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ABSTRACT 

The feasibility of accomplishin~ hi~h fre l~2ncy ~irecti J~ 

findin~ a~ainst short duration (1 02 -1 200 ~s ) 37 s~7wa ve 

si~nals usin~ narrow a?erture antennas is i nve sti ~ated. T~o 

statistical nroced~res for esti~ati ns the signal cearing ~ re 

proposed 3rd co~pared. Tnese ,rccedures e~ploy time avera ~ i ng 

to red uce t~e large inst3nta~eous bearing error caused by t ~e 

phase ani a~plitu~e distortio~ of t~e ~avefront d~e t c 

scatte~ing 3nd mu lt ipath interference. Results are fresented 

usi~~ data cnllected with the Southwest Resear:~ Instit ute 

Coaxial Spaced ~oop 1?DF system. It is s~own th~t ~ c~ a 

li~ited s~m~le of iata f~o~ this syste~ t~e st andar~ 

feviation of t~e be~ring estimate fer a 2~0 ~s si~nal varied 

from 15 to 59 ~egrees. 
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I . I ~IT P 0 DU C 'r I 0 :,J ------------

A. rilSTORY 

:-: i g h f r r=> q u e n c y r a i i o d i r e c t i o n :' i n d. i n ;; • a b b r e v i a t e d i :1 

this re~ort as HFD F. h as been a topi~ of i nterest si~ce t~e 

first ~ses of radio. T~e scie~c e of ~F D F has developed i n 

spurts a f i~~e~uity a~ d need. Tne aivances in elect~oni: 

devices a~d the more accurate modeling of 3F propa~ation have 

teen i mpor tant steps to developing accurate EFDF systems. 

However. it has been mi litary necessity that nas S?urred the 

most i mpo r~ant developments in t his field. T~e greatest 

conce:1tration of published li teratnre on tnis su"bject resi ·ies 

in the tech~ical re~orts published during and in t 1e decaae 

after Norld ~ar Two. 

The major stuiios of R?DF have dealt with t~e p r oble~s of 

polarization of skywave si gnals. the effects of multipatn 

proua~~tion, the statistics of g~ propagation throush the 

ionosphere and the develonmert of dFDF a nte~nas and arrays of 

antennas. An i~portant distinctior has develoned fro~ these 

studies. There are t~ree types of HFDF antennas: 

aperture. (21 rnedit:rl aperture and (3 .1 narrow e.perture 

antennas. jhether an antenna array cc~n~res pnase or 

arnpli tude. thP P"'irrH.r:r measure c: p:!.'cble"ls attenda:J.t tc its 

accurate 0peration is the width of its ape~ture. T~e ter~ 

12 



aperture in this paper refers to th e li ~ear s~atial exte~t 0 f 

an antenna. n0t to an area. The u:1it of measurement is either 

meter or wavelength. If the aperture is 0~ the or der of one 

quarter o~ less of a wavele~ £t ~. it ca~ be c onsidered narr c~ 

aperture. and it s u ffers t he .o;reatest r_umber of difficulties 

to achievin~ ~ ccu rate di~ection fin~ing capability. 

D n r i n g i;J o r l d 'ti a r T '" o t h e .f_ll i e s e x p e r i e ~ c e d c o 11 s i d e r a b 1 e 

success 'lli t~ the land based medium a1d wid.e ape rt 'l re syste r. s 

ane. not uneY,ectedly. limited s ucce ss wit h na rrJ w a pe rt ur e. 

shipboard ~ FilF syst ems. One of the majo r tar Je ts of the 

shipboard 2FJF syste ms was Germa~ s utma rines. As impravene~ts 

were mate to all types of E?D~ systems. the subma ri ne's 

transmissio ns became more and mo re vul~erable. In an effort 

tc maintain c o ~ mun icati o~ s and t o tnwart ~FD F s7stems. t ~e 

Germans sh 0rtened t he duration of trans~issi ons t o l owe r t ne 

probability t h~ t the transmissio ns would be interc ep tec ~~d 

s ~b se quen t ly l oca te e by 2?D?. A highly effective mean s J f 

shortenin ~ transmission ti me wa s t1 re co r d the informa ti on o~ 

tape an ~ then to trans mit v ia the radio at a much faster 

?laybac~ speed. ~hen ttis ~e thad was coupled with t he 

practice of ec on omiziE? on th e amoun t of in: orr r1 atio n se nt. 

si~nal du rations were s~ortened by more t han an order of 

magnitude. A U- bcat e ~ ployin~ s uch measures was appreciably 

less s11scepti ble to RFDF. 

The problem of locati~~ a s~ort duratio n signal re~ai n s 

13 



t o d a ;r • I t i s s t i 11 a. 8 c m rr1 o ;: p .,. o o l em . ever. '.a/ 1:1 e r. t ~ e t a -r g e t 

twan s ~it t er does rot attempt to comp-ress its si ~~al. I n 3 

tac ti cal situatior. it i s typisal that the commlinicatior. net 

control stat i on. usually so-1 0sc-1ted t:J.e 

office r- in-tactical-co~man~. ~ill act as a broad.cas ti ~, s 

stat i on . and the outste t ior.s will ~ o t trans~it or will only 

tra nsmit a orief sip~al. I~ t~e case o ~ ~an~al ~orse ti is 
,, tf ,, 

sign-=tl ra;v "c.e an T" f 0 r rc ger ·ro1J'r last t:-ansr:Jissi o!' . . cr 

in the case of tactic3l voice c omn~n ic a tio"s t ee ou tstati rn 

1.v il l 'brief l ·r key t~e ~icrophore. I~ eitner case t ne 

tra nsmission ~ay not last l o n .::-~e '~" t o ~ z z. 

mill i seconds. 

The r apid of co~~unications has 

si~nificantly increased the ease ~ith which a burst si~nal 

can be ~ e n erated a~d r e l i a b l ? ~ e c e i '' e d • G i v e n a d i ~ i t a l 

pulse of duration t an d a t o tal si gnal du ration of T . 

the r e is a si~~le ex~ression for the a ~ount of infor~atio~ ~~ 

b i t s that can be t ransmitted. 

I 2 3 4 N n 
1~""~~~~~"~-----T ----~•...,.i 

?isf;ure 1 

Partia l s hort duration signa l bit stream 

I f t he nurr.cer of tits is N . then. t~=~/2 t. 2t is 

11 



approximatelv t~e reciprocal of the bandwidth; t ner ef ore, 

N=(T)(3~). a'proxi~atelv. In tne high fre~ u enc y ra nge a 

b2ndwidth cf 10 ~Hz can be readily achieved. As a~ exa~ple. 

if B~=lr khz and T=5 ~ Z ms. N equals 52 00 ~its. Five t no usa 1d 

bits is sufficiert to provide cor.siderable enc oded tactic a l 

iPfornaticn. ~7e~ i~ tne si~nal du ration were li~ited to 2 ~ e 

~s 3ni the fi~st half of the signal dedicated t c alerti ~~ t ~e 

destinatior recei v~:-. there •..ro n1d. remain 102g bits 

inforrr,ation. At five bits per s ;mcol a nd a1 a vera5 e of five 

s ym b o 1 s pe r •,; o r ri • t h i s w o 11 l d a 1 l o ·~r f o r t :r ,,, o :r d. s t o b e 

cc~municated in t~e snace of 2 ~ ~ ms. For a s h i n on a covert 

thirty day patrol sendin~ a sin~le daily status r eport via 

rt:.rst comm1·nications. the total C0'1Vnunic a tiorcs trans missi cr 

time woulri a~ount to sir seconds (ab ou t tw c one Millio ntjs of 

t ne pat T'nl pe r iod ) . 

To date this a u thor has not been a b le to fi~ d 3~ Y pas t (r 

current research on the ca paDilitie s of H?DJ SJ St em s t 0 

eYploit sh ort duration si ~ nals. This is ?robab l; d ~ e t o 

several reasons. The pri mary r easo~ is that HFDF en g i nee r s 

are still absorbed in t~e more tasic probl em of i mp rovi~ ~ 

2FDF against medium an d lon g duration s ~yw ave si ~na ls . 

7speciell7 in the case of narrow anerture E~D ~ a n t enna 

syste~s. there re~ains considerable ~ee d f or i ~p rove ~e n t. In 

the case of •o~ide aperture ~FD? antenna s y ste~s, t.~e prob len 

of short duration signals seems to be tract3 ble. ~ow ev e r, 
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there ~aes not appear to exist a co mpreh ensive study 

addressing this ~roblen, and to c~nduct s uc i a cantrollei 

study of sk?wave pr~pa~ated signals would be e x~ensi ve. 

N otwithstandin~ these diffic ulties. the short du rat~on signal 

could easily ~eco~e an acute tactical problem f or the side 

that carnot ex~loit it, and the pro b le~ tneref or e deser7es 

i~mediate atte~tioD. 

B. PURPCSL OF TSESIS 

The general question of interest is haw g~od a~e existi1 ~ 

fiFDF systems at deter~ining lines of bearing on sn o ~t 

duration si.sn.als. Any con~lete examinatio~ of an ,:f'i'T"\;;' 
_ ... - j./..1.. syste:n 

requires one t0 in.vesti gate the characteristics of eith~r 

·w i d e r; r n a r r o . ..,.. an e .,. t u r e c. r. t e n n a s . A C. d i t i o n a ll ; r , o n e ::it: s t 

exa:-1ine the pr ob lPns of site location. si~nc.l acquisiticn 

SJsterr. ""eceiv e r dP r'lod.~J l"lti on , te~~inp s ens e circt:.its anC. t .:1e 

noise envi~onne~t. ?erfornance m~ st als o be de t ermined fr.,. 

gr0 1Jnd vers11s sky·wave and mu l tipa t1 ve~s u s si n;sle p:t t .:-1 . Tnis 

•,.; D u l d t e a n e :1 o r m o r s t a s k i f a ll c u ~ r e n t H F' D F s :r s t en s ·.v e ,... e 

cnnsidered. The scop~ o f this effo-t is r~ch more rest~icte1. 

The purpose of this thesis is to investigat e t he nean and 

variance of tearin~ estimates for s ho rt duration sk;wa ve 

signals received with a narrow ap e rtur e HFDF s ystem . Several 

statistical p~0cedurc:s are develope d an. d c ompa re d wit h tht: 

15 



intentio~ a~ discri~inatin~ between relia ble and u ~relia ble 

data a~d calculating the test bearin~ esti mate fro~ t ne 

reliccle 1ata. 

The prchlen of ho~ to acquire a snort du rati on si~nal or 

how to interface such an acquisition syste~ to an SFDF s1stem 

Nill net be aQdressed in this re?ort. 
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A • H I ; :: F?. F Q U ~ \l C Y S I Y '!l A V 'i. C H A :\l 'J .2 L 

is t~e region rro~ t h ree to thi ry 

IT egahertz. Its corple::rit7 is dne t 0 .,.,a::.v 1a t ural pnenc:~e;;a 

·~.r~ich a re iY1ter~eJ>?n0ent, 8 0~:p l ex i~ t he:"'ls::lves. s o1e poorLr 

underst ocrt. c os~ ic an1 ricrcc o s~i: i~ e xte~t 3ni diff i c~ lt t o 

measu~e . Th e p~i~a"y so mp l eritv ~ o " th P qFJF e~g ineer resi~es 

in the i oro sphe re. ~he io ~0sp~ere can b~ considered 2~ 

inhomo ~ eneous plas~~ t hat sur ~ o ~ nds a sphere o ~ finite, ~~ t 

variable, c on1~l ctivity a!"ld se par-3.t~s t he sp he re f:- cn. :ree 

space a:ld. sclar a:1 d so1..1rces o: 

d ist urrances. The ion os?here has bee:1 . an~ co ~t~~ues t o bo. a 

subjec t of consid era ble research . aefe r ences 1 t h r Ju~n ; are 

a rich ~es ou r:e of in~rJr~at i o !"l en the i o~0spne re a~d r esearc~ 

reports are adde1 monthly. but th P scrpe of t~e prob l e~ is 

i mrense. To predict accnratelv ionosphe"'ic cor.ditirJ.:! S, o:-,e 

rr:ust be equ ipped ~i th no~e tha n the phvsics of th e 

ionos phere. The physics 'rovides t he eq uations o f tje s yst er. 

tu t the for c in ~ fun ct i o ~s an d the bo un~ary conditions nust te 

s ufficiently me asur ed to f or e cast accurately. 

The f o rci~g f~ncti ons are tne solar flux, g ra vi ta t i o~al 

wave s, ~eether r ela te d dynamics and t he si~~al of int e rest. 

The ionosphere i s us ual ly no~ele~ i n t e r ms o ~ e l ect r0~ 
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conce:1trati on.s: which a ffect t ~e 

concent~ation 0 r t~e excitati on 0f t he Pl e ctrons i~ive t 1e 

system. The solar flux is ,rimarily a diurnal p h eno m e!lo~; its 

i~pact is stron~est in tne ~orti o~ of t~e plas ~ a ill~m iGate d 

b y the su~. This ~lux is ~ade uu of electro~a~netic e:1er ~y 

a!ld strea[1ls o~ particles. I n the case of S11!1 s:;Jots and solar 

flares. t~ere are often inc~eased eMi ssi ons t~a~ tend tc 

disturb the n ormal struct r re of tte io~osphere. t ?er~aps it 

would be ~c~e accurate t o state that tj e t i st ~rbance is to 

our Model of the io nc sphe~e. ) fhe solar dis t urbance evolves 

in thre e st~ ges. The first is tte i mpact of elect~ oma~neti c 

energy in tne ultra violet a~d x-~ay ~ a~~es tnat :a uses a n 

increased ele~tron co~cent~ati on i n the l o~e st electro~ layer 

(:U-layer ) . ~he second effect is the a~ri val o:' hL,; h e!ler r::t 

protons and alp~a pa~ticles that als0 increase the J -l aye~. 

The duration of the disru,tions d~e to these t ~o una ses is 

li~ited tc several hou rs. Tne third phase is t1e ar rival - ~ 

low energy protons an d ele c trons which sjo~er the ea rt h i!l 

patterns ~ olde~ by the ~arth's ma~net i c fiel d . I n this p~ a se. 

which ~ay last as l onr as several days. the ionosuhere 

experiences m~~netic sto~~s. a n increase in the D-l ayer. 

sporadic ~ ond itions in t~e next hi~her ~-la ye~ and tn e 

spectacular a u ~orae. 

Acousto-~ravity waves constitute a f o r cin ~ ~unction of a 

different sco]e. Periodic variati ons in tne i ; na~ics of t h ~ 



Earth-moen-sun gravitational syst em and isolated, anomalJus 

g ravitational act1vitv en the Earti combined with i? accustic 

1.o~aves ~The fvlt. St. !-:elen er upt io n ·..:as a rece"1t sct:rce cf s·1ch 

waves) exert forces that di st ort the ~ene~al :8ncentri~ 

spheri cal form of the electron pl~sma lajers. ~he distortic~s 

are not only static. Traveli n~ ionos,heric disturt3nces a~e 

not uncormon, an d tjeir effec t is t o create a do?pler sni:t 

on tra~smitted signal s . If the ionospheric dist~~bance is 

tilted. the ra y trace of a transritted si~~al will be te~t i~ 

azimuth. 

The thir1 ~enticned forcin~ funct i on is the weatner. Tne 

dynamics of the weathe~ a~f e ct t he p~ess u re. t~e tempe ~ at~re 

ar.d the ~i Yi n~ of the at~osphere. ~hese th:ee fact o ~s in t~:n 

have a si ~ nificant imp~ct on the electpon c c~centra tions. 

particularl;T t~e c orcP.nt ~ati o ::-ls at tne lo~ .. r::r altitl.!ies. ·~ne 

weather is also a ver y i mpo r tant :a~t or in hi~i ~re q~ency 

ran ges be ca~ s e it is a noise source. ~uch of tje hi~h 

freque~cy bac~~round noise is att ri bute~ tc th un~erstcr~ 

activity which is c ont i nua ll y occ u rrin~ a t scme point on the 

Earth. ( It sho uld bo note~ that ~0st of t ~e elec t ro~agnetic 

energy cf a t hunderst o r~ is in th e VLF 

~anma1_e signals a~e one O! .. the srn-3llost f or ~in F: ~,meti e rs 

acting on t ne ionosphere. tut they are na turally of ~re a t 

interest. The target si Rn al iniects itself into th e 

ionosphere; it operates on th e io~osphere ~~d is o~erated on 
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cy the i ono s;>h e re. The StlH~Y of tQiS interacti on h3.S lead t o 

a d escri]tio~ of the chan6e of trans~itter ante n~ a 

polarization to elliptical po lari zation. th e phen o~ ena of 

refracted high freque~cy waves. ~ultipat n interference i nd 

the concepts of rrta~i:num useable : reqt<ensy (f1UJ), lo•.-iest 

u s e a b l e f r e a u e n c ;r ( ~ n ? ) a n d o p t i rt 1..:.m w o r :.;;: i ~ ~; f r e q u e n .: J \ :' 0 I' \ . 

The ionos phe re is a system ~itn larg~ly fl uc t u ati ~ g 

boundary c onlitions. ~he surface o~ the Zarth is tn e anl; 

boundar~ that can be considered fixed ~ith respect to dail y , 

seasonal an1 eleve n year solar cycles. Other t oun dary 

conditions ~re nuch ~ore dyna~ic. Of tnese. the layeri3g of 

electron conc entrc.ti on s is primary . The i::1ner two layers , J 

and ~' whic~ are mostly the res ult of s ola r eiectr o na ~ netic 

radiation have been ment i oned . ?he cute r layer. F, wnicn 

often is subdivided into an 71 and ~? layer is relativel~ 

~ore stable. It ~e~ain s w~en the ~orticn of the ionos?here of 

irterest rotates into the sola" u~br~ and tne D an d ~ l ayers 

dis per s e . The J an d E l a •re r s d u r- i n.s :l e. y l iF; n t a.,.. e r ~ s pons i t 1 e 

for the non-ieviative att enuati on of ~ u ch of the B? spectr urt 

of interest (3-12 MHz' . The dispersion of the D and E layers 

permits the ~ la7er to become a virtual reflector situa t ed at 

altitudes t vp ically frc m 220 to 4 0J ~m. ( ~ne actual ~ ec hanis ~ 

of propagati on throu~h the F layer is r ef recti on wiicn C6n t e 

modeled as reflectio n from a virtual hei ~ ht ~rea t er t1 a n t he 

actual zenith cf t he "bending ray. ) F pro~a~atio~ o p e~s up t ne 
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evenint; air•,·ra"Ts to l0ns dista!:.CE cor-::nuricatior:s anC. e.ttenda rlt 

long distance qFDF in t~e 3-12 MHz ra~~ e. 7or t~e en~ineer 

this is a ~ixed blessing. 

The H?D~ en~ineer's interest in stywave pro~agatio~ is in 

the difference tetween the direction of ~rrival of the ta r c ~t 

variance of t~e ~eas~rements of the ar6le of c rri val . Asi~e 

r~o~ the equ ip~ert li~itatio n s 3n d site lo~atiar: ~is:o~ ti o~s 

and ~eflecti~~s. rany rf t~P errors ard va rian:es t~3t nee1 

to be ~es olved to i~prove DZ are due sol ely t o t t e 

ionos:;~here. 

In the evening, targets of interest i ~ t he 3-12 MSz ba nd 

can be exnloite~. but there is a consii2rablJ g reater ciance 

of interference from other discrete sour ce s or frJ r;-; general 

noise sources. Additionally, tnere is increas ed co mp lexity 

when si gnals ro u tinely arrive ~fter two or t hree , . . . .::ops •t::J.::cn 

correspond to maxi~u~ distances of 2 02 2 an~ 12~LJ ~~. 

respectively. Over these dista~ces the er rors an~ 'lari a~ces 

due to intereference, fading, tiltirs a r d sc atteri n6 i ncrease 

to a point that even wide aperture a nte nnas :ann ot pro1u8e 

useful fiy information. 

An i~p ortant co~sider a tion for narrow a~ e rt u re an t ennas is 

that the effe ct ive 1nerture of one-1U3rter wavelengtn at ~ ~ 

M~z . a ty~ic1l lon ~haul dayti~e fre quen cy, oeco[:les a 

one-sixteenth wavelen~th at 5 M~ z. a ni ~n tti ~e fre1uen c y. 
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loss o~ effective e~erture furt~er exa ce ru ates tie preble~ cf 

dete~Ming a bearing and its va~ia~ce. The effective ~eight of 

the arte~~a is alsn a function of fre quency ; t2erefore, or e 

ca~ eypect the array pattern to cha~ge with tne chan g e in 

operating freque~ciPS. 

The knowledge of the io~ospnere has ~r1w~ exte~sively in 

the past forty years. Investigators can now feel reascnaJly 

co~fortatle ~ith t~e developed ~cdels an ~ the i~proved 

senso"s. especially the 

satellites. ~eneral pnedictions are possible and a ne~ 

favorite computer aid is the t~at predicts 

pro?a~ati1n and disnlays ray t"acin~s ( see ?ef. 

Appendix C' . An 1F~? en~ineer can neview t~ e 

pro,agati on sche me with an assurance that t e un1e rstanis 

sufiiciently the problems presented by t he ionosphere. DU t in 

the case of narrow aperture B?D~ antennas 1n e n;~st guari 

a~ainst the feeling of co nf idence indu ced by a kn~~le dge cf 

the ~eneral sit~ation. One is reminded of the sit uation where 

a blin~ ~2n feelin~ t~e trun~ of an elepnant attem~ts a 

~eneral descriptio~ of the elephant. I~ th e case of a 

1.5-meter Aperture antenna sanpling a wavei"o nt 

60-meter tan1. the d~mensional comparison with a nan d an1 a~ 
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elepha~t is accurate. 

There are two com~only used tynes c~ nar ro w a pe rt ure 

a.ntennes . 0:1e type relies OP- a ~plit uQ e c om na r is on t o 

Q eter~ine direction of arrival an d t~e second t yp e r e lies o~ 

phase co~pa~ison. An era~ple of the fcr~er is t ne si ~~ le l oc p 

and of the latter is the Adcoc~. (1e~ere~ce 5 po ints out t na t 

the pha.se ani a m plit ~ de distinstio~ is no t c l ea r c u t in +.,., c 
v ·--

case o: the Adc osk. ' c: as~ of th e l oo p i s 

illust~ated belcw. 

8""C0S (V/K) 
E 

y 

Figure 2 

Simnle lo op sensing iirecti on of arrival 

The direction of arrival of the Sii:;nal is deter rT i ned b y t ne 

relative o rie~tation of the loop and the h c riz oLtal c ompo ne ~ t 

o: the ragnetic ~ield. 
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The case o~ the Adcock (actuallv one ha l f of a U -A~~Jc ~ ) is 

illustrated as: 

e o< 

---
K= 

Figure 3 

Simple Adcock sensin g directi oc of arri val 

The direction of a~~ival of the signal i s de t e ~ ~ ined cy t~ e 

;J h a s e d i .: f e r e ~ c e b e t '"' e e r. t h P t ·" o e l e r1 e n t s . 

The two examples above onl y s e rv e t o i l lu s tr ate h~w 

direction of arrival infJrmati on is de t e r ~ i~ e d. Rea l syst~r· s 

e~plov ~ore elements to res ol ve a mb i ~ui ti e s. i~p r ove a ccu r acy 

a~d enhance resista~ce t o noise. The pJ i~t i s t ha t t n~ 

fundement a l process relies on an e l eme n t sensi ng a mp l itude or 

phase. This fu~dam e n tal nr c:ess is in t ~ ~ n t~e ~~nia~en t al 

difficulty :or narrow a?ertur e aFD ~ a n te nna s. 

In Ref. 5 Gethin~ us es c o ~ pu ter s~ ~~ latio n t o ~ l o t ~1v e 

interference of rn. ultimode si~nals in t e r ms of s~1 ri o.ces of 

constant phase (CP ) and constant amp lit ude ( CA ) . io r t~e 

ideal case of a single specular c ompon ent ~ it h no s c a tt erin~. 

the surface cf CP ar.d CA is a ;Jla ne w ~ose no r mal is th e 

direction of nropagation. 



inte~ferense p atte~~s repr~ser.tei by the su~f ac es of C? a~d 

CA vary with the anrular seperation nf the rays in elevation 

and azimuth. In all 0f the patterns }:; roesente d in ?ef. Sir:. 

w hi c !1 t ~ e amp 1 i t , : d e s o : t he t \1 1 o c or. p o n e !1 t r a y s i i f f e :- by only 

ten percent. ';Jajor distortior.s to the ide:::l plar:es of a r c. 

CP occur. ApproYi~atelv planar portions of t~e s u rfaces of Cl 

and G? exte~diP~ to seve~al ~avPlengths in len ~th are up tc 

sixty degrees 1iffer~nt f~om the t"ue ancle of arr ival. fne~e 

are also ~inks in the nhase fro~ts that varv tne pha se ~P t o 

ninety degrees in less th~r the srace of one wav e l en6 th. In 

the cases where ~o~e than two ~avs are present. the 

interfere~ce patter~s be~omP ruch rore co~plex. 

It is obvious that the Spfttial extent of wide a ~e rt~ re 

antennas is neeie1 to resolve sucn i~terference patterns in a 

short perio~ of time. Balser and Smith in Ref. 7 explai~ed 

that ·.o~1e n outputs of tw o ante~nas wer~ correla t e~ , t~e 

anten~as had to be space~ f orty wavelen~th.s in t~e ca s e of 

single hop and ten ~avel~n~th.s in the case cf ~ulti3op t o 

lcwer the cor:-elation coefficient to J.5 E'or a narr oH 

aperture antenna to detect phase or a mpJ it ude distortio1s ~f 

this magnitnde. the time of observ~tio:J. rust be relatively 

long. However, it is necessary to detect such d istortions to 

permit an assess ment of reliabilty to be assigned to teari~~s 

measured in distorted fields. 

The description above of interfer ence ,atterns was for t~ o 
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sources ne~rly equal in am~litu~e. con d iti on c f 

compara~le a:r~::~li tt:des is one that res ults i n se ver e 

distortion. As the amplitude of one o! tae rays becone s 

substanti-1lly less than t':1e other t he interferen ~ e 

pattern approashes t~e ideal, ~ndistcrted planar patter n 

(implicit is the assn:r1ntion that single mode s catt2r is cls J 

very weak ) . Ass~~in£ that at least cne of t he ra y s of d t wo 

ray interference nattern is fa d i1 ~ . it c~n be expecte d tn a t 

for short periods of ti~e ideal pla n a~ CA a nd C? ~ a vefr o ~ts 

can be o~se~ved. There is no rea dv ~eans of i deLt if ying t jese 

r10rr.ents; ho•,..rever, i: the +' • • • , 
~a c 1n g 1s ra nac~ . the ? l a nar CA a nd 

C? ~avefronts should bo the s t atistical r e a n of tne ~ e a s u re d 

wavefro!lts. The rate of :~ding shn uld the ref o re be a 

pa~ameter to indicate the ti ~ e d1.: rati o!1 r equ ire d t o 

statistic~lly acq u ire ~ ~ eas u rem e n t of t he true a~ c l e ~f 

arrival. 

