7 JANUARY 2004 WD 01/14902 PCT/ GB00/ 02940 1 METHOD AND APPARATUS FOR
LOCATI NG THE SOURCE OF AN UNKNOMAN SI GNAL This invention rel.gt R g,

nmet hod and apparatus for |ocating the source of an unknown I‘jm $ C?EQQI4ed
by a pl ura\b?toy gza gnal relays. In IEEE Trans. on Aerospace and El ectronic
Systens, Vo €18  No. 2, March 1982, P C Chestnut descrEGHEBIHEIMS; ¢
techni que of locating the source of an! unknown signal such as a

ground- based comruni cations antenna; it involves determ ning the tine
difference of arrival (TDOA) and/or frequency, difference of arrival (FDQOA)
of two MEFHA ANDMARFARATUSSFORIIAVEATING TE8i WSIIROY DESRSEIUNENOWN
intercept platforns Tn the Torm of reray sateltites Tn —geostatTorary ot
geosyn MHus orbits. The si gnals are relayed by the satellites along two
i ndependent signal paths to a receiving station, ie ground - satellite -
ground paths. One satellite lies in the main beamor |obe of the source
-antenna radi ation pattern and the other in a sidelobe. Each satellite -
accepts a signal (uplink) fromthe source, frequency shifts it using a

t ur nar Qhidingshitidd aéiofes RREHY u I L&

(downlink) to a gr ound(w%ecel vedrqana tagpf&{v?oﬁﬂsﬁggé ﬁﬂlg 1?11% ﬁg%héﬁare AOP YR | y

unequalgnalandewbd‘Sygpllmrahtyvufssg@maélaw rival tinmes at the receiver
differi ng by the TDOA value. FDOA is due to relay satellite notion
Doppl er shifts both

rel atlxrk ﬁ_he Earth and to Lpe anot her, whij ch
downl i n;s[‘ﬁ% S- PR AGTRSARGceand Ei@éﬁwlstylsw ¥plt tl\ﬁml\baﬂeMair@lek%e?ma’@he
recei Vmgstﬁﬁta&eh%éytﬁe 55!;? t?ﬁocgﬁﬁg eof é)e;) af const ar‘i}sagtéD%A%or

FDOA is I n eac caseasu ace

def i negmuadibased @hneinsidatichsamiéhral RQH%IV&O&téﬁIﬁﬁ %Lt@)(ime-r&?fef@ﬁé WrSHRAL S

of TDOA or FDOA at different tlrres or one of each at one or nore times,

provi dePPHhY and@psiremicspy ldmffetrese@tofmvhle(ﬁib@Ab icfntvaf signalssfonc eéhe sothee
| ocat e 1% as differentjal tinme offset (DTQ and

oo SaylPee 1 e DR ?rs%?ﬁféﬁw Bt RipReo the Fame i ayDSeeTes Bhi ft

gggcﬁl dtalﬁgﬁ for Trans on %SIICSE%%{] aé)é@%’e%l%l Fi‘&%&%?@&st“'{?;

ASSP- 2depdaders, mgna:‘h pafladth a bocelisg etalmonmeagrbﬁﬂ@r— Sadliitd E%roxﬁicgﬁﬁthﬁ hignef or

Correl a% on_Function Processi g Is also WO 01/14902
- satellite lies in the main beam or lobe of the source antenna radiation pattern and the other in

a sidelobe. Each satellite accepts a signal (uplink) from the source, frequency shifts it using a
turnaréund oscillator and retumns its Erequency—sh_i_ftc;l equivalent (downlink) to a ground
receiver. The two sigﬁal path lengths are normally unequal, and rthis gi}res'h&o signal arrival
times at the receiver differing by the TDOA vaiu;r. FDOA is due to relay satellite motion
relative to the Earth and to one another, which Dopﬁier shifts both Ad.ownlink signal
frequencies. The positions of the two satellites and the receiviﬁg statioﬁ.é!ré rknown', and the
locus of points of constant TDOA or FDOA 1s in each case a surface which intercepts file
Earth’s surface to deﬁne a curve referred to as a line of position (LOP). Two measurements
of TDOA or FDOA it different times, or one of each at one or more times, provides two

LOPs which interSect at the position’ of the source to be located.

TDOA is also referred to as differential time offset (DTO) and FDOA as differential
frequency offset (DFO) or differential Doppler shift.

The technique of determining TDOA and FDOA from two received sj gnals is described in
IEEE Trans. on Acoustics Speech and Signal Processing, Vol. ASSP-29, No. 3, June 1981

by S Stein in a paper entitled "Algorithms for Correlation Function Processing”. It is also



PCT/ GB0OO/ 429ARY 40 2004 described. in US Patent No 5,008,679 relating to a
transmtter |ocation systemincorporating two relay satell |} m sidbq o
bot h TDOyGhi4bfOA neasurenents. The techni que invol ves pcw}%ﬁ g H
degree of correlation between the signals by nultiplying themtogether and
integrating their product. Trial relatijve tine shifts and frequency offsets *

are introduced in sequence between thé signals and their correlation is
determ ned for each. The tine shift and frequency offset which maxi m se

the correlation are taken to be the re red T

correctleannbéé)nn ﬂSgB&ﬂenbN@p%\@% ﬁ?}%rﬂétll%%/qg’l ?Ffagso{’f‘qgéf ?‘fcgn? Ei pong rg&taaﬁgg

f hi ft I 1
e By wie s S St b TBA APFOPEEHAtratBas frg Eafuc Involves

anbi gui grwgg '}%:'c%'?sré%f oEABrBatiol ) bedwbi et hgnaliw(mulwlymgftmm (agrtier @t‘d+
r)e"" ( ACz v) is the integral of the roduct o%tmsgﬁlc (t)
and z2{dt}orhERFNhEX pmdmaﬁya]l mlamertyngrshlf@faﬂde EqUENGH ATESEls, FIE I g‘i(ﬂfl

ft t |t hift t dat f
h oclaapensbeeen ChE AL aﬁ@&@é‘gpr iR Seepon ity ARC e and

station. The agst G8e ifed. TINORN 2ad
maxi muMCaRERRY o SRS ﬁ%cfﬂ?‘mm&% he ?&‘)ﬁ%ﬁaﬁ %ﬁgiel)ﬁl%e |slro tai ned, thi

bei ng r bp{b Qgﬁ% figh the sipual popakatifr delpys as satellitaricanspendses @R t wo
vari ab?gg%‘ g‘ﬁ%&e , the vg | ues of@?i aﬁd v for the peak are the required TDOA

and FD@qudisg shyfi¢ Bnaatdllites aBd OOBreEPSIEqui res satel lite positions and
velocities to be known accurately, and needs highly stable phase in ground

station and sat eI lite oscill tors~ d tg\gehp% th®cross
sat el | iThe dpmses T Goereiatian t5o ﬁ’émé‘gi& fﬁé’}g equg{go%r,%fa gapldaﬁg and needs two

receiver mhch e on d have common tinme and frequency
refere {I%Pf gth%eA%g?Zd&% tFy]catl on No PCT/ @95/ 02211 under the
Patent Co-operation Treaty, published as WO 97/ 11383 relates to a
transnitter |ocati;on system enploying a reference gnal passing via the
sanme satell j zev§ el ﬂg)ﬁgz&@e'ﬁ’f‘mfrom signal and proce Bed in phase
coherence vm hit.] The reference signal is used to renove a number of
sources of error and limtations to which earlier techni ques are subject,
~giving inproved accuracy and capabil it

° ’ A(r;pv) is the integral gf the prodg.ct of twg signals z,(t) and z,(t) [complex or analytic
versions of real signals s,(t) and s,(t)] after a tria] time shift t© and a trial frequency shift v
have been introduced between them in processing after reception at the receiving station. The
asterisk in z, (t) indicates a complex conjugate. When a maximum value of the modulus of
A(i:\}), ie IA(r,v)l., is 6btained; this being a correlation peak in the surface | A(zv)l as a
function of the two variables 7 and v, the values of 7 and v for the peak are the required
TDOA and FDOA. | | ‘
The system of US 5,008,679 requires satellite positions and velocities to be known
accurately, and needé highly stable phase in ground station and satellite oscillators. It has
bandwidth limitations for satellitebrbits inclined to-the Earth’s equatorial plane, and needs

+wo receivers which are on the same site and have common time and frequency references.

Tnternational Patent Application No PCT/GB95/02211 under the Patent Co-operation Treaty,
published as WO 97/11383, relates to a transmitter location system employing a reference
signal passmv via the same satellite relays as the unknown signal and processed in phase
coherence with it. The reference signal is used to remove 2 number of sources of error and

mitations to which earlier techniques are subject, giving improved accuracy and capability



PR YO BPAYLIARE GUSEAT R
AUT. JAMUOARY 52004 HETH0dé Windidl! a wi der ran’@%'ﬁlfsgéd‘ % ons, Despi te'this
"1 nprovenent it has bean found surprisingly that fromtine t ' |
Be inpossible to discern a correlation peak in the CAF surf@‘é}e‘wl,\g?@%-
all that can be seen is noise. .A related but different technique for
counteracting sources of error using a broad band approach is disclosed ing
TJS Pat No 5,594-,452 to Webber et a;L It is_an object of this invention t{&
provide an alternative nethod and apparatus for transmtter |ocation. The &
present invention provides a nethod l.ocatin he ¥ f known [
si gnal Terclssi WEeE 2 BViGRr FREF &F iSPYS B Es FgRelF Pig ‘a“g"sf?"“t &Z‘Ql‘rgegﬁog“?ﬁ?ﬁ“ﬁ%i ng the @
steps %ﬁ'ﬂéiﬁ%[y@f&& i s i@ kin@ iDbai W iriposable e distars msormtation eFakeinr8p| i cas off
t he un n%vvn I gha la respective signal relays; and (b) subjecting the &
repl i c&%uR wirfor et vkl ol that 6EESTRYS IBR/&r act eri sed in that correl ation
processing in step (Ir) is performed with data sets adapted in phase and
subj ect, L9, SRR Péiffb?énk'ﬁ&d‘i’iﬁﬁ]hé 50 c5RRHCBhA GlowlcbyTe! dirbALiing sabiosd gnd r om
, cl ay fofT on relative to the source and receivers. The data sets may be
subj ectapproadhas disslaseiie B PenNo £,596484 wWehsaehdlef erred enbodi nent of the
I nvention, correlation processing in step (b) is also perforned with a
conmpl ex, carr.el at i ' S¥E) analiehBasd mpasd ke pagaen fat wohshoter change
int he)itr%%Pioggé'df%ﬂﬁdé’rgﬁﬁnﬁglpgFr eqaliiency O fset (DFC)?@Wi th time clue to
rel ay nmistiom relative to the source and receivers. As indicated above it
has been found that the reason for failure to obtain a correl ation peak
Usi.ng gy 0Lkl AfvenddHYirbiitdn a6 bfaBcakie taotrae sbdrayknovs signaletcaiiede to t hal
“source and recelvers. This is very surprising._for geostationary satellite §
days i roypartutsiiyohsigna sdamsibe metof eiingdhhsier 9t hert o been treated as
constant over a iriesanrernent interval, which in turn inplies Eﬁhat It
af f ect a@ﬁ@s, irflof Geddite®s € wakivy reSitelof i the urknaven sighging2woul d
not hajgﬁllée e%?g?fe!%ﬁ]ft% matte a correl ati on peak obtainable, on sone
occasi gespetiive sigptl releyep’d Despite this, E Ua 7ei.l 13, A~ , 1115 JANUARY
2004 .

(&) snbjécﬁng the replieas to correlation processing;

- characterised in that correlation processing in step (b) is performed with dara sets adapted in
phase and subject to sample adjustments to counteract time dilation arising from relay motion

relative to the source and receivers.
The data sets may be subject to data replication or removal.

In a preferred embodiment of the invention, correlation processing in step (b) is alsg
performed with & complex correlation function (CCF) at least partly compensated for change
in the replicas® Differential Frequency Offset (DFQ) with time due to relay motion relative to

the souree and receivers.

