 2

cuirve along the calculated major component plots
to search for d"12 behavior wats not strictlv cýrirct. from which
Since vecry few of' the iadials actually passed
through thle geographic antipodle, two points (s -x) -- r
B and C on the major comnponent plots dlid not lie
at the same bearing from the geograjphic ant ipo)(le, or
and1 the dIistance BC was not thle difference of the
distances of B and C from the geograp)hic anti- s - x±: r.
pod(e. However, if the radial p~assed very close to
the geographic antipod(e and/or the dlistances Thus, for the condlitioni Aix 4 1, the( distance.
considered were large, this method! of searching betsweenl two po~ints onl thie imajor compotnent plots1
for d-111 behavior was permissible. ~The following was :lj)p)oXinlatelk thle (liflien( e of tile (listaill s
dliagram will illustrate the situation. of' these points front the gCogr'aj~hiC ailtij)(KIde

(originl), ;and thle method of' searching for d 1/2

S C ~~behavior via thle f(d) curve yieldedngibl
J ýerror. F lowever, Figs. 4(d), 9(b), 9(d), and 10(d)

x were plots which indicated d- 1/2 behavior hut
h r xwhich failed to satisfyN thle above conlditionl at all

times because of' ielat ively large values of' A.
GA

GA =geogaphi antpodcPhase Relationships 4Lf E and H

DC a i given pas~s neat GA T\ he lha~w relationships as discussedl in this see-
tion refer to the irelative occurrenc~e in timec and

A = (i stail(e (of clo~sest appro 1.(1 to GA spa~c of' the maxima and iniiiima of' E and H.
r = (listan~c fr ont G A to jphiltu B According to simiple am iipodal t heory, the maxima
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examlel)I' a1 phalse' dilieCrenlt. t' * 41 80' 1%i .1544wsr sd hloil tiu gteogiial)hni aiitipode:ý Ow (1.1t.1 lot tlItst'
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i4)t105111ert' %is~egtiidt' taselw I)% sifhereiites ill flight had d it ' 114411ol 4of .11)40 \111i.Ilclk I 56,1
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Comparison of Flights During 4(c) and 8(a), tilt' peaks (fill 1144 apjl4i to 144Ix

Similar Ionospheric ConcI~tions shlifled I rtltilie to14) hik (It her. The flight p.41141 I)%
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lasi4Ir. tepetitim)ol 4) illlt1i44(Iill paltlt'Ifl. and p445- 14114 the fifthl flight i ,uial ts~selhis 1M)44~11) 4
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douibtful %imilarity in mneasured field strength in than 200 for major jportions of* (hese- radials, i.e.,>1distance plots. as shown in Figs. 5(a) and 9(c). the( two passes missed being p~arallel by more than
Thi seondflight radia! bypassed tegeographic 20". The lack f*similarit y i h asstesle

antifolde at about 1953 LiT: the sixth flight radial and the sAarcity of data points on the sixth flight
bypassed this point at about 2336 UT and onl the radial dlic not allow at definite conclusion regarding

oppo~site side fromn the secondl flight radlial. Ac- the similarity of' behavior of' thle measured field

cording to thle calculated field strength po~lar plot strength plots.

in Fig. I1(b). both of these passes should have heen Sunrive Flight.% - The third flight and the seventh

along a strong-signal direction. Although these flight were perf'Ormed around (lhe time of local

radlials passed onl opposite sides of the geograp~hic sunrise at thle antipode; polar p)lot s of' these flights

atitipoxic, neither of' themi missed this poxint by a are shown in) Figs. 2(c) and (g).
large margin. ()n this basis, somne similarity should Trhe measuredf field strength i's Iistatice plots

have been noted. However, the lack of similarit% for the third flight, first radial, and the seventh

can ptossibly he accounted for- by the 3 hr and 43 flight, third radial, are shown in Figs. 6(a) and

"niln difference in antipoxial passing times. In that 10(c). TFhe third flight, first radial, bypassed the

inters.id, propagation condlitio ns could change geo graphic antilxxde at approximiately 0108 UT

enough to) destroy "nv similariti that might have in at direction of' 290'l'; thle seventh flight, third

existed. lhe peak appeared it have( shifted bv radial. bypassed this po~int at approximately 0537

a4pproximately 32 kinl and in at 2751' clirecttem L.7 in at direction of' I I 0' These two passes

fromt the second flight p~ass ito the' sixth flight pass. showed scini( similarity in field strength behavior.