It is noted in Ref. 6 t hat f or a sin g le ray wi th Fara day 

rotation i!lduc ed elliptical polarization th e f a de ra tes ar e 

measured in seconds per cycle. In Ref. 12 polariza tion f a i i ng 

with periods of 10 seconds and 22 db fa de de p ths we~e 

reported as conmo!!. If t Ho or more ra ys a re p r e S'='l t, fa ri ir. ~.; 

is measured in cycles per secon d . This in d icat es t ha t a 

n a r r o "' a p e r t u r e H F D F s y s ten w i ll :- e ou i r e a p p r ox i rr: a t ely a 

second to recognize the fadin~ con1ition i f str ong mu lti pat~ 

interference exists. The ti me reauire d t o a v era~e t he 
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interference na ttern is related t o the ?alarization fa d in ~ ~t 

t :1 e C. on ir.. a t e :no de. The a mplitude of a pola::-izati on f aded 

si gnal is a stocnastic pro c ess; t he r ef ore, t nere is ~o 

d eter~inistic f u nc ti ona l re l a ti ons~ i ~ bet~een ti:ne 

fadin~ . A me a s u re of t h e r ap i d ity wi t h wnich f a cin g i s 

f l uct uati ng ca n be e xpr esse d in te ~ ~s of a fa d ing p cw er 

s p ectr ~m . ( S e~ t ion 5 . 4. 3 of Re f . 1 di s cusses tne con cept of 

fc.ding no'..:e r s pectr1:m . ) I f t he re i s a la r ;:-;e ? Orti o!'l cf t ne 

" fad i n g no '•I e r i n t he h i ~he r f req uencies ( 100 t o 1Z0 L Hz , 

t he fa ~ i n~ is f ast. I f t he f a d i r..~ powe r is pri ~ arily i n t:1 e 

the 0.1 t o 1. 0 Hz re s ion . t he fadi n5 is sl ew. In tje c ase of 

polarizati o!'l fa di ng i t nas a l reacy be en no t ed t na t fa d i:1g is 

typicall y i n t he s econd s per cycle ran~ e. Th er efo re . a n 

antenn a which ~oe s ~ot have suffisient spatial a pe rt ure t o 

averag e i nt e rf e ren ce pa t t erns mu s t ~ely en fadi n~ to p er~ i t 

time averagin~. Th e t i me r equired f or aver a ~i n~ is a f ur ~ti o n 

of the in terfefte r. ce p2t te r n a nd a ppea r s t c te on t i e or aer of 

f ive to ten seso nds. 

A measu remen t ex per ime nt rep1 r ted by Ba in in Ref. S 

demonstrate d h ow ti me ave r ag i ng of bearings red uced th e 

va riance a s so ci a t ed wi t h the ~ e~n be a ~ir. ~ . U s in~ a U -Adc c :~ 

with bur i ed f eed ers, b ea ri n ~ s on s kywa ve si ~nals wer e 

recor ded at fi ve be a ri ng s per s ec ond . An aut ocor r e lation nf 

the bearin~s ¥as com pu ted an d t he res u ltin ~ cu rve wa s 

ap,roxi mated by the expon e nt ial exp r ession~ 
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R ( 'T" ) = e X p ( - tj I 'To ) 

wnere is a ~arameter associated with fitting an 

exponential curve to the ~easured bearings. The f ormu la 
z. 

r e 1 a t i n g the v 2 r i 2 n c e o f t he rn e an be a r i n &; ( 6 t .1 an d. t ne 
"l. 

variance of a sin6le observation (cr) is: 

( 
- T/tr e 0+ 

T 

where T is the time inte~val over which the bearings were 

averaged. Bain reporte~ that for ( ~~= 0.56 (correspo~di~g to 

considerable bearin~ fluctuation ) . the va riance ~as redu :ed 

by a factor of 13 i~ 12 seconds. The 12 second d~ration 

rou~hly so"responds in order of magni t ude t o the ~eci;rocal 

of an avera~e fade rate. 

C. SUM MAR Y OF TH~O~ETICAL CONSID~]ATIO NS 

The narrow apert ure EFD? anten na is physically li~it e 1 to 

tire averagin~ operation a gainst s~ywave si gna l s. I ~ tne case 

of ideal ionospheric propa gati on, the antenna system can 

perform withi~ equipment and site li mitations. If tne sit ~ 

errors are ~~ow~. the equi?ment and array calibrated and 

tnere is a ~ood SN R, average bearin~ errors of ~.5 to 1 

degree a~d variance of 5 d e~rees s qua re d shoul d be ~ossibl e. 

If ~ultipet n ~ropagation exists wit~ fadi~~ up to 2l db. ti Ge 
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averaging over at least ten seconds with samplin~ at about 

five per secon~ should reiuce ~ost of the variance due to t ~ e 

~om~leY interfe~ence patterns. 

The diffic ulty of ob taining acc ~t rate HFD? a ~ainst s~c~t 

duration si~nals usin~ a na~row ~pert ure array is 

considerable. In t~e case o~ multipa t~ iJ terf~ rence in ~hie~ 

at least t~o rays are co mp arable iJ l mpli t ud e. the ~F er~ o r 

on a short duration signal with on ly oJe sample beariJr ~ auld 

be up to ninety de grees. This is tne extreme of bea rin 6 err or 

due to phase and an/lit ud e front di st ort i on. I n a more 

hos?itatle multipath environment the system performa~ce 

should be ~uch better. but there is little experimental 

evidence by which c~e caJ assi~n typical bearin~ errors a r d 

variances. The analvsis cf the narro~ apert ure a~tenna syste~ 

in the follo~ir ~ sectio ns provides perfor~ance da ta on an 

erperi mental. state of the art syst em . 
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A. IN':'I\.CDUCTIO ~; 

~lectroragnet ics Division o! S outh ~ est ~e se~r c~ 

I n s t i t u t e ( S ~.; R I ) • located in S3~ A0tJ i io. ':' exas. nc:. s 

devel0'ed an d tested a new desi~n for a narrow aperture ~JJ7 

antenna svste m to O)erate a~ainst both ~r0und ~a\e a n ~ 

s~y¥ave si~nals. The si~nificance of tnis new cesi gn is t ~ at 

it is a ~ast nou~tahle narrow aperture antenna t hat is a 

fixed arrav. There are no m o vi~~ parts; tner e ~ o re. it i s 

ideal for tie shipboard environ~e~t. T ~e ele~ents o ~ t ne 

2rray are si~ple loops and spaced l oo ps. ~ h e latter will be 

sho~n to ~ave polarization indepen d e~t qu alities an d . 

therefo~e. ta bA i deal for e~ploitin~ s k vw ~ves. The arr ay and 

the associate~ instru~entation of the syste m are ~ i ~t s~e ei 

a~d co~puter controllable. 

The prir~ry rpfe~e~ce f or the analysis that f oll ows is at 

i r. - h o u s e r e p o r t p r e p ~ r e d h ;r t he s :.r s t e r a r c h i t e c t s [H. e f . ;J 1 • 

The system he -ein described h~s beer pate~ted. Th e a u t in r cf 

this thesis has visited t~e San Antoni o site ~ni has ope ra tei 

the HFJF syste~ ~it~ t~e assistan~e of t~e SWRI p e rs o ~n el . 
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3. TE EC:2 Y 

To u~~erstand the ope ratiJn of t he s pace~ lao? array o~e 

nust review the theory of the si~'le lo op. The fi~ure on t he 

next page depicts a simple lao~ set ir a c cordi~ate syste~ 

wit~ an inc om in~ si ~ nal ray (~ f i el~ cc~pon ents lateled ~v 

an~ ~h ) . T~e an~le ph i ( ¢ ) is t1e azi~u ti me3sured i~ tne XY 

plane of the i nco~ ing ra y . Th e plane of t~ e lJO? is ali~~ed 

wit~ the XZ plane. The i ncide~ce angle tneta ( 6 1 is meas~red 

in the plane ~efi n e~ ty the Z axis and the si~nal ray. The 

si~nal is consi der ed to have a vertical 3nd hor iz o~tal 

electric fiel~ co mpon ent (Zv a nd ~h) . The exp re ssio~ for tje 

o u t p u t v o l t a ::; e ( s i n 11 s o i d a l i n ~ u t . t i rrJ e v a r i a t i c r. s u? p r e s s e d. .1 

is : 

( 1 \ 
... I 

:,vh ere: 

~v': ~elative a~plit ude o~ the verti~al c ompo ~e~t 

Fh': r e lative arpl it ude of the horizontal c o~pone~ t 

¢ azi rJu th 

e ang le of incidence 

¢h: phase of horizontal component relativ:: tc tn e 

vertical component 

Vl : simple loop ou tput volt a~e 

iith respect to sky~ave signals. t~e si gnificance of equation 
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(1) is that it is polarization 1epende1t. 5lJl syste ~s 

~enerally -ely on isolating a null in the arra y pdt tern t nat 

can be related to the azinuth of tne i~ccmin~ si ~nal. T~e 

n u 1 1 us e d s h o u 1 d c r. 1 ,, b e a : 11 n c t i o r. 1 f t h. e t a 1"' ~ ,::: t ' s b e a r i n c~ . 

The si~'le loop works well with ~-ou~d waves f o ~ w~ich case 

theta is eaual to 93 degrees. ~h~n theta is 90 de~ rees 

equation (1' reduces t o a fu1cti on r f Jnly on,:: spatidl 

v a r i a b 1 e • :? ~ i . ·,.; h i c n i s t ~ e de s i r e d b e a r i r. :J; • ~ !1 e o 11 t ~ 11 t 

voltage i~ this case is: 

Vl = -Ev' COS 4"> 

The simple l0op do e s not iuncti~n acce~t5.l:l.r 

skywaves. In the case of sky~a ve s the laoF vclta ~ e is a 

f ,_~ n c t i o n 0 f t h P t ~" o s p ~ t i a 1 v a r i a 81 e s , t 1 e t a a n d ;; hi . ~ :: ~ t !! e 

relative pna se. The nu lls ~-Pated b~ these t~re e variaol Ps 

are too n u~e ro u s an~ the availa ble m eas ~r ePents t ao s~arse to 

resolve all the am~igu ities. 

A solution to t ne polarization d epen~e1c e li ~i tatio n ~f 

the si~ple loop is to ccmbi~e two si~pl e l oops i n t o a t 1,..··J 

ele~ent i~ter:ero ~eter as illustrat ed i n ~i ~~ re 2 . ~~e l oo] s 

are connected in parallel wit h o n~osin g pha se . ~ne cu t ;:mt 

vclta~e of t~is arr ay . ~nown as coaxi a l s ~ acet l oops. cAn be 

deter~ined by ~a~tern ~ultiulicati on [?ef. lZ ~. !~e patter1 

o f t he s p ·3 c e d. 1 o o p a r 1"' a y i s e q 1.2 a l t c ~ :-1 e ? ~ o d l' c t o f t .1 e .. ; ::-- o c ·;:1 

patter~ an1 the elerent pattern. ~h e ~ ~ oup p~ttern cf t ~e 
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c.!'ray is: 

Gr = j /3 d SI N ( 9 ) S I i\ ( ~ ) 

d: separc.tion c~ the tw o lo ops 

/3 : 2 'tr / ...,..... 

?\: si gnc.l 1.vc.velenr:;t:-,. 

New let: 

~v ~~v 
, 

= d/2 

~h j ~.1 
, 

= d/2 

This per~its t he s~aced loop ou t put v o lta~e to te ~ritt e n ds: 

pola "iz a ti c~ i n depen1e~t ~ull5. ~he ~ u tput vJ lt 3~e equ 3ls 

zero whenever th e az inut h a~?le equc.l5 2 c ~ l ~C de~ r ee s. ~~~ 

inc :de nee ~nF;le. t~e "elative uhese ani t he r e l a tiv e 

a~plitudes of the ele ct r~c field co n ~o~en t 5 do no t affe:t 

these nulls. It is ~ue t o the interferc~ e ter s tr uct u r e t ~a t 

the 5 e null 5 ex i 5 t ; th e ;r "l r e t he r e £' o r e c a 11 e d. i n t e r fer o rrJ e t e r 

n t: 11 5 t o d i s t i r. g u i s 1 t n e r.1 f r o ::1 t he s i :> p 1 e 1 a o p r1 l ll s . .? i --; , ~ r e 

"<: ..... . taken from refe rence 1 1 
~ ~ ' d ispla ys 

polc. rizati on inde pPnde nt n~lls ~n" di~fe ~ e n t con d iti on s c f 

incidence a~d polariza!i on. 

~qnc.tion (2 ' is an e ypres s i on for -3. fixed ori e nt-3.tion · ~ 
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tne s paced l oo p array in the coordinate syste ~ . T0 m ak~ t ~e 

o r i en t a t i o n a r r i t r a r ;r t ~ e v a r i a b l e c. l p ~ a i s ~ :t t r o i t: c e d i -:1 t o 

( 2) . 

2 . 
V a 0< = - E '' S I 1\ SI N 2 ( ¢l - <X I + ~h S I ~J 2 6 S 1 N ( ~ - V'\ ( 3 ' 

r¢>- Q(.. ) : relative azi nu t:~l an~l e 

The alpha variable permits t~e exprcssio~ of tne o~t pL : 

volta~e of a spaced loa, array orie~ted a l ~~3 ~e~ ~ ees frc ~ 

the x-e.xis t o be ~·' r i t t e r; a s s ~ o '·r r.. i r I '7 ) ~\.; i <:; • . i ll 
\ '- ' . ... -· -'- - ,/ - - later 

allow equ~ti o n ( ~) to ex~~ess the ou t put volta ~ es cf m o~ e 

than one p3i~ cf spaced loops set at d i~fe re~t ~n ~ les in t he 

coorjinate systen. 

B~r def in i :tg: 

C = E1r SI N e 

A0 = ~h SI \; (2 6 ·, ex p ( j ¢ h ; ' I 2 

A2 = -c SI ~ 2¢ - :;. ~ ~ co 3 24> • <.. 

:32 = -A Z. ~ T f\1 ::>_ .. 2~ ~ c cos 2 ¢ 

Equation (3) can te ,,·ritten as: 

Va O( = A0 + A2 COS 2 ~ + E2 S lrx '2 CX.. (4 1 

This for~ 'er~its a Fou rier series interpretati on cf t ri e 

spaced lo op output voltage: 

AJ = de term of the outp u t volta~e 
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A2 a nd B2 a r e coefficients of the secJr d ha~ ~o ~ i ~ 

The s i~nificance of (4 ) is t j at f 0r a ri xed val~e o: 

tar 6 e t c. z i r ,1 t h an c. e lev a t i o !'. • t h. e s p 3 c '= c 1 o o p v o l t a~ e a s e. 

funct i on of relative e.zi~uth is li ~ ite d t o a second n a r~ on i c 

of the relative aziru th. The a pp lica t i o ~ a f t h e Nyq~i st 

samplin ~ c r iteri a ~ -eveals th3t t ~e volta~e fatt e r~ c a~ te 

c_uplicatei cy four sa mp le 'Tal u es. ~h e r e f ore. a s pin~i r_,; 

spaced l oop can te synt hesi ze d by a r i n i mum o: f ou ~ sample s 

ta~er. equall y s~a c e ct. thr :Ju,;.; h 3 -33 :i e.s r c:es o: a zi r· 11t!1 . 

The soluti on f or the teari n~ ( t h e a zim u t h a n ~ le ~ni J i s 

derive d fr om e quati 0n 

C. A0 . A2 and B2. ~y al g e br a i c ~ anipu l a ti o n i t i s ie t e r~ i n e d 

that. 

V2. 
C = -r j - (A2 .._ B2 - .A. a l ( 5 ) 

} 2 , A 2 a n d 3 2 '··' i ll b e s ~ o ,,., n t o b e ~ e a s u r '= a c l e c_ ~ 1a '1 t i t i e s . r 

is deter~i n e C:. fro'~ eql' at ion Lf si:- ;.; t 2e 

relati onshi?s. 

SHJ 2 <\> = _ r 1/ ( c + A3 ' 1 L I ' 
( r · r ,, ? ) ' A ), 1 - 2 ) 

J ) I ."l. - + \ -· U ) , : ( ~ \ 

cos 2 ~ = - [ 1/ ( c + .~2 ) 1 

one can ~eter~ine t ~ ~ a z i~ uth , ~ h i. by 

¢ = ( r- ;; ~ A P C 171 ,, ;-..1 1.. • v ~ .L _ I .('_ I • SI ~ 2 ¢ I CO S ~ ¢ r..=0 ' 1 ( :~ 

I nhe r en t in equation ( 4 ) an d ~ ad e obvi ous i n equ atio~ '_:::) 
I - . 
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are four null a~tifuities. ~her~ are twc nulls 122 de~rees 

ap~rt that can be attributed to t ~e si~ple loops and tw o 

nulls 18 0 degrees apart th~t a:-e t~e interfe"' ,Jnieter rulls. 

The S~1iF I analysis 5~01..r5 that by 3.iriir1;:; tne sinple 1 ~H':? 

pha so r s i~to the ar.al:rsis. tn e si :.:ple l oo~ nulls s~=1 n r.e 

d.etermined and then discarded. 3y conparin~ t he spa. ce.i l oop 

output to the simple lo op output . t he cnr~ect inte~~e:- o~ eter 

null ~hich represe nts the desire~ bearir~ s3n be ide~tifiei 

The en~i~eers at s ~or used the ideas they develop~d abnve 

to lao, a ~ra y. Tne undesi r able 

rechanical feature of the rotati~~ spaced loo? ~as eli~in a ted 

by usi~~ four S?aced loo,s fi~ed in a~ array to sy~t~esiz e 

rotatio~ as shown telow. 

e. 0 0 0 

J ~5 ;:;;::r 1~5 

e. 0 0 0 

180 225 ?r -A 313 ~(c 

Spaced lonp arrav gec~e trv 



The ~yquist criterion requires a ~i n i mun of fou r sa~p le s to 

syntnesize equation (4). This coul d relia bl y be a:com? lis he d 

by three nairs of spaced loops, ~ut t~ provi de f or a dd iti ona l 

reliability in the presence of noise. a f ou r pai~ s pa ced l oop 

array was constructed. 

Assu~i~g t~e o~ientatic n ~ iven i~ t he dia ~ ~a~ ar ov e. one 

can dete~~ine Ae. A2 and B2 in ter~ s of tne i ~d ivi dual spaced 

loons. Salvin~ 

V a ~ = .~ '(· + A 2 C 0 S 2 0<.. + :S 2 .3 I N 2 o< 

in terns of alnha yields, 

ex = ·a Va.U = A a + A2 

0(. = 45 Va45 = .l.. .C + 32 

d.. = g2 v c. s-~~ = A'a - A2 

""= 17~ ...,::) Va135 = A C. - 32 

w~ere Va e . Va45, Va90 and Va135 are t he phasors of t ne s pa ced 

loons in the array shewn above. 

This provides four eq uations to s olve fo r thr ee unk ~ own s. Cne 

solves fer A0. A2 and B2 by the foll o ~i ~~ equati o~s . 

A 0 = ( ·z . 2 5 ) ( V .3. ~ + v a 4 5 + v a 9 .Q + ·</ a 13 5 , 

A2 = f 0 • 5) ( V a 2• - if a 9 ·~ ) 

B2 = (0.5) (1Ta45 - 1Ja125 ) 

A f t e r A e , A~ a 1"! d :S 2 a ... e d e t e r m i ned :' .,. of"' th e p ~as o r e ~;,.:. 2 t i o ~ l s 

41 



a rove. they are substit u te d into e qu~ tio ns (6 ' an~ ( ,.., ' 
( I 

in t urn are used to solve equ atio n (S) fJr the !o~r possible 

bearin gs. 

Furtner al ~ ebraic a~d tri ~ono~etric a~alysis tetailed in 

Refe rence [91 shows that t he sinple lacp nulls can be 

de t e rr1 i r. e d b ;r • 

wnere VLZ an d VLS0 are t~e uhasors of the two sim?le l ac~ 

uairs. 

Onc e the si~ple loo~ nulls are ~nown. t2e si~n of C i~ 

equation (5) can be determined. T~is i'1 t nr n lea.c~s to the 

nn a rnb i .guo 1JS select ion of the pro;>er interferometer null. 

A\ = ~ P ' ' :n .l :\I t v 1 I "~! 2 ) '-¥ r .... .~... v. ... .. 1 , 

~.oihe re. 

'2. '2. 
Vl = [j/( -A J - C Jl [(C)(VU~J)- (A.3)\VL·J) 

2. '2. 
V2 = f.i/( -A ·a - C )1 (C)(VL3) + (1'~J)(VL9l) I 

It ~as noted above th~t f~ur e~uetions are available tc 

solve fo:- three u~~nown cnefficients. Ihe addition~! 

informati~r. pe~mits two sep~rate solutions fo" the Ae ter~. 
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r A 01 ' = ( 7 • 5 ', ifa45 + Vcl35 \ 

!he ~if!e~ence bet ~een these tw o A ~ ter~s sho uld ideally oe 

zero. If the di!fe~ence is rot ze~o the~e is an i ncons ist ency 

within t he syste ~ . !his differen:e i s c a lled tne A4 te r~ 

tecause it cor~esp onds exa ctly with the c oe !fi:ient of t ~e 

fcurth har,...,onic 0 ~ -
.1. c Fourier series expansio~ of tje s paced 

loop pattern in azi~ut~. The A4 ter~ is the r e f ore a~ 

i~portant nara~ eter in determinin g bearin~ quality. 

C. SYSTEM D~SI1N AND I ~S~RC~2~TAT I ON 

The arra y of s paced l oo ps and simple loops s~itaole fer 

r a s t ::: o 1.1 n t i n 6 s h o ·~r n i t'l f i ~ u : '? 2 ·., r1 s b 1..: i 1 t 'c ~r S .v R I . r ~ e r e a r e 

four pairs of sp~ce d l oop s in t he l o~er bay. ~ach P2ir 

con sists of 4? inch ~igh tv 2 ~ inch wide si~ple l ~np s 

separated b~ 50 i nches. ~~e output of these d i ~~e t ric3lly 

opposite lo op s are c on nect ed i n p~~allel oppositiOL- lhe 

simple lo0ps in the u pper tay ar e used to ~es o lve ambi ~ uities 

in the bearin~ al go rit hm . These dia~etrically opposite si~ ple 

loops are co~nec t ed i~ parallel assist ance . The r efe r ence 

an t en n a i s s y n t he s i z e d by q 11 ad r a t u r e a d d i t i on o f t n e s i r p l e 

loop s. 

A block dia~ra~ of t he eq ui,ment s ui te is dra~n in fi gure 
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9. T~e ll:E' seq u e~cer is a cor.p uter contr olled switcr.. that is 

necessary to provide ni gh speed switching of the different 

e 1 e r1 en t s o f t i e a r r a ;r • A d 1: a l c h a n n e l r e c e i '' e r i s u s e d t o 

?rovite 3 receiver chan~el f o r the refere~ce si ~nal a~d a 

channel for t~e loop voltaGes . Tne precetected output of bot~ 

c ~a n n e l s of t ~ e r e c e i v e r i s I'1"J o ~ i t or e c. b ~,. a ~ n a s e '11 e t e r t h a t 

pwovides a di~ it al '1leas~renent af tne n~ase of t~e a~te~Ja 

ele~ent s ~ith ~espP~t to the ~efene~ce. The detect ors a re a 

pair o ~ p"ecisio~ pea~ de~~ct o "s. The detec t or o~tput is 

sarpled and di~itizod by the analo~ to di~ital converter. The 

digital da ta is r oute~ tc a n inico~pute r for p r oc essi~ g . ~ach 

dat a frame is appro~i ~at ely 20 ~ s i~ d~ration . Tn e data fr~~e 

consists of t~e six compleY numbers representin~ tne six 

voltage phaso ~s [\f a (}, Vc. 45, Vn92. Va1::35. VLZ and V L~~ ·. Ne t 

all of thP data fra~es a~e acceptable. Tne vcltage val~es 

~u st be withi n the linea" ~ange of the detectcr ant receiver 

circu its. T ~e acceptable da~a fr anes :l.re t:1e i:1}> 1 ~t t o t:l e 

algorith~ s that dete r~ine the bearir£s an~ res ol ve t ~e 

ambiguities. 
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IV. D~_TA 

A. DATA :'ILES 

The S~?I equipment suite is arr~n~e d so that data measur~i 

from the spaced lo 0p antenna instru r.ent ~ti oL is st o re1 en 

~agnetic iis~. This permits the D~ operatJr t o pos t?r ocess 

the data using statistical tecnni que s to de ri ve a mo re 

accurate tearing. Also available is t he ca~ability of mass 

storage en ma gn etic tape. It was on magnetic ta pe taat 3 ~~I 

provided the Na val Postgraduate 3:no1l ~it~ ni~e files 

data in 1979 and fo u r files i~ 1960 . The 1979 data ~onsists 

of the f o 11 o ·.vi n ;s f i 1 e s . The t e s t s ou r c e .. , a s a tran s n i t t f r 

?laced close to the array t o provide a ~ r ound wave i~ 

approxi~ately the sa ~ e direction as ·1~V . 

File ~um ber Freq~en cy 
( M';.r ) I . -• Z . 

1 1 0 
2 2~ 

3 15 
4 5 
5 15 
e 5.171 
7 1 J . 0 1 
E 15. 0 1 
9 2 0 . 0 1 

Source 

W'!l V 
\•'\\ v 
rl'.v V 

'J.TlrJ V 
·~~~'!/ v 
Test 
Test 
Test 
Test 
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:'i r.e 
( CS T) 

eE :Z 0 
12 :1 5 
12 :3 J 
Z7: ?0 
09 : .5 .0 

Da te 

2 / 13 / ?S: 
2 / 13/7 9 
2/13;79 
2 / 1 ·~/79 
2 / 1±;7? 



The 192 3 files are as follows: 

File ~u~ber Freq uency 
(MEz) 

Sour:e ·-rirn~ uate 
( cs ~ ) 

-----10--------5------- -NNV _______ 22~40 _____ 27s7~2----
11 1 J 1•11.'/ v ·a 7 : ± 0 2 /5 1 s 0 
12 15 ~wv 09:ez 2 /5/20 
13 E.566 !LC eE:15 2 17 / ~ Z 

It is known that !ile 1? is a lo~ 3 N ~ data set. Files 11 ard 

12 a"e data sets with S~R's in exs~ss nf 2~ d 5 . 

B. t.' !IV A~iD ?.LC 

~WV is an ideal target tecause it is a~ l~p lit ule 

Modulated si gn al with no carrier suppressi on . ?or the 

majority of the hourl,'l inf or mation duty cycle, t~ e 

infor~atio n modulated on t~e carrier is si~ 'le 44J, S Z~ a ~d 

600Hz tcnes; ticks; and occassio:J.al voice a 1n o:~ncerr1ents . T:::.e 

·N '}j V s i g n a l i s s t a b 1 e t o + I - t ,,., o "J a r t s i n t L .· . a n d i t i s 

available en 5, 10. 15 and 20 MHz for 24 ~au~s a d~v . Tne W~if 

s i g n a 1 i s t r an s m i t t e d f r or. j Eo u 1 d e r , C o 1 o r ad o , '•" h i c t i s 

geograiJhicall;{ fi:red at 4 ·3.8 Nand 1g5,1 'II, The tr ue teJ.ri::c; 

of the great circle arc passin~ througn San A~tonio. fe.x. as, 

and Boulder is 336.7 degrees, and the le n~ t h of t~e arc is 

1327 ~rn. 