As indicated above it has been found that the reason for failure to obtain a conelation peak
using & prior art anbiguity fupction is due 1© relay motion relative o the source and receivers.
This i very surprising for geostationary satellite relays in pardeular, because their motion has
- hitherto been treated 2s constant over a measurement interval, which in tum fmplies that it
affects all measurements at a site equally. Satellite motion alome would not have been

expected o make a correlation peak obtainable on some occasions but not others. Despite this,

Emnfanﬁgzei.t 13‘Au5t: 11319
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B =b§ﬁa\%pgfﬁqj§nc§§g§ﬂ@ng meLvERent i on it hddideeH &ii$ébvered that sifgHll

TE

Eor

include introduci Eﬁg?h%é%g%lﬁlgﬁgtig‘%h?%“ffﬁ%y g& pﬁggg},;}%ﬂa@ﬁgﬂ 16 el by

subsequent| ¥, del el ffhnede! d1Gifi VAR EBC KR f WRIcdihr R, RpBiiARIermble 13AUI

ation 1s affected by velocity and accel erati on conpo _
relay satellite along the lines joining it to the source an??é@éﬁ}%?%w

which-results in the replicas' DFO and Differential Tine Offset (I1TO

bei ng‘ti me dependent. DTO variation can be conpensated by adapting data
sanpl es and DFO variation can be cornpensated as indicated above by
adapting the correlation function. torrel ation processing in step (b) nay g

eratin IS to obtain a correlation

eval uati® AGFOFHREFT W air
Mexi M. y-Rify ST dcyReralion @epbnameoiofi ehy suelpld Seng thohgsapd B0, it may be
carried out with a CCF containing an exponent of a function of tine havings
a first termwhich. is.a constant U8 5818l afe DRl BB Obfih is a &
pr oduct® Bfag Wcﬂgrgc%vgﬁg{%ﬁ\t-e%ﬂg %geft}é@ Tare o change of DFG with tinme,
is ac Heindifrheedepident. TG quémioy crmbe compenseted BRAjsERE deta saAd@ieiner ei n
step (b) also 1 ncludes introducing a fri Val GOr4, BSROBEI AgdlFoPF RO
prior tBHSVEP UEERRGR CEbIF SPHPFEHCENT }“Fiec?‘!ggi%é)y%r?é .yplglgopﬂtri Al val ue for
each o:gidygnot her type, repeating for nore values of the other type-and
determ ning a DFRO val ue appropriate to conpensate at |east partly for
change in DFOw th tine. The CCF may .be . (JresetPderwleh @ven by:
A(-r 0, JorFipHoR prReeRsng, iy ﬁi%g-"l‘m*‘:% gml?ﬁdgrm f@?&ﬁgi\?ﬁgggn@c{ﬁg%d 77 are data
sets repLRSShtd BianRg Betneibet agd ftaniied dteth cbittiera ¢onglagps mIMURT f er ent
paths, the asterisk denoting the conple nijugate_ of .zi, T | e qver
whi ch cad diesiue akleast ong 4 dagfopicas] ?Tﬁ@’@gﬁaf‘s'%%%m%n o VB B oy e
const a%ﬁm}d’i‘%ﬁaﬂ bARREn AR QPR dfOfnd Bavidd)@ firdapinatinich iofi dobstit IFD wi t h
rime t as follows: DFO~v=4 +2bt (3), where bi is an.i t}a%l fCCﬁ%liéc t DFO
val ue athicrintiRaetand tom ‘ﬂ'@l?‘h“radli?ﬁ"{%?f ‘&Hﬁ%@c‘?”‘gfaﬁ:ﬁ@e L RdeYi e above. - The
const QFBF%F}@V% € D RV DG e HeR@Shcp Yark Off5d QDFROY Nafuey 4t whreiaf t he
Equat i on product of zi~(t)z t+to)ezp(- irib~} to the fregyency donain
(ie i grmeg () alshendpdds enmyduging @ wisbyglee FOEERIINE W PRAPHIB)C B " B8ENg

—

11: 15
values of the other type and determining a DFRO value appropriate to compensate at lemst

partly for change in DFO with time.

The CCF may be expsessed as A%, &y, ba) given by:
T- . . .
Al By, by) = [ 2 (Dz(t +1,)e ™ dr )
. a

where z; and 7z are data sets represcuting two signals being comelated after lraversing
different paths, the asterisk denoting the complex conjugate of z1, T is a time over which data
sets are taken, Ty is the signals’ DTO, and by and by arc constants’in a linear approximation to-

the variétion of their DFO with rime t as follows:-
DFG=v=b, +20¢ ®)

where by is an initial constamt DFO value at initation of data recordal and 2b; is DFRO as

definad above,

The constant DFQ valoe by may be determined by Fourier transformation of the Equation (2}
prﬁdﬁct of 2, (Oza{t+rp)exp(-2ribyt?) to the frequency domain (e ignering the by term) after
each iteration of Step (b), by being subsequently determined- as the frequency at which the

F it 13-Aus. 11:19 N
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JAMUARY: 2004 o BETEOR? HALVERE] m aces. Thi B B4t é85¥he conput ati on re&qw re
%ecahse it avoids stepping through trial values of bt and [f‘] NW&@%4
the CCF for each. For a data set or N sanples it reduces tHe A :
corrput ations fromof order N2 to Nlog-N, a substantial reduction for |arg§
‘N .lo¢. Correlation may be perfornmed with a sanpl e data set adapted in

phase and nunber of sanple, sanples being replicated in or renoved from
t he set accordi ng which. data set is selected for adaptation (zi or z2)

and also to the s the f [ of #ORGid m@mgated Wi t
the ddt%f W%t“&gﬁ f%uﬁ@s\cl)\éri?g mﬂﬁﬁgﬁ’n \g%égﬂg&etbg@%o ge coﬁrsr elated my §

adapt qgmugipﬁ-[gpa@gem \ﬁmﬁlmawﬂmuhgwsr@CE feremvoly &9 §21{51 € B N TG &5 pl i ed b
a phase factor or | e ncI WA hieRAdcEdh g6k sanpl e B
bei ng mAeNcEs E?Flf@élbﬁ‘yms‘i?é??ngmf’%{%ma Na.lesbﬁeé’)érialzgt tor being either a 2nifAr |8
areZQ%ﬁ gig to which of the, two data sets is adapted and to the signjE
. of DTd ange with tine, and wherein f is a signal band centre frequency g

of the sanples after downconversion.fo st bhebenber val -
bet weeRorazing| BaY bERFPEE at f%“f‘l%‘%%t‘{%aei y Ee&g%qgcthgéde for rermval and

repli cgdgdpm g?n 1&%&@%5@11@&:»35 facor demovaimrng nhqmmnrdmgzwhkh« dataf g6t i C (4)

where t. the ti rominitiation of s | t sappite sel ect ed
_for al scb:cmfwdaﬁmen (2 Rpzad &1 @f‘?@n’gﬁ f'&qﬁ ﬁ;eég?gnmp ing interval, ¥

tint s éch%ee%&mm@daat taﬁﬁafaesm @§§ﬁﬁxe®$t\% dmsmaemmfcasalnpamg edppted val s.)

and a, wavel en the centre fre f $1.90ak, i ng
band bif gitaes apymmﬁ@nwsdemﬁ%%%he Iﬁ“ Pé&g?ﬁ ng' I'te ﬁ‘sﬁ)ggr amet er
bs is an estinate Wcdeb Ro1S BStng TR cﬂrwyomc(x@gfaﬂeeqbency

shi ft SRELSd ‘3?@?%fgéf%agr‘r§§)w count er act ed by dghr‘l ving an esti nated

correctjon _usi eré‘mﬁk FAIIAT The, RakapBhiash BE themayo ddts @emas i vel y be
der|ve8hat§§/f‘ﬁ?§‘?r r{gr'fl T \al ues o% et o he CCF

it and calculatjg.the no o)
unti| adspEa smexoIThersige aftVED ehehee| witth g, prd woeinof & ?5‘%&3‘?§9§t° B in the

above expr ESSI n as nd YhelinGeo@f bafweag t 1 me
di | at i SRIEHAEY Wﬁsﬁ‘éﬁ’ Féﬁﬁfﬂ%gv gﬁ%}g aﬁg%ilg{\ (%E?thgpsol ved for cem to

det er mgpgnitd mes at which tinme dilation results in data sets zi

Samples may alternatively be selected for removal and replication on the basis of the

following equation:
ro=lpy A —ma @)
¢ c .

where 1, is the time from initiation of sampling to the mth sample selected for alieration, m.is _

the selection number, At is the sampling interval, o s the time dilation '.(expressed as @
number of sampfing intervals) and X is the wavelength at the cente frequency of the signal
sampling band before any freq_uency downconversion at 2 receiving sitg. The paramctcr b is S
am estimaie of DFO (by) with any systematic error (eg frequency ‘shift at & satelfite’ reIay);f FE
counteracted by deriving an estimated correction using a refevence signal. The patameter b]

may alternatively be derived by using trial values of it and calculating the medulus of the CCF

until 8 CCF maximnm is obtnined. It also is possible to exploit by in the above expression as

an independent parameter, thereby dissociating time dilation and time varation of DFO.
Bauation (4) is solved for ty to determine times at which time dilation resolis in data sots 2

and 2z being out of step by successive incrt:m:u}s af AL If the effects of time dilation are not

loo severe, = linear approximation may be employed by deleting the to term in Equation

(4).

Emefangszeit 13.Avg. 111157 g{\hzx‘f}m%“tg



;@ﬂ%ﬂ,ﬁ%ék{\h@ %ﬂﬁﬁbﬁ‘ﬁﬁsuccessive | TS r BB EBIE fit. 1f the Efft%cts o
T me di't al-on are

- +¥eceived by a piorality-of- signal relays; and including:- (a) a plurality
—0f Tecei vérs_fﬁr/peé-e'rvi ng replicas “of the unknown Signal via respective

4_ renovelh & poafrrtcdecsieadimens of dhe dgnvwhtiarh taraeralation| BoGRSSAEdf GHFOFBTARERAMY at | on

are not too severe, a |inear approximtion W‘ﬁﬁA
JARFARY 2

By—dglfé;t—;ﬂ'g the t.2 termin Equation (4), Emtan sze~t |3
vp L "JANUARY 2004 In an alternative aspect-the present invention
provi des a’lecatioh device for.locating the source of an unknown signal

signal,  rel.z 'S"./g a cprrelati QF of BEatAl defic@tfoP GodahiBe @pl i cas [
an a‘r‘h?lﬁ%"%w %?l’*?egf% ?B%S%t&l r‘rﬁgn&pﬁﬂﬁglﬁgatai nga at | east one of their DTO &
‘and FQoarcehofegkienivaelbnilnedehat by heluwdity ef sgrizbreiaye.cod ¥E814iRes arranged to
performcorrelation with data Sets adapted in phase and subject to sanpl e i
adj ust rent s 1 nLer lé?‘?- p kdpREds QI R diidnBhn fs{ A0 vik QésBYcrvRtsi@ial 1 el ati v
to the&g&l}f“éﬁﬁﬁﬁg%%‘&%‘?&%ﬁtg? gkéggrdrsel ationnproceg?sor rrtts?; be. arranged to
perf orglaggrrel ation with data sets subject to data replication or renoval 3
In a preferred enbodi nrent of the invention, the correlation processor is
al so fanged L0 QR Whlidhs Ang @ £ Qb @hiinl 0B ibdRCt | ON

( CCF) %? gl°§%§‘?“%L§§{°F%5%Poﬁn§é%f?é@té%q‘?%% Change in DEG) with time duo to
rel ay wdichii s Rliastdny of their O ad@E and receivers. The correl ation
processor may be arranged to enploy a CCF containing an exponent of a
function of .time, hayi il EAE ST o in3rfns PR Ath W Qa¥atase and a
second‘gﬁa‘ﬁlf’m’?}ﬁ%%ﬁhﬁtgacgggg%%duérﬁ&gén?t'| me gﬁfgoﬁcons_t ant value for rate of
‘changeadafteDROphtist né suibect e smnmbo ndjbsments ¢ £duatesart iigle dildgu eRgiys APk of f set
(DFRO) yal ue, and.wherein t : f tion processor is also arranged to |
i nt r od "fq?ﬂ{’ﬁlré}%‘l\%ﬂ‘éihc fmbg%rgén%\% 0 evaluate correlation for pairs of
trial values of DTO andDFRO iteratively to obtain a correlation maxi mum |
The coTheetaxtslation prowsss oy hgyantspass i e corpipioro Wit <t s BIACt Fe of f set
bet ween .the. .replj i evaluate their correlation and iterate this

pr dcedﬂﬁtéemggcaugixgﬁeﬁg’%%lbrreI ation maximum It may enploy a sanple data sefjs
adapted in phase and nunber of sanples, sanples being_ replicated in or :

(z1 or ﬁcrfc;nn correlation with a complex cof:elﬁtién function {CCF) at least partly compensated for
change-inrBFE with time due to relay motion relaiive to the sonrce and receivers.

The con'elhaiion processor may be arranged to employ a CCF containing an exponent of a
function of time having a first term which is a constant DFO value and a second term which is
a product of firne and a constant value for rawe of change of DFO with time, je a constant
differential frequency rate offset (DFRO) value, and wherein the correlation processor is also
arranged to introduce tral values of DFRO and to evaluate comrelation for pairs of wrial values

of DTO and DFRO {teratively to obtain a correlation maximum.

The comrelation processor miay be amranged  to iniroduce a tmal tﬁﬁe offset between thc
replicas, evaluate their correlation and iterate this procedure to obtrin a correlation maximum.
It may employ a sample data set adapted in phase and number of samples, samples being
replicated in or removed from the set according which data set is selected for adapearion ¢z or
z2) and alsa 1o the sign of the rate of change with time of DTO associated with the Gata set. It
may be amranged o adapt samples in one of tw;) data ss1s to be correlated in phbase by

multiplying samples following a removed sample by a phase factor or by

piangszeit 13.Aug. 11:1H
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12) and also to the sign of the rate of change with time of DTO associ ated
-With the data set. It nmay be arranged to adapt sanples in t,a
sets to be cot elated in phase by nmultiplying sanples foll ?]\Aﬁﬁgbf%@@gd
sanpl e byW® BH48@ factor or by MENDED SH V WD 01/ 14902 7 JRRNH&RI/92540
PCT/ GBOO/ 02940 7 with the data set. It may be arranged to adapt sanples in
one of two data sets to be correlated Tn phase by nultiplying sanples

foll owing a renoved sanple by a phase factor or by nultiplying sanples
including and followi ng a replicated sanple by such a factor, the phase

factor fhghngeiddge © 10 BecoRALAD (6 adufti shupts ihontvel thie alageselsite be
adapted and to the sign of DTO change with tine, and V\he{?ﬁgn fhl ) si gnal
"band cegtrtetated irepbesedy mhltiphdng aspplss falleveing dFRMONEY E38P ISP HPREEHRFPHE’ and
At is the interval between,K sanples. The correlat] tSehjet
sanpl esby sy FaApgs %V%E%tapgrfogﬂwf%aﬁsgl ilc?teo %ﬁelg%géré%l g??bon’
.function's tinme dinension SPY 9;1 ov 3%@ interval in which the sanples.were

obt ai neghast ffagoOBEingesither = 0BT ai arabl 26 oracaeding v tviach of ithe THP 19314 §fts 1S

conpensation, the time over_which correl.ation,extends. na i A
sel ect eatlagtadaandsto hiysige AT Pachaage gyith é‘?}?aﬁﬂgdﬁb?e’f’hfelsr% 5 gfﬁgfrlﬂgﬁge '

insertion of sa es accor gdj r K i gdparetan
and al s 3%88?&’% f@&ﬁ%?ﬂ%ﬁ%@% ?lltsgjﬁ fgg%?@p%gésfﬁcii \‘/AZ I%F?enieng%r:i ve.