The measured field si reng~ih z% distance plots The miaximuni field strength recordfed onl this

f'or the stecoid radial if'the sec 4 mc flight and [lie sevent h flight pass occurred at app)roximatelv

first i-clial of' thle sixth flight arte sho wn in Figs. 64 kml allot at 110 IO bearing fr-ont the po~sition of'a

5(c) and 9(a). These passes had tit) similarit% in similar peak on the third flight radial; the third

field strength behavio r. This se~mud flight radial flight pass5 oiccurredl before sunrise, and the

bypassed the geographic antipticle atl aboiut 2124 se~enth flight pass coccurredl after sunrise. so

LA' (aircraft heading approxiniatel% 035'1). and p~erhap~s anl eastes!v shift of the elect romagnetic

the sixth flight radial bypassed this po~int at about iintipol)4ei during t1t sunrise pserioid is indicated.

2056 LiT (aircraft heading apjproiximately 2320T); The third flight, second1 radlial, bypassed the

thus, these passes oiccurredi t, apprcoximately the gekograjphic antipcxle at app~roxinmately 0232 liT

Same time cif' da.Tey passed the geo~grap)hic in at 039'1* directicon; tile seventh flight, first radial,

antipoxle on the samne side, but the sixth flight passed this point atl app1 roximiately 0257 UT in a

radial missed this po~int by approximately 25 kmll 226'TF directioni. The measured field strength vs

whereas the second flight radlial missed this jIi~it distance plot.; for these raclials are shown in Figs.

by conly aboutt 4 kmi. This lack of'simtilarity niav be 6iWc and 10(a). C ompjarisconi of these to padsses

due ito the anitiunt of aircraft mianeuvering on the wvas uncertain (tlme tc) the f'act that they. passed the

setcond flight. Both p~lots show field strength lev els geographic aittipocle on opposite sidles, amnd the

to be famirly constant: such bteI'asior coul~d resul t third flight raidial nmissedl this point by about

from aircraft flight normal to a strong-signal 26 kin: no (-()itclimsic iis regarding simnilarity were

dlirect ion and] would mnake similarity of field obtained.

strengthi pattern more dlifficuilt to detect. Similar difficultie's arose in] comparing thle t hirdi

The. secd md flight, third radial, bypassed thle radial if' the t hircl flight and thle second radial of'

geo)grajl)hlic antipcoxie at appjroximnately 2310 Ui'T the seventh flight. These radfials passed tile geo-

at anl aircraf~t hleadling of' aIhc it I140'1'; tile sixthI giaph ic antip4XICe'onl oIplxsile Sides, with tile

flight, seccmid radial, bypassed this pc iint at apl- se%,enthi flight radial mnissing this jx)int by about

pro~xinmately 2228 UTI at an aircraf~t heading of' 20 kin: moot eovc'r, t he flight pat hs missed being
33(J1'. The measure(] field strength v'S cistanc e parlallel by ahic it 17 0. The third flight radial

plots are shown in Figs. 5(e) and 9(c). 'These passed tilie geoigrap)hic antipode at approximately
passes mlissed hie gecographic aiitilo)d(le cml opposite 0407 UT in a 151'1' direction; thle seventh flight

Sides br cliStauc eCS of' 12 mnd 16 kin. reslK'ttively; radial p~asse'd t his p~oint at app~roximately 0413 UT
the direct icins oft ili' flight pathls differc'c by more inl a 348'1- direction. TIle measured field st rengthi