KLC is a manual morse ship-t o-s nrre station tra n s m itti ~~ 

f .,. om a p l at : o r rn i n t 1:1 e G 1J l f o f 1"1 ex i c o . T :-d s s i.:; !'.a 1 '"a s c n C· s e r.. 

as a tar~et because of the n~-off !evin~ (OOK ) ~adu latio n a~d 
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beca~se its relatively short distance fr0~ San A~tonic 

results in a s~ywave ~ith a high angle of arrival at t~e SWFI 

antenna array. The OOK modulation is i~~ o rtant teca~se it is 

a f a v o r i t e m o d e o f t a c t i c a l c o r. m 11 n i c a t i o n s ; i t i s c r i e f a r: d 

reliable. T~e true bearin~ fr om 3an Antc~i 0 to ~ ~C is 0 20 9 

je~rees and t~e dist~nce is 37a {r. 

C. ::JA~A RECORDS 

Each file co!'lsists of 1 J .J~0 re8 crds. 2ach. r e2o r ·i co:1sists 

of the AZ. phase. A4 a~d tearin~ t e r ms cal cu lated fro m ~ra~e s 

of data (six volta~e p~aso rs ) w~ich were generated eve r; 2J 

ms. T~e A8 in the data is a nor~alized ve rsio~ 0f the A~ 

explained in t~e previo us section. I~ t~at secti on . 

A 'Z = ( 2 . 5 \ 2 tl ( 3 I ~,; 2 9 ) e x p ( j <4> .1 ) 

The data 0!1 the ta pe is Aa ~or~ali z e d by t~e fa cto r EvSI~ . 

lvhich :vielC.s: 

A0n = [ Eh/Ev 1 case exp(j¢h ' 

·-rhis is a c omplex r.nrn·ber of whicn on l.y t te i7la~;ni t uf..:: is use-< . 

All further refere nces to Ae in the C.ata and analys i s s ec ti J~ 

will be the ~a ~ nituC.e of the nornalized value: 

A 0 = [ :2h IE v l C C S 8 



I t s ~ o u 1 d ('. e n o t e d h e r e t h a t t ~ e :\ 0 t e -:- r: i s a :1 e a s n r e o :" t n. e 

a~o~nt cf h orizontal pnlariz3ti on p~es ~nt . I ~ ~n i s grea t er 

t h a n :S v , t he ,.. a t i o ~ ~ I E v l•r i 11 t e :1 d t c rn a { e . \. 12 a n u n ·c e r 

~ reater than o~e. I~ t~e anglo f"' o~ t he pe~ p e~~ i cul ar . t~e t ~. 

is large. there is a ~reater effe~tive a- ray aper t u "'e i n th e 

plane Jf "5:v, and A ~ is s ra 11 ~,... I : AJ i s l a r ge . t .:1e 

horizontal component is do rn ina::1t. I: AJ is s rn al l. t :1e 

vertical co rn por.ent do minat e s. 

The second terrn of the rec ord i s t he ~h a se . It i 5 t .::.e 

phase of the ~orizontal electric fiel d r e lat iv e t o t~e 

vertical co~p o nent of t~e field. It is a calc ulated va lue 

betweer -1~? and +122 deg rees. If this ,hase anGle i s a 

constant 7.erc. the polarization is line a r. If it i s a non zero 

constart. t~e prlarizati on is elli ~ t ical . ~h e ph as e va l ue is 

typically not e d to var y ra ndo mly ~ it h i n a li ~ i ted ra nge Jv e r 

short ti ne iurations. Over du rati o ~ s J: s e ve r al mi~u t es , it 

will varv over the entire -1 80 t o T 12 ~ 1eg r ee ran ~e d~e t o 

c1.ane;es in 2~ and :2v -:J ath lengtts and. ;r;nlti rnode i nter t t:rer.ce. 

The t h i r d. t e r m i r. a r e c o r d i s t h e a rn p l i t u d e o f t h e A ~ t e rT. 

which was disc usse d in the previo ~s sect ion . It i s a measure 

of the inconsiste ncy wit~in the s na ced l oon H?~F sys t e ~ . It 

is in large part due to noise, b~ t i t can also be tc a 

li~ited d e~ree a ~eas~re of circ u it i~ba l ance . ~ea s u r e~e~~ 

e "' r o ,.. , c or p o :1 e n t f a i l 1: r e , s o f t ~·' a r e :"' e. i 1 u r e a ! d s i t e e r r o r . 

Its value is t~at i+ is a me2snre of pe rf o~"la::.ce; ioweve r . it 
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is n8t a syste~ d ia~nostic t oo l. 

The f o11 rt h me~ber cf t~e rec or d is t~e calcu lat e i b eari n~ . 

It is a ~ inteeer va l ue fro~ 2 t o 359 de g r ees . ?o r the ~~v 

si gnals this beari r~ is t he s ys t e m's est i mat e of t ~e an ~ le c ~ 

ar ri val of t he si gna l wavefr on t ~h i ch shn u l d n1 t vary f a r 

fror th e val ue 33 6 .7 ~ e g ~ e es. ~ o r KLC t~e tr ue b eari n~ i s 

289 . 9 degre e s. 

D. I ON O SPH~~ I C DATA 

No i onc spheric s ou ~d i n~ in fo r ~at i o , was availa b le f or t ne 

ti~e perio ds du ri r~ wh ich tn e ~ata was recorded. ~ o we ve r. 

p rona~ation inf or ma t i on wa s nr ovided by t ne Na val Ocean 

System Center (NOSC' . U sin ~ t he ~ nown s u n spo t ~u~ be r f or t :e 

~~ta r ec or d ing da tes. t hey e~?lo~ e d a c o ~p u t er ~ r op a ~a ti c n 

pre dicti or pr 0 g r a~ k n ow n as PR 0?2~~ t o n r ovi de r ay t r ac e 

d i ag rars: MC F. LUF a nd power predict i ons; a ~d 24 hou r l i ne 2f 

bea r ir g varia nc e cu r ves. T~is ~ a ta r e pr esents a g oo d esti ~a t e 

of propa~atio~ co~d itons bet ween Bo u ld e r a ~d San A ~ t on i o f J r 

t he time s of i n ter est. Exa~ p le s of t he ~ ro?ra m • . J 

p r ovided bv NOS C a r e revie wed i n Ap pend i x C. C si n~ t he NCSC 

da ta, p ro p a~ atio n i n f o r ~a ti o~ fo ~ t ~e ~~ v ~iles is t a oul ated 

in TABL E I . 
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TABLE I 

Su::!:n a r y of I onos 1'1. eric Jat a 

File F re q Ti r71e Date Va ria~ce [1l.;7 LU~ I onos?ht: ri c 

4 M:i z Gi"l~ degree s MEz M.J r-1 ode ~ l J.~o...t. z 

sq ua red ?rec .. i ction 

----------------------------- ----------------------------
1 12' 14. 3 1·~ 2/13/79 1 17 2.5 probable :nulti'ilode 

1 . 2 • &3 nops 

2 2 0 12: 1:5 2/13 /79 1 22 5 possible mu lti mode 

1 he? 

3 15 1E: 30 2/13/79 1 .22 J:; h i ;;nl;r pro":able 

:~ulti:n0de 12:.2 nons 

4 :J 13. ·2 ·~ 2 / 14 179 3 12 2 possible ~ 12l ti'71o G.e 

ter'lin-:.t c r 1.2.3 ~0)5 

5 15 17:3 (? 2/14 / 79 1 22 5 pr oba ble s i:1.;le 

roC.e 

1 0 5 2:~~ 2/,.../90 '? .A 12 ? po ss ible rrultir.Jo'ie • :t: 

1.2&3 hops 

11 1 :2 13: ·1 ;~ 2 / 5/Eo -z 17 2 p .,.. rbable rnultirnode •.J 

t e r ;-rin3tor 1 ? . ~ hops 

12 15 17:0 ~ 2/5/e·?J 1 23 5 si nsle rnoie 
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p_ • I N T ?, 0 D U C T I 0 t'1 

The pu~pose of this analysis is t o ey~~ th e capability of 

the S~?I spacei l0 op ~ ?JF a~tenna S?St e~ t o iete~~i~e t~ e 

angle of arrival of~ s ho rt d u r3ti 0 ~ si ~~al. ~ s ~ort QU r2ti o ~ 

s i .;:; :1 a l i s c o ~ s i ri e r e 'l t o b e f r o :-n 1 Z. ,j t o 1 ·~ lJ J :-'' s i r: rl i 1 .... ::. t i a .:->. " 

It is im? ~ rtant to note that this is ~ o t a ~e~e ral a~alysis 

o f the per f en rn a n c e of th e a n t en '1 a s y s t e ~ • t.::. e bear i n .c; a _l i 

sense al~orith~ s or t he pos t-Jro ce ssi~ g al~orttri m s develope~ 

by SWFI. It is also i~porta~t to re cogn !: e t~at syste ~ 

develcu~e~t is not co~?lete. b~ t is tn e su ~jes t of on-gain~ 

research. ~he ~ata provi ~ed to t h is investi ~at or ~ as ) r ov !d ~~ 

f r c m a s y s t e :'1 co n f L-;1_1 r a t i o .,.,_ no t o "J t i ~ i z :: d f o ~ s h .J r t du ra t i n: 

sisnals or fo~ so~e of the tar ~e t fr e~u e nc ie s r eco ft ied. 

3ecause the sut jec t of this a nalysis is short dur~ t i o~ 

s~ywave si ~nals. the analys i s tet:es i .1 t 0 

c o n s i C. e r a t i i) r: t ~ e '1 e e d t c n a K e m a x i n u r' u s e o f t !!. e a v a i l a t. l c> 

data. Vhereas S ~ ? I al~orit tms stress a b e~ri ng sel2cti1n 

process th c. t elimi!12tes a large :;ercer:ta ge of tne lat d 

recor~s to en~ance the reli3 bilit y cf the est i~at ed tearin ;. 

t~is analysis reco~nizes t~at a si ~ nal cf 20 0 ms ~ura ti c~ is 

represented by c~lv 1q dat~ fra ~ es and t hat s o~e com?TO~ i se 

to T' e l i a~ i l i t ;.r :1 us t be ..-;:-:.de . T ~1 e t e r rr") r e 1 i 2 b i l i t ~" i ~ t ~ i s 
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r e,ort is u sed as a r e a s11 ~ e of : on fi ience i~ th e va lidit y 

the data . If one ass 0cia te s ~ st a~da~d de vi3tio n of 52 

degrees wit h a ~ata re co-d a nd 2~ de~ r e es wi t n a second da t a 

reco~i. t~e latter wou ld be c o ns i der e ~ ~c ~e r eliaole. 

.,, 
... nP. aral;vsis f i ~st c oncPnt"'ate d en e xamir.in s the ~ a t a 

p -i m ~~ily b v f i lte"'i n2 or the A4 te ~ ~ . the in ~ icat a r r f 

s y ste~ i n c o ~sist e ~cv. If th e A1 t e~ r is sr ~ l l . t~e bea~ing i ~ 

t hat record s ho u ld t e c or s ide ~ ed m 0 r ~ r P li ~ ble tna n a b ear i ~ 2 

associated wit h a h i gh A4 val ue . U si~ g this ap p r oac~ a 

FCRT?AN pr og ra m cal led D ? ~?P ( D? ~P?or ) was de vel oped t o 

e xa mi ne ea ch f ile a nd r eport the a v e r a ~ e beari n~ er~ J r . 

s tandar d ie vi a ti on of be ari ng er ror an d tw1 otne r statistics 

of short durat io n si ~~a l s wi t h r es]ec t t o the A! te r m. A f ull 

d iscussi on of t~ e p r o g ra ~ is de t a i led i n th e next sc~ti o~ . It 

wa s disccv e re d t ha t t ne A4 t er~ is a u sef ul para ~ e~ Er fr r 

~ eter~i n i n~ bearin ~ rel i ab ilit y in t3e ~a~o r it y 0 f ca s e s . 

H o ·\'1· e ver , 1 •• ::n en the A 4 t h ,... e s hold. i s s e t to on l y a 11 0 ·.; t !1 e d a t J. 

record with A4 app r o a c ~i n ~ close t c zer o (t he t~eoretic a l 

i rc e a l ) . th e r e i s n o t a l a r ;s e p r o b a r~ i l i t .'l 0 f d e t e r rn i 11 i n r; a 

t earin g on a s ho rt ~ura t i o~ si €na l. In an att em) t t o i rrp r 1ve 

on the s ol e use of the A4 te r m as a r eliab i l tJ in d i c at o ~ . a 

pr obabilistic li ~ elih oo~ ratio na trix ta s ed OL a ll of the 

available sig~al para me t e rs was employed i~ t he a~al ysi s . :ie 

details of this ap p roa c h a r e in th e s ec t i on titl~ d LMtT 

( Likelino ad MATrix ) . 
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A closer exa ~ine i nati o n was ~ade of t~ e n~ ot le~ of b eari r~ 

ambi~uit7. Th e techni qu e e~plove~ in this po "tion of t 2e 

analvsis is ~iven i~ the section titled A ~ BIG U I T Y a~ s o ~ U~I O ~ . 

Th is a~alvsis ~ives s ome useful i~si ght i~to ? Ossi bl e 

difficulties ~ithin the antenna s yste~ that ~ay pr ove to be 

the ~ost trastaole. 

~. DFERR 

7he ?U r pose cf t~is an31Ysis w~s t o 1eter~ ine n ~ ~ 

a ccu rately a ~F cearin~ could be calc,Jlatei r~ o n t he si ve n 

data. The data con sists of 200 seconds of ~~ V per fil e (o~ e 

file of KLC ) . To study sh0~t duration si g nals it is o~ly 

nec essar y to consider the 2 00 seco~ds of data t o be a 

conti~uous c0 ~c at enation of s~ort duratio n si ~nals. ~Q e 

10 , 2Z0 records in eac h file contain t he data f or t~e 2 0 ~ s 

sa~pling ~eriods; t heref or e, inte ~ er ~u ltiple s of r e c 0 r ~s 

correspond to different si~~al du ratio ~ s. To exa ~i ne s y st em 

performance a~ainst a 200 ~s signal. one ~ee d or l y exa~in e a 

file 1e recor ds at a ti~e. A 2 0 ~ second file ~ a y be thc u~ ~ t 

of as c o~ tai n in g l ~ZJ signal s of 2J J ~ s d u~atio n . Sinilarl y . 

for a si gn al duration of 1 second. 5 0 resnrds may be u se d to 

synthesize the signal, and t he file is mad e un of 2 ~~ 

signals. 

A FO RTR\ N n ro~r a~ named ~FE~R was written t o e x a~ i n e t ~e 
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data files based on the above co~cent. The p r og ra ~ ~as 

d e s i ~n e d t o e x am 1 n e s i ~ n a 1 d u "a t i o n s f r o m 2 C :n s t o 2 e ~ 

s~conds; hc··1ever. it 'Nas used. for this analysis i r: t· .. , o 

ranges. 1~0 ~s t0 12~0 ~s in insrere~ts of 122 ~ sand 1 

second to 10 SPCOnds in increments of 1 s e cond. 

The ~eneral purpose 8f DFEPP is t o exa mine syste tT' 

-p e r f 0 r rrJ an c e a s ti-1 o p a r am e t e r s a r e v a r i e d . · r ~ e f i r s t _;_) a r a~ e t e r 

is signal d~ration: the sec0~d is the A4 ter~ . Tne A4 t e r r . 

explained in sectio~ III. is the ~easure of i ~c onsiste ncy 

wit~in t~e ~? svstPm. If t~e A! terr is lar~e . t1e be a ri ~~ 

value in a " esord is n0t consi1ered reliabl e . ,. f' 
1 ~ is 

small . more confide~se is nla~ed i~ the bearing . The relati ve 

desc ,... iptors lar~e an~~ si'T1all have vet to ·oe eval uate d . I n 

order to evaluate th~ pertinent ~ a n g P of A4 val uPs. the A ~ 

t h r e s h o l d ( A 4 ,'LI\ X ) i s v a r i e d b e t 'II e e n a s r. a ll v a l 1.1 e . 3 • 1 , 3. n rl a 

large value. 1.0. in increments of 2 .1. 

If the vc.lue of A4 in a r e cor i. is e c ual to or less t ."lc.n 

the val ue of A4 MAI set in the ~ r o~ rc.~. 

consifered acreptable a~ d used i~ f urther s tc. tist icc. l 

iJrcces sin.-:;. If tne value of A~ is a b o~re the li mit, t.;.e 

bearin~ of that recorc is discar~e1. 

Ar: explanatio11 nf f,!,...ther JF~? .. rt pro c essi:1 ~ is bes t 

presented ~s1ng an exa~ple. SuJp ose 

records are beins processed. 
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R e c a r d ff A ~1 

. . 
350 0 . 221 
~51 e .. 011 
352 J .432 
35~ \?.512 
354 0.315 
355 l.Jll 

.. 

"?hase 
(de~) 

- 47 
- 00 
- 58 
120 
- 2e· 
-2~ 

A4 

. . .. 
J .132 
'2 . 21 15 
.Z· .ll S 
~ .4:13 
'1 .l7E 
J .215 

?earir! F; 
( de£;~ 

63·2 
340 
3Z·6 
25~ 
'?.33 
348 

The value for t:O.e si,;:::al c_,, r3ti o ~ is l tZZ rns c.r.ci t he A4:'·1AX 

value is 2.~; therefo~e. reco"ds 35e th" ~ ~54 are exami~ed as 

rep~esentir~ a si~nal of 100 ms iur~tio~. Rec0rd 353 is 

immediatel:r re .iec ted tecause t2e value of ~8. 4 i s r; re:.ter tna~ 

A4MAX. The re ~ai~i~~ fo u r -~ co rds are :alled A~ a1missible 

and are used to rletermine 3 t~ arin ~ ~ean a~i stania~d 

~eviation: (The mean and stania r d deviati on f or mul as used in 

JF~RR are deri vei in A~perr~ir A. ) 

STD = 44: des 

~hese statistics ar~ r sed t1 f orm a w i~d ow cent~~ed at 2 ?9 

de6 r ees exte~ding 44 degrees on eit2e" si de of t~e ~ea~. 7~e 

A 1 ad miss i b l e bear i ~ g s m us t ?as s t h r o 11 r; h this ,,; i ndo 11/ f c: r 

further consideratio~. Pecord ~umbe r 35! is not wi ndcw 

adrnissi1:le" aJ: ~ is rlisca~de d . Th:=> r emci r.i;:~; t !1. !'ee recor ds. 

bein~ both A~ ani win1ow adnissible. a"e used t0 cor~ute 0 

secon1 nean anl sta nd a " i de viati on : 

'1E' A\I = 235 ~eg 
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This ~ean is JF1~R's best esti n ate c: the oear i ns :cr tDis 

orre 102 liS s i g r:al ( ~ecor d s c52 thr ou,:Sh 354: · . 

re po ~ted bPari!: g is : orrp J.T' e·i with t:--. e t:' i17.: oea!'ir.~ ; . 

337 ~e~. a n~ t ~ e bearing err or is ~ O!i pu te d as 335 - 337=- 2 de i . 

Additionally, t he vali d si~n al cou~t e ~ i s auGmen ted by one. 

The nu~ter o: valid si ~ ~als ~ ill be us ed late!' to je t erm i~ e 

the pr otability of obtai n irrg a be 5ring (?0~) . 

If there are less tha n t hre e A~ c 1~is s icle r eco!'js o r less 

than two win do w a d~ issi b le r eco r ds i n a ~iven 

duration. t1.e si g nal is ~ on s id.e :-e d i~valid. U. t., e to 

insufficie nt ~ata an1 is co unt e d in a1 i nvalid signal 

counter. To avoid t he l oss o: !'e li a ble 13ta in the cas~ o: a 

small standard deviati on of the A~ a1mi ss ible tea ~ in~s. t~e 

screeninR wi11ow is n0 t pe r mitt ed t o be rarrow er than li 

det;rees. 

The D? ~ P.R n!'o~ra~ pr oc esses te n s epa r ate s igna l du r at i ons 

e.t ten different .A.A:1 AX settin ~ s . .::> r oP r a'71 outpu t co:1s i st s cf 

four tables on se parate pa ges. Ea ch t ab l e i s a ten by t en 

the T'OWS c o rr~spo nd t o th e A4M AX vlaue s and t he 

columns corres pond t o the si gn al d11ra ti cn . see t ab l es I I 

through V. The first ta bl e ( table II ) i s the ave r a~e bearir,~ 

eT'ro~. T~is is t~e av~~a ~e nf all the s eparate means 

reported. In the eY.. a rnple a 'b 0ve f o r 1 ()0 rn s . t he pear. 335 '.vculi 

be one of a maximum possible 2~J? va l ues tha t ~o~ld be 

averaged and t~en rep orted i n t ne r ow ;4 ~~!=~ . 2 ~nd tte 
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colu~n si~nal duration equals 1 00 ~s. 

7he second table (table III ) is the st~nd a r d dev iati on of 

the bearin~ errors reported in the first t3ble. Fo r t ne l ~ t 

ms signal durati on category the sta~da r1 deviati on ~o ul d ~e 

of a maxi~u~ ~ossible 23 a 0 mean v~l 1 1es (th e actua l sa mpl~ 

size is eaual to the ~u~ ber of valij si ~n 3ls ) . As tn e si ~ n al 

duration in c reases, the sa~ple size decrea s es. For t ne l ~~ o 

~s colu~n. the maxi~um pos s ible nun ber of si ~ nals is 22J . If 

mediun duration sis~als a re ex a~in ed wit h J ~ ~ ~R . one mu st t e 

attentive to the sample size. For a 1 ~ sec ond d e ~at io~ si ~~al 

cate~ory, the samule size has d i ~ inished t o t we nty. Jo r 1 0 ~ 

second si~nal iurations. there are only t~ 0 sa m ~ le s an d t ne 

validity of a standar1 deviation is hi f hly questi ona ble. 

The thir1 table of output ( table 11) is t ne ave ra ~ e 

intra-signal standard deviation. This is t ne aver age o f t ne 

standard deviations re,orted for i nd ivi dual si~na l s. I n t he 

previous eYa mple, the STD=4 would be one of a ~ axi ~um 

possible 2 o0 ! standard deviations t o be a ve ra ge1 . If t ~e 

avera~e intra-signal standard deviati on were eq ~ al t o fo ur , 

t~e interpretation would be that for all si gnals of 10 0 ~ s 

duratio~. after the unreliable bearing s are d i sc arde d . t he 

expected stantard deviation of th e re~a 1~1n g c l ~ st e r of 

bearings is fo u r de~rees. The ter~ intr a -si ~ n al i s us ed t c 

distinguish it fro~ the standard deviati on of bear i ng e rr o ~ s . 

The fourth ta~le (table V) is th e c Jm ?i l atio n o f valid 
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:1. S 0 U F~ C E ! W tJ V :1. 0 1'1 HZ B : :·3 0 2 I/ 9 
OSTP"tND,!:'jHI:l DEV IAT I ClN l'1UL I TPL.F UHED TO DETEF~11 I NE DEAf< I NG ~J I NDOIAI :::: 1 

0 ~~ ~) E r~ .~ G E BEAr~ I N G E ri: r< 0 F~ t-l ~) .~ FUN C T I D N 0 F ~:> Y !:> T E t·i N 0 I ~:> E ( A 4 T E r~ M ) AND S I G N .~ 1... D U r~ t, T I 0 N 

:1..0 ····l> 1::" ·-6 -6 ····::_:; t::• 
0000 (~) .... '· ····/ ····b ·-·.., .... __, 

\ .J 

o.c; -·· b ·-· ~:; ·- 6 ··-b ·-~'j .... !~j ····/) ·-· 6 ··- } ··- 6 

n o.B ·-· 6 ···· :::; ·-·b ·-6 ·-· !:_:; ··- ::_:; ·-·6 ····6 ····/ ···· 6 

.~ 0."7 ··- b ····4 ·-·6 ·-·6 ···· 6 ·=· ····6 ····6 ···· / ····,~> ···· -.~ 

X 0.6 1::" 1::" ·- t.> ··- 6 ····::_:; ·-· /) ····l> ·- ~::; ·-· 6 .... ,s .... ...., 
·-·-.~ 

0 • !:_:; ·-· !:) ·~- ·-·!:) ·-6 ·-:::; .... ::) ·~· ·~ · ····l> ·-6 ·-'"' .... .., ·-· .., 
,!:'j 0.4 ··- 4 ·-4 - -4 ~:.- ·- 4 .... ::.) •;:- •:;· ····!:_:; ·-· :::i ·--.~ 

.... .., .... .., 

4 0+3 ··-4 ·-·4 ·- 4 ·- 4 ·-·3 ·--4 ····4 ··- 4 •••. ::_:j ····4 

0.2 .... '") ·-·4 ··- :.~ ·-·J ····J ··-2 ····J ·-·3 ···· !:5 ····2 ,;... 

0. 1 0 ·-· :1. 0 0 0 ···· :I. ··- :1. ····:I. 0 ····2 

:1.00 200 300 400 !'.'j () () 600 /00 BOO 900 :1.00 () 

Table II 
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OSTANDARD DEVIATION OF BEARING ERROR AS A FUNCTION OF SYSTEM NOISE AND SIGNAL DURATION 

:1..0 3:·~ 30 2c> 24 24 '") '") :1 <;> 20 :1. !'.) :1. 9 A"., A'•· 

0.9 33 :3 0 26 24 24 '")'") 
A',, A',, :1.9 20 :1. !:'j :1.9 

t1 o.n :3:3 :30 '") ,(. 
..:.\.) 24 24 22 :1.9 20 :1. !'.) :1.9 

A 0."7 3:3 30 26 24 :~ ~=.=; '")'") 
,.:., A"., :1.9 20 1 !'.) :I.B 

X 0~6 3:3 30 2c> 23 '") ·~· .:...J 23 :tn 2:-5 :1."7 :LB 

0 • !'.=j 3:1. 29 2"7 24 ::.~ !~j 23 20 23 :1.6 l"7 

I~ 0.4 29 2B 26 24 2~~ 21 ::.~o 21 1"7 1"7 
m 
f--1 4 0.3 29 2? '")' .. :. ~.) :~!=.=; 23 :1.9 20 2:1. :I.B :1."7 

0.2 29 :3:L 32 31 2B 24 2"7 20 '")'") '")'") 
A. ..... • •• A-A.. 