Al t'er'ﬂ.a%ahr}{}ﬂééf’ the correlation processor .may sel ect sanples for renoval
and replication on the basis of Equation (4) above or a linear
approxi mation thereto In order that the invention mght be nore fully

under St g F?}%‘él&nﬁ{;ﬁsfdg Bk olSERA sartbibl nobe dEsepliteitn dithedpsiafof the

exanpl e erence to the acconpanyi ng draw ngs,*in which:
Fi gure Jordihtist figicBions gmel dipfeagiagatprand det wseintevalbar whidkatheosammles Mers er

o T o e oL LT LAY o BRSO fe
schemat (i)'\(r:e{il'lvlv ich rcggrglsa%iolq LxfenliS lIJIila;[yrIYc- itk CRTLRBe Y2 ELER Shay BE comYAMd 6N;
| expanded by the removal or insertion of samples according to whether data set z, or z, ;s
adjusted and also according to whether time dilation is positive or negative. Alternatively,
ﬂxe correlation processor may select samples for removal and replication. on the basis of

Equation (4) above or a linear approximation thereto

In order that the invention might be more fully understood, an embodiment thereof will now

be described, by way of example only, with reference to the accompanying drawings, in

which:-

Figure 1 illustrates signal propégation between an Earth-based transmitter, satellite relays

and Earth-based receivers;
Figure 2 indicates effects to be compensated by 2 location system of the invention;
‘Figure 3 shows schematically processing circuitry of a location system of the invention;

Figure 4 is a two dimensional plot of the modulus of the prior art cross ambiguity function
| 4(z )| as a function of the two variables zand v obtained using data affected by

satellite motion relative to source and receivers,



Figure 4 is a two dinensional plot of the nodulus of the prior art cross
-anbiguity function | A(r, v) | as a function of the two varf"zm Y%‘;v “
obt ai nedwwjﬂ ghata affected by satellite notion relative g9, 'é;w 7
receivers; 81/ 14902 8 7 JANUARY 2004 PCT/ GBOO 02940 Fi gure I'S ,
equivalent to Figure 4 in all respects gxcept that in accordance with the i

invention the conplex correlation function{ A(-r, bi, b2)1 is plotted.
Figures 6 and 7 are graphs of conplex correlation function signal power

agai nst_frequency, for equivalent_ situations cept that in ;i case
t here ifslgﬁl@%r sl eqpIvissIt & 18@Eﬁw‘ﬂ)é%§QtrFWCWFé‘FE[§3§?tﬁgtEﬁﬁorﬁﬁ?‘feeﬁtgg%éeﬂ{vﬁ%rpi s.
Figures 8 to 1] are graphs.of sinula oi se-fr sults for DTO and DFO
pl otted agains GCBWBP%&“?‘? 10 n@ﬁ%&ﬁﬂﬁ%ﬁ’i%@ 1eserg&it‘%AEquency di stortion,

frequency conpensation, tinme conpensation and time and frequency

conmpensgt,| | éﬁ}p}is ' 18t il Elof Gikined bewer agaihstdfiepsnd;

9/ 10 aﬁ%%ﬁgriégggﬁév y Wg?h@%ﬁ?g?%t%é of the effectsbof r;oigie. Referring
to Figure 1, aforuqiivarmt tsitaationist dxeeptithat av theetbriner tohee trere sy nsalaggnefon
Anmerica 11 generates a signal which causes interference with satellite
communi cat i onscomprastticmyhfieasn thedaties£ase 8ilStj on intensity pattern 12
with a sidelobe 12A directed to a first satellite 14 in a geostationary
orbit, o which jts si I g | i i Ibtte@, apainst
(dot t ed P88 1O htarSI%'%pr}asa%f%%ﬁfBgag?&a @8%&"%3? %%}% f%glbr?clp (la)%gblﬂgﬁédi r ec.tge_d to a
second satel | i e Mthdt sidChoMin@KiBietand fréguentydidtomionpAgqu@sy abupgnsatvacond
uplink path 2 to the satellite 16 and produces interference with

conmmuni cat i onstisiegoaipensasiongnd fiend and SequeTRE COMPABIAOB FGREFI Y ¥quency i s
determ ned by spectrum anal ysis equi pnent which routinely ronitors

satellite channels, A typical nmunicatd - ons | I }

and (LEEoReEa 204 Retsc PR AndNETEn n O HEaRh & T Faretey? BEE hadolor e
carrying 100 c p&ﬁﬁéig‘gns signals. The-superscript'V to path references
and 2' denotes uplin romthe unknown transmtter 10. The satellites 14
and 16 are nonitored by respective receivers in the formof ground station
antennas 18A and 1 SB located in England and referred to coll em%ti vel.éj/?ofalz
recei veRefehng HBigurer Bexmi unknowe tsingmitierfl0darated intherldnitec Pl o imaen nd

retransmt it along first and second downli.nk. paths. . ' )
respect generaes asiggpkwhich ¢qupes 7 cg%grvgw is%tteﬁxtg .cora:ghlg)g%sn%gg. Tl?e r@nsmitter

10 has a radiation intensity pattern 12 with a sidelobe 12A direct;:d toa first satellite 14in a

geostationary orbit, to which its signal propagates along a first uplink path ¢,* (dotted line).
* It also has a radiation pattern main lobe 12B directed to a second satellite 16 i such an orbit;
its signal propagates along a second uj)lihk path £,° to the satellite 16 and produces
interference with communications signals using the latter. The unknown signal frequency is
determined by épecnum analyé.is equipment which routinely monitors satellite channels. A
typical communications sat;ellite operating ét Ku band (11 - 14 GHz) has 16 charmels ‘each

36 MHz wide and each capable of carrying 100 communications signals. The superscript “u”

to path references £," and £," denotes upliﬁk from the unknown transmitter 10,

The satellites 14 and 16 are monitored by respective receivers in the form of ground station
 antennas 18A and 18B located in England and referred to collectively as receivers 18. They
receive the éignal from the unknown transmitter 10 and retransmit it along first and second
downlink paths ¢,* and £,° to respective receivers 18. Here the superscript “d” denotes a
downlink path to a monitoring receiver. The receivers 18 receive respective replicas of the

unknown signal which include path delays and Doppler frequency shifts from satellite



downlink path to a nonitoring receiver. The receivers 18 receive respective
teplicas of the unknown signal which include path del ays a

[ equency,gliyfigpfrom satel Tite WO 01/ 14902 9 7 JAWARY 20 JREQ%ﬁ2°°4
PCT/GBOO/‘@ 0%Wtion. The receivers 18 also transmt referend® %Wé%%?ls to
the satellites 14 and 16 respectively, these signals beinng replicas of one
anot her which are phase-| ocked toget he when transnitted initiall y. The .-
satellites 14 and 16 return frequency shifted equival ents of the reference
signals to respective receivers 18. Referring now also to Fiigur? Z?JEAH

whi ch ehetiemt Shprrectivers| I8 crdsee tiapemtitareferenke -Signady dpctg, satghiescd 4 &
counteracted by the invention are.indicated upon a.sc LG ' f
..sourc JEERaCENV$ Yt gyets% cEer iR arlicps _O'icg_?earéqlﬂgeércwgl c&el‘r}_g r%tag % (l)c\%k?ég”& Bg%th&
exper i net S, b 0oy G5 AN Phd DRLRASIPLAA 1Y BhurP HREAETNehiftad QuiveleAtsOdf
data obtained using satellites 1n geosynchronous orbits. It was found that
-fail Uretﬁe&éfeﬁhb@ki?n@l@wﬁspéciti@araeabees ¥8th acceptable signal to noise ratio
were due to specific aspects of satellite nmotion. This is very surprising,

because geostationary or geosynchronous satell.it tiqQn relative.to a
sour ce Referrngoiarsaldeds Figite Rein B’hﬂg\eﬂeﬁeéﬁtﬁﬁwﬁgﬁﬁ @ﬁ‘{:}%ﬁqﬂﬁﬁ i'f‘fﬁrsfervced=

const ant,_.ove he relativ hot || . ' r ' : :

ool ool 1 DA iyl RO Ry AR e haiPRE) B09n; SUEhaRIC Bhpwing of
on all neaselkRkecdifert BaSméB). ef Thes@leffidtd Ridryi Gidbdvestd Gn Experineritsl toot
t herefore expect satellite notion alone to be responsible for making a

corr el anvestigarakncolieaibiliyl ef prossieg lotgrasétonef Hate pbingdhesisg pEdlics ¢in
this, in accordance with the inyention it h been L scovered .t i gnal
corr el aggogyndhsongus ebity I‘b‘ya%%’ﬂlég Iﬂilattécaﬁlérre%&q géta%%fmée& éqne?‘??(f &%ﬂl gc%%%%h%nt s
al ong the lines.|olni t et 1BROTHBGE vk i | |
be desséﬁa&é% npgjﬁg%t# ﬁ.@%@% @ng)g‘%lhb alg?écﬁsaépgaéélg% %ﬁﬁgﬁt hat dur1:3{1Sg;m-_€'5i¥iSﬂi\g
geol ocaidcafieTpasstHtRARAL orldeesmcheaonosasllite matioheclativd tocd snurby odicbéizehas at
different tinés to nake correl ation_obtainable on sone oc asLons but. not
ot her s Iftlguoeb&ri treatad kasdbeing rsubstratigllyp gonsiartneNeE e TSAtHEHE & %nc%ﬁtﬂtJWi ng

t f tel]it | oCcl.t d l. ti '
G r bt e Fees o EEloctBoR At SuBBPV R EE FEPAL Bl Rhug by & syl offP8
del ay Waﬂ%ﬁ%%ﬁﬁh%tss ofal iRt Nisatash defivines diR. Ui Wwatildendiethensfore Expect

present 1 nvéntion involves processing which counteracts time varying DFO
and prefahrbhytion abneitothevasponsipld Foremdkingtd ovrréletien paak ebtaingbifeph 6P®E | n

Figure 2 by a |linear source .. . . . ..
J occasyions but not-others. Despite this, in accordance with the mvention it has been

discovered that signal correlation is affected by satellite velocity and acceleration
components along the lines joining the satellite to the source and receiver. As will be
described later in more detail, it has been found that during a geolocation measurement these

components can be sufficiently different at different times to make correlation obtainable on

some occasions but not others.

F igure 2 is marked ﬁith arrows 20 to indicate parameters comprising components of satellite
velocity and acceleration (eg vy,, a,,) in the directions of the source 10 and receivers 18,
together with signal time delay and associated signal paths as defined in the table below.
The present invention involves processing which counteracts time varying DFO and
preferably also time varying time dilation; the latter is depicted in Figure 2 by a linear source
time axis 22 and a non-linear receiver time axis 24. The axes 22 and 24 indicate that there is

a time varying time separation or dilation between successive signals arriving at a recerver

18 because of satellite motion.



time axis 22 and a non-linear receiver tine axis 24. The axes 22 and 24
-indicate that there is a tine varying tinme separation or di7l 'ﬂﬁl ﬁ"?tz\ﬁﬁﬂn &
successiwg oshgdal s arriving at a receiver 18 because of sp_(t;vg‘i Hégmptlon.

.7 JANUARY 2004 WO 01/14902 PCT/ GB00102940 10 Tine Delay r,,,,, Velocity
Conponent vxy or Accel eration Conponegpt ky '1lu Zld T2u Viu V1d v2u V2d a,. =
aid a2u Path (i;y) or Direction (v,,y or axy) and Satellite or Receiver
Delay on Uplink path 1," to Satellite 14 Delay on Downlink path |,d to
Receiver 18A. Delay on Uplink path 12 to Satellite 16. Delay on Downl i nk
path | zd to Receiver 18B. Satellite 14 velocity conponent al ong uplink

path |," to Source 10. Satellite 14 velocity conponent along downlink path
|, d tre—Reeerver—i8A——"SatetHtrteri6—vetocrty conponent al ong uplink path
12U tiorigeudsy 10, V8atiey Conepohény bl ocPath (vonpoRdrectian Ghgor #gwitd nk pat h 12d
to Rgcei ver 18B . .
v,, Or Acceleration Component 2, Satellite or Recelver
T Delay on Uplink path 1," to Satellite 14
Ty Delay on Downlink path 1, to Receiver 18A.
Ton Delay on Uplink path 12“ to Satellite 16.
Tog Delay on Downlink path ,” to Receiver 18B.
Vi Satellite 14 velocity component along uplink
path 1," to Source 10.
Via Satellite 14 velocity component along
downlink path 1,° to Receiver 18A.
\ Satellite 16 velocity component along uplink
path 1" to Source 10.
Vaa ' Satellite 16 velocity component along
downlink path 1, to Receiver 18B
Ay Satellite 14 acceleration component along
uplink path 1," to Source 10.
844 | ‘Satellite 14 acceleration component along
downlink path 1, to Receiver 18A.
8y Satellite 16 acceleration component along
uplink path 1,* to Source 10.
3y Satellite 16 acceleration component along




Satellite 14 accel eration conmponent along uplink path 1, to Source 10.