SRI. mRVORtI 6373 21

v.s dlistant( e ploits for- these twio I aclials arte shown i5t ihutis, it might fte atnti( ipated thai~t tile elect o-
Figs. 6(e) and III((). While keep~ing thes~e uif- Inagneit uanlit tNde "out d be fill-ther west ~il
ferenc~es in the two ratdials in minin. it (4 sld lie satirise thanl at loon i; I hi, Lictt uotl hIxpcihapjs
noiedttI hat thewre wa-is tit al)pincie ivtrlatis e shift expl~ain tlw( shift in jnImit i n bet ween thec peak
in thle field sirength vsi cistattl a patterns. Siumne field st retigi Is (itt t hese thr and1( .iti l ithi flight
these radials f(KI rIed at aji)roiXilliate'lv thew sayne radials.
time of da% perhap~s t here wais sontw indic: at iwl n f, The first flight. third radial. [suinset- see F'igs.

dayy-to-day repetition oif, ant ilx idal field pattem us. 2(0) and 11(c)] shoiid fl air sirnilarit 1 to) tith seventh
However, this -on( Itsion must nec essarilý he %%eak. flight, thirdI radial. [suinrise- see Figs. 2( g and
The ;nilar p)lot iii Fig. I( 0) and1( the simnilar t inues of' 10(v)) and somei situuilarit S to ti1w thiird flight,
041t1FIVtlce of' t he paisses indi( ate that perhaps first radial, [sitoris - see Figs. 2(0) and fi(a)]
some simnilarity- between the t ww field st iength in the feds eiii ~ itteIeisi ,epcal

patterns should have lteen expec ted. in the regio n east of: the ge i)gra;i)hi( antilt ii)(le.
The (EittpaiJsiil(ils inl this se(t iol o(f* thle rein irt West oif' this P )iiit tilie third flight lpat hi had a

are. no't Eifjeredl as definite (4)1)4 Itsioins, hilt otilN diffe.rent (lire(ti( n front the dt(lirec o4ilcf' these
its sttggest 4ills oif* possibilities that mnav he foun itolt her two p)asses: lherefi ne, (4 nixtrisn wais
in the atitialI situt atuion. H-Iere again t he na vigat ional I 1)14e di lH Itil fOr that jx nt io ofi (ithe thirid fli gnt
(liflictiltics have arisen to make valid (4 iml).trisw ns p~ass. TIhe peak field st reigt h ()in the first flight
.111d ((incilusions dlifficutlt ito athieve. radial (i(dttrredl at 1754 UT. and the pecak strength

on the ses enth flight radlial ciccutirrecf at 0539 UT.'.

Comparison of Similar Radials at The j)(sitiont of' the seventh flight radial peak wa-is

Different Ionospheric Conditions apj)roixitnathtt 52 kin at at 100'Y hearing fron itthe
po~sition of' the first flight radial peak. lrrirt the(

A cottilirison of simvilar radials flown at dif- predi( ted field strength p~olar 1jdots fot sutnlset
ferent day an(] night (ondlit ions along the( vario us and sutinise [Figs. l(a) and (()], it might be
prop~agit ion l~at hs was atltemp)toed. atndi a few exjwIect di tat the elet, t !omagnetio, ant ijn nle %oti111(

similarities in the fieldl strength behavior were he farit her east at satinset than at sunrise becallse
noted. of' lower ((fit ribittitins fromt western set4 irst atici

Trhe first flight, second radial. [suinset -see higher c4)nt rihittions fromt easterl-I and slt nth-

Figs. 2(a) and 4(c)]. the third flight, third i-a hial. easterly- set-tors at sunset than at sunrise. 14Iwei ('I.

[stinrise -see Figs. 2(() andi 6(0)]. aid( the fo.,irth atl ho~thI saunrise' and suinset, the antit )(ipoil fields

flight, third radial, [noon -see Figs. 2(d) and are p~robahlv sut ject to mode con version effectIs

7(c)] shiowedl somne simnilaritv in the field streng-th (tlue toi the da%-night transit ion line and its mo tioin.

vi distance behas ior. The third and fourth flight These efle ts 111a1 explailn wht thle sevenythI flight

radlials camei %erý- close to the geo)grapic~l( anti- radlial peak oicmurred eastwardl for thle first flight
ixode. bitt the first flight radial missed this ref'- radial pe'ak. .As will be po~inted ott later in this re-

erence po~int bý. abonitt 26 kin; theref'ore, a UO)1n- po~rt, the seventh flight. third radial, had two dis-