0 • :1. 20 '")'") ~~~:=; :?.!::; 20 23 24 '")'") 2:·~ '")r) 
,.:..,.:.. A".o A"., A",,,:, , 

100 200 :300 400 ~'500 600 "700 uoo 900 :1.000 

S I G N A L D U F~ AT I D N ( M I I... I... I~;; E C ) 

Table III 
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OAVERAGE INTRA-SIGNAL STANDARD DEVIATION 

1.0 6 8 9 10 11 12 13 12 13 13 

0.9 6 8 9 10 11 12 12 12 13 13 

M 0.8 ~ 8 9 10 10 12 12 12 13 13 J 

A 0.7 ~ 8 9 10 10 12 12 12 13 13 J 

X 0.6 ~ 
J 7 9 10 10 11 11 11 12 13 

0.5 ~ 
J 7 8 9 9 11 11 11 11 12 

A 0.4 ~ 6 8 8 9 10 10 11 11 12 en J 

~ 

4 0.3 4 6 7 7 8 9 9 10 10 10 

0.2 4 4 6 7 7 8 8 9 9 10 

0.1 ~ 3 3 ~ 3 ~ ~ 7 6 7 ' J J J 

100 200 300 400 ~=.=;oo 600 700 800 900 1000 

SIGNAL DURATION <MILLISEC > 

Table IV 
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ONUMBER OF VALID SIGNALS OF A GIVEN DURATION AS A FUNCTION OF SYSTEM NOISE AND SIGNAL 

1.0 2000 1000 666 500 400 333 285 250 222 200 

0.9 2000 1000 666 500 400 333 285 250 222 200 

M 0.8 1997 1000 666 500 400 333 285 250 222 200 

A 0.7 1995 1000 666 500 4()0 333 285 250 222 200 

X 0.6 1990 1000 666 500 400 333 285 250 222 200 

0.5 1960 993 663 500 400 333 285 250 ~~~ 

''' 200 

A 0.4 1897 974 656 497 399 332 285 250 222 200 
en 
00 4 0~3 1718 911 {~~ 

U'J 482 390 328 283 249 222 200 

0.2 1312 738 516 409 336 290 258 229 207 187 

0.1 717 474 363 291 247 217 191 171 163 147 

100 200 300 400 !=soo l)OO 700 800 900 1000 

f.) I GNr~L DUI:~AT TON ( 11 I I...L I SEC) 

Table V 
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signals for each of the A~MAX and si~~al duratio~ cate go rie s . 

This is a~ important statistic needed to ~ompute t he 

probability of obtaining a bearin~. In the case of the 10 0 rs 

sig~Al duration, 200~ are ,ossible. If A4MAX=0.2 and 12 ~ 0 

signals are valid, the POB for 10 ~ ms is equal to the rat io 

of valid signals to possible si ~nals. In this case, P05=0.d. 

In eeneral, as either A4 MAX or tne sisr.al ~uration increases. 

the numbe~ o: valid signals approaches t he ~u~oer of possib l e 

signals. For A~MAX abcve ~.4 or t he si gnal du ratio n e.bove one 

second. the POE is approxi mately one. 

DFEFF was used to process all of the files, includin g t ne 

OCK modulated KLC si gnal. The KLC file req u ired a s ligh t ly 

nodified version of DF~RR because e ach record of data was 

searched f o r a fla~ that indicates that t he sig nal is inde ed 

present. Sear~h was also ~aie ~or fla~s that indicate tn a t 

the system is satu~ated. KLC is 80r.sidere1 a file of si~nals 

separated by noise. It is not a continuo us si &na l like the 

WWV signal; in fact, the duty ~ y ~le is less t han twent y-five 

percent. 

The tabular output produced by JFSRR ca n be co~sidered a 

second level data base. To simplify follow-on discussions. 

the statistics in the DFERR output will be referr ed to as the 

" FOUR" s tat is t i c s . ~ x am in at i o n o f the D FER R C. a t a b a s e 

revealed that the FOU1 statistics are a stron g function of 

the A4 term. As the A4 term increases, ccrres ponding to t~e 
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acce,tance of more inconsistent data, t~e standard deviatio~. 

intra-signal standard deviation and nu~ter of valid sisnals 

increases. 3ased on the large standard deviations rec orned 

above A4=e.4 and the insignificant increase in POE above 

A4=e.4. the ran~e of interest was restricted to A4 values in 

the 0.1 to 0.4 region. Even with t~is restriction. the a~aunt 

of data is too large to present in this report; however. it 

shoulc be noted that the changes in t~e FOUR statistics e re 

typically ~onotonic as A4 varies. The data ?resented herein 

is for A4MAX=0.2 and A4MAX=e.4. The best nerforrJance 

category. A4M!X=e.1. is not Presented because of its low PCB 

and because it is not si~nifi~antlv different from A4MAX=0.2 

The tabular data of DFERR does not permit easy visual 

~ercention of the characteristics of the FOUR statistics. A 

~lot pro~ra~ was written to display the data. ~ne fi~ures at 

the end of this section are of the ~~V 5.10 ani 20 ~Sz files 

of 1979 (Fig. 1 0-24) and 1920 (Fig. 25-34 ) . For ea cn 

frequency the.,..e are five sraphs. In eacn set of five, tne 

first t ,,, 0 and the last are the m0st i:npcrtant as t.1e:v are 

concerned 1•/i th the short duration sir,r.als. ·r~ e second t 1t/ 0 

graphs are for signal duratiors of one to ten sec ond s. r~ey 

a r e i n c l u de d t o i 11 n s t r a t e ~ o ," t he F 0 U R s t ·1 t i s t i c s t en d t o 

reach steady state values. The fifth ~raph is the histo~ram 

of the bearin~ errors for A4~AX=0 .2 ~~d si ~nal duration eq~al 

to 200 ~s. Annotated in the upper ri gh t hani corner of all 
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the co~pute~ drawn ~raphs are the averase bearin g (3 . 

t d d ~ . t. ( .. ·) d ' . ( - ) ~ t ~ san ar -...ev1a 1on -:. an avera ~e ::>ear1ng errcr :_ . ... or 4. e 

entire file powtrayed by thP ~raph. ~hese a re tne statistics 

for a signal durati on of 20 0 seconds subject to the A4MA X 

constraint labelled on the graph. If one ass umes that the 

true angle of arrival was fixed. that no multipatj existed 

and that there was n0 slow term variance du~ to tne 

ionosphere. the curves plotted s hould converge to tne 2Z0 

second average bearing error. Both the standard deviation a~d 

the average intra-signal standard deviation snould conver he 

to the 20 ~ second standard deviation. The P03 shoul~ conve r ge 

to one. However, the PROPHET program graphs s how that in many 

cases there probably existed ~ultimode conditions (actual 

amount of interference unknown) and that. in all cases. 

varying de~rees of variance existed due t o polarization 

fading and interference. Despi te this dif fic ulty. the 220 

second statistics can be considered an approxir1ate 

convergence point. 

The first curve {X ) of each gra~h is the a ve ra ge bearing 

error. This is the difference between the calc ulated ceari~6 

and the true seographic bearing to the si~nal transmitter 

(337 or 090). The most prominent feature ~fall the avera s e 

bearing error curves is that tney are not a strong function 

of s i a;n .:tl duration. This conld nave been anticipate d 

realizing that the average of the majority of s ~ all subsets 
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of a lar~e set will closely a ppro xima te the average of t ne 

large set. In this respect the avera~e bearing error as a 

function of signal duration is not particularly us eful. A 

much more significant view of the avera ge beari ng error is a 

histogram of the bearins errors from each valid si gnal. A 

histo~ra~ :or A4MAX=0.2 and a si~nal duration equal to 200 ms 

is t~e fiftn figure in ea ca set of five ~ ?i g . 

14.19,24,29,34 ) . These histograms show that the distribution 

of the bearin~ errcr for mcst of t~e files is only r ou~nly 

approximate t o a no r mal distribution. Majo r deviations fr om 

the normal curve are the accumulation cf b e arin~s in tne 12 J 

degree ambi~uity re g ion and the distributi on s where mul ti mcde 

propagati on was highly pr oba bl e. The ~ajor difficulty witi 

the average beari~g er r or data i s the a ts ence of calibrati on 

data. Tne a~ou nt of correctable bias err or is unknown. 

The standard deviation curve (* ) is tne mo s t importart 

informaticn on the graphs. If a bearin~ is to te used with 

other bearin~s to compute a fix, the standarQ devia tion is 

used to com~ute the fix crea for a g iven probab ilit y that the 

target will be within the fix area. The st andard deviation is 

also a measure of confidence in a sing le bearin~. If the 

bearing distribution is nor~al and th e standard ceviation is 

20 degrees, one can expe~t that the bearing calculated is 

within 20 1e~rees of the true bearin~ (a ss uming aver aee 

bearing=true bearinP,) about 67 per~ent of the time. Beca use 
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the 1 istributions for the data files are oTily ro u~hly normal. 

amplification of t~e significance of the standard deviati o~ s 

is pertinent. The followin~ data are the approximate 

percentages (wit hi n five percent) of bearings falling within 

the standard deviation of e~ch file for a 2 ~ 0 ms si gnal 

duration and A4MAX=0.2. 

File # STD ?I 
·o 

------------
1 (~i.s. 19 ) 31.1 90 
2 (Fig. 24 ) 25.6 25 
3 31.1 75 
4 (Fi.g. 14 ) 15.5 25 
5 37.4 90 
10 (Fi g .29 ) 59.6 75 
11 ( ~. -us. 34 ) 29.5 95 
12 (Fig. 35 ' 16.2 8S 
1~ 19.3 83 

This dat3. indicates that the distributions are denser than 

the normal and that s ys tem p erfor ma~ce is better than one. 

thinking in terms of a normal distribution. would believe. 

For example, in file 11 (Fig. 34) t he sta r;.dard deviation is 

about 30 de6rees. bu t 95 percent of the da t a are within t ne 

standard deviation. The expression of standard deviation 

cannot be separated from its distribution and still retain 

meaning. 

Obs ervinE; the curves ( FLc.;. 10-13, 15-18, .:.:0-2.3, 25-28 , 

30-33) the rearler will note that the stan dard de viation i s i n 

almost all cases a monotonically decreasing function of 

signal duration. An interesting co mpariso n is the standard 

deviation at 1e0 ms (STD1 ) and at 10 seconds (STD2 ) , aga i n 
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l,vi th A4MAX= e .2 : 

File H STD1 STD2 S TD 1 / S'r D2 
___ ... ____ ----- -- - -- ----------
1 29 5 5.8 
2 25 11 2.3 
3 31 13 2.1 
4 18 5 3.6 
5 42 10 4.2 
1 0 57 18 3.2 
11 3 'J 4 7.5 
12 16 9 1.8 
13 17 6 2.8 

These results are c om parable to th ose re,or ted by Br1in 

[Ref.E l and consistent in order of magn it ude to the time 

required to average the fluctuati ng s ur f a c es of con s t a ~ t 

amplitude. 

The t hird curve ( . ) is the ave r a-s e i nt r a -s i.:<;nal sta ndard 

deviati on . It is tvpicallv a mono t cni call y i nc r ea s i:1g 

function of sig nal d u ~ati on f r1~ 1 0~ ~s t o 1e se conds. The 

fact that the intra-si gnal stan dari de via tio n is the s malles t 

at 100 ms i ndicates that the ma jo r factors af f ect ing tne 

variance are not rapidly fl uctu ati n~ . i.e. t he pe r iod is 

larger than 10~ ms. The intra-signa l sta nd ard devi ati on a t 

100 ms is small, four to ei~ht de g rees. exce p t fo r f il e 1~ 

(Fig. 25-28 ) •11hich "''as recorded with a l ow SNR . In t nis ca se. 

a major source of variance was noise and it s f luc t ua ti ons 

were rapid. As the si~nal duration increases . the pnenomena 

causin g the maj ority of the variance have me re e~fect within 

individual signals. 

The fourth category of data on t he g r aph s is the 
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probability of obtaining a line of bearing. The derivation of 

this number has previously been ex~lained. Its usefulnes s is 

a proper subject for operations research; it does not provide 

the engineer with any useful information about tne process of 

EFDF on short duration signals. However, one does not need a 

specific operational context to know that high ?03 is 60 od 

and low FOB is bad. 

One can summarize this secti on by st at ing: (1 1 A4 is an 

effective measure of reliability of tne data, (2) t~e 

variance is hi~h for short duration signals, (3 ) tne avera0e 

bearin~ error is not useful without calibration data and (4 ) 

variance i~provement with time avera~ing corresponds in order 

of magnitude ~ith that predicted bv fadin~ phenomena. 

70 



--..] 

I-' 

Figure 10 

WWV 5 MHz 2/79 Short Signal Duration A4MAX=0.2 
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Figure ll 

WWV 5 MHz 2/79 Short Signal Duration A4MAX=0.4 
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Figure 12 

WWV 5 MHz 2/79 Medium Signal Duration A4MAX=0.2 
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Figure 13 

WWV 5 MHz 2/79 Medium Signal Duration A4MAX=0.4 
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Figure 15 

WWV 10 MHz 2/79 Short Signal Duration A4MAX=0.2 
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Figure 16 

WWV 10 MHz 2/79 Short Signal Duration A4MAX=0.4 
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Figure 17 

WWV 10 MHz 2/79 Medium Signal Duration A4MAX=0.2 
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Figure 18 

WWV 10 MHz 2/79 Medium Signal Duration A4MAX=0.4 
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Figure 20 

WWV 20 MHz 2/79 Short Signal Duration A4MAX=0.2 
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Figure 21 

WWV 20 MHz 2/79 Short Signal Duration A4MAX=0.4 
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Figure 22 

WWV 20 MHz 2/79 Medium Signal Duration A4MAX=0.2 
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Figure 23 

WWV 20 MHz 2/79 Medium Signal Duration A4MAX=0.4 
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Figure 25 

WWV 5 MHz 2/80 Short Signal Duration A4MAX=0.2 
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Figure 26 

WWV 5 MHz 2/80 Short Signal Duration A4MAX=0.4 
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Figure 27 

WWV 5 MHz 2/80 Medium Signal Duration A4MAX=0.2 
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Figure 28 

WWV 5 MHz 2/80 Medium Signal Duration A4MAX=0.4 
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Figure 30 

WWV 10 MHz 2/80 Short Signal Duration A4MAX=0.2 

~OLRCE: ~~\ lOtJ 1:4C 2180 A4~AX=0.2 
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Figure 31 

WWV 10 MHz 2/80 Short Signal Duration A4MAX=0.4 
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Figure 32 

WWV 10 MHz 2/80 Medium Signal Duration A4MAX=0.2 
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Figure 33 

WWV 10 MHz 2/80 Medium Signal Duration A4MAX=0.4 

SOURCE: ~~V lC~ 7:40 2/80 A4MAX=0.4 
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C. LMA T 

The previous section detailed 

data record bearings on the basis 

calculated variances are large 

the results cf accepti n~ 

of the A4 term. The 

and in so me cases the 

corresponding POB is small. There is a str0ng need to l owe r 

the variances and increase the POB to approximately one. To 

do this requires a more co~plete use o ~ t he data; this 

includes the A0 and Phase terms. 

The theoretical equations of the c oaxial spaced lo o ~s 

prove the eyistence of polarization indepen dent nulls in t he 

ideal case. 3owever, the construction of perfect loops an d 

free space siting of these loops is clearly i mpossible . 

Pecognizin~ that the spaced loop array does not perfo~~ 

ideally, one attempts to ide~tify the s ou rces of fixed err or 

and correct them with a calibration data set. Ot ner s ourc e s 

of error are rando~ and are described in probabilistic terms . 

It is usually the case that more than one of the major errors 

is random. This results in joint probability density 

functions that are impossible to derive analytically a nd 

impossible to isolate in order to rne3.s u re. 

In an attempt to maxi~ize the use of infor mati on avail able 

without a precise knowledge of either t he fi xed or ra nd0m 

errors, it was deciQed to take a decision theor y a ppro a ch. An 

assessment of a bearing's reliability is what is mo st nee ded. 
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The decision to be made is binary; a bearin g i s rel i a ble or 

unreliable. Once the bearin~ reliability is de termine d, tne 

statistical procedure developed for DF ER R ca n be u se d to 

determine a ~ean bearing. The d~cision t o de termi ne i f a 

bearing is reliable will be based or. the li keli ho od th a t i t 

is reliable. 

As an examnle, ass ume the following data rec ords: 

Record # A0 A4 Bearing 
--------- --------- -------------------
1 0.113 0.214 340 
2 0.612 ~.2 08 358 
3 0.514 0. 421 282 
4 0.815 0.113 3e 5 

The true bearing is known to be 337. Assu~e that a s e c ond 

data set is recorded on an unlocated target tra nsmitter: 

Record # A0 A4 E eari~5 

--------- ------------------- ---------
1 0.056 0.298 105 
2 0.822 0.173 042 
3 0.109 0.202 093 
4 0.666 0 .432 087 

Which record is most reliable? It is k nown i n dat a s e t ore 

that the first record is tne ~ost reliable bec ause it s 

bearing is the most accurate. Us in~ th e maxi mum l L{·eli:Io od 

(ML) criterion. one would estimate that the record in dat a 

set two that most closely rese~bles record one of data s et 

one is the most reliable. By ML c~iteri o n rec or d tn r ee wou l d 

be selected because its A0 and A4 parareters a r e the c l os e st 

match to record one of the first data set. In this s cheme 
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there is ~o filtering 

lowest level of A0 and A4 

on ~reset 

were the 

A0 or A4 limits. If t .:1e 

reliabilty criterion, 

record one of the second data set would have been selected as 

the best esti~ate. The advantage of the ML criterion is tnat 

it is a "use what works" techniqne. The deductive approach of 

analysis of the syste~ and erro~s is disca~ded because it is 

too complicated. Instead, the ind11ctive technique rf 

observing ana classifying provides the more attractive 

approach in this case. 

To use the ML criterion with the SwRI data files one must 

expand upon t~e ideas presented in t he example. Define two 

matrices. a bearing acceptable and a bearing u~acceptable 

matrix. EacJ matrix is three di me~ sional; a dimension is 

allotted to AZ, one to Phase and the third to A4. This spa~s 

all the i~formation in a data rec ord. A0 is a measure of the 

horizontal field component; Phase is a measure of 

polarization; and, A4 is a measure of system inconsistency. 

These three measures are not sufficient to completely specif y 

system performance; in fact, they are not s ufficient to 

completely specify the horizontal field component. 

polarization or syste~ inconsiste~cy. Tney are what is 

available. ~ach dirension is divided i nto ten increr1ents. ·:rhe 

A0 and A4 dimension values are between 0 and 1.0 in 

incre~ents of 0.1 . The Phase dimension is between -1 E0 ard 

+180 in inc~e~ents of 36 degrees. ThP structure of both 
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matrice s ca~ be sketched as: 

~¢I I 
0 o.s \.0 

L / P\-\~SE. 
I I I I 

-\80 0 \80 

M f:\4 
I . . I I I 
0 o.s l.O 

VP\\-SE. 
A¢ 

The ~at rices are defined to be expressions of t ne 

conditional probability ~ass. They a~e create1 b y using a 

file or files of data on a target of known positi~n. 

the true bearing permits one to address either t~e beari n~ 

acceptable or tearing unacceptable matrix. Further 

explanation is best presented usin~ an exa~ ple. The followi~ ~ 

records are available fro m a data set with a true beari n5 

know1 to be 337 deg: 

Record # Arz Phase A4: 3earing 
(deg) (deg ) 

--------- --------- --------- --------- ---------
1 0.911 -43 0.621 286 .!. 

2 0.e13 -64 0.512 273 
3 0.517 12J ~.231 357 
4 0.342 72 0.185 34:0 

All the elements of the bearing acceptable a nd 

unacceptable mat rices are initialized at zero. The criterio n 
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for placement in one matrix or tne other is tie value of the 

bearing. A window about the true bearin~ is defined.. If t !le 

window is de~ine~ as 1e degrees. a bearing is acceptable if 

it is withi~ 5 degrees either side cf t~e true bearing. ~ acn 

record in a file is exa~ined. Re cord nu~ber one is 

unac~eptable because the bea~in~ value is not i n the 332 - 342 

deg window. Therefore. its Ae, Phase a~d A4 v~lues are wapped 

into incre~ents along thP respective dimensio~s of the 

unacceptable matrix, thereby addressing one of the elements 

of the matrix. A one is added to the contents of tnis 

element. Each reco~d in turn is examined .and a one is added 

either to an element in the bearin~ acceptable or the bearing 

unacceptable matriY. (~ecord number four is an exampl e of a 

record that would apply to the bearin~ a~ceptable matrix. ; 

After all records have been projessed, each element in the 

bearing acceptable ~atrix is divide~ by the number of rec1rds 

that contributed to that matrix. Simila~l~, the elP-ments of 

the bearing unacceptable matrix are divjde1 by the number of 

records that contributed to it. This produces an expressi on 

nf conditional probability. If a bearins is ac cep table, the 

protability of it having a ?articular A0 , Phase and A4 value 

is equal to the value in the acceptable matriY addressed by 

the given A0 , Phase and A4 values. Likewise, if a bearing is 

unacceptable, the p~obabilities of its A0. Phase and A4 

values can be read r~on the element addressed by those 
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values. 

Tne acceptable and unacceptable ~atrices are construct ed 

fro~ data o~ a located target. If one ~rocesses a file of 

data on an un~nown tar~et, the matrices are used as foll ows. 

Using the A? , Phase and A4 values to address both of tje 

matrices. the ele~e~t values of the ma trices are comuare ~ . 

Suppose the value fror the accepta ble ~at rix is ~ .211. a n~ 

from t~e unacceptable mat-ix, it is 0. 097. The ML criteri on 

~akes the de~ision for the matrix with t he nisnest 

protatility (m aYimu~ likelihood). ~.~11 is the highest valu~; 

therefore. the decision is that the bearin6 is acceptable. 

The re~u irement to address two matri ces and compare trie 

returned values can be eliminated by forming a single 

likelihood ratio "latrix. Th is matrix is constructed by 

dividing ea ch ele~ent of the bearing acc eptable matrix by t he 

correspcnding element of the bearin~ unacceptable matrix. The 

decision ~an be made on a sin ~le ele me nt of t ne likelihood 

ratio matrix (also simply called likelinoo d ~atrix or denoted 

as [L]). In the example above. the rati o of the tw o values is 

2.175. The decision is that a bearin~ is ac cep t dble if the 

addressed element of the likelih0od matriY is ~reate r than or 

equal to 0r.e. If less than one, the beari ng is ur.acceptable. 

The above ideas ca~ be set int o mathe~atical notation as 

follows. M at~ices are denoted with brac~ets. The el ements of 

a matrix are indexed with i. j ,~ in the general case. 
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[A] ~ bearin~ accept-3-ble matrix 
frr1 : bearing unacceptable rna t-rix 
[A ( i , J , k ) ] = [A ( A0 , P ~as e . A 4 ) 1 
f TJ ( i , i , 1{ ) 1 = [ (T ( A 0 , Ph a s e , A 4 I ] 
~a = number of records tabulated in LA ) 
I\ I u = numb e !" o f r e co r d s t a b u 1 a t e d i n [ U J 
lla + Nu = (1·o0 ·£"30) X (number of files use d) 

The probability mass matrices are: 

[Pal = (1/Na) lA) 
(?ul = (1/Nu) fUl 

The maximum likeli~ood (ML) criterion can be used t o 

decide the ~cceptability of -3. bea~ing. 

Let the recor1 be fAa=~,?hase=~.A4=~~Eo}. then. 

oz.. 
A ~ U 

C(c (Jc Y., D\ C(c fJ..., Yo 

where, the decisions ~1 and ~2 are. 

D~: Bearing is asceptable 

J1~ Eeari~g is unacceptable 

If A> U. the decision is D2; if A< U. the decision is D1. 

This comparison process can be simplified a~d at tee sa me 

time be made more fle~ible by defining a li~elihood rati o 

matrix f 1 1 : 

fLl = fPa] @ f?ul 



where the symbol (~) means to divide eac~ element of the 

matrix [Pal O!lly by its i,j,k counterpart in ! .?ul. (Defi ne 

x/0 = infinity.) 

The ML criterion ca!l be rewritten as: 

[Ll 

01"' 

02. 
> 
< 
01 

[11 

02. 
> 
< 
Dl 

[1] = 1~x1 ~x 121 r1atrix of 1's 

1 

The above idea can be extended to the M inimu~ ? robability of 

Error ('1P"S) and the Cost r:ac ) criteria 

straightf0rwa~1ly: 

f 11 
D1 PfB U!lacce~table} 
D<~ [ ~~~-~::=~~~~~=~--

f 11 Df [~~~~--=-~~~-~ ~~~-~-~:_~--] 
D1 (C,L- Cl~) P{B U!lacc} 

C21 : cost of decidins acceptable •,.,rhen u!lacceptatle 
c,,: cost of 1ecidi~~ unacceptable when acceptable 
C1z..: cost of deciding unaccPptacle when n'lacceptabl~ 
C22 : cost of ~eciding ac2e?table when ac ce ptable 

The ter~s on the right side of the decisio!l s ym bols ar e 

matrices. T~e ratio of P{Bacceptable} to P1Bunacceptable} 

must be deter~ined separately for each element of tne ~ atriY. 
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The sa~e will probably re true :or the ~ayesian costs. Th e 

MPE and BC criteria are nore sophisticated and will proba bly 

yield better results, b~t data limitation prevented further 

investi~ation. Very large amounts of data ~ould be needed to 

determine prcbabilit~ ratios for each ele~e~t of a 10xl~x1 J 

matrix. It would also require a onerational input for a 

realistic assessment of 3ayesian costs. 

Using t~e above ~oncepts. t~e FORTRAN program LMAT ~as 

written to produce t~e li~elinood ~atio ratrices l LJ f~ 0 m 

individual files and from ~roups of files. Testinf, of t ~e 

method centered on the 15 MHz files beca11se they are the most 

nu~erous for a sin?le frequency (three files). An L matriY 

was created fro~ file 3 :or two separate definitions o f 

bearing acceptable''. The first. denoted L[3.90] . considered 

the bearin~ acceptable window to be ninety de~ ~ees wide. rhe 

second, Lf3,20l. used a twenty degree wind ow to construct t ne 

~atrix. 

Using the L matrices. several data files we re processed 

employing the pro~ram L~ILE (L ~atriY modified FIL~). T~is 

pro~ram reads the A0, Phase and A4 term of each record a nd 

uses the~ to address the L matrix. If the ele ment addresse d 

is greater than one. the bearin~ in tnat record is considere e 

acceptable. and the record is written into a new data fi l e 

witb a new A4 t~rm equal to 0.e1. Only the A4 ter~ is 

~hanged. The new data file is subsequentlv processed by DFERR 
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which will al~ays treat an acceptable bearin~ (A4 = 0 .~1 ) as 

valid for statistical processing. If the 1 matrix ele me nt 

addressed is less that one, the bearing is unacceptable a~d 

assi~ned the A4 value 10.0 in the new aata file. DF~RR will 

reject any bearin~ with this lar~e A4 value. 

The file of irterest is the 19e0 15 MHz file. Fi gu re 35 is 

the result af si~ple DF3~R processin~ on this file; fig ure 36 

is the histog~am of t~e bea~ing e~ror. Several exa~~les of L 

matrix prosessin~ o~ this file a~e Graphed in fi ~u res 37, 3~ 

and 41. The explanati on of these ~raphs is identical to the 

explanation given iP th~ previous sectioD. It will be noted 

,however, that the ~ranhs a~e labelled with the 1 matrix 

notation. The A4~AX ter~ is P-Ot applicable. Each grapn has an 

accompaning histogram o~ the bAarin~ er~oft. Fi gur~ 37 is tie 

file processe1 ty an L matrix made fro~ t he file itself. 