‘Satellite 14 accel eration conponent along downlink path 1,d,t L\ .
18A. Sat elyd hp14b6 accel eration conponent along uplink pat th Jghﬁ%&@guﬁf(%
10. Satellite 16 accel eration conmponent al ong WO 01/ 14902 1P ’f“ﬁ%“pat h

f,d to Receiver 18B- SB . 7 JANUARY 20041 7 PCTI GBOO 02940 Figure 2 shows
what woul d happen to points originally tregularly spaced on a waveform

whi ch passes over a path in space and is subjected to time varying Doppl er
effect _An. analague to digital converter (ADCQ) is used tq sanple a
recei vbd signal and gives a regul rdovadinkghatishhiol Receiver 48Bi gnal  whi ¢h has
.under gpne Doppler effect; these sanples require timng adjustnent,}in one
‘of thedata sets z, or z, Itn Equation (2), 1n order to correspond to
sanples in the other data set which have undergone a different degree of
-Doppl er effect. Figure 2 does not portray this - but instead what is shown
‘i s the Fizam 2 sifovdi tvhet wouldahappepploepoiefsf edginalin regulanly apacsfl gornvavedrma
wavef orm which were originally regularly spaced. .The di]atjon  differs

Ao oso. WHIFh PESSES VAT aHiihan s0Res BRd dsSUPICBEd 1OAtBIE, vanie ngsmyect- An

hemat j cal Ly at 22 i .Re ' ' .
o onar bt Bl gt s ODC) SRR salBleet fodfe U 80 BRes bt
i nvent i g orsasPRRo sdcgﬁé@mmﬁ@i has @rdordieHRe @RRertBkdeysahipl@Oeqilite figiing

enphasi sed that this drawing is schematic -and does not show all system
f eat ur esdjiistnabat,ai lonelof thendldth stfe zdeszyindaphation G in pwico i gorrdspend tesamples

transmitter |location is described,in great_detail in e i or..art..of

bt N 5 DoeoBT0tAdh HGOREts PReTa 5 NGRS drared abSorRles FoREr Fiftr
speci fi i .erned - [ : : ‘i%pﬁ '

descri pti on&gfp% ﬁtg%?/; tﬁilgnsb?ﬁgﬁésg?ala%}é%ﬁgggom;i éeg%téftm?ﬁtﬁ bﬁégé%%li ce, léé%}féﬁtt as
r egar dsofranSefagr@poiafs @ddiwiveldin paidnweer erigindlly ooqilaty spaceél Hid dilation

function processing to achieve satellite: ] )
differs across four receiver channels to be described later, and is shown schematically at 22

for a single channel.

Referring now also-to Figure 3, a signal processing system for a transmitter location system
(TLS) of the invention is shown _schematically and indicated generally By 30. It is
emphasised that this drawing is schematic and does not show all system features in detail. It
- will be described in outline only, because transmitter location is- déscribed in great detail in
the prior art of US Pat No 5,008,679 and published PCT Appln No WO 97/11383. Readers
of this specification are referred___fé PCT Appin No WO 97/1 1383 for a detailed description of
how transmitter location may | be put into practice, except as regards measurement of
additional parameters and complex correlation function processing to achieve satellite

motion compensation in accordance with this invention, .

To simplify dn_esbriiaﬁon, the proéessing system 30 is illustrated functionally rather than in
terms of actual items of apparatus; some items subsume multiple functions and others shown
separately may be implemented together as a single device. The processing system 30 has
four channels 32AR, 32AU, 32BR and 32BU; suffixes A and B indicate association with
receivers 18A and 18B respectively and suffixes R and U indicate association with reference
and unknown signals respec—tively. Components have like numerical refcrehces with
differing suffixes distinguishing channels. The chamnels and their cqmponents will be

referred to without suffixes to indicate any or all without differentiation, and with suffixes if




-notion conpensation in accordance with this invention. To sinplify
-description, the processing system30 is illustrated functi I o
than in wergigssbk actual itens of apparatus; sonme itens suﬁ@%ﬁ%&l
functions and others shown separately nay be inplenented together as a

singl e device. The processing system 33 has four channels 32AR 32AU, 32BR .
and 32BU; suffixes A and B indicate association with receivers 1 SA and-

18B respectively and suffixes R and U indicate association with reference

and unknown signals respegti vel V, i PUNEdingat2 ARS @h@nces
with SFFFSERTY ng’ Sﬁﬁ’?&@g' CETT gh%ggﬁ%%ﬁgg%gﬁs&%égchanneallng anﬂélg’t hei r

conpon i1gl 08 ontRE&S thefakR 1V IB0WhdSUBR. xes to indicate any or all

Wi thou?Qé(f?\fc\f{Melrggnlti 31%llﬁon, and with suffixes if WO 01/14902 12 P7 GBOO 0 R4
2004 necessary to be specific. Receiver 18A is connected to % anpel s 32AU
and 32ARch ahannel S2&ioverinsl B Beries-coonenset egangsmenh Ah 8 BIXSDHASAAY [ABRIUESE L

channel 32 contains a_series-gconnected ayrangenent .of ] t for
f r equedloyn erIWSTEGhdiat §Il%lﬂg%glt%{ﬁb§’ @@gahgp? 2? %%a] a?ﬂngena rggklﬁjjeé)t %ﬁggﬁ“g?’% al
converter (ADQC). 36, an 4.at ] s& SiehiekOsque@iaas siithninof

r eal si%ﬂ%‘ﬁ??’%o?:5Ff‘§Fgf@uﬁé%ﬁgﬁ{}éﬁ%c{fﬁ%n&fl@%ﬁ%gCaﬁg quaﬁdr ature
COWDOH%?BE& ant \GuddkatBfeScoRtboAERts CT @Gtepsi34 areaconnactedtd pcamyadpeal gseitlator
signal “‘feed LO Qutputs from exponentiation stages 38AU %E% 38BU§Eas§tto a
first simormtebadildh pOotedsifion SKROREILGEDD FHALCE {3 BREUeRBBnEhei HES on

t 38AR and 38BR t l.ati : |
ot occs SORGIOAGEICEBUE Sie ADR: B 15 BUT SN GE ALt aa Aty A Seg 1o

correl ation | il ST RIesEid braged 20Wranid40Reary dett ai | .
Geonet A t&PT %ﬁ%}aﬁ%%@%ﬁ%ﬁ%&%&?n@dﬁ oh}eggrat e thgel U%T(n_own transm tter .10 is
done i g,aﬁmﬁaﬁpid%ﬂrﬁﬁ@n%d Jbnelatiopofuactiom pravessie 2 evidk be degsribed JateRdt and

mappi ng stages 38, 40 and 42 may be inplenmented. in a single conputerq,.The
DT bbcashans dayeil ot G0etrigHerd RSO TRBHSE 181 7ALP &9 POHIITH TABRET 0 18

|ifi,ed ~and fed tq.t. ] ' Bl [ d
downcorpueiiaa P ier 82 T Rty TR, PO bRcRil B A 0

conver sigddny aggwgqﬂ%}v@gﬁﬁﬁ&ngﬁmﬁl pE@AgR dompusaver al stages, with filtering
to defi'né the relevant signal frequency band in each case and to prevent
aliasing at the AID stage. M xer stages 34AU and 34BU are tiged to f.‘tract

the urRioprocsisimiystaan G0mprmtessasafgdlowsRmnalsdramphe Z55ETYEh et &% 2ERE sdt

the reference signal. The A 6 S | e_si.gnal.s ¢ ti f xer
stages @@ Rty tHRuTERER istegqseD’\S,%W?‘nere cy are FA0A S ald ABWhLBEnYERREE! & in

frequency suitable for analogue to digital (AfD) conversion. Downconversion takes place in

_several stages, with filtering to define the relevant signal ﬁ*eqUenCy’ band in each case and to
prevent aliasing at the AD stage. Mixer striges 34AU and 34BU are tuned to extract the
unknown signal,-a.nd mixer stages 34AR and 34BR are tur_l_ed to extract the reference signal.

The ADCs 36 sample signals from the respective mixer stages 34 using automatic level
‘control (ALC) to minimise the effect of quantisation noise. The signal samples so formed are
real, and thé exponentiation stages 38 convert them to analytic or complex form l;sing the
Hilbert Transform. In particular, a set s(t) of signal samples from channel 32AU is
converted to an analytic sample set z,(t) which is then conjugated to form a set z,'(). A
similar procedﬁrc but without conjugation is followed for channel 32BU to produce a sample
set z,(t). These two analytic sample sets for the unknown signal are then correlated together
" at 40U as will be described later to determine thelr DFOQ-and DTO. Like sample sets are

produced at 38AR and 38BR for the reference signal and are corfélated at 40R.



"Sanples so formed are real, and the exponentiation stages %Jﬁﬂl’ﬂ’;ﬁﬁ?
to anal yty r nplex formusing the Hilbert Transform | I
.set sl (t)“g)fﬁélﬁgér?al sanpl es from channel 32AU is convertedp?%hb’@%é{i‘

. JANUARY (R (04 v,(0TrGBo 07lernad 032B1d (el volfd) iafedi SRR A2AR dF:
| d f ol © ch | 32AU: (1)), v, (t, ,;
_iﬁgﬁngl cgﬁeBSf ?@%ﬁﬂ&?ﬁ §ﬂgt()$ %Agzm Czg;nnghannel 32,(0\)I(? Er?%tj y gt'(%g)ogr Zp, ;

control (ALC) to mnimse the effect of quantisation noise. The signal

Jobqm
T, a
ytic

Sanple set. z,(t) which is then conjugated to forma set z,'(t). A simlar
procedure but without conjugation is fold owed for channel 32BU to produce a
sanple set z,,(t). These two anal ytic sanple sets for the unknown signal
are then correlated together at 40U as will be described later to .

det er m Me tr8QiandBRRgangy PG of ibkeongipl samsple sradenotpd o fidlavsa ch@8%R33AY:
38BR for the reference signal and are correlated at 40R. WO ?&/14
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-channel 32BR (r2(t,), s2(t))) or p2. Each correlation processing stage 40

correl a“ﬁ%@l?té’&re'iﬁfcfn ok ghal stsMloesonBhfisNf defsRECHENAI yarfiples cbitained t ed
versions of the same’original signal, the distortion arising from,
pr opagatdspectivedy Siaiedistdredretrsigss of thet famet onginel Sgnals thef distestiom RASRE EIgnal
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of the sanple’s rom ot anne As In the prior

art, thepaPeRCSIANRCdE32BREBEH b5 €hd Benplenelsealsehas usasisé Bomponaitavhioh is by

i ntroduci ng adjustable paraneters into a correlati.on operation until the
cor r el astatistidaliydndepenient of theenaispegmpdnenpef wmplesds o phppghagnels. t he
source/satellite/receiver geonetry. The reference signal is used as in the

rior art to_renpve noi,se which i.s .correl.ated wth._ that | :
g i gnal , ASri ﬁ?_eplf“érf Bite HIEPIOFEHEF 18 40 re@élalﬁ'ep ed_%a?lpger% e}léeér?llcépggrlr%%%ﬂtl\%’
respect i&tfbdu%gac j lé'ge%ﬁg@}éﬁrssiﬁ% £ 8otrlGRb1 BPerafiortl BhEY ik ReEelationExi@tioniis

the prior art corr on operation involved only. fixed values of
di f f er eatinakinhireg ke Parahétent ateDiclated 10) the dountefsateilgntrecsiveri geonedtns ethg DTO

or z). In the present invention, an expression fqr, tine varyin Qi

used t orefenepemsignal is gpedsastin the pronAst OJRIQNE NPfse r‘i@%@% BT e?%’f%‘ia“’gfé‘r‘%&a t%‘Fro
is counteracted. Jf elldt ' ' i ERlcetd O
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corr el alyhfih APLRhOWA sbitrcs ItRA6S i Qetbrihedrdldweviehiia the prigr art eech coreletiart i on

function different to that of Equation (1). The new function is .

" operation involved only fixed values of differential frequency offset (DFO of v) and
differential time offset (DTO or t). In the present invention, an expression for time varying
DFO is used to corﬁpeﬁsate fbrr sﬁtellite motion :and if nécessary time varying DTO is

. countefacted. If satellite motion is not too severe it is _pbssible to obtain adequate results by
compensating for time varying DFO only. The correlation 6peration is changed to implement
this using a new correlation function different to that of Equation (1). The new function is
referred to as the complex correlation function or CCF to distinguish it from the earhier
éxpression; it is suitable for counteracting time varying DFO using geosynchronous satellites
in orbits inclined to the ecliptic. it' does riot counteract time varying DTO, which is a
different procedure to be described later. The CCF is expressed as 4(mw, by, by given by

Equation (2) above and repeated below for convenience:

A(Ty,b,by) = [z 0zt +7, )e—zm (B +25500 4, 2)
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referred to as the conplex correlation function or CCF to distinguish it
-fromthe earlier expression; it is suitable for counteracti i l,Ng =
DFO usi ngyggpsppehronous satellites in orbits inclined toPtﬁ%Agjg%X?@MIt
.does not counteract time varying DTO, which is a different procedure to be
described later. The CCF is expressed;gs A(ro, bl, b2) given by Equation 1
(2) above and repeated bel ow for convenience: T -2;zi(bl +2b2t)t