1)iarisoni of* the first flight radial with the oither tinct field st iritigt h peaks which again 44 nild
twoi radials was less reliable. The field streng-th po~ssibli Ix explained as the resuilt of' tri(ic coil-

peak onl the f'tirth flight radial wats shifted by %ersion efhct s.
aj)proximiatclv 30) ki it at a1I30'Y hearing relative These (4io jrris4 iisns, like those of thle l)tt'(((i tig

to the po~siticin of' the field sti-r ngt h p~eak onl the section, are not offered ats ((incluisions but ats sutg-

third flight radial. The third flight radial pe-ak gestions; the%- merely represent attem p~ts to gain
odea-trred lla 0954 U'T. Froin the cacltdpolar soime idea 4 f' the relative antitiolal situtitoins at

plots for sutnrise and noon [Figs. UOc atnd (di)], it variouis timies (if dayv.

maN be seen that it stronger- signal was expected

at the antiptode fromt the westerly sector at stin-
rtse titan at noon; also, at noon. larger -otitribut- Departures from Simple Theory
tions were expectecd front hearings, of' 09517 and
1 48'1 than ait suinrise, when most of' the energy A couptlle oif' itemys of interest c-oncerning the

was expec(ted to ariefrr ct %baigs. data were nciti-ce-l in the analy-sis; these were itemns
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that represented deviations from the predictions from four different directions. The signals areJof simple ideas about the antipode. all vertically polarized. The E vectors are normal
The first item concerned the separation of the to the plane of' the paper. The numbered arrows

major components of the E and H fields. As ex- are the H vectors, anti the other arrows indicate
plained earlier, the major components were com- the direction of propagation. If the field is inea-
puted quantities based on two interfering signals; sured at points where situations I and 2 exist, and
in the case of two such signals, or for the idealized at intermediate points, the phases of the resultant
antipixie, the major components of E and H E and H ficlds may vary in some complicated way.
should vary in the same way. However, on some and the calculated major components of'E and H
passes, the E and H major components followed may possibly not vary in the same manner.
different patterns. This type of behavior was par- The second item of interest concerned the ap-
ticularly noticeable on the first radial of the fifth pearance of two peaks in the major comipnents
flight; the major component plot of this data is on some of the radials. This phenomenon was
given in Fig. 8(b). This phenomenon might have quite evident on the first and third radials of the
been indicative of a somewhat complicated inter- seventh flight and on the second radial of the
ference pattern, fourth flight. Plots of these effects are shown in

The calculated field strength polar plot for sun- Figs. 10(b), 10(f), and 7(d), respecti elv. According
set at the antipode [Fig. I(a)] indicated about four to the calculated polar plots of field strength,
strong-signal directions. A complicated inter- these radials were all expected to be parallel to
ference pattern could result from su(h a situation. the directions of arrival of strong signals. These
For example, consider the following simplified results could have indicated that a single antip)ode,
situations of four equal-amplitude signals arriving as defined in this report, did not exist at these

SITUATION 1: E VECTORS ALL IN PHASE

MR

H22 
H

143 MR : RESULTANT 14 VECTOR

SITUATION 2: E VECTORS 1800 OUT OF PHASE IN PAIRS

H 44144

N 3HR

142

NJ

HR : RESULTANT H VECTOR
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tilimes of, dlay. sp)ec'ifically Jimt aroundm sunrise and in which tilt d 11 h ILIha 14)! as pt'edi lI d b)' Notion41
att Imalh 114)441. These pill n011Cfiett (Mild1( also have (3) is observed. PIre-exiieratiielit (alt( tahtillos 441 Iflie
indicated that til w .111ip)(lie is not f x'ali/ed l4ioinlt a/imuIt hal (l epenti(eti( andc attijlittildes 441 the
as in thle simupletiw models, but mas' be spread outi, signal.. lot irl( 11 %ati i44 titmes of das', ate in] faiti'
i.e., alit ij iclal efico is miay he obsersed 4)s'er at agreementi wAith the ObSersed dint na1 a;t'i.1it H 4n
large area imiiitecliatelvN ai'outiiicl le geIgrajphic of* field strtength anid ihe obsiem-d( lte i)iSof