Figure 39 is the file p~ocessed bv an L matrix created froM a 

1979 file at the same frequer-cy. Figure 41 is the file 

p r o c e s s e d b v an 1 !1i a t ~ i x c rea t e d f ~ o rn f o u ~ 1 9 7 9 ',~ .~ V f i 1 e s a t 

differe~t frequencies. Not unexFec tedly. the best per~ormance 

is by the L ~atriY fo~~ed fro~ the file itself (Fig. 37 ) . But 

it is interesting to note that the 1 mat rix created from the 

single file of identical freauency (Fig. 39) performed better 

than the matrix made np from the f0ur files (Fi g . 41 ) . :rh is 

tends to confir~ frequency sensitivity i~ the 1 matrix. It 

may prove valuable to add a frequency dimension, ~ akin~ t he 1 
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matrix four dimensional. 

A considerable amount of processins was devoted t o 

determine a~ optimu~ window for t~e likelihood matrix. No one 

window width outperformed other widths in all categories. T~e 

central dif:iculty is that one thousand elements in the 1 

matrix must be determined. Accuracv in terms of ML for ea ch 

element is a limitirg process; as the nunber of bearin~s us ed 

to deter~ir.e eacn element apprcacnes the true ML 

ratio is deter~ined. To approximate the in:inite sa~ple ML 

ratio within 1e percent would require very ro ugn ly 1 ~0 

recor1s per ele~ent. But some elenents are rarel y aduressed; 

therefore. large amo11nts of data are needed to fill t~e L 

matrix. The a~ount of data can be estinatej in a very rJugn 

way. Using four ~iles and a ninety degree window. it w1s 

observed that ~bout 40 percent of the ratrix elements are 

addressed zero or one times. If the re quirement is that the 

probabilitv of this h~ppening should be less than 0.201. tne 

expression (0.4) =(e.001) determines tte number (n) of sets 

of four files required. In this case about t~irty files would 

be required. This corresponds to 300.000 records or 1e0 

~inutes of dAta. T~is is an easily achieved nunber at the 

antenna system develonment site. 

The most overall successful runs were made with a ninet y 

degree window. In tatle VI are the results of processin~ the 

1980 data files with a likelihood matrix constructed frow t he 



1579 data. The first four 1979 files were use~; the fiftn, a 

second 15 Mgz file. was not included to avoid a possi ble 

do~inant 15 ~dz bias. The data in table VI is the va~ian:e 

and POB from simple DF~PP processi~~ (A4MAX=0.2) ~nd fran L 

matrix processing (1( 1-!,90 )) . For the 193~ 5 MH z file the 

variance is high i~ either case. Starti~g at 30~ ms sig~al 

duration, the L matrix processin~ has a lower variance, a nd 

as the signal duration increases. 1 mat rix processing is 

better ar1 better compared to DFERR processing . Per~aps mucn 

~ore si gn ificant is that the L precessing has a Much hi~her 

POE. iith the 19E~ 10 MHz file. L matrix processin~ is 

superior at every signal duration. This is also true for t he 

15 MHz file. This is a si~nificant res ult. L r:1 atri:.c 

processin~ is generally su~ericr tc the A4 filter process cf 

DFSRR. Ir. so me cases the variance is halve~ and the ?C3 is 

more than doubled. However, performance a~ainst !LC is poorer 

as can te seen in the table. For t ne shortest si gn al 

durations. the 1 matrix varian ce is higher t ian JF EF R 

p r c c e s s i n g • b n t t he t w o a :p p r o a c h e a c h o t he r p a s t 5 ~J 0 m s . T n e 

POB is slightly hisher for the 1 matrix process. 

The results in table VI ere very enccura g in ~ . A matrix 

created fro~ 1979 data sig~ifice~tly ou tperfor~e d 

processing on the 1S8e data. Tne ~ocrer results for i LC are 

not surprisinp. ~~V bPars 337 de~ fro~ San Antoni o . a nd ~ ~ C 

bears 290 de~. The 3nter.na array ~hich is mounted at op a 



horizontallv girded ' building suffers patter~ distorti on due 

to antenna element coupling with the building . The dist orti on 

to the pattern is dependent both on the azimuth and elevati o~ 

an~le at whic~ the sisnal arrives. In fact. t~e KLC results 

are encouragin~. ~he fact that L ~atrix processins ana DF ~2 R 

processing results are so close suggests tnat azi n ut ~ al 

dependence is not an overiding factor. It may be possi ble to 

achieve acceptable results us in~ -L ~a trices created fr or 

azi~uth sector data. If a fi~st ~uess is tnat a bearin g is i n 

the sector 21~ to 27?, post processing could use an L ~atrix 

Sfecifically c"eated for that 60 degree sector. In all six -
L 

matrices would te req ~ ired to cove- the full azirutri. 

The o,timism eYpressed above ~1st be tempered by the fact 

that the technique and the results were derive1 ~ith an 

inductive ap,roach. A theoretical basis with which t2e L 

matrix success could have ~een predicted was not derived. L 

~atrix suc~ess was observed, not predicted. Confidence that 

the technique is fu~ctional in the general case will require 

observati0n in situations ~he"e frequency. azi~uth. SNR . 

vertical an~le of arrival, polarization, s~ipboard siting and 

prop~~ation ~odes a"e varied. 
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TA:CLE ·r r 

CofTJpa:-ison of DFERR and L Matrix ?r o~essi n..; 

For all DFE~P pr0cessin f; . A4MAX= 0 .2. For all L mat'l"i .X 

processing, the 1 r.at .... ix is L ( 1-4.9 2 ) . 

SiGnal Juration in rnillisecor.ds: 
1 21 0 200 3 00 40 0 5 20 6 •i 0 7 '2'Z eerz 9.Qi 100 6 
--------------------------------------------------

l•JWV t; '1Hz 20 :4e 2lsl ee ...., 

STJ 
JF:2R? 57 59 58 59 - a 

:J~ s;: 6 1 52 t52 55 
Lr~AT ~? 

0- 62 51 ·~ 9 4:6 4 0 4 ~ 36 -z,r-.__ c .35 

?03 
J.?E~R . 11 .33 . 52 .65 .77 . 83 . 9 L1 . 9 1 . 95 . 9 2 
LMAT . -3 4 .;l3 .99 1 1 1 1 1 1 1 

r.v l;J 1[ 10 '1Hz 7:-± 0 2 / 5 /2 0 
STD 
iLFER::t 3 0 29 25 21 18 17 1.3 16 1 a 11 
LMAT 29 23 16 10 11 c 7 9 5 6 '-

POB 
:UFEF.R .73 . 9 0 . 95 .97 .99 . 99 1 1 1 1 
LMAT .9 0 .S17 .99 1 1 1 1 1 1 1 

'.AJ ~v 15 MHz 9: 00 2/5 /2 ·2 
STD 
DFERR 1'3 15 14 12 13 11 9 9 9 9 
LMAT 13 13 13 1 0 g 1e 9 1 '::I (.' 1 :a t.) 

'"' 

?05 
D?ERR .83 .es .E7 .EB .29 Pu ·---- • 9 2l . 9 0 . 9 1 
1'-IAT .81 • 813 . 88 . 92 . 91 . 9 1 . 9 :? . 93 . 94 

KLC 8.6f 6 MEz 8:15 217 / E:Z 
STD 
DF~::t?. 1? 19 16 16 14 14 11 15 10 10 
Li·lAT 23 20 22 2~ 18 17 12 11 1± 8 

POB 
DF:SRR .22 .35 A.~ 

• -- :.J .43 .1. ~ 
• _ I") .47 .4f . sz: . 5 2 - 4. • :J -

Li•JAT .25 "ZQ 
• t...) ,_. .4:2 .-±6 . 43 .-±8 .5 .9 .52 .52 . 55 
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WWV 15 MHz 2/80 1(12,90) 
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Figure 39 

WWV 15 MHz 2/80 L(3,90) 
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D. AMBIGUITY RESOL UTIO~ 

The histograms of the ave~a ge bearin g e"r o r demonstrate 

one of the difficulti~s ~i th tne SWPI spa~ed loop an te n na 

system ir. trying t o DF sho"t duratio~ sigr.~ls. It ~an be seen 

by l oo kin~ at the histoprams t hat the"e are bearin g err or 

nu~bers that cluster in relatively lar~e values at points Jf 

180 and 90 de g ree ambiguity. This corresponds ta t~e ante~na 

system decidin~ on the ~rong null in t he antenna arr ay 

pattern. The severity with which t ~is can affect t ~ e 

calculated va"iance is ~raphed in fi~u re 43. This g ra ph . 

plotted from an e qu atio n dev elo ped in a~pendix 5. 

denonstrates t"'lat a small nnrnber o: :tmbi2uities have a ve-::r 

significant ~ffect on the variance. The ~r a ph ass um es 1 r20 

bearings c on s ti t~te the total sample. All the awbi~uities a"e 

at 18~ degrees. ~ he abscissa is t~~ n~~be r o: 13 0 de~ree 

ambiguities. The ordinate is t he ratio of t he ne ~ variance t o 

the old variance which is set at twenty de grees square d . If. 

for exa mp le, t here are ten 180 degree ambiguities in t he 

original sample a nd they are removed, the new standard 

deviation will be less than te n deg rees squared. I~ the case 

of ~any s ~ all sets representins sh ort duration signals, 

evaluated se pa"ately. the reducti on in variance ~ill be 

larger th~n t~at predicte d in ~i sure 43 . 

To exa mine the effect of removin g the a~bi ~uities fro~ t he 
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s ~1 R I d a t a f i 1 e s , a F 0 R T R A "l p r o s r a rr. A '1 3 I 8- w a s vi r i t t e n t o s e t 

the A4 value to 10.~ for every record wnich is within a 

narrow window abo ut the 90 and 180 degree ambiguities. 

Setting the A4 to such a lar~e value per mitted the use of tne 

D~ERR pro~ram ~hich a~tomatically rejects records witn s~ch a 

hi~h A4 ter~. This test ~as run on several data files a~d the 

results are displa:red in figures 44: and 4:5. It can be see n 

tha t sharp decreases ic variance occur. servi~~ to ~a~e tne 

bearin~ esti~ate more reliable. 

The resolution of arbigt:.i ties '.Vi th r.2r-r o'" a.pert 1l"'e s ~rsterrs 

is a dif~icult pr-obler. The al2o1"ithms are especia.ll y 

sensitive to vertical angle of arrival. l ow S ~ R and multi rno ie 

propagati0n. rrirn e averagirg, i:' the signal is S 1' ffi:ientl :" 

long. can overcome multimo~e propa~atio~. t u t verti:a.l a n~ le 

of arrival is very dependent o~ arra y geo metry. and 3 ~ ~ is 

often totally uncontrollable. The spaced l oa, array a mb i~uit y 

pr0blem Play ce due to eot:.ip!T'ent errors, but it is ln'Jr e li kely 

that the phys ical lifllitatinn of the aperture is t h e ~rimary 

difficulty. The aperture is insufficient to S(ns e wa vefr on t 

di stortio ns or to sharply isolate pattern ~ulls. In tne case 

of bur st co~~un ications, ti me avera£ing is impossible. The 

~arrow aperture arr ay must be assisted ty wide apert u re 

elements to ~ork a~ain st sh ort duration si g nals. If a spa c ed 

loop array is ~ounted aboard a naval vessel. it ~~Y be 

pos sitle to a~d a sim ple loop element at the bow and stern 
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an d t~ J a ~ i d ships. This simple cr0s s shaped i~terfer om et e r 

array wo uld be medium apert ure. By itself it would n J t 

provide reliable HFJF, but it coul1 i mprove the reliabilit y 

of the narrow ~pert ur e syste n by sensin~ wavefro nt 

distortions a~d provi d ina deep, well defirred nulls to resJlve 

amciguities. 
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Ambiguity Suppression Curve 

121 



60 

50 

40 

DEGREES 

30 

20 

10 

0 

~o~ ~o-o-o-o-o-o 
0 --o o 

WITH AMBIGUITY DELETION 
(10 DEG WINDOWS ABOUT 90°+180° 

AMBIGUITY POINTS) 

SIGNAL 
100 200 300 400 500 600 700 800 900 1000 DURATION 

[ms] 

Figure 44 

Ambiguity Suppression for WWV 5 MHz 2/80 

122 



15 

10 

DEGREES 

5 

0---0"' NO AMBIGUITY DELETION 

0 ,0/0" 
0" 

o-o-o-o-o-o-s~s~s~s 
WITH ~~BIGUITY DELETION 
(10 DEG WINDOWS ABOUT 90°+180° AMBIGUITY POINTS) 

SIGNAL 
100 200 300 400 500 600 700 800 900 1000 DURATION 

[ms] 

Figure 45 

Ambiguity Suppression For WWV 15 MHz 2/80 

123 



A. CONCLUSIONS 

The narrow aperture antenna is physicall y i nc apa ble of 

spatiallv se~sin~ phase or amplitude wavefro n t dist o rti o~s 

that have spatial periods of ma~v ~avele~~ tns. This in~er en t 

disadvantage ~ust be overcome by time averagin g . Under t ne 

assumption that wavefront distortions fl uctuate about t ne 

undistorted wavefront (the mean .,,avefront ) . the minim um ti 'Tl e 

necessary to average out the dist ortio ns is eq ual to t he 

longest period of the prima~y phen omena ca u si~ g the 

d i s t o r t i o n . T h e m o s t s e v e r e d i s t o r t i o n s o c c u r '·" i t h rm l t i m o d e 

i:J.terference when two or more rays are comp3 r able i n 

amplitude. In this case the ti'Tle requ ired to avera ge out t he 

fluctuations is the fa d in~ period of the ~ajor s pectral 

c o rn p on en t o f t he f a rl i n ~, p o we r s p e c t r u r1 , r o 11 ~ h 1 y on t he o r d e r 

of ten seconds for an HF signal. This means th a t a narr ow 

aperture antenna cannot r eliably determine the di~ectio n of 

arrival of a burst transmission in the presence of seve re 

~ultimode interference. As the severity of dist o rtion i s 

reduced. the reliability of JF is improved. I~ the case or 
the SWEI spaced loop HFDF system. th e range o! stand a ft d 
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deviation for the 200 ms signals stud.ied b.ere is fr0m 15 

degrees for signals sysnthesized from data i'l file !1 to 59 

degrees for signals synthesized from data in file 1e. Tne 

a ver:tge s ta ~da rd deviati0n over th.:: nine data files is 29 1 

degrees. These data files are telieved to i~clude both 

multim0de and single mode si gna ls and si2ndlS with hi~h a nd 

low SN?'s. 

The performance of a na~row aperture 2gD~ syste~ 

against short duratio~ si~nals is v.::ry dependent on 

ionospheris propagation. ~here~0re. the performance of t~e 

system cannot be sneci~ie1 separately fr~m specificatio ns on 

the state of the ionosphe~e. To state that a svstem ~ust 

perfor~ with a given standard deviation of bearin ~ err0r 

during q,J i e t ionospheric conditions with sin gle mode 

propagatio~ is much different from re qu irin g t he 

ste.ndard 9-eviation of bearin~ error during disturbed 

ionospheric conditions or with multimode propa ga ti on. 

There are several sources of fading in ionos?heric 

propa~ation; however, fading can be considere d a 600d measure 

of the distortion of local constant phase and consta nt 

arnplitnc<.e wavefronts. If fadin~ is severe. on the orC.er of 26 
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db, one can be confident that si6nificant d istortion is 

occurring to the wavef~ont and t~at narrow aperture derivea 

DF bearings on sho~t duration signals will be ~enerall y 

unreliable. 

The concept of using a likelino od ~atrix develoneci 

from given, ~eliable ctata to make a binary (acceptable or 11 0t 

acceptable) decision on a random 1a ta set has not been full y 

explore ·i. However, the res 111 t s from the li mited process i ns 

are very encouraging. It shouli prove possible to devel op 

appropriately sized and numbered 1 matrices ca,atle of 

significantly outperforming algorithj,]s based only on 

filterin~ bv parameter limits. 

The filtering to eli~inate a ~ and 190 de gree 

ambiguities demonstrated that a significant reduction in 

bearin~ varia~ce can be accomplished if the so urce of the 

ambiguities can be corrected. It is do ubtful, ho\<.·ever. that 

the correction can be acco:nplished ·..,rithont the introducti on 

of supportive medium aperture interferometer ele~ents. 

126 



E. RECOMMENDATIONS 

S~DF with nar~ow ape~t ure anter.nas on short dura ti on 

signals ~ust ma7imize the use of as much real ti~e 

informatinn as possible on the ionosphere. Evaluation of t~e 

vertical angle of arrival and polarization is needed to help 

determine i~ a ground wave nr a s ~vw~ve turst transmission is 

being received. The vertical angl~ of ar rival will further 

permit an estimate of ran ge. The ran~e and vertical angle of 

arrival information should be used with a propagatiJ~ 

prediction pro~ram to make an overall evaluat ion of tne 

reliability of a calculate d bearin~ based on predicted 

ioncspheric inducen bea~ing variance. To improve t he 

propagation prediction p~ogram. real time measurements o~ 

ionospheric parameters are needed. Th is could be accomplished 

by updated inputs of geophysical data. shiPb oar d ionospheric 

sounders, solar observatio ns, data derived from satellite 

beaco~s and the use of ge ographically fixed transmitters as 

beacons. The prJvision of this informati on will probably nat 

permit the calculation of a more acc urate beari~s. but it 

will help to determine the reliability of the bearing (t~e 

variance of the bearing ) . 
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Various receiver parameters. es pecially the AGC 

voltase. s~ould be monitored to esti ma t e t he fa~ing of a 

signal. A large variation of the AGC voltage :auld si~nify 

fadins and somewhat reduce the confidence in the calculated 

bearin~. A small variation in the AGC voltage would be 

inconclusive. 

The specificatians for the re quir ed perfor~ance of a 

n a r ,.. ow a }: e r t u r e an t en n a s ;r s t e m rr.u s t i n c l n d e t h e i o n o s :ph. e r i c 

con d it ions u n de r .,, h. i c h pe r f or rna n c e is t o be rn e as u red . An 

eYa mfle specificati o ~ is that a syst em ~us t have an ave" a£e 

bearin g err or of five degrees an d a st~ndard deviation t hat 

~ncompasses at least 67 percent of the data whe n tne si ~nal 

is received in the 20 m ~ter band via a pre dom i nantly one n op 

propagation path. The si gnal power of o th e r propa~ation ~odes 

should be 30 db below the primary mode. ~nd t ne S~R aga i nst 

background noise should be at least 12 db. To c onduct s urh 

measurements aboard a ship ~ay re qu ire t ha t t he s hip be 

positioned close to a wide aperture array that would be able 

to resolve the local ~ode st,..ucture of a known ta r~et 

trans~itter's signal. 
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Though the results of usin g the proba balistic 

likelihooi ~atrix were were not t ota ll y conclusive. it is 

reco~mended that this approach be further investi~ated. Th e 

strong appeal of the likelihood matrix app r oach is the 

maximum use of information in a r i ~preci sel y kn o~ n a ~d 

~now able environment. Furtne~ investi gation 

should include the !allowing areas. Op ti mize the iim e ns i ons 

of the likelihood matrix. per ha ps elim inat ing t ne p~ase 

dimension. Define the likelihoo d ~ atr iY in terms of tne 

minimum probability of error criteri a~ insteau of the m axi ~um 

likelihood criterion. Define the li kelihood mat rix i n ter ~ s 

of Bayesian costs ~nd compare the res u lts with those of 

max i r~mrn li1relihood and minimum pro~ability of err or. 

Determine tne frequency, SNR and fading se nsitivies c f t~e 

likelihoo~ matrix. Of greatest val u e and ~reatest difficulty 

would be a seneral the oretical C.evelonrnen t of tne liKelin ood 

matrix ir te"~s of the spaced l oo~ SJstem parameters. It ~ ay 

prove to be the case that the li~eli2ooc matrix co uld 

~oncisely store calibration data. This c ou ld be calibration 

in azimuth, elevation, polarization. frequency and SNE , all 

in a finite number of likelihood matrices. Using t he 

measurements of frequency and SNR a~d tne esti ma t es of 

azimuth, elevation and polarization, a st ored likelih ccd 

rna t r i x w o u l d. p o s t n r o c e s s s ;r s t em d a t a t o r e f i n e t n e o e a r i r_. ~ 
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estimate. 

T~ere is a need to develon 3 ~iagnostic al~oritnm t ~3t 

will use a ~nown. fixed t~a nsmi tter t o tabulate ambiguity 

errors as a check o~ system sensitivit~r a~d c! t~e phase 

sensin~ ele~ents, particularily the nhase~et e ~. 

The space~ loop array does not pr~vide ~eliable data 

for various i mpo rtant tactical situations. The va~iance 

associated with a bu~st signal beari nz is toJ lar~e for most 

fix an~ tar~eting al~ o rithms. To im~r ove performance. the 

:easibility of addin~ a si~nle mediu~ aperture i~te rferomete r 

should be investi~ated. 
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APFSNDIX A ------ - -

AV~RAG3 AN:J STA N::) A?D :J EV IATIC N Cr~ LULATlC N S ON BEA R I ~~GS 

The co~pu ter p~ op rams used i~ t ri e analysis portion of t tis 

report ccrputes a v~ra~e and sta nl 3~d deviatio~ of bearin~s. 

The se statistical calculatio~s are strai ~ htforwa~ d . ~u t ~ o t 

in the for~ ~en~rally rec ~snized. In this ~ep0rt. bea ~ir ~ s 

have been treated as integers in t he set J t o 350. jhen 

calcu1atin~ avera~es of tearin~s that overla p the ~ -359 

boundary, it must be tazen into ac count that 359 differs fr oiT. 

0 b? only one deg ree. For this reason the foll0\\ i!ls I'a r r111las 

1.4e re ~eveloned. 

A ssu~e that n bearing s are available for averagin g : 

Bl.B 2 •.••• Bi •...• Bn 

N o r rn a 1 1 y t h e a v e r a f. e 1,; o 1ll d. be c a 1 c u 1 a t e d. b ;r : 

B = ( 1 l n ) 2::: B i 

Pewrite the bearinrs in terms of a reference bearins . B ref 

~nd a difference A i. 

Bi = B r ef .4- ~ i 

rp· _ nen. 

B= (li n ) L ( B re: + 
/\ . ) 
~ 1 . = .B ~e f + ( 1 / n ) I: A i = .i3 ref "" 6 
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Avera~e beari~~ = Refe ren ce 3earin ~ + Ave rase Differe nce 

I t i s rn o s t c o n v e n i e !1 t t o l e t B r e f = ~.a ; t ~ e n , 

B = A 

However, the g reatest difference ~llow e~ i D 2 closed set ~ to 

359 is 18. 0 ; t herefore. ~ax = 120. and the conditional 

defirition i s~ 

D.l· = -q· _l if B i < 1Se 

.6 i = ·p,i- 363 if ~i ) 13 (?. 

Now the ave~a~e f ~ ~mula can be written: 

I 

s ubj ect t o the conditional de!inition of . which is easi ly 

implemented in FO~TPA N . 

For the standard deviation, a typical f ormula is: 

Again let~ 

0 ~ Bi S 1 8·2 

~ i = :Si 1e0 < 3i ( 36;.J 

Then. in a li~e manr.e~. 

(1/r. ) 2: D. i - ( ( 1 In ) L D. i 1 

2. 
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AMBIGUITY SU? 0 RESSION VARIANCE ~~UAT I ON 

In the analysis porti on of this r eport . the res ults of 

s uppressing 9~ and 180 degree ambi sui ti e s fro~ a tearing da ta 

set were disc ussed. The e quat ion used t o describe tne 

sig nificance cf anbi:suity s upp ressio n is derived. in t ~is 

appendix. 

Assume that a his to~ ra~ of beari~~ e !'rors closely 

a p p r ox i rr a t e s t he P r r b a b i l t i y· d en s i t y f u n c t i o n p ( b ) . '.v ':1 e r e 

p(t ) is sketched as: 

P/z. L R 

--~--------~----~--~--~----~--------~~----- b 
-ISO -oro 0 \80 

The ~elta fun~tio ns repr esent that porti on of t ~e histo gram 

d~e t o am bi~uities. The function g ( t ) is gene"al; the only 

restrictior associate~ with it a~e that the o~igin of the b 

axis coi,ci1e ~ith t he meAn of g(b' and t ha t ~(b) be ~ide 

compared ~ith t he distribution of the a~bi zui ti e s. 

One writes ?(b ) as: 
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p ( b) = .g (b) + t p / 2 ) ~ (b+ 1E0 ) + L ~ (b+9?) + ?. ~ (b -9 21 

+ (? 1 '2) ~ (b -1 E0 l ( 1 '. 

r si ng fp ( b ) db = 1 

and /£, (b) db + p + L + R = 1 

then Js( b) db = 1 - ( p + L + R ) ' ~ I 
~ G 1 

T~e ,,aria nee of n(b \ is : 

VA R r B] ~ f b ~ P ( b ) d b - [fb :> ( b ) C b J 
1 

Jc p(b l db ~/b «(b ) db+ ( P) ( le·l)
1 

+ ( L~ P.'(9~; >­

f p ( t l d b ~ a + ( 1 : ( - 9 ·n + ( P. J ( 9 0 l = ( R-:. 1 ( 9 0 ) 

v AR [ B l = b F.; ( t ) d b + ( p ) ( 18 0 ) + ( L + R ) ( 9 0 _I - ( F - L J ( 9 I~ ) ( 3 ) f '1 l. 2. 4 l. 

If the arnbi~uities are eliminated. a nt=: 1
'' p.J.f ~~'(b) res ults. 

~'(b) is a scaled versio n of g(b); ther efore. 

K g'(b) = g(b) whe re K < 1 

!~ ' ( b ) db ~ 1 =~ > ! " ( b ) d. b = ): 

cornbinin~ this with (~) yields: 

K = 1 - (p + L + rt ) (4 \ 

Tne variance of the new ~df is: 
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VAR[S'] = fo\' (b) db -[f ,;;'(b1 ub]2. 
f C 1. .£; , ( b ) db = ( 1 / !) Jb 2. .F~ (b) Q b 

J b fS ' ( b ) d b = ·3 ( b Y a s s um ' t i o n . ~ e n t e r e d a t t h e J r i g i [1 

VAR [? '] = ( 1 /K)jb4 ~(b ) ctb (5 ) 

s~bstit~te (5) into (3) ~ nd sclve fo~ the new variance : 

V A ::i [ B } = ~{ V -~ R ~ 3 ' J + ( P ) ( 1 2 0 ) .._ ( L + :q ) ( 9 Z ~ - ( l1 - L ) ( ·~ rz ) 

2 ~ 
VAR[B] + ((R-L ) - ( L+R J - 4P )(9:J ) 

VABfP'l = ------------ ---------------------- ( ;: I v, 

1 - (? + 1 ... n.) 

~quation (6 ' is the expression that auprcxi~ates tee ~e w 

variance of a general distri bution ~nen the a m bi~uities are 

eli~inated. Tnere is one co~dition tha t ~ust be observet . 

Because v a ria~ce is always a positive quantity. the numerat or 

of (6) mrst be a positive quan tit y. (The deno minator is 

qua r anteed to be positive.) Therefore. 

2.. '2. 