A(r0,bi,b,) =f z (t)z(t+zo)e dt (2) 0O WO 01/14902 14 7 JANUARY 2004

PCT/ GBBOOL02940 where z, and z, are sets of dat ] LER' £58&hiefdtHeWo
si gnalwhdreizagandor,r eteasasl of tdda SATPLSS| Wr?fgﬁtb?%gw?f\sg@%ag%leg% conj uga’tge of

z,, Tis the time over which sannl der whithasahipies drnvekenarn
conporesteriskdenpigs the FERRY Fglluut%?@r%e&o *?gg# DIO)  bet ween théﬂfi gnal s

because of. their .dif hee @ffereRtiaritheboffeat  DAKNS beiriesn | the tshgnals
Equat i 'Brf %536 1%?%1?8('@%%&]5%}19%&0 DFO v=b, +2b2t_(3) The copstant b ics an
initi aﬁecgﬁéel{ﬁ”tﬁéir BRERrait fattss, Bedjbnaridy 208 censtants BcBF Faranep &) SRESI enent ;
2b2 is the rate of change of DFOw th tine, referred to as the differential
frequeDE@Q:+ ate of fset or DFRO Equation (3) expresses the discovery in
accordance with the .invention that in the case of geosynchronous
satellites the variati n of DFO over a neasurenent can often (@ assunmed to
be, linear %CSE ‘fftl?e+12§2 a good approximation. If the variation of DFOw th
time is sufficiently non-linear, higher powers of tinet - ie bBtﬁ, b4t 3
etc - &rﬁ%‘ %?1 ﬂéﬂflbu‘jﬁdaﬁ Nie e ass DFO far theDBEinningqahtdabh resydaly i & hese
can be i PG under most ci rcunst ances. They woul d, be inclﬁgegif'be;enﬁgp

mot i onpRbsrBfe®atdl s tie rant of chpogp PRI il tEs, gefagti Pe® P2° But™ At t he
expense of additional processing. The paraneters zo and b2 are deterni ned
by insﬁeqmamgymtbalffsvtaﬂfdg@R@f each into Equation (2), evaluating the CCF
and iterating this procedure to find the maxi num val ue o:‘méh.eﬁ%grrel g%ion
surface | A(;e9,b"b 1635 r@nceheitCOe asventibuitipati wnthgfcase o
b2. It%ﬂ“’i‘@%@ %@E%ééss’a‘?hﬁe%%&?te rgykelébl? z because this is determned by,

i ns pecgg&l}néﬁfaﬁbﬁshﬁtelﬁtes the variation of DFO over ameasuremept can often be asstime

with time is sufficiently

be linear with time to a good approximation. If the variation of DFO _
L etc - may be included in the expression for

non-linear, higher powers oftime t -ieb,t, bt
l s. They would be

DFO in Equation (3), but these can be orr;ifted under most circumstance

included if the motion of the satellite intercept platform were to require it, but at the expense

of additional processing. The parameters T, and b, arerdetsrminé_d by inseérting trial values of
each into Equation (2), evalnating the CCF and iterating this procedure to fi

2)1 , 1e the mddulus of the CCF as a function of T,

nd the maximium

value of the correlation surface | A(T,,b,b X |
because this is determined by inspection from the
ain & ore detail.

by, b,. It is not necessary to iterate by,

position of the CCF peak in the frequency domain as will be described later in m

The correlation function A(te,by,b,) is applicable to situations where the satellite relays or

intetcept platforms are geostationary (GEQ) and large data sets are required, leading to long

es and changing DFO. It is also applicable in situations where other types

s are used, eg aircraft, GEO — LEO (low Earth orbit) MEO — MEO

data collection tim

" of intercept platform |
(medium Earth orbit) and LEO — LEO satellite combinations, but the additional technique of

time dilation compensation is then relevant as will be described later.

In more detail, the correlation procedure using Equation (2) i§"as follows. Values for the

delay and DFRO parameters T, and b, are chosen. Initially, these parameters are set to ZETO,



posi tion of ‘the CCF peak in the frequency domain as will be described |ater
-9n nore detail. The correlation function A(teo,b"b2) is applfﬁﬂﬁlﬁAl&?ZOM

situatio re.the satellite relays or intercept platfor
oeide RETREG ot

_geost atiohary O and large data sets are required, |eadi

«col l ection tinmes and changing DFO. It is also applicable in situations
where other types of intercept platfolths are used, eg aircraft, GEO - LEO
(low Earth orbit) MEO - MEO (nedium Earth orbit) and LEO - LEO satellite
conbi nations, but the additional technique of tine dilatign conpensation

i s t hempaehey antubasquentlly ibactested it gh atpedetemined sangs i @sCrefyesteps: eac

correl ati on procedure using Equation (2) is' as.follows. Val Of
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bet ween successive signal sanples (that is, a nultiple of the inverse of
t he sampixesB4.ate) . The sanpling rate is nunerically equal to tw ce the
sanpling bandw dth set by |low pass filters incorporated in the m xers 34.

The basic increnents in -co and b, are denoted a el ESRELY | Mg At
= 1/ 2B5Tln HasiphBerementsoin Whé?@mf% ngiod, &1 F@%g&bét ?e\%%%“’teﬁ?g ‘§§£an%9§9
bandwi df h_and-.sanpl i g i it {ﬁ@g?n fine ERRd0REN af€ kaepial yaiadeofof
DTO'TO,A%I’T?}%ER&%?gﬁa ‘ggtaggg‘% ?cetfrvlgﬁ"r ans oﬁmng(FFT) of the inner product
of z, () A@%€L360) nultiplied by exp(-2rcib,t2) i s taken in order to
convert 1t to the frequency domain. This enables-the DFO b, to be

determ ned automatically as that frequency _offset at i ch .
funct i dforreash selected vains of RTO §alkné SO beo %ﬁ@%%m%% i Og%a SThYl e

FFT operation,.sp it is.unnecessary to 4j.r NS eyathsat e

the OLPRORRUEI Badei ey TpETEE P, S EF L kehcind 1’“&2&,&5’#"132@325 of
t0, b2); i ' . ' fifined hatbramitatly asEatdfequency

( z%f%ulr&?gi %%@?P‘é gb#%ﬁaﬂlfes fit BRO b, kPbatee 0

z,' (t) I's evaluated. This is repeated for a r&g%e of
val ues ek &t whichEé €TENuattict mpsinnfm Atcurs. 142 Batuep of DF Q REN2GCRERENENBE by

one 0.001 Hz/second increment (this is,a noninal conveni ent, nd
t he rangeglofFRIabperstien, spot ihBnNeLesaey @t E’&rq@f@?té%e#%’ét n%n%‘l %%%%gﬁ%}@ﬁe

anges M EgLRo HEEY Fob aRarilTo e 2 o B PR Biy Bhana T rom 7 o
b, are selected and an FFT of z, (H)z(t+)exp(-2nib,t*) is evaluated. This is repeated for a
range of -values of 7, in incremental steps of At= 1/2Bs; b, is then incremented by one 0.001
Hz/second increment (this is a nominally convenienit value) and the range of vaiues of 7, and
associated FFT evaluations is repeated. The procedure is repeated until all values of T and b,
in their respective fanges have been used. For operation in the SHF frequency band, frorm 7.9
GHz to 8.4 GHz, with GEOsat intercept platforms, a typical value of b, was found to be
0.05 Hz/second. The modulus rof the complex correlation function (CCF) has a maximum in
the frequency domain, and the values of 1, and b, at this ._maximum provide the required

DTO and DFO. This provides a computationally efficient method of evaluating the CCF for

a rangé of values of (t,, by, by)-

The foregoing procedure locates the CCF maximum approximately. The location accuracy
can be improved by interpolation as described in detail in International Patent Application
No WO 97/11383 referred 10 above in relation to the complex ambiguity function (CAF). A

range of values of the modulus (or modulus squared) of the CCEF-about its maxunum value 1is



GHz to 8.4 GHz, with GEGCsat intercept platforns, a typical value of b2 was
“found to be 0.05 Hz/second. The nodul us of the conplex corr lﬂt‘i\i A‘R 2004 °
functi onv&&&‘{: 9E?S a maxi mumin the frequency domain, andPJ;ﬁ; 90

--co and b 4t I's maxi mum provi de the required DTO and DFOQ. Thi s provr des

a conputationally efficient nmethod of evaluating the CCF for a range of -
val ues of (TQ b" b2). The foregoing plrocedure | ocates the CCF maxi num
approxi mately. The |ocation accuracy can be inproved by interpol ation as
described in detail in international Patent Applicatjo
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range of val ues of the nodulus (or nodul us squared) of the CCF- about its

maxi nuivelugs.ue i s WO 01/ 14902 16 7 JANUARY 2004 PCT/ GBOO 02940 t aken, and
interpolation is used to obtain a better estimate of the DIO, DFO and DFRO

val ues,. Thi s oced i.n b froginthelsoufcerto hedositehal
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DFO correct to the instantaneous value it ha J@Ee%btﬁ%' nn a
f

gat her ipagcedhmngives DFO Bquattediio (139 Ipséaréqneousiya "r?a‘lT a re are
used to determ ne t"h&eéj‘fl i.nk :blf rrgei,_dl fference of arrival TDOAl, ie the
di f f er eatheripavhea 1 yafiga ( Fival. of the two signals or signal

replicas fromthe unknown source 10 at respective satellites 14 and 16.

The val S esbc!f"c Bnd rrEf ardPigse@RE dB&rmirle tAE @plivk @hd mfﬁbe&mamfma‘l\taﬂlé"m
val ues unknown™€ignal s and the reference signals. heo etltgﬁl

treat mi‘é'rthé)ﬁlfféﬂélﬁte\kdehkredmoﬂve himei afarrivRkoSihe iy $igpals oy St%lah

-co,7.f, DIOis the drfferencernthetr t I r §, ONgreOf
an ori gmknbwursbmmrioo&t respeei ehtate EFeﬁrr‘é‘I ar’cdol‘% Q@tﬁeﬁ‘ée §1t]9 Bbrff’f b en “f)§arte hs
to a receive i e e s I Bgeiheerefekéncar sifmadm and
to a ré’é@‘ﬁ% E’Wea ﬁgﬂf V@mﬁg ?‘% ol;l“?l %:%ﬁ ge represeent ed as a

functi ﬁné;l‘{%fﬂﬁbﬁrﬂﬂﬂé\&tbefgivai the sanple, in terms of
indepeﬁgedr%tguédtlﬁﬁrr% constant parameters (tio, bl, b2, .. etc) related to the

ki nemati cs of the source/satellite/receiver. system DT [ = ‘e
ro+al t RdfeRira3fidtly.to.use.of ‘E(,Aﬁ;ld Torep DTO 18 the d1ff rence M tE %ne for two distorted

versions of an original unknown or reference s1gnal to traverse a two different paths to a
recelver ie either from the source 10 to a receiver 18 or from and to a receiver 18 via satellite
14 or 16. It can be represented as a function of time t over the duration of the sample, in

terms of independent, time-constant parameters (Tes by, by, - etc) related to the kinematics of

the source/satellite/receiver system:
DIO= r=1y+at+al’ +at’ +.... ' 4

The DTO ris formed from ttle difference of two terms, 7, and %, which represent signal
propagation delays arising from traversal of different paths by replicas of an single original
31gnal It may be expressed as the sum of uplink and downlink delays plus any additional
delay experienced in traversing electronic signal chaonels (e.g. 2 satellite transponder

system) as follows:

r=1,~7,=(f, + Tig) = (T T T2a) = (T, = T3) + (T — T2a) (5)




The DTOr is formed fromthe difference of two terns, r, and r2, which
"represent signal propagation delays arising fromtraversal 7o_fJA i A o4
paths by replicas of an single original signal. It may be expresse he
.sum of upMKE/H8® downl i nk del ays plus any additional ~del afCEGRIPIOEMEed in
traversing electronic signal channels (e.g. a satellite transponder

-system) as follows: Z =TI - r2 = (rl H7rid) - (r2,, +r2d) = (rl,, " r2u
+ (rld - r2d) (5) 7 JANUARY 2004 WO 01/14902 17 PCT/ GBOQ 02940 where terns
are defined in Table 1. Equation (5) represents the DTOin terns of the sum

of the ghéketencaedefited imiaiel 12 Fruanen () Epreats ief DIOM ks dLtRYHm and
subsunes within these any difference between el ectronic del ays. Sanpling

peri ods thediffsrencefafrupdiek|detyys iand diffaensuel downlmkatelays] gndhidsumesivithirsthesnds

to tens of. second g and despite satellite notion it has been found that
uplink a?%’é’cﬁ’gfﬁﬁﬂnl:‘ﬁﬁ erR lectrp l2Y8epr esent ed as truncated power series in
timet as follows: Z',. =ro,1. + a,.lut + a2.1ut2 (6) with simlar
expressions for other delays given in the table earlier, ie T,d, -t,,, and

rd2, wt ' ' £,y i.pdi: 1

oot 1 ci g, BRIOR Eq PRATER eolheaBy sheh Ry raleay Ot 1 dfe,

t he ear |ofesecdmiz), eanddeispitabatbRite elcaiondit has bedrefduint ehatelpiikt dndsdovatlthk delays
accelerations. The full expression for the DTO becones: r ((r0,1u - r0,2.)
(rQ | d canpg repreyopted g tmuncated poyver sgipesuntine t gs follgwsrd )t + ((a2,1. -
a2,2u) + (a2,ld - a2,2d ))t 2 + ........ (7) The paranmeters -co, a" and a2
etc can be found by inspection, to by equating coefficients of powers of
time tin qua&izgn‘s{.&]%_}a@guﬂl); Equation (7) for the DTOr congyins an

upl i nk contri bution ich™rel ates directl y to the wunknown-source position

to be determ ned, and-a downlink contribution which is known fromthe
satellitel/,recejver syste egnet,ry. The upl,i contrihution is,referred to
oo The SRl PR TP BT Obthis S0Gn P h R SR e e PO By EIEh o
equi val g iRfEdah O ihWertidit BldQf total € efeTRE ShEGRINENR!  dis asUlt gct ed
fromt heB%I'I%ﬁof thegét}nlﬁnoan ‘source i gr?élw.e © L1

same as the accelerations defined in the earlier table, but can be related to satellite velocities

and accelerations. The full expression for the DTO becomes:

7= ((To — To2u) + (Foga = To2a N+ (@1 — 010 + (@ ~ @200 . (7)
+ (@ — A350) + (@00 — @ 200N i J—
The parameters t,, 2,, and a, etc can be found by inspection, ie by equating coefficients of

powers of time t in Equations (4) and (7).