antipomde It wits alts( jx)(ssiblc that i lie aiti raft artosi I oll s1trong signals. although I lle obes'e~lm
missed tile electrIomlagtictw( ant ipodie hilt passed field st rength1% are lower thani tho se pt edilted.
thrlouigh two field strength maxima in [fthe ait ip- Thiis resuilt is atlo 41her %'rific at ioll 41 0-v wa~ egilidle

txal icinty Tu fhe two peaks onl thle seventh flight 11)4l( Cd (IlliatiOili. The antitipo dal c alc'ulatio ns used
rdasilstinlise co)111( p'455ilbl1 arise fotO tiIransi- were iialde in llt. Marc I963; if mocre re ent %;aluit(.

taýlhi effects ats thle sititlise line mloved throuigh thle of1' file propalgationl paramieters had1( beeni ilsedI,
antipoxial regrion. jprodtiing m1)4Ide (04vtlVFi~tlt thle alcul lilt ion 4%would ,bNbbl ield (lifleretil
effects and adlditiontal interkerence phenomlenla values closer inl agreellietit to) exjieritiietitallv
intilte ;Initlxdallwlcfild pattern's. measured resuilts.

It is nio[lt xssil)le to4 uolicltisivcli State that flie
aircraft ever act ally passedl through i lie elec I 14-

CONCLUSIONS magnetic atitij)4 ie: this fac Iwould1( also i1 '4litll
fo(r somle of' the disparity' between thet meiasured

Wile?) actuial worldwide propagation contditions and the calculated field strengi Ii p~eaks. Thie 1,eak
are co4nsidleredI. clifferemces bet ween the real valuec (66 ( ;lb aovc I mi' rovolt per meviter) (41)
antipd4(ial situnat ion and the idealimd( mod~xels scrvedl onl the third radial of' thet last flight miaN
(assuiled in) this rpItcxlt) shouild not be I(44) sur- have actually beentilte elect ro)illagnet ic antfi xlc'A
prisulig. Because of' slich1 fa.ctors as the differences ats defined ini this rej.x~lrt. butl this cannti he41 defl-
in cday and night io~tiosjpheric' heights and atl- nitelv stated.
tenluationls, thle cdifferenit at tenulation rates for The appearamce of" miultiple peaks in thet moiia4r

various terans an th 51e~rct o'es- (oliijiclents O 0111 soeradlials and lilthe sepiarationl
tO-Wtst Ips west-to-east p~ropa~gat Hion. the? earth- of' the E and H ma 'jor c'onip(nenits 04!) variot4is
iotiosphere cavityv is c'ertainll1 ain inhomoge- radlials represent dleviat ions1 f-otn t i.e simtipler
tieo!s. anisot rOjic' wavegtiie. Since the sunrise icfeali/ecf tmodels of1' [lie anltipxlde. 'Ihesc etlec Is
and sunlset liles are colitinualv1%1 movinig ;tcross suggest thatl thle teal aift ij)( 4d is 11101 ilec 4111 4leX
the face of' the globe, condit i 411 along tile various than the simuple models. The multiplle p~eaks mndi-
p~rop~agationt paths to4 thle antipodec are conIttinuially (-iatc' that thet electromagnetic' alit ipo)(le is perhiapis
changin~g. Thus, it wotil(I seetn- that at n()listatic' not at lo(walizecl pomitit anit ipj(tdl elfet ts mlight be
antipodlal situation is generated in which the field mieasurable over at large t'egriot imnwldiateli str-
strengthus, phases. and field pa~tternis are %;ariable rounding thle geograp)i(' antipodle.
with ltile. This cotichit ioii (o4)itribittes to) thle co44t- It is feclt thlat thle ait( rah datla are not stiffiit Is-
plexity (f' the datta analisis. good 1to permit calcuilat i4 ns of' attentiatilit rtaes.