VAR[B] + ((R -1 ) { L+R ) 4:P)(90) > 0 ~~- nicn c c. n be 

re-expressed as, 

CSB\ 90 [ 4P + ( L+ll ) - (:0. -L )'"] ( ? ' 
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APPFr-..J J IX C --------

PROPHZT 

The data used to compile the infor~atio n of Tab le I ~ a s 

provided by ~ ~. 3ob Pose o f Naval Ocean S y s te ~s Cen t er 

(NOSC). ~~e dia~r~ms incluied i~ this a ppen dix ar e s o~~ 

examples of t he gra:?hical outp,l t a vailabl e :r o(TJ t ne 

ior.ospheric predictio~ pro~ra~ ?RO? q~~. 

Fi~ures 46 and 4 S are ray tra ce pl ots of t 3e si ~nal pa t ~ 

f r o m ~ 'r; V a t B o u 1 de r • C o 1 o r ad o • t o S a n A :1 t o n i o T e x a s . ? n e 

necessary inuu ts to tne program are the date. time a~d 

geophysical data. The date' and ti~e were select ed t o 

correspond with t he Si RI suaced l c cp ante ~ na data. Tae 

s~nspot number and x-ray flux wer e deter ~ ined fr o~ pu bl ished 

geophysical data. The 1Z.7 em flux is a nunbe r that can te 

determined from the sunspot number. P R O P~ET als o re~u ires t he 

trans~itter's location, power and ~ain which in t he c as e of 

~~V was determined from published s ou rces. Th e tra ces 

represent t~e signal at launch an gles fr om J to 50 deg r ees i n 

5 degree increments; the traces are fra med i n a spati a l 

coordinate s7stem, altitude versns r an;g e. The r ec e iver ' s 

location is denoted bv an asterisk at the correc t d ist ance 

alonh the range aYis. This distance is the ~ r e at c ircle ~ rc 

connecting the transmitter and receive~. 



Refraction causes the traces to tend back t o the Ea rt h 

unle ss the launch angle is sufficiently high to per mit t~e 

ray to escape the Earth. This is the case for t he 50 degree 

launch ray in fi ~u~e 46. Multi~ode occurs w~en ray traces 

cross each other an~ retur~ to the surface at approxi~ately 

the same position. In figure 49 there is a potential 

MUltirode condition at the receiver. The severity 

multimode interfere~ce depends on the stren g t~s of t ne 

multih op traces after reflection at t~e s u ~face of the Eart~ 

and D layer absorption. 

Fi~ures 47 and 50 are relative p o~ er i ia~ra m s i n a 

frequency ve rs ns 2'r hour coordinate s:rstern. The cu rves a~e 

relative no~er contours. T~e to~ cuve represents tne MU ?. a ~ d 

its relative power value is -30 db. The botto ~ cont ou r is t ne 

LUF, and it too has a relative power value of -3~ db . As o~ e 

wo rks inward from the outer two contours, each s u c c eedi n~ 

contour is a +12 db hig~er than its cutside nei ~hbor. ~ne 

inside contours may reach values ~f +1 0 an d ~ 2 3 db. T~ e 

actual power received is dependent u pon the trans mitter po~ e r 

and the propagation conditions. 

Plots of ionospheric induce~ variance are she wn i~ 
L' . l.l ,.;u re s 

48 a!l.d :1. ~he values of variance are es peciall y usef nl f er 

direction findin~ wo r~ in that they are e measDre of err or 

induced by the i onosphe re independent of en y HFD? s y ste ~ . Tne 

values are calculaten_ frof'l empi!'icall;r derived for mlJ las. :'he 

137 



fi~st order ef~ect is frequencv dependent. and 

o~der ef~ect is based on the Prss curve af variance as a 

function 0f r~nge. ~e~erence 13 is th~ ~OSC docu~er.tatior. o~ 

the developmert of the emui~i:al forMulas. Fi eures 4E and 5~ 

show that variance is typically oetween 1 an d ? degrees 

SQuared with occassional sharp peaks reachin~ 3 ~egrees 

squared ~cr about one ho ur duratio~. The me~or peaK at 13 J ?Z 

is due to s un rise e~fe:ts (termi~atoft ; . 

Additional informati on on the :apabilities of PRO?~~T can 

be obtained from ~osc. 

13~ 
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SUNSPOT HUMBER ~ 191 
1u.7 CM FLU~~ 225 
X-RAY FLUX = 1,000E-994 

TRANSMITTER: BOULDER 
40.SH, 105.1W 
POWER = 1eeee WATTS 
AHTEHHA GAIN = e dB 
FREQUEHCY = 15000.0 kHz 
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WWV 15 MHz 2/5/80 Ray Trace 
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5 FEB 1989 IIIII FRQ ~ 15909 KHZ 
X-RAY FLUX = 1.00E-094 SUHSPOT I a 191 
TGT: TARGET LAT c 4e.ea; LOH = 195.19 
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WWV 15 MHz 2/5/80 24 Hour Variance Diagram 
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13 FEB 19i9 18302 
SUUSFOT HUMBER = 151 
10.7 CM FLUX = 194 
X-RAY FLUX = 1.800E-904 

TRANSMITTER: BOULDER 
49.SU, 185.1'-1 
POWER = teeee WATTS 
AHTEHHA GAIN = e dB 
FREQUENCY = 15000.8 kHz 
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13 F~8 19~9 IIIII 
~·u:~·: POT ttU~lBER = 151 
10.7 CM fLUS,= 194 
~-R~Y FLUX = 1.0B0E-B04 

U[?[M]f~o~~ ~ 
TRANSMITTER: BOULDER 

40.SH, 105.1W 
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29.5H, 98.6W 
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ANTENNA GAIN = 0 dB 
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RAHGE = 1387 KM 
BEARIHG = 336.6 DEGREES 
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1-' 
+ 
U1 

DFERR 

C THIS IS ~ PRQGRAM TJ CALCULATE DF ERROR ST~TISTICS OF THE SWRI 
C SP~:ED LJJP ANTE~~~ SYSTEM. A ;IvEN SET JF BEARINGS IS ANALYZED TO 
C FIND THE ~=A~ AND STANDARD DEVIATION. TH=S: STATISTICS ARE USED TO 
C RE-EVALUATE THE D~T~ SET BY TRIM~ING OFF RE~RINGS WITH LARGE 
C DEVIAT!O~S FROM T~E MEAN. A ~E~ MEAN IS CALCULATED AND COMPA~ED 
C TO THE T~JE BEAR!~~ TO FIN~ TH= F.~ROR. ST~TISTICS ~RE THEN 
C COMPUT~D FJR ;IVE~ SIGNAL DJRATION ACROSS THE ENTIRE DATA SET 
C AND FOR SE.ECTED V~LUES JF A~ WHICH IS A ~~ASURE OF SYSTEM NOISE. 
c c 

LOGIC~-*1 SOU~:EC30)/30*' 'I 
INTEGER*2 'lBR:;z 
DATA :LR/'LR't,:SR/'SR'/,CSA/'SA'/ 
DIME~SIO\l \JBV::< 5000) ,~4VE:C 50001 ,Nr:>~T~C10, 10,4) 

C FOR CPICMS, MJ5f REFORMAT DSRN 01 
CALL DSDSET(1,l600,2,l6) 

c 

WrUTEC 1 o, 600) 
WRITE(10,60U 
READ(5,500J SJJ~CE 
WP.!TE(l0,602) 
READ( 5, 501) 'l~EC 
WRITE( 10, 603) 
READC5,502) '"1I\JS 
;'HNS=I.1! NS/20 
WRITEC10,604) 
R!:AD(5,50ll ~~)(S 
MAXS=\i~XS/20 
WRITEC10,605) 
REA0(5,502) NI'l: 
NINC=~IN:/20 
WRITEC10,606) 
REA0(5,.503) NTB~G 
WRITE(10,6CJ7) 
READ(5,504-) NSTD 

C CALCULATE ~OfATIJ\l SHIFT TO SI~PLIFY DETE~~INATION OF BRG ERROR 
c 

NSHIFT=36D-NT3~:; 
c 
C SET UP LJJP FOR A~~AX I'l:RE~E\Jfl~G 
c 

c 
DO 100 11=1,1) 
A4MAX=).l!!cFLJAf( 11-I1t 

C SET UP LJOP FOR SI:;~AL DJRATIO~ DECLARATIJ\l 
c 

BRG06210 
B~G06220 
BRG06230 
BRG06240 
BR.G06250 
BRG06261) 
B~G06270 
BRG06280 
BRG06290 
B~GD6300 
BRG06310 
BRG06320 
B~G06331J 
ARG06340 
B~G06350 
BRG06360 
BRf;06370 
BRG06380 
BRG06390 
BRG06400 
BRG064l0 
RR(';06420 
B~G06430 
BQ.G06440 
P.RG06450 
B~G06460 
A~G06470 
BQ.G06480 
9{G06490 
BRG0650r) 
B{G06510 
BRG06520 
BRf,06530 
BRG0654-0 
BRG065'50 
BRG06560 
BRt;06570 
BQ.G06580 
B~G0659 0 
BRG06600 
BRG06610 
B~G06620 
P.R~06630 
BRG06640 
8{G066'50 
BRG06660 
8{G06670 
BRG06680 



1-1 
+ 
m 

c 

DO 101 Jl=~INi,MAXS,NIN: 
NC1=0 
NC2=0 
M2=0 
M3=0 
M4=0 
MlO=O 
M12=0 

C SET UP LJOP TO R=A) THRU ENTI~E FILE 
c 

M5=N~E~/Jl 
DO 102 K1=1,\15 

c 
C SET UP LJO? TJ REA) NUMBEK OF ~ECS CORRESPJ~DING TO SIG DU~ATIO~ 
c 

DO 1 0 3 l1 = l , J L 
READ(l,505,E~)=20l,E~~=1J3) A4,SS,NB~;z 
N8RG='IBRG2 

C If SS=•,•SR•,QR 'SA'lF', THE R:FERENCE SIG~AL IS LJW AND THE ~ECORD 
C SHOULO BE DISC~RD:). THIS IS JJ~E BY SETT!'I; THE A4 TER~ = 10.0 

c 

103 
c 

!F(SS.EQ.CLR.J~.SS.EQ.CSR.JR.SS.EQ.CSA) A4=10.0 
COUNT TOTAL NJ\1BER 3F ~ECJ~DS READ WIT~ NC2 
NC2=~C2+1 
A4VEC(Ll)=A4 
N BVECC L l) =NB~:; 

C NBVEC NO~ CO'ITA!~S BRGS FOR ;IVE'I SIG DJ~AflON. A4VEC CONTAI'IS 
C A4 VALUES ASSJCIATE) WITH TrlES: a:~RINGS. 'IJW CALL 'T~I~•. 
c 

CALL TRI\1(~BVE:,A4VEC,Jl,NSTJ,A4MAX,~SfD,MEANtiNSUF) 
c 
C IF INSUFFICIENT D~TA TO DETERMINE .)TATS, \1JST BE NOTED IN "1\ISUF". 
c 

IF(I~SJF.EQ.l) GO TO 200 
c 
C DETERMINE ERRJ~S B:TWE~'I TRUE 'N~ MEAN B:~~ING 
c 

c 

Ml=M:~N+\ISHIFT 
IF(\1EA~.GT.1B)) MEAN=MEAN-360 
IF(Ml.;E.360) '-11=M1-360 
IF(M1.GE.180) ~1=Ml-360 

C TOTAL THE ER~ORS I~ M2 ANO ER~JRS SQUARED IN M3 
C TOTAL MEA~ I'l ~12 \'ID MEAN SJJ~REJ IN ~1~ 
c 

ML=\12t-~1 
M3=M3+~1*"'11 

B~G066qQ 
BRG06700 
BR.G06710 
BRG06720 
BRG06730 
BRG06740 
BRG06750 
BRf';06760 
BR.G0677u 
B~G06781 
BR.G06790 
B~G06800 
BR.G06810 
BRG06820 
B~G06830 
BRG06840 
13~G06850 
BRG06860 
Bt?.G06870 
BRG06880 
BRG06890 
8RG06900 
BRG06910 
ARG06920 
BRG06930 
9~G06940 
BRG06950 
R~G06960 
B~G06970 
BRG06980 
~~G06990 
BRG07000 
B~G07010 
BRS07020 
BRG07030 
B~G07040 
9~G07050 
P,QGQ7060 
BRG07070 
BRG070AO 
B~G07090 
B~G0710() 
BRG07110 
8~(';07120 
~~G07130 
BRG07140 
B~G07150 
BRG071 60 



I-' 
+ 
-.._] 

MlO=MlO+~STD 
c 
C COU~T NU~BER OF SI;NALS FOR ~HICH STATS A~E JBTAINED 
c 

200 
102 
c 

NCl=N:l+l 
GO TJ 102 
M4=M4+INSUF 
COt\JTI\JJE 

C READ TO E~D JF DAr~ FILE IF ~E:ESSARY INJ~~E~ TO REWIND FOR NEXT RUN 
c 

104 

206 
c 

IF(NCZ.GE.~RE:) GO TJ 206 
f-18=NRE:-~C2 
D1 104- K2=l,M3 
R<:AD(l, 505,E~)=236) A4,SS,~3R32 
NBRG=NBRG2 
REWI'J) l 

C FIND AVE BEA~ING 
c 

E{~ AND STD JF BEARING E~~ 

';J TO 202 IF(NCl.EQ.O) 
GO TJ l03 

c 
C !F ~0 SI;~ALS FO~ ~HICH STATS JBTA!NED, THIS SHOULD BE FLA3GED IN 
C THE OUTPUT WIT~ 9~999. 
c 
202 M6=99999 

c 

'-17="16 
NCl='-16 
M4=M6 
Ml3="1b 
Ml4='"\6 
GO TJ 204 

C CALCULATE ~EAN BE~~!NG ERROR (~6) AND STD JF BEARING ERROR (\17i. 
C CALCULATE ~EA~ BR; (M14) !ND STD JF BRGS ~3lUT MEAN (Ml3) 
c 
2 0 3 M 6 = ~1 2 I \J C l 

Xl=FLJ~T(~2)/F_JAT(\JC1) 
X2=FLJAT(M3)/FLJAT(NC1J 
M7=INT( SQRT (X2-Xl*Xl)) 
Ml4="110/\JCl 
Mll=Jl/MINS 

c 
C STORE VALJE TO BE ~~INTED I~ THE ARRAY '\JD~TA'. 
c 
204 NDATA{Il,Mll,l)=M6 

NDATA(Il,"1ll,~)=M7 

BRG07170 
BRG07180 
B~G07190 
BRG07200 
BRG07210 
BRG07220 
BRG07230 
B~G07240 
BRG07250 
BRG07260 
BR.G07270 
BRG07280 
RRG07290 
BRG07300 
B~G0731() 
BRG07320 
BRG07330 
BRG07340 
B~G07350 
BRG07360 
BRG07370 
BRG07380 
BRG07390 
P.RG07400 
9RG07410 
R~G07420 
B~G07430 
B~G07440 
BRG07450 
B~G07460 
B~G07470 
Bf{G07480 
9~G0749') 
BRG07500 
B~G075lf) 
P.RG07520 
BRG07530 
BRG07540 
BRG07550 
BRG07560 
BRG0757') 
RPG07580 
BRG07590 
sq_Go7600 
sq,G07610 
B~G07620 
BI{G076 30 
BRG07640 



~--' 

+ 
00 

NDATA(Il,Mll,3)=~Cl 
NDATA(Il,Mll,~)=Ml4 

101 CONTI'JIJE 
100 CONTt~JE 

GO TJ 205 
201 W~IT=(6,609) 
205 CONTI~JE 

105 
106 

c 
c 
500 
501 
502 
503 
504 
505 
c 
c 
600 

601 
602 
603 
604 
605 
606 
607 
bOB 
609 
610 

611 

612 

b13 
61ft 

DO 106 11=1 3 
WRITE(6,614J SJJ~CE.~STD 
DO 105 !2=1,4 
IF(I2.:Q.l) w~ITE(6,6l0~ 
!F(12.EQ.2} ~~ITE(6,6ll) 
!F(I2.EQ.3) W~ITE(6,612J 
IF(I2.EQ.4) W{ITE(6,613) 
CALL PRl~T(NDATA,JZ,MINS,~IN:l 
CONT!'.JJE 
STOP 

FORMAT(30Al) 
F 0 R 'H\ T ( I 5 l 
FORt~AT( 14) 
FJRMAT(!3) 
F 0 Rt-1 AT ( I 1 ) 
F~RMAT(8X,A4,A2,A2) 

FuRMAT(•OTHIS P~OGRAM FI~DS AVE BEA~I~J ERROR AS A FUN:TION•,/, 
A'O OF SIJ'.JAL DJ~AT!J~ A'JO SYSTEM NOISE (A4 TERM)') 

FORMAT('OE'JTE{ SOURSE A~D TIME(30AU'l 
FORMAT('OENTE~ '.JUMBER OF R:CQRDS(l5)') 
FORMAT('OE~TE~ ~IN SIGNAL JURATION,XPL~ OF 20 MSEC(I4)') 
F;JR~AT( ':)E'.JTE~ '1AX SIGNAL )UK~TION,XPL: OF 20 MSEC( 15)') 
FORMAT('OE~TE~ SIGNAL INC~EMENT,XPLE OF 20 MSEC(l4)') 
FOR"1AT('0E'JTE~ T~Ur: B!:ARING (I3)') 
F0R t-1AT( 'OE~TE~ STD XPLE FO~ TRIMMING (Ill' t 
FORMAT(10!7) 
FOR~AT(•DE~D J= DATA FILe :N:OUNTERE:).•) 
FOR"1Af('OAVf~AS ~ REARTNG ~~RJ~ AS A FJ~CTION OF SYS TEM •, 

A'NO!SE (A4 TE~'-1) AND SIGNAL C>URATIO~J',I/l 
FORMAT('DSTA'JDA~D D=VIATIJ'J OF BEAR!'J; :~ROR AS A FUNCTI QN •, 

A'QF SYST EM NJI SE AND SIGNAL DJRATI O~•,I/) 
FORt-1AT( 'ONUMB::~ JF VALID SIGNAlS OF A :;IVEN DUPATION ' 

A'AS A FUNCT!J'~ JF SVSTE'-1 ~JISE AND SIG~~L OtJQ.I\TlON•,/!) 
FORMAT('OAVE STA~DA~D DEVIATION OF BRGS ABOUT AVE BRG',//j 
FQR~AT('lSQU~::: •,30~1,/,•0STANOAR~ J=VIATION ~ULITPL~ •, 

A•USED TO DETE~'-1INE ~EARI'JG W!~DOW; •,Il,//) 
EN D 

R~G07b50 
BRG07660 
B~G07670 
BRG07680 
E\~G07690 
BRG07700 
BRf,07710 
BRG0772'1 
BRG07730 
BRG07740 
BRG07750 
RRG07760 
ARG07770 
BRG07780 
B~G07790 
B~G07801) 
BRG0781'1 
BRG07820 
B~G07830 
BRG07840 
B~G07850 
BRG078~'1 
8RG07A70 
BR.G0788') 
BRG07891) 
BRG07900 
BRG07910 
BRG07920 
B~G07930 
BRG07940 
BRf;07950 
B~G07960 
B~G07970 
BRG07980 
~~G0799~ 
BRGOBOOO 
B~GOBOlO 
BRG08020 
BRG08030 
BR!;0804') 
BRG08050 
BRG08060 
BRr,Q8070 
P.~.G08080 
B~G08090 
BRG08100 
BRG08110 
B~G081 20 



c 
c 
C SUBROUT!~E TRIM 
c 
C THIS SUBRJJTIN5 CALSULATES MEA~ A~D STD JF 'N' ELEMENTS 
C (0-360 BE~~INGS) J= VECT3R ~VE: AFTER FILT=RINr, OUT ~VEC TER~S 
C ASSOCIATED WITH A~ VALUES IN ~VEC THAT ARE TOO LARGE. FILTERED 
C ElEMENTS ~~E STOR=) IN IVEC. USIN; MEAN A~) AN INTEGER MULTIPLE 
C JF STD, EL=MENTS J= IVEC ARE FILTERED. VA~JES WITHIN Ll~ITS OF 
C MEAN ARE USED TO :J~PUTE A NE~ MEAN (MEA~). THERE MUST BE AT LEAST 3 
C V4LUES I~ ~VEC A~J ~T L~AST 2 VALUES AfT~~ FILTERING, IF NJT, THE 
C VALUE OF 'INSUF' IS SET TO 1 
c 

c 

SUBROUTI~E T~[~(NVE:,XVEC,~,NSTD,XMAX,~STO,MEAN,INSUF) 
DIMENSIO~ ~VEC(~) ,XVEC(N),IVEC(5000~ 
DATA IVEC/5000~0/ 

C INITIALIZE CJUNTE~S AND SUM~ERS 
c 

c 

NCl=O 
Ml=O 
M2=0 
INSUF=) 
MEAN=C> 
M=O 
Mll=O 

C IF LESS T~AN 3 AE\~!NGS IN NVE:, RETURN TJ ~AIN PROGRAM WITH 
C INSJF=1. 
c 

IF(N.LE.2) GO TJ 200 
c 
C FILL IVEC ~ITH ELE~ENTS OF ~VEC THAT PASS A4M~X FILTERING 
C COUNT NU~BER OF VALID NVEC ELE~ENTS WITH ~:1 
C Ml AND M2 SU~ TER~S FOR FIN~I~; MEAN ANQ STA~DARD DEVIATION 
c 

D'J 100 Il=l ,N 
I F ( XV E: ( I 1 ) • G;. X MAX) GO T 3 l C> 0 

c 
C COU~T NUM~=R OF B~;S TH~T P~SS XMAX FILTERI~G WITH ~C1 
c 

NCl=NCl+l 
IF(NVE:(!l).Jf.l80) ~VE:(Il)=~VEC(Il)-360 
IVEC(~Cl)=NVEC( !1) 
Ml=Nv::: ( ll) + ,~1 
M2=NI/EC(I1)*NifE:( I1)+~2 

100 CONTI'JJE 
c 

BRG08l30 
8~(;08140 
BRG08150 
BRG08160 
3~G08170 
BRG08180 
B~G08190 
BRG08200 
B~G082l0 
B~GOB22i) 
RQ.G08230 
RRG'18240 
B~G08250 
BRG08260 
B~G08270 
8RG08280 
BR(;08290 
BRG08300 
B~JOB310 
BRG08320 
B~G08330 
BP.G08340 
B~G08350 
B~G08360 
BRG08373 
BRG08380 
BRG08390 
BRG08400 
BRG08410 
RRG08420 
R~G08430 
B~G08440 
BRG08450 
B~G08460 
BRr;OS470 
B~G08480 
3~G08490 
BQ.G08500 
B~G08510 
BRJ08520 
BRG08530 
BRG0854J 
BRG08550 
BRG08560 
BRG0857C> 
BRG08580 
BQ.G0859:) 
B~G08600 



C IF LESS T~AN 2 BRGS IN YVEC, STATS WILL BE MEANINGLESS, RETURN TO 
C MAIN PRQGRAM WITH I~SUF=l. 
c 

IF(NCl.LE.l~ ;J TO 200 
c 
C CALCULATE ~EAN (~5) AND STD (~3) UF XMAX FILTERED ELEMENTS. 
C FLOATING PJI~T IS JSED !N SDM~ OP~RATIO~S FJR BETTE~ ACCURACY. 
c 

c 

Xl=FLJ~T(Ml)/FLDATCNCl) 
X2=FLJAT(~2)/=_JAT(~Cl) 
M5=I NT( Xl) 
IF(M5.LT.O) M5=M5+360 
M3=INT(SORT(X2-Xl*Xl)) 
IF(M3.LT.6) M3=6 

C APPLY STD MULTIPL!E~ NST), CALCULATE ACCE~TABLF W!NOOW (M6&M7) 
C ABOUT T~E ~EAN (~i) AND ZERJIZE COJNTER ~ ~~0 SUMMER M9. 
c 

c 

t~ 4 = N S T D ':c 1.1 3 
~16=M5 .. "1 4 
~1 7= '45-'-1 4 
N W I N = M:, -M 7 
M=O 
M9=0 
MlO=O 

C FIND BEA~I~GS WIT~IN W!~DOW ABJUT THE MEA~ c 
DO lCll 12=1,:-·J:l 
~1 8 = I V E C ( I 2 ~ + 3 ) :l 
I F ( ( I II : C ( I 2 ) • L T • M 7 • J R • I V E C ( I 2 ) • G T • ~·1 6 l • ~ N D • t~ 8 • r; T • '4 6 t G 0 T 0 l 0 1 
M=M+l 
1 F ( I V E: ( I 2 ) • LT. '"1 7 ) I V EC ( I 2 ) =I V E C ( I 2) + 3 S 0 
M9="19+tVEC( 12) 
Ml0=~10+IVEC(12)*1VEC(l2) 

101 CONTI'JJE 
c 
C CO~PUTE ME~N OF B:ARINGS 
c 

c 

IF(M.EJ.O) GO TJ 200 
X4=FLJ~T(M9~/FLJAT(M) 
X5=FLDAT(~lO•f=LJAT(Mt 
MSTD=I~T(SQRT(X5-X4*X4ll 
MEAN=I~TCX4) 
GO TJ 201 

C IF NUMBE~ JF VALID ~LEMENTS ~DT SUFFICIE~T, SET INSUF=l c 

B~G08610 
9~G08620 
BRG08630 
B~G08640 
B~G08650 
BRG08660 
3~G08670 
BRG086BO 
B~G08690 
BRG0b700 
BQ.G08710 
BRG08720 
BRG'18730 
BR.G08740 
BRG08750 
BRG08760 
B~G08770 
~~G08780 
bQ.r;()8790 
A~G08801) 
B~G()8810 
BRG08820 
R~G08830 
BqG08840 
B~G08850 
BRG08860 
A~G08870 
BQ..G08880 
~R.G08890 
BRG08900 
BRG08910 
BRG08920 
BR.G08930 
9~G08940 
BR.G08950 
B~G08960 
AQ...GOf\970 
BRG08980 
9~G08990 
BR.f';09000 
B~G09010 
BRG09020 
BRG09030 
BQ.G09040 
BRG090'10 
BRG09060 
BR.G09070 
BQ..G090AO 



200 
201 

c 
c 

INSUF=1 
RETU~'J 
END 

C THIS SUBKJJTINE IS USED TO PRI~T THE OAT~ :~LCULATED IN THE 
C MAIN PROGRI\M 
c 

SUB~JJTI'JE P~I~T(NDI\TA,N,MINS,NINCI 
LOGIC~L*1 TITLEClO) 
01\TA TITLE/' •,• ','M' 'A' •x•,• •,•A•,•4•,• •,• 'I 
DIME'JSIO~ A4LB_(l0),'JO!T,C[0,10,4),NS~ - BL(l0) 
DO 100 Il=l,lJ 
A 4L B L (! 1) = F L IJ 1\ T C 11- I 1 ) * 0. l 

1 0 D N S D L B L ( I 1 ) = i-1 I \1 S ljC 2 0 + ( ( I 1 - l ) " 'J I '~ C * 2 0 ) 
W R! T E ( ~ , 6 0 0 ) ( T I T l E ( ! ) , A 4- L 3 L ( I ) , ( N nAT A ( T , J , N) , J = 1 , 10 ) , I = l, 1 0) 

600 F~~MATt5X,A1,5X,F3.1,2X,lOib,/) 
WRITE(~,601) 'JSDLBL 

601 FORMAT(//,l6X,lOI6) 
WRITEC5,602J 

602 FORMAT{//,25X,'SIGNAL DJ R ATIO~ CMYLLI S~ C)'/1/) 
kETUR\1 
END 

BRG09090 
B~G09100 
BRG09110 
B~G09120 
BQ.G09130 
B~G09140 ' 
8~G09150 
BRG09160 
3~GI)9170 
BRG09180 
B~G09190 
BPG09200 
BRG09210 
BQ.G0922Q 
~Q.G09230 
BRG09240 
BRG09250 
BR£;09260 
BRG09270 
B~G09280 
BRG09290 
B~G09300 
RQ.G09310 



L~AT 

C THIS PRJ~R~M ~EA~5 ~ FILE OF SWRI SPACED-LJJP DATA AND CONSTRUCTS 
C A THREE DI~E~SIONll CON~ITIO~AL PROBABILTY LIKEL!HOn~ RATIO 
C MATRIX (l) 
c 

c 

L OG I c A L * 1 sou~ c E ( 30) /3 0 *I ' I 
INTEGE~*2 NB2 
D!M::NSI O'J A(1), 10,10) ,U( 10, 10,10) ,XL( 1), 10, 10) 

C SET UP FOK CP/CMS ~EAD JF D~T~ FILF. 
c 

CALL DSDSET(l,t600,2,16) 
c 
C INITIALilE THE AC:EPTABLE (A) 1 T~E UNACCEPTABLE (U) AND THE 
C LIKELIHOO) RATIO (XL) MATRI:~~ WITH ALL z=~JS. 
c 
c c 
c 

DATA A/1000*0./,U/1000*0./,XL/1000*0./ 

SET IN PARAMETERS: 

DATA CLR/'LR'I,:SR/'SR•/,CSA/'SA'/ 
WRITE(lO,&Ol) 

601 FORMAT('OE~TE~ SJUR:: (3)A1)') 
READ(5,501) SJJ~CE 

501 FORMAT(30Al) 
WRITEC9,S02l 5JU~CE 

602 FORMATC30A1) 
C NUMB~R JF ~F.CJRDS ~~D NJMBER o= ~ILES 

NREC=l)OOO 
NFILE=i-

C SET UP TWJ A::=PT~BLE BE~~~~G ~INDOWS TJ A::JUNT FO~ 360 TJ 000 
C C R 0 S S 0 V E R I N H :: R E N f I ~ R E A R I 'J G P R J B L f: M S • E • ~ • I F Y fJ U W A N T A 2 0 DE G 
C WINDOW ARJUNO 8=35), SET UP TWJ WI~DOWS 33)-360 AND 000-010. IF 
C THE WINDJW DJES NJT SPA~ THE :~JSSDVER, SET ~INDOW 2 = WINDOW 1. 
c 
C LOWER BOU'J) OF A:::PTABLE BEARING WINDOwS l AND 2 

NBM~~l=O)O 
NBMIN2=292 

C UPPER BOU~) JF A:C:PTABLE B=~~~~G WINDOWS 1 AND 2 
NRMAX1=022 
NBMAX2=360 

: INITIALIZE A:CEPTA3~E A~D U~A::EPTABLE BE~~ING COU~f~RS 
NA=O 
\1 LJ= 0 

C INITIALIZE CJNSTA~TS NEEDED F1~ THE SUBRJJfiNE THAT ~APS 
C AO, PHASE, A\JD A4 I \JTO t\PPRQPRI ATE MATRIX t\ODRESS. 