Equation (7) for the DTO t contains an uplink contribution which relates directly to the
unknown source position to be determined, and a downlink contribution which is known
from the satellite/receiver system geometry. The uplink coniribution is referred to as the
TD'OA,,. In order to rem_ow}e biasés from the éstimafe of TDOA“, an equivalent expression for
the DTO of the refereﬁce signal 1s subtracted from the DTO of the unkﬁown source signal.
The known geometry of the source/satellite/receiver system allows the DTO of the reference
signal to be .calculated, apart from biases (e.g. satellite processing delays) affecting it in the
same way as they affect the source sigﬁal DTO. This is why the reference signal DTO is also
measured. The TDOA, is related to the measured DTO values through the relation:




The known geonetry of the source/satellite/receiver systemallows the DTO
‘of the reference signal to be.cal cul ated, apart from bi ases79 ARY 2004 °
satel | i t gy@ppPeRssi ng del ays) affecting it in the same way ,g‘ 02@}{[; ect
the source signal DTO. This is why the reference signal DTOi's also
measured. The TDOA" is related to the npasured DTO val ues through the "
relation: WO 01/14902 18 (8) 7 JANUARY 2004 PCT/ GBOO 02940 where c is the
velocity of light and the subscript "ref' in (8) indicates the paths are
between the satellites and the receiving ground term nals over which the
reference signal pasgks-LBFO Vv is tr(q"elil_f_"f)g}ence in frequency between two
recei veBDEMg R s, t—Tambe-exprassed—mterms of thd8kinematics of the
source/ satel lite/recei vef system using t fie general relationship between
Doppl er, velocity and rate of change of tine delay with tinme, exenplified
for theysatelil tHeovelattyl dtizht asd fhel uB¥eipt e€ i@ (B} ihdicaves\the paths Ave Betwieen - dt
Oh _ dt A Au " A dt (9) where Av,. is the Doppler shift in frequenc
occur r ithg seallit¢gseandphé ndcepand gionnd tersunas byerevhigh thecteferenes sipeal passss. Iaﬁé ?7.
t he wave| e of a.si.gnal t its centre frequency) as received at th
Satel |15 S aFeRanse iR RBReRY bos oA S0ty ek SABRS. b e Rl oS dn BT ks
and do i : t.aj (MsTal : i DFO
s gi venk it of B BLARRARYRY rECeRg Sy LR regclF) MRS Belhgn B
dt 'd -Delipidevieldeite axd raa0 df hange of tihe deizgewib o, veaapified s thé satélbitaipl i nk
and downlink signals respectively at their centre frequencies, and bias
ari ses uplioks.sstfelldws:e t urnaround frequency

d d|L” d
Ale‘r = —;-¢lu = _—_[J_J =ZI-E- = -'_'_c—_flu ) (9)

where Av,, is the Doppler shift in frequency-occurring on the uplink path 1, to satellite 14, 1,,
is the phase and A, the wavelength of a signal (at its centre frequency) as received at the
satellite 14 or 16 on uplink. Similar expressions for other system uplinks and downlinks are
obtaimable by change of indices. |

“The unknown signal DFO is given by:

cfd d cld 4 .
DFO= v=w—ic)—p, —— - — 7, ———T,,; |+Dbias 10
! 72 [dtf"‘ dzf’”] /?.d[dt M 2"] (10)

f4)

where A, and A, are the free space wavelengths of the uplink and downlink signals
. respectively at their centre _frcqﬁencies, and bias arises from satellite turnaround frequency

shift and from sateliite positional error.

The reference signal DFO is similarly given by:

' , c |d d c | d d .
= |2y 2 — |, ——T + bias 11
DFOref V?‘@" j, [dl‘ z-lu d[ 7'-2:1 :]n—:f V ;Ld‘rqf [dt 1d dt Zd}rqf ( )

uref



shift and fromsatellite positional error. The reference signal DFOis
‘Simlarly given by: d DFOef = Frei = c L d xlu - d 1.2re -

dt z2c | %ng é% ~u,ref dt dt ref ;d ref ref WO 01/ 149021215@6%&@%
-2004 PCT. $%040 Subtractlng (11) from(lO) cancel s out ¥

the sane in both equations and gives an expression for the upllnk A
frequency difference of arrival FDOA ,: IEDOAU = v - vref + ¢ d rtd - d z2d
Ad dt dt ¢ [ddc [dd2uref dt zlu dt t2v ref - ~d ref dt old y dt 1'2d
ref :(12). where the last three terns are known fromthe system geonetry,
and the ,first two terns are the unknown and reference DFGs nmeasured by

‘determ ning the CCF maxi mum as described earlier. A further nmeasurable is
-al so determ ned, the differential frequency rate offset (DFRO = 2b2), this

~ being t g%u?ﬁxfleg éwaé%(lz%éﬁn@émméwa% whicd) is e Iesb:éh e‘é‘t\ﬁéﬁ’ﬁé)ﬂﬂ%ﬂ“’ﬁ ghal s
easur e ?&r&l@%{‘rfgsﬁl%q% r?%a.&%ﬁ: eé@?o?%‘f‘f FFﬂ?)Art rough the satellite

intercep f'or me erres rial” i"tercept stations 18 as
shown in Figure 2. It may be used to forma paranmeter known as the uplink
differential Doppler rate of arriv (DDROA, ) which exploits the

accel era ef fects ofc He soufce/ satel lite/receiver system The DDROAU is
the difference i n DHpph dgré‘tesjrrré‘h ured al ong the paths fromthe unknown

source 10 to the satel |te | ercept atforml and 16. | t(12y useful for
the | ocation of _n®yi @ Ges be expressed in terms of the
DFRO by direct diff ezerffuaﬁué‘h 'foldko%ﬁs z 2° ¢ DDROAU = DFRO -
DFROref + Z Z1d V\Yérlddc c d2 "A f fdtZrIu dt z TzX~ref "1

f Ldt2 Tad u,re d,re
where the last three terms are known from the system geometry and the first two terms are

the unknown and reference DFOs measured by determining the CCF maximum as described
carlier. A further measurable is also determined, the diffe_rential frequency fatc offset
(DFRO = 2b,), this being the difference between Doppler rates (DFO rates of change) of
signals measured elong respective paths from the source 10, -through the satellite intercept
platforms 14 and 16, to the terrestrial intercept stations 18 as shown in Figure 2. It may be
used to form a parameter known as the uplink differential Doppler rate of arrival (DDROA,)
which exploits the acceleration effects of the source]sétellité/receiver system. The DDROA,
is 'the'differencc m Doppier—rates -measured along the patlis from the unknown source 10 to
the satellite intercept platform 14 and 16. It is usefiil for the Iééeti'on of moving sources. The

DDROA can be ekpressed in terms of the DFRO by direct differentiation of (12) as follows:

2 2 :
DDROA = DFRO — DFRO R dz Tyg — d — T
A dt . dt '

R [dZT d"T} e [dzr d’.r]
- e 2u - id 24
Ao L G2 di* T Ay LA dr* |

uref

(13)

The uplink TDOA (TDOA, as in (8)) and the uplink FDOA fF].I)OAu as in (12)) are used in
the process of emitter position location of stationary RF sources (on the Earth’s surface), as
in the prior art of published International Application No WO 97/11383. In this particular
case the DDROA,, is not used ex}ilicitly. However, even when this is the case, the effect of

satellite acceleration, which gives rise to the DDROA,, is counteracted in the CCF as



dt2 T2d ref (13) The uplink TDOA (TDOA" as in (8)) and the uplink FDOA
"(FDQAU as in (12)) are used in the process of emtter posit-}ga“m&ﬁ?im‘pf @
st ati onarnyoR1sesrces (on the Earth's surface), as in the gdO&paidkodf

-publ i shed International Application No WO 97/11383. In this particul ar

case the DDROAU is not used explicitly.,However, even when this is the r
case, the effect of satellite accel era%ion, whi ch gives rise to the

DDROAU, is counteracted in the CCF as WD 01/14902 20 7 JANUARY 2004 '

PCT/ GBOO 02940 previously descrijbed _using trial values, of the rameter b2
as descPprayeensbadescaped yHng m%é’@&\?ﬁf’é%eﬁf’g@mﬁ@r kh ] ﬁiiséﬂb‘?%eaé{;%{l'ﬁi’ﬁ ng the

CCF even when it is not. need ' LN RUGRh&-inThis is
becaus e PHREHE I%?ﬁtt%F @%ﬁlfg(gg't%%%]{alg%gﬁ ée%t:f?aes‘J E:ﬁV\(;'/tg)itl é;?g? %S;IpﬁTée first l?s

det ect i gaQhe HREsRG@K1 @THidR vesiusa itk RRenEfeORalicn probiin hes thweppeakhof the
CCF to a poSition on the Earth's surface. The first phase is sepnsitive to
the eff gedtds détestivred the peatoof tha CCF anfitheisagpmsbisaslasing ghapesal £f s Coliadet er
in addition to those used in pri art (10 and b T ouwrce.; .10 i .
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the CCF in Equation (2) as described earlier. The values of b,, b,,f, b2
and b2, ref are used to deternmine the signal and reference DFO values by

i nserti QeisBufcduat is Abctd) bvusingttherdetermatedt TD O, and PO Ag aebleprothesEarthss

i nstantaneous value at the beginning of data gatheri n_?“,- i tdi,Fs %\{enignt
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v and v", f-are substituted into Equation (.1 ALRe:. :
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the SoupgeielOreSARLYFH ed, bUside, salealskd tedephaiRiths sigailandiraftant BFEdUS
positions in space) associated with the time at the start of sanpling..
TDOAU i salmsé by pisestibrbiy Equatien (3 with tiynedfsel fayperot Bhigisels I0FQ o fts mpsttansPihy
range (DSR), this - being.the diff.erence between, it he two.si ' t hs
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The values of v and v,are substituted into Equation (12) to determine FDOA.,. Her¢ again
time t is set to zero; a consequence of this is that the location of the source 10 is determined
. using satellite ephemeris data (instaﬁtaneous '_positions in space) associated with the time at

the start of sampling.

TDOA, is multiplied by c the velocity of light to give differential slant range (DSR), this
being the diffefence between the two signal path lengths to the signal relay satellites 14 and
16 from a transmitting station, ie either the reference &ansnﬁﬁef location 18A/18B or the
unknown source 10. FDOA, is multiplied by A, the signal wavelength in the uplink path to
give tile differential slant range rate (DSRR) or time rate of change of DSR. International
Patent Application No PCT/GB95/022 11 under the Patent Co-operation Treaty, published as

- WO 97/11383, describes in detail how to locate the source 10 on the Earth’s surface from

DSR and DSRR values using a Taylor.expansion approach, and will not be described here.

Counteracting only time varying DFO is sufficient for use with two geostationary satellite

(GEOsat) relays when large sample sets are required. It focuses the CCF in the frequency



unknown source 10. FDOA.,, is nultiplied by X, , the signal wavelength in

the uplink path to give the differential slant range rate (B
rate of chan e of2 DSR International Patent Application No P B Yg??ﬁ
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1n detail howto | ocate the source 10 on the Earth's surface from DSR and
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here. Counteracting only time varying DFOis sufficient for use with two
geostationary satellite (GECsat) relays when | arge sanple sets are
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DFO Al 'oft!ﬂ@ﬁ?%ﬁoﬂe seen is noise. Figure 5is a sim I ar plot of the

conplex correlation function of Equation (2)-in accordance with the
invention. In Figure 5 a sharp correlation maX| mum 50 is fully resol ved and
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of satel SHown onee fore- in a S squared or

power agequonf(njeﬁlé@te&ﬁ§mﬂﬂ®?o%ﬁ®pobm1&h§ﬂ d’ﬁﬁ'b% seéisppade. Bigutd®iFO  of

--820.3 8, but instead there is a plateau 60 spread out over nore than 16
"Hz. Thi ssimiilsr ploonf thestostpblex cmﬂa’gm Guiction of b atior{2pin agdozdanes wihidheeen
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or bi t sa{1 éfa ?%\@Cﬁat) low Earth orbit satellites (LEGCsat), or
0

conbi nat 1 ons ese with geostationary satellites (GE@at) If so the
CCF nmust al so be focused in the tine

Referring now to Figure 6, the effect of satellite motion is shown once more'in a plot of CCF
| “modulus squared or power against frequency. There s'hould be a single CCF peak at the DFO
‘of —-820.38; but instead there is a plateau 60 spread out over more than 16 Hz. This is
contrasted with Figure 7, im which DFO variation has been compensated giving a well

resolved peak 70.

It may be necessary to use fast moving relay platforms for geolocation, eg aircraft, medium.
- Earth orbit satellites (MEOsat), low Earth orbit satellites (LEOsat), or combinations of these
with geostationary satellites (GEOsat). If so the CCF must also be focused in the time
dimension to compensate for time dilation. This is necessary to compensate for a time delay

1, that varies appreciably in the course of data collection for 2 measurement.