The analysis of' thle data is fur-ther comlplicatted Ill performini~g such calculations, the f'act that the
by ll' navigat iontal difhi(tultics elic uolitet'4A. For signals may' be arti (inover mutpl athsinta

examuple. for)t t he cLitai c'ontainled in t his 'ejxitt of 4)1 sinigle pathI tiluist be con)tsidleredl; tilie inholn~o-
unC Cr aintiiS inl airc u'afl ) t X)ioti~l WeN proba)ibly geneities ill t lie paths andticlte diffeCrences ill Ille

* cont ribmie to errors it, the plots of* field st rengthi paths for diffeCrent angular sectors at thet anti jxide
v's dlistatice, and inli 11w tesui Its deni~ed f'rotm these m~as' cause diffracition effects. These cliff ractiE )t
plo0t s. effects and the interference of' tultiple signals

InI spite of' these difficulties, some coic lusiotis make attenluation rate '~iii tiotis difficult.
regarditig the antijxxlal sithtatioti ate jx)ssil)le. Comtpar'isons of' jx-ak _ ,tal stt'engths o~btainedl
IXefinite convergence effects. stich as sigtial o)11 simiilar tadials, flown und~er simiila4r propaga-
strengthi increases and int erf'erence phlenomeina, tion 4c (onditionts anid under dlifferenit prop)pagat ioni
are obser-vable (41 evens' flight: several radials condlit ions, antd at st tidy of' thle i uldividua Iflight s
flown through thle ant ijsA al area hase poirtions grive 54)tie itidic'atuions that thle jxisit i4 it f (4 Ihe



electronhagnetic ant ilmt(or oiarie% wi~h lttle. For atck towledged. The autihor also uisles to thaiiik

peaks is indciated. at midnight, thle niotion seenis R. L.. Sc hatier, fo(r v'.ltiabl)e ,Issistallote andtc distiis-
more westerly; a( sunrise. the mlowilemen app~earS 51015 ill tile. I)roceSSilg .iiicI ,ltta~riSt'i of* thci. (itla.
to be easterly or- northeast('rtv: at noon.if drift
direction cannot be asctertained, buit in the period REFERENCES
front sunrise to nloon, a~ll easteris tlmotio n seemls
to oMccur. Duew to thle chan fgintg j )( I ).gati ilif (2hd i- 1. ~4 c 21 A~ ~c i 2

111111, at moi(vementt (of' thle e;eut roIlla~gnvli( anitmlt)II' RuiiW%2.p.R a. ir % 1.6DN.2:1321

is ex pect ed. Since it is Ill t (c tdill t hat file aliic raft (1611

ever passed t h rouigh thle elect l01MImagoetc anti- 2. Nm it 22 K.A . "Ii .22iaiwili off Ioo, 2i%%12 Raidii, Pwpagj

jtiode, it is not podssible to desc:ribe thfe pathI or i'i]I. NtIS I thi itiji .i Noti \i. 12. li 2tit 1959

extenlt (If this motion. The aissumect movemenefts 44'~ 3. CIlbe D.D ii tii 1,14.I itl ( )-Im *i the i) I111d

these similair fleaks atre shown in the 1i liar plot1 ta.nt-%. /. Alm i.~i..ni Iripr~t Ph/il. 12:1100185)

It m(itii 1 apjpealr thait alit anil i 1 da ex jM'li 11W I. . . "Reloo2 *il ~,if litaium s Made2 % .2 4111 S~ignal St h2Iiiat I

of' this kind1(, with) (jila gailIi e ed 111111 at 12It) i le .22 (a*2iii I I ti vs22 DI i li in 19'22 m2idt 19231 b 22 ti t l I-iitli

receiver, (contalins too) tnanv incleterotitate Setif ii,.t)% ,2i.. I,rii i Ftlgr.. rI-we'nd,m 63:933-10111

variaibles. (onfintimios montitoIring ()I' thle anttijlmodail 195. 22221 WL.an Rlifl,ac. F.J.. itS. N.t ata Rewaidi 2
sign als frc 111 groi.(11(-ha sec receiving sites. of'wh It Ic h po i~i . Bitk ~*. j.I. ail PIhish R .W . 'Ai.2%mcii
the l( Isit i( ns rle it ke tc, thle geo grapfhic antlt Nle Ailmliiffe tt .2121,411iitii lot Ow AII22 N'l t i M 1.2 4~1% 4A it .VIT

are known, woutldI probably' vielc moIre ineaningftil di~ii~ . aw joewe ate'itt .2 xii 92 ~ill IRS!
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