AOMI~=J. 

BRG039C)Q 
B~G04000 
3RG04010 
BRG04020 
BRG04030 
BQ.G04040 
BQ.G04050 
B~G04060 
RRG04070 
B~G04080 
B~G04090 
BRG04l00 
B~G04110 
P.RG04120 
8~(;04130 
BRGn4140 
BRG04150 
BRG04160 
BRG04170 
BRG04180 
BRG04190 
BR.f;04200 
BRG04210 
BRG04220 
BR~04230 
BRG04240 
BQ.G04250 
BRG04260 
BQ.G04270 
P.R.G04280 
B~ G 04290 
BRG04300 
BQ.G04310 
BRG04320 
BRG04330 
BRG04340 
BRG04350 
RRG04360 
RR.G04370 
B~G04380 
B~G04390 
B~G04400 
BRG04410 
P.RG04420 
3~GQ4430 
~R.G04440 
B~G04450 
RQ.\,04460 



c 

AOMAX=t. 
NAODI"1=1J 
PMIN=-180. 
PMAX=1BO. 
NPDIM=lO 
A4MI'J=O. 
A4MAX=l. 
NI\4DIM=l0 

C USE A DO LJOP TO ~~~D TH~U TH~ E'JTIRE FILE AND PLACE 
C APP~JPRIATE ENTRIES INTO THE A A'JD U MAT~ICES. c 

DO 109 IS=l,~F!LE 
DO 109 !1=1,\J~E C 
REA0(1,50Q, E~J=109) AO,\JP,A4,SS,NB2 
NB=NB2 

500 FORMAT(3A4,~2,~2) 

c 

IF(SS.EQ.CLR) GJ TQ lJ9 
IFCSS.EQ.CSR) :;J TO 109 
IF(SS. EQ.CS A) :;) TO 109 
P=FLOAT ('JPj 

C CALL SUBRJJTI'JE ~~'F TO DETE~~INE MATRIX =~E"1ENT ADDRESS (I,J,K). 
C AO DETE~MI'JES I, l~ASE DETERMI~ES J, AND A~ OETE~MI'JES K. 
c 

c 

CALL ~APF(AO,~)~IN,A~MAX,~AODIM,l) 
CALL ~APFCP PM!N PMAX,NPJI~,J) 
CALL ~APF(A4,A+~IN.~4MAX,N~4~IM,Kl 

C DECIDE IF A 1 SHJJ~D BE ADD ED TO A OR U. 
c 

IF(NB.:;E.NBM!Nl.AND.NR.LE.'JB~AXl) G1 T1 200 
IF(NB. :;E .NBMIN2.AND.'JB.LE.'J3~AX2) G~ TJ 200 

c 
C THIS PAT~, AUGMENT UNACC EPTABLE CO~NTER A'JG MATRIX. 
c 

c 

NU=NU~l 
UCI ,J,<)=U( I,J, <)+1. 
GO TJ 109 

C THIS PATH, AUGMENf ~:CF.PTABLE :OUNTcR A'JD ~ATRIX. 
c 
200 

109 
108 
c 

NA=NA+l 
A(I,J,<)=t\( I,J,:<.l+-1. 
CONTI'JJE 
CONTI'JUE 

C CONSTRUCT LIKEL!HOJO RATIO MATRIX 

B~G04470 
R~G04480 
B~G04490 
B~G04500 
BRG04510 
B~G04520 
R~G04530 
BR.G04540 
9~G0455') 
BQ.G04560 
B~G04570 
BRG04580 
B~G04590 
BRG04600 
~RG04610 
BRG04620 
~QG04630 
BRG04640 
BRG04650 
B~G04660 
BR.G04670 
B~G04680 
BRG04690 
8~G04700 
~~G0471~ 
BRG04720 
B~G04730 
BRG04-740 
BRG04750 
BRG04761) 
BRG04770 
BRG04780 
BRG04790 
BR.G04800 
BI{G04810 
B~G04820 
BRG04830 
B~G04840 
RR.G04850 
BRG04860 
3~G04870 
BRG04880 
B~G04890 
BRG04900 
BRG04910 
BRG0492') 
BRG 04930 
BR.G04940 



,_. 
U1 

+ 

c 
DO 101 I2=l,N~)DIM 
DO 102 J2=1,NP)IM 
DO 103 K2=l,N~4DIM 

C AVOID DIVISION BY ZERO 
IF(U(I2,J2,K2J.7=Q.O.) GJ TJ 2)1 
IF(A(!2,J2,K2).EQ.O.) GJ TJ 103 

c 
C :ONSTRUCT XL F~O~ TrlE ~~TID OF TrlE PROBABILTV ~ASS ~ATRIX ELE~E~TS 
C OF A AND U. 
c 

c 
XL( I2,J2,K2 )=( ~( I2,J2,K2) /FLJAT (NA)) /( J( I2,J2,K2) /FLOAT(NIJ)) 
GO TJ 103 

C IF THE U M~TRIX EL~~ENT IS Z~RJ,SET XL ~4T~IX ELEMENT TO 9999.99 
c 
201 XL(I2,J2,K2)=j999.99 
103 CONii\JJE 
102 CONTI\JJE 
101 CONTI\JJE 
c 
C WRITE XL ~AT~IX I\JfJ A STDRA;E FILE 
c 
600 

c 
c 
c 
c 
c 
c 
c 
c 
c 

WRITE( B,600) X'­
FORMAT(Fl2.3) 
STOP 
END 

SUBROUTI\JE MAPF 

SUBRJJTI~E MAPF(VAR,VAR~I~,VA~MAX,Ml ~2) 
THIS SURRJUTI\JE MAPS A v~RIABLE (VA~) ~HICH L!ES ON OR BETWEtN 
A MI~I~U~ VALJ: (VARMIN) A\JD A MAXIMJ~ VALUE (VARMAX) TO AN 
ADDRESS (~2) OF ~N ARRAY o= LE\JGTH (~1~. 

IF(VA~.LT.VA~~l\J) VAR=VA~~IN 
IF(VAR.GT.VAR~aX) VAR=VAR~~X 
M2=I\JT(FLOAT(~l)*(VAR-VA~~IN)/(VARMAX-vARM1N))+l 
IFC~z.;T.Mll ~2=~1 
R~TURN 
fND 

BRG04950 
BRG04960 
BRG04970 
BQ.G04980 
BRG04990 
9~G05000 
BRGO~OlO 
B~G05020 
BRG05030 
BRG05040 
B~G051)r:;O 
ARG05060 
8~G05070 
BRG05081) 
BRG05090 
BRG05100 
BRG05110 
8RG05121) 
BRG05130 
BRG05140 
BRG05150 
BRG05160 
8R(;05170 
BRG05180 
B~G05190 
BRG05200 
Br(.G05210 
~RG05220 
B~G0523') 
BRG05240 
BRG05?50 
RRG05261) 
BR.G05270 
BRG05280 
3RG05290 
sq_Go53DO 
BRG05310 
~~G05320 
BqGQ5330 
Bq_G()5340 
B~G05350 
BQ.G05360 
B~G05370 



LFILE 

C THIS PRO;R~M USES~ LIKELIHQOD RATIO MATRI( (XL) TO CREATE AND 
C ~UTPUT FILE TH~T IS THE SAM: ~S T~E INPUT =ILE ~XCEPT FOR T~E 
C A4TERM. 
c 

INTEGE{*2 \JB2 
LOG!C~L*l SOU<.:!:C30)/30*' '/ 
DATA CLR/'LR'I,:SR/'S~•t,:S~/'SA'/ 
DIME\JSIO\J XL(13,10,10) 
CALL DSDSET (1,1600,2,1~) 
CALL DSDSET (2,1600,2,16~ 
RF.A0(8,5J2) SJJRCE 

502 FORMAT(30A1) 
READ( 8, 500) X_ 

500 FORMAT{Fl2.3) 
NREC=lOOOO 

c 
C REQUIRED MAPPING CJNSTA~TS 
c 

c 

AOMIN=O. 
AOMAX=l. 
NAODI "1= lD 
P~IN=-180. 
PMAX=lBO. 
NPDIM=lO 
A4MI\J=O. 
A4MAX=l. 
NA4DI'-1=10 

C READ THRU THE I~PJf FIL ~ AND USE ~APF TJ F!\JD 6DDRESS OF XL. 
C IF XL IS LT 1 JR IF ~CD TAGG G LR, THE BEA~ING IS MADE 
C UNACCEPTABLE BY S:TTING A4=1 .) • IF GR:AT:R THAN 1, THE B~A~ING 
C IS ACC EPTABLE AND ~4 IS SET QJAL TO 0.01 • 
c 

501 

c 

DO lOJ Il=l,NR:: 
RF.AD(l,501) AO,\JP,A4,SS,\JR2 
N B=NB2 
FORMAT(3~ 4,A2,~2) 
P=F L O~T(\JPI 

C FIND THE APPROPRI~TE I,J,K A~J~ESS 
c 

c 

CAll ~APF(AO,AJ~IN,~OMAX,~~OJIM,I) 
CALL M~PF(P,P~IN,PMAX,NPJ!~,J) 
CALL ~APF(A4,A~~IN,A4MAX,N~4DIM ,K) 

C CO~PARE TY2 XL MAT~IX ELEMENT ~ITH 1. 

BRG05400 
P.R.G054l0 
BR.G05420 
B<.G05430 
B~G05440 
B~G05450 
BRG05460 
BRG05470 
B~r;05480 
RRG05490 
B<.G05500 
BRG05510 
BRG05520 
BRG05530 
BRG05540 
BRG05550 
BRG05560 
BRG05570 
R~G05580 
~~G05590 
BRG05600 
B<.G05610 
BRG05620 
BRG05630 
3~G05640 
RR.G05650 
B~G05660 
BRG05670 
BRG05680 
BRG05690 
P.Q.GO'i700 
BRG05710 
aRG05720 
BRG05730 
BRG05740 
B~G05750 
BQ.G05760 
B~G05770 
rn.SO'i7BO 
BRG05790 
~~G05800 
ARG05810 
B~G05820 
BRG05 830 
BQ.G05840 
BRG05851) 
BRG05860 
BPG05870 



c 

c 
IFCXL(I ,J,K).Lf.l.O) (;0 TJ 200 
IF(SS.:Q.CLR) ;] TO 200 

C THIS PAT~, BEARING ACCEPTABLE, SET A4=0.)l • 
c 

c 
A4=0.0l 
GO TJ 201 

C THIS PATH, BEA~ING UNACCEPTABLE, SET A4=lO.O • 
c 
200 A4=10.0 
c 
C WRITE THE ~EW RECJ~D 
c 
201 
60J 
100 

c 
c 

WR!TEC2,600) ~O,NP,~4,NB 
FORMAT(444) 
CONTI 'JJE 
STOP 
END 

C SUBROUTINE MAPF 
c 

SUBRJUT!~E MA~F(VAR,VARMI~,V4~MAX,Ml,~2) 
IF(VA~.LT.VA R ~I'J) VAR=VA~MIN 
IFCVA~.GT.VA~~4X) V~R=VARM4X 
M2=I'JT(FLOATC~l)*(V~R-VA~~IN)I(VARMAX-JAPM!N))+l 
IF<Mz.;T.Ml) ~2=Ml 
RETU R'J 
END 

BRG05880 
BRG05890 
BRG05900 
RRG05910 
B~G05920 
B~G05930 
BRG05940 
B~G05950 
RRG059~0 
BRG05970 
B~G059A') 
BRG05990 
B~G06000 
BRG06010 
BRG06020 
RRG06031) 
9RG06040 
BRG0605n 
BRr;06060 
BRf;06070 
BRG06080 
B~G06090 
BRG06100 
F3~G06110 
RRG06120 
BRG061.30 
B~G06l40 
BRG06l50 
B~G06160 
BRG0617 0 
BRG06180 



PLOT3 

C THIS PROGR~M PLOTi TH~ RESULTS OF ANALYSIS JF SWRI OF SYSTEM O~TA. 
c 
c 

c 

LOGIC I.\'.. *1 sou~:: c 301 /30*' • 1 
D I MENS I 0 'J A ( 1 ) ) , S ( 1 J ) , C C l 0 ) tV ( l 0 ) , P ( 1 0) , RANGE ( 4) , X ( 6 ) , 

AD 1 ( 10 j , D2 ( 1 0) , S C 1 ( 10) , S: 2 ( l u) 
DATA 01 /l00.,200.,300.t400.,500.t600.,700.,800.,900.,1000./, 

A o2 ttooo.,zooo.,30J0.,4ooo.,~ooo.,&ooo.,7ooo., 
R8000.,9000.113000./, 
c s:1 /2uoo.,tooo.,666.,500.,400.,333.,285.,250.,222., 
0200./, 
E SC2 /200.,100.,66.,50.,40.,33.,28.,25.,22.,20./ 

C IF MORE THAN D'JE D~TA FILE IS TO BE PLOTTE), SET NFILE=l 
c 

NFILE=l 
204 CONTI'JUE 
c 
C NUMBER OF PLDTS TO BE MADE 
c 
203 READ(1),502,E'J)=202,ERR=203) ~PLOT 
502 FORMAT(!2} 
c 
C FOR SHORT ( l) DR LJNG ( 10) SI G'JAL OURATIJ'JS 
c 

N1=l c 
C FIX THE SC~LE PA~\~=TERS c 

c 
c 

RANGE(1)=1000~FLOAT('J1) 
RANGE( 2 )=0. 

DO 100 Il=l,NPLOT 
READ(l0,500) SJURCE 

500 FORMAT(30A1) 
READ(l),501) ~,S,C,V 

501 FORMAT(l0F7.0) 
IF(Nl.EQ.10) ;J TO 2~0 

c 
C DET ERMINE THE SCA.!'JG PARAMETERS FOR THE Y AXIS OF THE PLOT 
c 

CALL MINMAXLA,X(l),X(4),10) 
CALL ~I N"1 AX ( S, K ( 2 ) , X ( 5) , 1 0) 
CALL MINMAX(V,X(3),X(b),l0) 
CALL M!NMAX(X,~ANGE(4),~A'J;E(3),6) 

BQ.G09340 
BRG09350 
B~G0936Q 
B~G09370 
B~G09380 
BRG09390 
BR.G09400 
BRG094l0 
BRG09420 
BRG09430 
BRG09440 
BRG09450 
BR.G09460 
BRG09470 
BRG09480 
BRG09490 
RRS()9500 
BRG09510 
BRG09520 
BRG09530 
B~G09540 
BRG09550 
BRG09560 
BRG09570 
BRG09'580 
BRG09590 
BRG09600 
BqGQ9610 
BRG09620 
B~G09630 
B~G09640 
B~G09o50 
RRG09660 
BRG09670 
B~G09680 
BRG09690 
B~G09700 
BRG09710 
BRG09720 
BRG09730 
BRG09740 
Bq_G09750 
BRG09760 
8~G09770 
B~G09780 
B~G09790 
BRG09800 
B~G09810 



1--' 
(Jl 

(X) 

101 

200 
102 
201 

600 

601 

603 

604 

100 

202 

c 

lF(RANGE(4).Gf.O.) RANGE,4)=0. 
DO 101 12=1,10 
P(I2)=:(I2JIS:1( 12) 
CONTPHJE 
GCl TJ 201 
0 0 1 02 I 3 =l ,1 0 
P (I 3) =: (I 3) IS: 2 (I 3) 
CONTI'JU= 
WRITE(6,600) i~URCE 
FORMAT( 'l', 33( I), lX, 'SOL.JR::: 1 , 30Al, I) 
WRITE(5,60l) 
FORMAT(9X,'AVE BEARING ERR~R (DEGREES) : x•,l, 

A9X,•ST9 OF B::£\~11\JG ~~RO~ (C>EGREESJ : *' ,!, 
B9X,•AVE JF I~T~~-S!GNAL STO (DEGREES) : .•,II) 

CALL UiPLTT(D1,S,lO,~ANGE,l,lJ 
CALL UTPLTT(D1,V,l0,KANG:,l,2) 
CALL UTPLTT(Ol,A,lO,RANGE,L,3) 
WRITE(6,603) )l,P 
FORMAT(//,lX,'SIGNAL OU~~fiON:',3X,t0=5.0~.1,2X,'(MILL!S~CONDS)•, 

A/,lX,'PROBABILITY OF :•,2X,l0F6.3,1,2X,'01:1TAIN1'JG LOB') 
WRITE(6,604) ~,S,V 
F 0 RM AT ( I, 13 X, ' X : ' , 3 X , 10 F 6. 0, I , 13 X, ' 'IC : ' , 3 X, 1 OF 6. 0, I , 

A13X,•. :•,3X,lJF6.0) 
REWINJ 5 
CONTINJE 
IFCNFILE.EQ.1) GO TCJ 203 
CONTINJE 
STOP 
END 

C THIS SUBROUTINE FI~JS THE MIN (AMIN) AND ~AX (AMAX) VALUES 
C 3F A~ AR~AV JF lE~;TH N. 
c 

SUB R J LJ f I 1\J E M! 'J "1 L\ X (A R R AY, A 1.1 IN, AM AX, ~U 
DIMENSION ARRL\f(~) 
AMAX=ARRAY(1) 
AMIN=ARRAY( l) 
DO 1C>J Il=Z,N 
IF(ARRAY(lll.Gr.AMAXJ AMAX=ARRAY(ll) 
IF( A=(~l\ Y(! 1). LT . AMI 'J) A"1I \I=A~~AV( 11) 

100 CONTI'JUF. 
RETUR~ 
END 

AMBIGUITY 

C THIS PROGR£\M EDITS A SW~I FIL~ TO MAK~ T~~ A4 TERM = 10.0 FOR All. 
C RECO~DS TH~T ARE ~!THIN A DEFI~ED WINDO~ t\~JJT THE 90 AND lHO DEGREE 
C AMBIGUITIES ASSOCIATED WITH THE TRUE BEARI'JG. 

BRG09820 
B~G09830 
BRG09840 
BR.G09850 
A~G09860 
9RG09870 
B~G09880 
BRG09890 
BR.G09900 
BRGD9910 
BRG09920 
BRG09930 
BRG09940 
BRG09950 
BRG09960 
RRG09970 
B~G09980 
BR.G09990 
BRGlOOOO 
R~GlOOlO 
BQ.G10020 
BRG1003Cl 
B~G10040 
BRG10050 
RQ.Gl0060 
B~Gl0070 
B~G100BO 
BR.Gl0090 
B~GlOIOO 
B'{G10110 
BRG10120 
B~G10130 
BRG10140 
B~Gl0150 
BRG10160 
P.R.Gl0170 
BRG101AO 
B~G10190 
BR.Gl0200 
B~G10210 
BRG10220 
BRG10230 
B~Gl024~ 
BQ..G10250 
B~Gl0260 
BRG10270 
BR.G10280 
BRG10290 



c 
c 
c I NT EGE~ *2 N BR:; 2 

C NEED DSDSET FOR C'/CMS 
c 

CALL DSDSET(l,l600,2,16) 
CALL DSDSET(2,l600,2,16) 

c 
C SET NTBRG ~ITH THE VALUE OF T~~ TRUE BEA~I~G. 
c 

( 

NTBRG=337 
~REC=lOOOO 

C SET THE WIDTH JF THE ~~~IGUITV WINDOW. P~Jl,RAM ACCOU~TS FOR 
C FOLD AROU~D AT 36) DEGRE~S. c 

c 

N~.J! DT~= 10 
NAlBO='JTB~G-13) 
IF(NA190.LT.O) ~Al80=~Al90-360 
NAP90='JTBRG+9J 
JF(NAPj0.GT.3))J N~P90=N~P90-360 
NAM90=~TBRG-9J 
IF(NA~90.LT.O) ~AM90=360•N~M90 

C USE WINDJW SUB~OUfiNE TO DETERMINE WINDQW LIMITS ABJUT THE 
C 90 AND 180 DEG~EE A~BIGUITIES. c 

c 

CALL ~INDOW(NA180,NW!DTH,Nl,N2) 
CALL WINDOW(~~D9Q,NW!OTH,~3,~4) 
CALL WINDOW<NA~90,N~IDTH,N5,N6j 

C LOOP THRU ALL OF frlE RE:DRDS 0~ TH= FILE. 
c 

DO 100 !1=1,~~=: 
REAO(l,500) A1,~P,A4,SS,~8RG2 

500 FORMAT(3A4,2A2l 
NR=NB~;z 

c 
C IF BRG I~ A REC ~ RJ IS INSIDE ~~BIGUITY WI~DJW, SET A4 VAlUE TO 
C 10.0 AND W~IT E WHO_E R E ~JRD TJ FILE DSRN 02. c 

IF((NB.G~.Nl.J~.NB.GE.N3.D~.~B.GE.N5J.~ND. 
A(NB.LE . N2.JR.~3.LE.N4.0R.~3.L~.N6)) ~4=10.0 

WRITE(2,600) AQ,NP,A4,SS,NBRG2 
600 F ORMAT(3A4,2A~I 
100 CONTI~JE 

STOP 

sqGl03oo 
BRG10310 
RRG10320 
BRG10330 
BRG10340 
BRG10350 
BRG10360 
B~Gl0370 
BRG10380 
B~Gl0390 
3RG10430 
BRG10410 
BRG10420 
BRG10430 
BRG1044CJ 
~Q.Gl0450 
BRG10460 
ARG10470 
B~Gl0480 
P.RG10490 
B~Gl0500 
BRG10510 
BRG10520 
BRG10530 
BRG1054-0 
BRG10550 
BRG10560 
BRGl0570 
BRG10580 
sq_Gl0590 
B~Gl0600 
B~Gl0610 
B;<Gl062') 
BRG10630 
B~Gl064f') 
BRGlf'l650 
B~Gl0660 
BRG10670 
BRG10680 
BRG10690 
BRG1070() 
BRG10710 
PRG10720 
BRG10730 
BRGl0740 
B:{Gl0750 
BRG1076 0 
B~Gl 0 77 0 



END 
c 
C THIS SUBRJUTI~E DETERMI~ES THE MI~ BEAR!~~ AND THE ~AX BEA~TNG 

C THAT DEFI~ES A WI~)QW OF WIDTH NWIDTH CE~TERED AT NBRG. 
c 

SUBRJUTINE WI~JJW(NB~G,N~IJTH,M!N,MAX) 

Nl=~WIDTH/2 
MIN=NB~G-Nl 
IF(MIN.LT.O) MIN=~IN+360 
f-1AX=NBR.G+Nl 
IF(MA)(.GT.360i '-1AX=~1AX-3o0 
RETUR~ 
END 

sqGto7so 
B~Gl079() 
sqGloaoo 
B~Gl0810 
B~Gl0820 
RQ.Gl0830 
BRG1084u 
3RG10850 
BRG10860 
BRG10870 
B~Gl088() 
AR.Gl0890 
B~Gl0900 



BRGCNT 

C THIS PRJ3K~M SUMS T~E NJMBER JF BEARINGS Bt INTEGER BEARING VALUE 
C JF A D~T~ =r_: o= lJ,OOJ RE:u~)S. ONE CQ~Sf~AINT CA~ BE APPLIED 
C TO TH~ D~T~ SET. r~= A~ TER~ J~ SwRI OAT~ SETS C~N BE SPECIFIED TO 
C HAVE A M~XI~u~ TJLE~ABLE VALJ=. 
c 
C BRGMAX !S ~ 36J ELE~ENT LINE~R ARRAY IN ~~ICH EACH BLJCK 
C :oR~ESPJ~)) TJ A ~J~B~R JF J~~:ES. THE :J~TENTS OF A~ ELEMENT 
C AR~ THE ~J~BE~ OF ~c:OR)S WIT~ T~AT BEA~~~~. ,.. 
.... 