The CCF of Equation (2) only compensates for DFO variation in the sampling interval T. It
does not compensate for time dilation, ie DTO variation in this interval. DTO variation is
counteracted by periodic replication or excision of samples to compensate for samples in one

data set (z, or p,) being out of step with those in the associated data set (z, or p,). For a




di rension to conpensate for tinme dilation. This is necessary to conpensate
“for atine delay to that varies appreciably in the course 5
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appr 0aGhsud) eqhdloCipe! @hiMiin@Ninfired ef 1he ARCeThs taaerpb ethe froth s@me@u timem or
replication |n a set of data sanples on the basis of the Q&g}) e)
cor r el @ilation bincsinopling mtemald) mbﬁ@@dép’r enegof 'GYFE?PI&ﬁa‘ihﬁ’ﬁe?l @DfMRiths t he
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nunber en positions of adjustment (successive sanple
slips) of the data set is NNK where Nis the nunber of sanples in the data

set. e data_s adilieafiokeMais a
mat t er tl%Pp?rﬁﬁ?lbmgff’%ﬂag%%§%§FS§§§%I%CE%S#@%% or %ﬁgr%fﬁ%r‘) y N princi Dle:
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contracte renoval to correct it, or alternatively z, be
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expandeget an itmcroh mtwludlin hestlte ot echsbtzanadel 3 CF peak can be obtained from data.

without time dilation compensation, the number of time intervals At over which the

correlation is spread is estimated. For a spread of K time intervals, the number of samples
between positions of adjustment (successive sémple slips) of the data set is N/K where N is
the number of samples in the data set. The data set z, or z, (see Equation (2)) selected for
‘adjustment is a matter of implementation convenience and therefore arbitrary in principle; eg
if :z, corresponds to a signal expanded by time dilation, it can be contracted by sample
" removal to correct it, or alternatively z, may be expanded to match it. The selected data set is
contracted or expanded by the removal or insertion of samples according to which of the two
data sets is selected for adjustment and also according to whether the time dilation
determined is positive or negative; if z, is selected, it is expanded if the time dilation is

negative, which corresponds to rate of change of DTO being negative.




contracted or expanded by the renpval or insertion of sanples according to
“which of the two data sets is selected for adjustnent and j

to whether the tine dilation determned is positive or negi?ggﬁﬁﬁ???,dblgs
sel ect ed, MA Y1498y panded if the tine dilation is negative, RETB00/02940
~corresponds to rate of change of DTO being negative. WO 01/14902 23 7
JANUARY 2004 PCT/ GB00/ 02940 In the alt®native approach (b), the
correlation processor 30 selects sanples for renoval and replication on
the basis of the follow ng equation, which is an approximation derived from
sat el |1 4 (Pl A NihopPodtHB, Ak CohBlakibProcetar 30 Jeldotl ShiIE? foriMRinovl 4id
(14) tmis the tine ominitiation of sanpling to the nmh replicated or

~r enoved rgglivatien onctive ibasis e the Gdllwitg rguatidm tiwidoh éxperpeocedatign terived fromi s
.the nunmber of sanpling interval s renoved or inserted to counteract tine

di | at i oatelijie protionaanddpansdiatis WtiReal (ti ne between successive ADC
.sanples) and X is the wavel ength at the centre frequency of the signal
sanpling band before any frequency downconversion at a receiver 18. The
parameter b, is an estimatie of Athe,tine invariant corrpogﬁ t of DFO b, with
any systematic error T(ndﬁ"é;tlb’rrsét;éﬂni 2™ ur nar ound frequ %&/ change)
corrected using an estimate derived fromthe reference signal.
Alternatively b, may be anot her paraneter which is varied in steps in

maxi m si.ng 4 he. dul us..of t L il phRlet h% 4
t he abo&@%et;‘ﬁre[ggn%(?ﬁl %@“%In‘m ‘g}ﬁ%‘ggg‘%% e&gﬂf;}ﬁ%g?]é?ﬁ%l%?é\ﬁ/ aér? ireléltogﬁ&)sé. e pLFf TT ﬁseirhg by
di SsoCi qbfaNfindel diBatidh! XpbREncR Gipttb e, Madsi thé mambepbf Biabling iiteevaty feandved afr

satellite notion are not too severe, it is possible to omt the quadratic
second insertedlitn dequtetdchhinfel difation, t ARjs thedsammling infrevaleldime bavach Rigpessive

ol 1 | ARCIsPRSh 338 Aol e e Lt PG, GERy ShaoER G PRPEARY: ¢
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the time invariant component of DFO b, with any systematic error (due to satellite

et

turnarournd frequency change) corrected using an estimate derived from the reference signal.
Alternatively b, niay be another p'arameter which is varied in steps in maximising the
moduius of the CCF. It is also possible to eXploi_t b, in the above expre_séion as an
independent parameter varied in steps, thereby dissociating time dilation and time varjation

of DFO.

If the effects of satellite motion are not too severe, it is possible to omit the quadratic second

term in Equation (14) in t.7, and apply the resulting linear correction.

Samples preceded by an omitted or inserted sample are multiplied by a phase correction

factor P given by one of the following:
P =2 , OF p=e 2N ' (15)

The exponent in the expression for P is positive or megative according to whether the
precediﬁg sample is omitted or inserted; fis the centre frequency of the samples’ signal after
downconversion for input to an analogue to digital converter, and At is the interval between

successive ADC sam;ﬁles. The samples’ signal band is set by an anti-aliasing low-pass filter.




preceding sanple is omtted or inserted; f is the centre frequency of the .
“sanples' signal after downconversion for input to an anal 0GH§ AN i iio%l4
converte(” and At is the interval between successive ADC ???&J;% VAL
-sanpl es' "G YMP2%and is set by an anti-aliasing | ow pass f V029 ANUARY
2004 WD 01/14902 PCT/ GBOO 02940 24 Before tinme dilation-conpensation is
undert aken, the nodulus of the CCF is Ahxinised to obtain appr oxi mat e

val ues of DFO and the paraneters -co, b, and b, as previously discussed.
Time dilation conpensation is then inplenented by inserting or exci.sin
sanpl esBéfsreaine dilatiant ecmpensation st iundenpkenethenmedahis off the, Qq%oﬁrmél’é}frés@e‘gs z"
z2, p" P2 to produce conpensated eguival ents. The i s the L.sed
agai n uditsig appeoxuBHssiusad [y and dbe IR TS fe 11! zcﬁipﬁ%w%%t]fgfr&l\%gg?%es
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obt ai ni nG ddHatd dhd Vﬁgmg%h%%ae&hwptw ifogr dempesisatj an 0P, varprbdgeDFO
only; ( time dilation conpensation of one data set by del ayi ngl advanci ng
(t r ans| @hipegiataheduivalbntst Thy Rt s veentmarximisassagsimpeiag dit corpaisylid ABSFSi ng

phase' corrections; this involve Licatj.ng/ del et S

appr opriodpEnedipprewide Rgfey Yf}\i'g?‘?srf&%‘”}éegg Y ’im(-,d 12 g?‘g‘“fe% ]?}g(e) agleq“ri%]gﬁo "an i nner
product) to obtain a neasure of the signal energy and to vary paraneter
val.ues to maxim se the nodulus_of '‘the CCF. given_in enelrigé terms, by, £
[z, ]T-Tid ‘procesy of1e6ympensation Her Cirng®dl BSthi?ER MOtREx AR JB8° FBEHHRe
noi se from recgi VI@E’]?P equi pment is included, which nmakes signal energy a

conpl exSUTAFHTSCH S Whe mat hematical sense). The: and D notation is used
to indicate translation conpensation_ and, frequency.distorti.on ngation
r espect (ay ebtpininghimitial padugsqf JHEO G&ﬂ&?@@‘s%ﬁéﬁg%n%‘?me%fré’%ng Pﬁgﬁgi&@) by
system .ge ry and ki nematd cs. %é? uaTel fsMEREOparts of it
conpri S@Jﬂa%ﬂﬁéo%fzaﬁlgpnssag%pefs&% #geﬁg{jg?%n 0 anf%cg? g::';l‘t gl I i%?gf’ | esa(()js1 to
tinme di llePaijrQ”t@eﬁﬁuﬁoéihte@ tdars debeasd omsplyingt phane cdrietiefigyr ¢hial snyolves
associated tinme of flight. In devel opiﬂlr[\‘g nore general expressions for the
DTO andrephating/deletingsemiptasrae appropriag; t

(c) multiplying the sample sets (in the sense of an inner product) to obtain a measure of the

signal energy and to vary parameter values to maximise the modulus of the CCF givenrin

general terms by:-
CCF =[5 11" D7[z,] | Qe

it is the CCF modulus which is inaximised because noise ﬁ'om receiving equipment is
included, which makes signal energy a complex quantity (in the mathematical sense). The T
and D notation is used to indicate translation compensation and frequency distortion
| compensation respectively, the superscripts denoting reversal of effects introduced by system
geometry and kKinematics. The brackets [} indicate a vector comprising the signal samples.

Translation of a rélay satellite leads to time dilation because it alters the signal path and

therefore also the associated time of flight.

In developing more general expressions for the DTO and DFO it must be borne in mind that
the optimisation of the resulting CCF becomes more processor intensive. The approximation

described herein using t,, b, and b, is well within the capabilities of current parallel

processors.



the optim sation of the resulting CCF becones nore processor intensive. The
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terms of a DFO conpensation and a separate DTO conpensation because a

rapi d change of phase is renoved by thig5approach, |eaving the DTO

dil ati on conpensation acting on one data stream wi thout the need f.or

i nterpol ati on between signal sanples. Referring nowto Figures 8 to 11, the
ef f ect s j0f rAGh q@lﬁg Rfor@did ibf®h tefink 3F b WFO Roapeodtonead
wth théﬁfr?\%g%@%%gagé%ﬁ% ustglggog%éﬂggg}gﬁ?%gfl?g?} These dr aw nggﬁgre pl ots
"of DTO agepatate IDFO @amipensatiasborgus andpad ebargated phageriouemevehby itldaaprraasise.
In Figure 8 - DFO varies wth DTO over a region 80 which in¢cludes err.o
1inits. leving éheoDTQ letan compeasations agiingopnl fqnéq‘%é?'n SFedy rﬁﬁgﬁ%‘é‘t ﬁ’&nﬂegﬂofﬁ?é,
e count eracjé{tn% chan eii naID-:O' 16@ region 90 is produced which is parallel
to the BESPFH ibr‘?(t.l‘iv% 5% DFOPIE now constant. Fi gure 10 is the

equi valent of Figure 9 for time or DTO conpensation al one, and shows a
region 100 of constant DTO The conbipation of both t r [es:]
Shown | Rofirgngaiom 10 BRI iouds 56 IBES DhaRuRetB LI e an e
Conpensation {or Lt Ikl Seeh HRicRGy. Rt URSFNgd 8E Pl4LS
Equat i oﬁ'ﬂf‘tﬂf} moancfﬁg/);d%}%!%tggh%gw\tégéﬁrﬁ&%l1F13§[£,art§(ty%ragrgg%l’ cal ISy t he %ff e(fgl of
i nt r odugk MEr@Gighst DR Eerited Lsigarsitauligtd data twighounesigni ficant woest. Is Frgyre e
sane data as Figures 8 to 11, and they would show precisely ¢t

he sane
f eat ur eDR{Dyani¢s with INDOsaver ptregign §Pew: nefdes erey bpets DRgUEs & 1ﬁ‘6ﬁ“3¥ﬁ5§¥‘%l e
in Figures 12 and 13, either. w thout. co nsati o Fl qur&s:A2) : W .
conpens &FHn° qu‘ﬁﬁW¥ COFRENBAU @aﬁﬁnlgy‘?ogﬁgef%%nlgo‘%m%ﬁ%%?ilfrFeédﬁs?%}dtﬂl %Q '8
(Figure flc@uceqwigféﬁ GiuBallel Pk asih bgis mbReffe DFO hawvcsishalt eFiganki 0lGhe
easily BISeerhabl e above surroundi ng noi se such as 142; it denonstrates
that coepeiRaiehi oNFigure iofon timeqoreDIY anthpthsationiabins; whdshpws dcrtagiatah® ofi t h
this invention | eads to DTO and DFO val ues beidnu% obt ai nabl e esgi tle thgl}
pr esenceorstanidPE. The corppingionyof betlr-theseproggdufas s ShORNEIRFEFEE A WD |/

006 7 Jsl\cl)%RX szn(%gé pze%.k of constant DFO and DTO. Compensation for DTO variation was

carried out using the linear term in Equation (14} only.

Figures 12 to 14 illustrate .graphically the effect of introducing noise. Except as regards noige
they were produced using the same data as Figures 8 to 11, and they would show precisely
the same features absent the noise. It can be seen that DTO and DFO are not visible in
Figures 12 and 13, either without compensation (Figure 12) or with compensation for only
one of frequency distortion and time distortion (Figure 13), which give like results. Figure 14
has a single peak 140 easily discernable above surrounding 'poise such as 142; it
demonstrates that compensation for both frequency and time dis’jortion in accordance with

this invention leads to DTO and DFO values being obtainable despite the presence of noise.
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"by a plurality of signal relays, the nethod including the Sitsﬂﬁll&(R b4
arranging for a plurality of receivers (19) to receive replicas o tEe
-unknown signal via respective signal relays (14, 16); and (b) subjecting
the replicas to correlation processing; characterised in that correlation
processing in step (b) is performed with data sets adapted in phase and
subject to sanple adjustnments to coungeract tinme Mad on, 2. A nethod -
according to Claim!| characterised in that correlation processing in step
(b) is peAldEnmed with data sets subject to data replication or renmoval to [
counteract tine dilation. 3. A nethod according to Cl.aim2 characterised in@§
that sanples in one of two data sets to be collated are. ada treaii | n. phase, [
by sanpl &s f ob methasigoialosaing e seHD PE &b TR EY I“’r’:é}d’e%f}'aa ELHE & %actor §
or by Sa@#ﬁ&}%gqhy%&gﬂqudﬁﬂgd@%ﬁgga replicated sanple being nultipliedj
r, the p '

by such a®fact ase factor being either e fr or e--24ar according
to whi cte)efrangng fone nlerslity b teseivers{dBlppatceiisderiiras AEIhg; WK £1885 Phange
wWith ti ) kS, i gnal band centre frequency of the sanples
after do %%ﬁgeegr{\@ﬁ%%#%b%g@b%ﬁg and At is an interval between successive@
sanpl es. {b} dubjdktingtihaeplimeciordiragidnpr@eading:2 or 3 characterised in that
sanples are selected for . renoyal .or. repl LOR A ASE dXBYd e on the
basi s of° U8 8| FB'ﬁgl?Q?ﬁc?r?%%lﬁrg}tniS% (bféfl'é I(I’%SI on Uég‘?%agd ovaergﬁt\gn i nterval
i N whi chpidieasiaibieaso wafile adjtamasr to Suntbracedrhodigiotor ding to daim 2
characterised in that sanples are selected for renoval or replication as
the case may be on the basis of at least a |inear, approximation to the
fol | owi ng, quagh@iticd BEHEhE &NClali | Ehirotredin thmcorrelationocesgGmatapr(®) t,, i's
the time to the nth replicated or rempved sanple,. mis the, nus of
repl i cat Boeripmederit A sigpied o foig ﬁgﬁ?ﬁ@ﬂ fr Q:Bmsr!‘:ﬂ,m F%W%CQPBF ;&Iﬁgﬁ“ﬁm
dilation up to tinme t,, lit is th‘e ti_ma‘Enpllannsteit i3. u;> 1i | AMSNCEO
SHEET i § ¢ 4|}‘L~meth d %CFC)OIJH?I%LIX aFﬂ?ll 2 %Acfeﬁ%ed i\r{’thaltjlsyntlplZs ﬂ%&ly%%@:@ﬂf‘ gatd
to be correlated are adziptsd in phase. by samples following & removed sample being

multiplied by a phase factor or by samples including and following a replicated sample being

N IfAt -27ifAr .
multiplied by such a factar, the phase factor being either esz or e 27fA accord_mg to
which of the two data sets is adapted and to the sign of DTO change with time, and whezein f
is a signal band centre freguency of the samples after downconversion for sampling_, and At is

an inferval between successive samples.