DIME~SIO~ BRG~X{360l 
!NTE3=~*2 \JfHS2 
OAT~ a~G~X/360~0.0/ 

C JSE DSDSET FJ~ CPf:~s 
CAl l DSDSET(l,l~00,2,16J 
CALL OSDSET(2,1500,2,16) 
CALL DSDSET(3,LS00,2,l6) 
CALL DSDSET(4,L500,2,16) 
wRIT:(~,&O::>t 

200 WRITE(S,&Ol) 

c 

REA0(5,500)NFI_E 
WR!rF.(S,608) 
RF.AD( 5, 5J~) N\ =: 
WRIT~(&,602) 
R=AD(5,5Jl)A4~~X 
NDEL=O 

C READ THRJ THE FILE. IF ~4 NJf fDJ LARGE, ~JGMENT APPROPRIATE 
C E L E'-1 'J E T I '.J 8 ~ G M X 
c 

lClJ 
101 
c 

DO 101 I l =1 ,~~ :: 
READ(\JF!_E,502,:~R=lOO,=~)=lJ))A4,NB~~2 
'JBR G=\JBRG2 
IF(A~.3T.A4M~<t30 TO 100 
IF(NB~;.EQ.0)'.J3~;=NB~G~3&3 
BRG~X(~BR;)=B~;~X (NBRG)~l 
GO TJ 101 
NOEL=\IDEL.._l 
CONTI\JJE 

C WRITE OUT'JT TO Fl_f. 6 
c 

WRlTE(5,605)N=tL:":: 
WR!Tt(6,&06)A~~~X 
W R! T E ( 6, 6 03 ) ( I, ~ R GM X ( I ) , I = L , 3 6 0) 
rJRI TE( ~, 60~ )\J):L 
N VAL= 'HE: - ,'J DEL 

13RG00040 
BRG00050 
B~G00060 
BRG00070 
B~G00080 
BRG00090 
3RG00100 
BRGOOllO 
BRG00120 
BRG00130 
B~G00140 
BRG00150 
BRG00l60 
B~G00170 
~~';00180 
BRG00190 
B~G00200 
BR.G002l0 
B~G00220 
BR:;00230 
BRG00240 
BR.G00250 
BR.G00260 
BRG00270 
f3RG00280 
B~r;00290 
B~G00300 
aq_G00310 
BQ.G00320 
8~(;00330 
Bt<.G00340 
BRG00350 
g~G00360 
BRG00370 
B~G00380 
BRG00390 
B R GO OttOO 
BRG0041~ 
:\RG00420 
BRG00430 
BRG004~0 
BRG00450 
BRG00460 
sq_Go0470 
BRG00480 
BRG00490 
RRG00500 
BRG00510 



c 
C QUERY FOR ~NOTHER ~U~. REWIND IF ~ECESSA~Y 
c 

50J 
501 
502 
503 
504 
60J 
601 
602 
603 
604 
605 
606 
607 
608 

WRITE(6,607) 
~EWI'JD NFILE 
R ~ A D ( 5 , 5 0 3 ) t..., 1 
IF(Ml.EQ.lJ G) TQ 200 
STOP 
FORMAT( Il) 
F 0 R~l AT ( F 5 • 3 ) 
FO~~AT(8X 1 A4,2X,~2) 
FOR~AT(lll 
FORMAT( ltd 
FOR~AT(')~~OG{~~ SU~S I'J~lVIDU~L INT:;:~ 
FOR~~T(•OE'JTE~ ~ILE NJMBE~ (Ill') 
FORMAT('OENTE~ "1AX ~4 VALLI: (F5.3)') 
FORMAT(lJ(lX,I3,1X,F5.1,2Xl/) 
FOR.MI\T('D"JUMBE<. ::JF DELETES = •,!5) 
FOR"1AT('DFIL~ ~JMBE~ •,Il) 
FORMAT('OA!t "'1~X = •,F5.3J 
FORMAT('OTYPE ~ l FJR ~NOTiER RUN, TfPE 
FORMt\T('JE'JT::~ 'JUMBE~ OF R:COR:lS (16)') 
END 

ARGS OF A DATA SET') 

A DIFFE~ENT INT T::l END') 

BRG0052n 
BRG00530 
g~G00540 
BRG00550 
B~G00560 
BRS00570 
BRG00580 
RRG00590 
3RG00600 
BRG00610 
f'Q.G00620 
ARG00630 
BRG00640 
B~G00650 
BRG00660 
B~G00670 
P.R:;006BO 
BRG00690 
g~G00700 
RRG00710 
B~G00720 
RRS0073n 
BRG00740 



BRGH2 

C THIS PRJ~~~M DISP.~VS A HISTJG~A~ 3F FILf:~~D BF~RI~GS I~ FILE DSRN 
C FILTERIN; IS DJNE J~ THE A~ TE~M. MAXIMUM LEVEL IS SET IN ~4MAX. 
C A4 ADM!SSIBL: BR~S A~E USED TJ D:TERMINE ~E~N AND STD. A WINDOW 
C IS CREAT:D AB~JT fHIS M:4N. NIJT~ OF WI~DJ~ IS STD TIMES ~~ !NTEGER 
C ENTERED BV THE USE~ 
c 

c 

LOGICAL*l SOU~CE(30)/30*' 'I 
INTEGE~*2 ~B~;z 
DIME~SIO~ BR;~~Ti10~))),Sf~T(5),SC~L:(2),10PT(5),DATMAT(l0000) 
OAT~ IJPT/l,O,J,0,1/ 

C JSE DSDSET FJR CPI:~s 
c 

CALL JSDSETC1,l~~Q,2,l6) 
WRITE(l0,600) 
WP.I TE ( 1 o, 603) 
REA0(5,5J2) SJJ~CE 

201 WR1TE(l0,607) 

c 

~EAD( 5, 500) 4+"1AX 
WRITE(l0,6l0) 
REA0(5,500) X2 
'JVAL=) 

C READ 10000 RECJROS ~~0 FILTE~ J~ ~4. FILL 3~GMAT WITH 
C A4 ADMISSIBLE B~~~ I~G V~LUES. 
c 

103 
200 
c 

DO 100 11=1,1)300 
READ(1,501,EN)=200) A4,NBK;2 
NBRG='JBRG2 
1F(A~.;T.A4MA() ~0 TJ lJJ 
NVAL='JvAL+l 
BRGMAT('JVAL)=~B~G 
CONTI 'JJ E 
CONTI'JJE 

C FINQ MEA~ AND STD JF BRG~AT ~~) SET PAR~~ETERS OF Wl~DQW. 
c 

c 

CALL 3EIJG~~B~;~AT,~V~L,IJ~T,STAT,IE~) 
X1=FLJAT(IFIX(SfAT(1) )J 
X3=FLJAT( !FIX( XZ«SQ{T(STAT( 5j))) 
X4=Xlt-X3 
X5=Xl-X3 
M 1=0 

C FILTER B~G~AT TH~J ~INDOW. PJT WINDOW AD~ISS!BLE VAL~ES IN DATA~AT. 
c 

BRG00770 
BRG00780 

1.BRr;007<10 
BRGOOBOO 
BRG00810 
BRG00820 
BRG00830 
BRG008~0 
8~(;0085') 
B~G00860 
BRGOOti70 
BRG00880 
B~GOOA90 
BR.G00900 
BqG00910 
BRS00920 
BRG00930 
BRG00940 
BRG00950 
BRG00960 
BRG00970 
BRG00980 
R~G00990 
3~G01000 
B~GOlOlO 
B~G01020 
BRS01030 
B~G01040 
3~G01050 
BRG01060 
B~G01070 
3RG010BO 
B~GOl090 
BRGOll~O 
~RGOlllO 
BRG0ll20 
BRG01130 
BRr,Oll40 
B~GOll50 
B~G0ll60 
BQG011/0 
B~G01180 
B~;Ol1:JO 
BRG01200 
B~G01210 
BRG01220 
B~G01230 
8RG01240 



DO 101 I2=1,N/f\L 
X6=B~~~AT(l2)~353. 
I F ( ( B ~ ~ M L\ T ( I 2 ) • L T • X 5 • OR. B R; ~AT ( I 2 ) • c; T • X 4) • ~NO. XC,. G T. X 4 ~ G 0 T 0 101 
M1=M1~l 
!F(BRG~AT(I2).~T.X5) BRG~L\T(l2)=8RG~~TCI2)+360 
DAT~~T(Ml)=8~S~L\T(!2) 

101 CONTP.JJE 
WRITE(S,605) 5JJRCE 
W~ITE(S,608) L\+~AX 

c 
C CREATE A~D OUTPUT ~ISTOGRAM. S~T JP FOR A~JTHER RU~. 
c 

CALL HISTFCOL\f~AT,Ml,3) 
REWI~) 1 
WRITE(lO 609t 
READ(5,505) M2 
!F{~2.EQ.1) SJ TO 201 
STOP 

500 FORMAf(F5.3) 
501 FORMAT(8X,A4,2X,A2) 
502 FORMAf(3DL\1) 
504 FORMAT(F5.1l 
505 FOR~l\T( 11) 
600 FORMAT(•OTHIS ~~JGRAM DISPLAYS A HISTJ;~AM OF BEARINGS IN FILE', 

A' OSR'J 01') 
603 FORMAT( 'OE~TE~ ~ADIJWAV:: SJUR:E (301\1) •) 
605 FORMAT('l~AD!JwAVE SJJR:E: •,30Al) 
607 FOP. MAf('OE~TE~ ~AXI\1UM A4 VALUE (F5.3l') 
608 FORMAT(//,'OA+~~X: •,F5.3) 
609 FORMAT( 'DE~TE R A 1 FO~ A'~OTHER. RUN,IF \l ::::n, DIFFERENT I'JTEGER•) 
61 0 F 0 R MAT ( ' 0 E \J T E ~ => :: R t-H S S I B L :: N J ~1 BE R 0 i= :; f D ( F 5 • 3 ) • t 

END 

B~G01250 
BRG01250 
BQ.G01270 
B~G01280 
C\RG01290 
A~G01300 
3RG01310 
R~G01320 
BRG01330 
9~G01340 
B~G01350 
B~G01360 
B~G01370 
BRG01380 
3~G01390 
BRG01400 
A~GOl410 
BRG01420 
BRG01430 
BRG01440 
BRG01450 
BRG01460 
3RG01470 
BRG01480 
BR.G01490 
BRG01500 
Bq,G01510 
B~G01520 
BRG01530 
BRG01540 
B~G01550 
BRG01560 



BRGHIS 

C THIS PRJGR~M DISP.~VS A HISTO~RAM OF THE BEARINGS IN FILE DSRN 1. 
C FILTERI~~ IS DONE J~ EA:rl R~:J~D J~ THE ~~ TERM. 
r, SCALING JF THE Hl)T~GRAM C~~ B= SET BY THE JSER. 
c 

LOG I :: ~ L * 1 S OLJ ~: f ( 30) /3 0 >jC' ' I 
DIME~SIO~ BRGM ~T(l0~JOl,SC~LE(2) 

C USE DSDS=T FOR CPt:~s 

c 

CALL DSDSET(l,t600,2,l6) 
WRITE ( l 0, 600t 
WRITE(l0,603) 
REA0(5,502) SJJ~CE 
WRITE( l O, 607) 
READ( 5, 500) ~+'14X 
WRITE(l0,60l) 
REA0(5,504) s:~Lc(l) 
WRITE( 10,602) 
READ(5,504) s:~LE(2) 
NVAL=) 

C ~EAO RECJ~JS, FILfE~ OUT HIG~ ~4 VALU~S. )UT A4 ~OMISSIBLE 
C VALUES IN LINE~R ~~~AY B~G~AT. 
c 

100 
200 

c 

DO 100 Il=l,l)OOO 
READ(l,50l,ENJ=200) A4,~B~; 
IF(A4.;T.A4MA~) GO TJ 1~0 
~VAL=~~AL+l 
BRGMAT(NVALl=~B~G 
CONTI~JE 
CONTI~UE 
WR!T~(o,605) SJURCE 

C DET::RMINE ~ISTJGR.\-1 SCAL!:: A~O THE~ CREATE IT I,I!TH HISTF. 
c 

50') 
501 
502 
504 
600 

601 
602 
603 
605 

CALL FIX(SCAL:t 
CALL HISTF(B~;~AT,NVAL,OJ 
STOP 
FORM~f(F5.3) 
FORMAT(8X,2A4) 
FOR~AT{30Al) 
F 0 RM AT ( F 5 • l ) 
FORMAT( 'OT~IS ;>~JGRAM DISPLAYS A HISTJ:;RAH OF BEARINGS IN FILE', 

A' OS~~ 01 4 ) 

FORMAT('OENTE~ ~INI~JM VALJE OF SCALE (F5.l)') 
FORMAT('OE~TE ~ ~AXI~UM VALJE OF SCALE (F5.1)') 
FORMAT( ''JE'ITE~ ~ADIJWAVC: SClUR:E (30Al)') 
FORM~T(///1/,')~~DIJWAVE SJURCE: •,30Al) 

BRG01590 
BRG01600 
B~G01610 
3RG01620 
BQ.G01630 
BR.G01640 
~RG01650 
BRG01660 
'3RG01670 
RR.G01680 
B~GOI690 
B~G0170 •) 
BRG01710 
P.R.G01720 
B~G01730 
RR.G01740 
B~G01750 
BRG01760 
B~G01770 
BPG017gO 
BRG01790 
BRG0180J 
P.RG01810 
BRG01820 
BRG01830 
B~G01840 
BRGOl850 
B~G01860 
8RG01870 
A~G01880 
BRG01890 
BRG01900 
B~G01910 
RRG01920 
B~G01930 
BRG01940 
BRG01950 
BRG01960 
BRG01970 
BRG01980 
BRG01990 
BRG02000 
B~G02010 
?~G02020 
B~G02030 
B~G02040 
P.~G02050 
BRG02060 
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TIMEl 

C THIS PROG~~~ PLOT) THE ~),A~,a:ARING AND P~ASE MEASUREMENTS FRO~ 
C THE SWRI S'A:ED LJJP ANT=~NA VcRSJS TIME. 
c 
c 

LOGIC~L*l SDJ~:~(20) ,BRG~RY(45),PHS~RY(45),AOARY(2Q),A4ARY(20), 
A:B , CP,:A3,CA4,:S,CINVAL 
INTEGE~*2 r-.JBR:;z 
0 AT A B ~ G A~ Y 14 5 (c' ' I, PHS 0. R Y I 4 5 *' ' I, A 0 A ":J.. Y 12 0 *' ' I, A 4A R Y I 2 0*' ' I, 

ACBI'B'I,:PI'P'I,CAOI'O'I,:0..41'4'1,CS/ 1 'I,CLR/'LR'I,CS~I•<;R'I, 
B C SA I ' S 0. ' I , C IN>/~ L I ' ? ' I 

CALL DSDSET{l,l~D0,2,16) 
c 
C FOLLOW!~:; JECLARATIDNS REPRES~~T THE RA~~~ JF VALUES EXPECTED FOP 
C THE BEARI~:;,PHASE,~O A~D A4 T~~MS. 
c 

~OMIN=O.O 
AOMAX=Z.D 
A4Ml~=O.O 
A4MAX=l.O 
NPMIN=-180 
NPMAX=l80 
NBMI~=) 
NBMAX=36C> 
WRITE(l0,600) 
WRIT::( 10, 603) 
READ(5,5Dl) SJJR:E 

20b WRITE(l0,604) 
READ( 5, 532) 'IJJT 

c 
C SET ARRAY 'A<A~ET:~S Ml,M2 A~D M3 FOR EITH:R PRT OR CON OUTPUT 
c 

c 

Ml=45 
1..12=20 
M3=20 
IF(~JUT.E~.l) ;o TO 2J8 
Ml=24 
M2=15 
MJ=lO 

C ~ET~R~INF ~U~~ER JF RECOR1S TJ BE PLOTTED I~ TEQMS JF TIME. 
C JNE SECON) EQUALS =IFTY RECJ~JS. 
c 
208 WRITE(lO.bOl) 

READ(5, 5JO) 'JSfO.~T 
WRITc(l0,602) 
READ(5,500} NSTJP 

RRG02110 
RRG02120 
B~G02130 
BRG02140 
B~G02l50 
BRG02160 
BRG02170 
BRG02180 
BRG02l90 
RRG02200 
BRG02210 
BRG02220 
R~G02230 
R~G02240 
BRG02250 
B~G02260 
B~G02270 
BRG02280 
B~G02290 
BRG02300 
B~G02310 
BRG02320 
P,QG02330 
BQ.G02340 
BQ.G02350 
BRG02360 
B~G02370 
BRG02380 
B~G02390 
B~G02400 
BRG02410 
R~G02420 
BR:;02430 
sqr,oz440 
B~G0245J 
BRG02460 
R~G02470 
BRG02480 
BPG02490 
BRG02500 
BR.G02510 
BRt;02520 
BRG02530 
BRG02540 
B~G02550 
ll.~G02560 
BRG02570 
B":J..G02580 



c 

NADV=D 
IF(NST~RT.EQ.)J GO TJ 2)) 
NADV='JSTA~T*5) 

C REA3 FILE TO STA~f POINT. 
c 
100 zoo 
c 

DO 10) 11=1 N~JV 
~EACH 1, 503, E'J)=205,::~~=2J4) 
NHALT='JSTOP*5) 

C DETERMI'JE ~UMBER J= RECJ~DS fJ BE ~EAO. 
c 

c 
NRUN='HAL T-NA)V 
IFC~RJ\J.LE.O) ~J TO 206 

C PRINT TH:: JUTP~T L~BEL. 
c 

CALL LABELCNQJT,SOUR:EJ 
c 
C RtAD THRU THE REOJ=STED RECD~DS. 
c 

c 

DO 101 I2=1,~~J'J 
READ(l,503,ENJ=l0l,ERR=2:l4) AO,NPHS,A4,SS,~BRG2 
NBRG='JBRGZ 

C USE MAPF A'JD ~API fJ MAP DATA ~E CORD VALJES TO OUTPJT ARRAYS 
C ~OARV, PHS~Ry, A4~~y A~~ B~;4~(. ~~PF IS =)~ FLOATl~G POINT AND 
C MAP! IS FJ~ INTEGE~ ~APPI~G. 
c 

c 

CALL ~APF(AO,~)~!N,40MAX,~2,MAl) 
A OAR Y ( ~A l ) = CA) 
CALL ~4Pl('JPHS,~PMIN,NPM~X,M1,~A2) 
PHSARYC~AZ)=C' 
CALL ~APF(A4,A~~!N,A4MAX,~3,MA3l 
A4ARY("1A3j=CA+ 
CALL M~P!(~BR;,~BMI~,NBMAX,Ml,MA~) 
BRGA~V( M~4) =C3 
IFlSS.EQ.CLR.)~.SS.EQ.CS~.JR.SS.EQ.CSAl GO TO 209 
Gf1 TJ 21J 

C IF LR, SR JR SA FL~~S A~E RE~~ 1\J A RECl~D, ~R!TE TYc SYMBJL 
C ? TO THE FIRST ELE"1ENT OF D~TPJT ARRAYS. 
c 
209 AOARV(l)= CIN/~L 

PHSA~V( l)= C!NV~L 
A4ARY{l)= CINIJ'~L. 
BRGARY(1)= CINV~l 

210 IF(~J JT.EJ.ll ;J TJ 202 

6R.G02590 
B~G02600 
P~G02610 
BRG02620 
~~G02630 
BRG02640 
B~r;Q2650 
BRG02660 
BR.G02670 
BRG02680 
BRG02690 
BRG02700 
BQ.G02710 
BRG02720 
B~G02730 
BQ.G02740 
BRr;02750 
B~G02760 
BRG02770 
BRG02780 
B~r;D2790 
BRG028()0 
B~G02810 
BRG02820 
BR.G02830 
Bq_G02840 
BRG02850 
BRG02860 
BRG02870 
BRG02880 
B~G02890 
B~G02900 
BRG02910 
s~r;o2920 
B~G02930 
P.RG02940 
13~GD2950 
f\Rr;02960 
B~G0297u 
BRG02980 
BRr;02990 
P.RGD3000 
BRG03010 
BRG03020 
BRG03030 
RRG03040 
B::{G03050 
~~G03060 



c 
C THIS PATH, W~ITE fJ :RT. 
c 

c 

W R I T E ( 9 , 6 0 5 ) ( ( 3 ~GARY ( I ) , I = l , 2 4- ) , ( PHS ~ R '( ( I ) , I= 1, 2 4) , 
A(AOA~YC It,I=l,l5) ,(~4-~~Y( Il ,!=1,10)) 

G 0 T:J 2 03 

C THIS PATH, W~ITE TJ PRI~TER. 
c 
202 
203 

101 
c 

wRITE(8,606) 3~~ARY,P~S~~Y,AOARY,A4ARY 
AOAR'f('-1A1)=CS 
PHSARY{ MA2) =CS 
A4A~V(V\A3l=CS 
RRGARY( MA4) =CS 
CONTI'JJE 

C QUERY F:JR ANOTHER ~U~. 
c 
207 

c 

WRITE(l0,607) 
READ(5,502) N~ERUN 
IF('\J~E~U'J.'JE.l) GO TJ 20te­
NCLOS:=10000-~~ALT 

C IF ANOTHE~ RJ~, ~E~) TO END JF FILE AND ~=~I~D. 
c 

DO 102 13=1,\J:_JS~ 
102 REAC)(l,503,E~D=205) 
205 REWI~D 1 

GO TJ 206 
204 STOP 
600 FORMAT('OT~IS l'JGRA~ G~AP~S SWRI DATA VERSUS TI~E') 
601 FOR~AT{'OFILE :J~SISTS )~ 10000 RECJ~D5 REPRESE~TING 200 SECS.•, 

~/,'DENTER STA~T TIME IN SE:DNDS (13):') 
602 FOR~AT('OE'JTE~ STOD TIM~ I'J SE:DNDS (13) (200 MAX):') 
603 FORMAT('Of'JTE~ SJUR:E,F~EJ AND TIME:•) 
604 FORMAT('OJUTPJT TO PRiNTE~ E'JT~R 1, fJ CONSOLE, ENTER 2:') 
6 0 5 F 0 R '4 AT ( 1 X ' 2 4A l' I * *' ' 2 40. l ' I ~ *I ' l 5 A l' ' 9: ;\( ' ' 1 0 A 1) 
606 FOR4AT(1X,45Al,'*',4-5A1,'*'•2JA1,20A1) 
607 FORMAT{ 'OE'JTE~ 1 FJ~ ANOT~:R RUN, IF 'JCH, ENTER OTHER I~TEGER: ') 
500 FORMAT(!3) 
501 FOR4AT(20Al) 
5 D 2 F 0 R r~ AT ( I 1 ) 
503 FORMAT(3A4,2A~) 

END 
c 
C THIS SUBRJJTI'\JE W~ITES A LAB;L TJ A CRT J~ A PR!NTE~. 
c 

SUBRJJTI~E LA3EL(NOJT,SJJR:E) 

BRG03070 
BQ.G03080 
BRG03090 
BRG03100 
f\~G03110 
BRG03120 
3~G03130 
BRr;03140 
B~G03150 
BRG03160 
BR.G03170 
f\~G03180 
BRG03l90 
SRG03200 
8Rf';03210 
f\C{G03220 
BRG03230 
9~G03240 
BRG03250 
B~f';f)3260 
BRG03270 
BR.G03280 
~~G0::>290 
BRG03300 
B~G033l0 
RRG03320 
8Qf;03330 
BQ.G0334'l 
BRG03350 
BRG03360 
RRG03370 
BRG03380 
B~G03390 
BRG03400 
BRG03410 
Bt<.r;03420 
RR.G03430 
BRG03440 
B~f';03450 
BRG034o0 
B~f';03470 
BRG03480 
BRG03490 
BR.G03500 
BR.G035]0 
BRG03520 
8R.r;0353J 
e~G03540 



200 

600 

601 
602 

603 
604 

605 

c 

LOGICAL*l SOU~:~(20) 
WRITE(~,600) 
WRITE(8,601) SJURCE 
IF(~JJf.EJ.l) ;J TJ 200 
WR!TE(8,602) 
WRITE(8,6031 
RETU~\1 
WRITE{9,604) 
WRITE(g,605l 
RETU~'J 
FOR'4AT( 'l', 20X,' SWRI SP&\:EJ LJDP ANTE'J\IA PARAMETERS', I, 

A21X,•A~,P~AS~,A~ AND BE~~I'JG V=RSUS TI~E' ,1111) 
FOR~AT(21X,•~AJJ.OWAVE SJJ~CE: •,20Al,//) 
F 0 RM AT ( ll X ' • BE&\~ I N G I ' 19 X ' • pHAsE I ' 18 X' • A 0 • ' 1 1X ' • A 4. ' I ' 

&\ • 00. "2) X' • 3 6C>' ' 2 X' I- 180. ' 7 X' • 0 0. ' 7 X'. +-l 8 0. ' 2 X'. 0. ' 
Bl3X,•2•,2x,•o•,sx,•l• l 

FORM&\f( 1X,79( 1 lc 1 ) ,1,1X,79{' *=')) 
FOR"'AT( lBX, 'BEt!.~ING' ,41X, 'PH&\SE' ,33X, • ~0 1 , 19X,' <\4' ,1, 

A'OO•,~tX,'360',1X,'-180',37X,'-1-l80','3',l8X,'2', 
BlX, 'C>', 18X, '1') 

F 0 RM AT ( 1 X, 1 3 2 ( ' ~ ' ) ) 
Er-.JD 

C THIS SUB~JJT!~E MA~S A VARIABLE (VAR) Wrl!C1 LIES 0~ JR BETWEEN 
C A MI'JIMU~ VA~U= (VA~MIN) ANO ~ M&\XIMUM VA_JE (VARMAX) TO A~ 
C ELEMENT (~2) JF A'J ~RRAY JF LE~GTH (M1). 
c 

c 

SUBR.JUTI'JE MAl=(VAR,VA~MI'J,V~~MAX,Ml,~Z) 
!F(VA~.GT.VAR~AX) VAR=VA~~AX 
M2=INT(FLOAT(~1)~(VAR-VA~MIN)/(VARMAX-VARMIN))-1-l 
IF<~2.;r.~t> 42=~1 
RETUR~ 
END 

C THIS SUB~OJTI~E IS A~ !~TEGER ~ERSIDN OF r~E ABOVE RlUTINE MAPF. 
c 

SUBROJT!'JE MAPICN,N~!N,NMAX,Ml,M2) 
IF(~.~T.NMAX) ~=NMAX 
M2=I~T(FLJAT(~11*FLJAT(~-~~INIIFLOATC~~AX-NM1N))+l 
!~(M2.;T.Ml) ~~=Ml 
R~TU~~ 
END 

BRG()3550 
BRG03560 
BR.G03570 
3~G03580 
BRG03590 
B~G03600 
8~(;03610 
BRG03620 
8~G03630 
BRG03640 
B~G03o50 
BRG03660 
BRG03670 
8R(;03680 
BRG03690 
BR(;03700 
BP.G03710 
BRG03720 
RRG03730 
B~G03740 
BRG03750 
8~G03760 
BRG03770 
BRG03780 
~~G03790 
BRG03800 
B~G03810 
BRG03820 
BR.(;03830 
BRG03840 
BR(;03850 
BRG03860 
BRG03870 
BRG03880 
BR.G03890 
B:<.G03900 
8RG03910 
B~G03920 
R~G03930 
BRG03940 
3:<.G03950 
BRG03960 
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