4. A method according to Claim 2 or 3 characterised in that swmples are selected for
removal or replication as the case' may be on the basis of the correlation function™s time

- dimension spread over an interval in which the samples were obtained.

5. A method according to Claim 2 characterised in that samples are selected for removal
or replearion s the case may be on the bagis of at least a linear approximation to the

following quadratic equation for t,:

A,
7"-"} = blrm

A
-Zbyr " = mae
< o

whete T, is the time to the mih replicated or Temoved sample, m is the number of replicated

or removed samples up 10 Gme iy, Tn is the total ime dilation up 10 tme ty At Is the time
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_Limt eriieN], bt SUBEES S VEYEMHD es and it S E9hace wavel engt hi 3t the
'g:ent frequency of the sanpling band, be is an estimate of DBPPARIUARY 2004
Initiation of sanpling corrected for any systernaric a or in frequency,
-and b2 is half of the rare of change of DFC with time. G A nethod
according to Claim1 characterised in that correlation. processing in step
(b) is performed with a conplex correlation function (CCF) at |east partl| yBe
conpensated for <change in the repli'¢ds' Differential Frequency O fset
(DFO with time due to relay notion  relative to the sourcé and receivers.
7. A netitovabbuerdi mepctisivel Binpics WHak 48 118 S8 FPRT MRNHCRSHL AL 81® FFI%R i on

function is a | ex. cqrt el at. ' @ 6o cgiaven by;
Ty ity of PERGRG UG, £ i R 5 IGHOTEBT, FIIEP pfeinie Kamarah VY
Z2 arc Gal fySfhsndiR REGSAHdihc) Mad $; GNaltss baiig of cittgd oRIBED withelnast er i sk
denotes t g conpl ex conjugate of zi, Tis the time over which sanples are
taken, 'rp is a. tinme.invariant conponent of Differential Time Ofset
(DTI), and b maBed RRodiR 16 Okéidntharscrrised in Gepeesditon pforssbizdngeri® DFC
with tinmet as follows:- DF[ V.= b, +2b2t d rei [
nexi m séﬂpﬁﬁqf?é}edé?iﬁhawfﬂ?%«[ﬁwwﬁ HEeErh, [FFFgFt ggﬁ O%Qrﬁae n%gd \l;%r si ons
of zj a%ﬂg}f%e.in. Bl Difetbtial Fre d ?dOﬁTsetr(Bmg'@dthSlﬂmDﬂﬂe WedeiaySmotion

i me 0

count er act [ according to Claim?7 characterised in

itation. S. Ane
t hat af treptivege thoseaicapidbiscaYe St ep (b) the product of z,*(t)z2(t.ra)exp(-2
tib2t2) is Fourier transformed to the frequency domain, in order to

provide. for DFO bi. to he obtainableg as the.fre of ich the
CCF  maxt numPoBRHIFd aceprding I‘%(,Cé‘f’%ﬁ chusdstensed iy *W%E‘i%“?%%ﬁa:@eﬁs%ﬁ%ﬂé’é@ G d) of
an unknQWB Rk GRRNaEGCRRNREA by 1olk WICKHH divendfy: i gnal rel ays' (14, 16), and
including: (a) a plurality of receivers (13) for receiving replicas of the
.unknown signal via respective signal relays (14, 16); (b) a correlation
processor (SO for corfelating thgm'(ﬁplzb?g;s and obtaining a correl ation
Mexi rrumi‘iﬁHiE&a&ri;mgba}FTaé@z(ttbﬁe)eof t fiei r*DPO and DPO, EW anaszeit 13.Aun.
11:15 | 1 E11 'P MALME el | FkX ~11i}1 1 P. Goa 7 JANUARY 2004 2s

where z; and zz src data sets representing two signals b;ing correlaled, the asterisk denotes
the complex conjugate of z;, T is the time over which samples are taleen, Ty i5 a time
invariant component of Differential Time Offset (DTQ), and by and b; are cqnstahts in an
expression for change in DFOQ with time t as follows:- DFO=v= b, +2b,t, and wherein the
CCF is maximised inter afia by inserting therein trial vajues of by and versions of z; and 2

adapted to contain added or removed sample valnes 1o countsract time dilation. &

8. A method according to Claim 7 characierised in thar after each iteration of step (b}
the product of 21" (Dza(i+To)exp(-2mibat®) is Fourier transformed to the frequency dorgain, in .
order to provide- for DFO b; 1o be obtainable as the frequency offset at which the CCF

maximum gCccurs.

2, A Jocstion deviee for iocating the source (10) of an unknown signal recei'ved by a
plurality of signal relays (14, 16), and including:-

(2} a plurakity of receivers (18) for receiving replicas of the unknown signal via respective
signal relays (14, 16}

(b} a correlation processor (30) .f"o'r correlating the replicas and obtaining a correlation

maximum indicating at least one of their DTO and DFO;
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-ﬁg@a&ps]@mg imed i pIEREL (R HeLWERlael ati au pzdkENBSY 8WF4 i s arranged tlo'porfor
correlation with data sets adapted in phase and subject to ;i
adjustnments to counteract tinme dilation. 10. A location devi@gﬂgc%lﬁgizr?g‘it d
-Claim9 e_haracterised in that correlation processing in step (b) is
performed with data sets subject to data replication or renoval to
‘counteract tine dilation. 11. A |location device according to Caim10
characterised in that the correlatiom processor (30) is arranged to adapt [
in phase one of two sets of data sanples to be corilated by nultiplying #
sanpl es chpickiskdin Rer babvRdEmpbesyy (0 phasuagcioqeripm ﬁﬁilf%lf“fﬂ“y’i”ﬂg a

replicated sanpl e and sanpl es. fal | OwW;ng;.i . d iont he phase §
factor BEREF Q’apﬁg,ﬁngq;_sez ' 5&@“%‘3“@%%%‘#%’%%%@ %aﬂbﬁrlﬁ%%@%?nt he two dat 8
sets is adapted and to the sign of DTC change with tine, and wherein f is &8
si gnal 86‘_”0' S50%fiGn BLARUSBGYn0t, Ll 9AARRAS R0 Elhar SoNDEOAYRLELM T
sanpl i ng~and Ah Intervar between successive sanples. 12. A location
devi ce gep 044t pafdrmeivith tiathQemm rulffdct ehdatactpdorsion o germeval (O IPEIEHFE 88t i on
processqr (30) is arranged to select sanples for renoval and replication org
the basPdaE the correlation function's time dimension spread over an )
interval- in which the sanples were abL.ined. 13. A |ocation device 3
accordi to i m.10.char I_sedeta..t el @it 88 copvepgiogsor (30)
is arra?‘lg'ed t‘g@gﬁg&dﬂ%bﬁp%gé&n rﬁrg#%eamg]ﬁ E@%r%%?cation on the basis of t

| east t ickisie@o} s armmgp t hispf il phose ong of ol sets phdaly srmplesioibg cpgelatedy | 2
1) m--; 1Y[m, =indt . C C where tt is h[ ne Lni 4 Lot 0 '
sanpl i ngY BHEpng spples |f$(ﬁ&%¥18%1 ao’igm%%%ag%lés 3543“[ gﬁgs%]?@ésrn%t}]{gﬁfgg%g%éﬁﬁof
repl i catgicRid EREPN St SaipRisEsliowing it Hyl mmch mfactar, thei phaschfactonbeing eithes
dilation up to time f,,,, At is the time interval  between successive
sanpl es 2R of REAPEQERARE WaKRA O idrwoadatd les Soxbgted fucqubneignof t he
sanpling band, b= is an est] ma,t%of ,r*a?,at initiatio-n g&‘ns Jféf&?
correct &I grmgnyith jigeennsd Veeran f it & panal Pradcrofe freaay giioF & of the

rate of . - Wi & gl o AESSweiatsudcaAuiNe shihplks. AVENDED SHEET
160 8 %dﬁ@ﬂéﬁq‘ﬁﬂﬁ}%ﬁ@ﬁ%‘ mr’ﬁé]‘rﬂ'gfx?% 7 EJ ANUARY 2004 ?

17. A location device according to Claim 10 or 11 characterised in that the comclation
processor {3G) is arranged to select samples for removal and replication on the basis of the
correlation function’s time dimension spread over an imterval in which the samples were

obizined

13. A .loc‘ationl device according to Cleim 10 characterised in that the correlatign

Z——

et

processor (30) is arranged 1o select samples for removal and replication on the basis nf%f: o

ieast the linear terma of the following guadratie equation in e

A, A
T = =—bI, a—bztmz =mht
c .

where ty is the time-from initiation of sampling 1o the mth replicated or removed sample, m
is the number of replicated or removed samples up to Hme Ly, Tm I8 the total time dilation up
vo time £, Atis the time interval between successive samples, A is the free space wavelength
at the cenwe frequency of the sampling band, ] is am esimate of DFC at initation of
sampling corrected for any systematic error in frequency, and b is half of the rate of change
of DFO with time.
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SUR9 (MONA 18N cé}aﬁdmmriall*ﬁé"ﬁ%f C-aim9 chal CQ WP deEn that the correl at | on
processor (30). is arranged to performcorreéel atlon with a cp Hﬁ :
correlation function (CCF) at |east partly conpensated for ¢ nge
-with-tine Clue to relay notion relative to the source and receives. 15 A -4
devi ¢e according to Caim14 characterised in that the correlation E
-processor (30) is arranged to enplay a CCF which contains an exponent of g
function of time having a first termwhich is a constant DFO val ue and a
second,j er %‘@%&r%@ aéc.%riﬁné)fuodkkﬁ'ﬁ 9Qfhadatemsedrial et mmemﬁ\pmaﬂar 6iate of |
change of DFOwth time, is a constant dif ere r@ § ngi@ét%&ftﬁ of f set
( AFRO) mwanlge £ mgﬁlwwh@t&a#@?&‘lw pr s ar ¥ranged B
to introg 9} &fdraclh @'MQ?"@MWBQ@@% iy ﬁﬁﬁ&t kalgtlvg evtht sadres omd r el at i org
for parr Trial ues of DTO and DSO to determ ne aDFRO val ue enabl i ngs
a corre:lceiwmn maxi rrumto be obtained. 16. A device according to Claim13 §
characterised in that the CCF is given by: CCF = A(TQ. bl . f z; (r)z(t
+'r) -2 (bl +2b2t)tar a where za and zZ are data sets, represent
'si gnal ssbei Agsf:exoe aedoetinglio Eﬂllaml a4 carscssrisebitohatghe pRITCIGH TR 55(956#‘38& e of
zj, TISth , IgB tighel Hael DEIAE I ant
corrpon@ﬁ?“ge oyéze(éCl‘ﬁg an gimarm c Fﬁ%éé;@}lﬁgﬂtfgﬂcfzﬁngﬁ g}xpressgrl on for DFO
far chepgiewhion B:Qcamﬁnh DFeslte and hobdapdgerm Bjiich is avpredqyt of tims gnd a g

wherelnthec | atio roce 0 CCF by
eval uaFﬁ“ﬁE?“W Wr 95 THE PEF}P géggf% nmazt‘?g % I on to tﬁ?ﬁ%@yygg d

t oget hgffsmilagmpﬁiﬂn@ Rfd @hcrzﬁ 128 torzuriad q:pclaeﬁnlt GOL bretesi amanggs) lodpiredice dino ]
renoved sanple values to_counteract tine yA cordin
6O ek valer e DERD A th Hemve et e 3 B, of e aiip g R coring
arr angg@ﬁ?gﬁ% khnibe ADFROY mmeﬁﬁgla\mﬂa&mﬂmmmum to be obtained,

za' (t)z ro)exp(21tib2t2) to the frequency domain in order to obtain
DFO b, as a frequency offset at which a CCF maxi hum occurs. Eapfangszsit
13- Aug iki @ i A cdviehlRicRdBiin CIiE BlokioRasedon f7 tha Cf&is eveabording to daim

10 characterised in that the CCF is given by: Pc7TO J& 412004 T -21d(bl
+2b2t)t CCF = A(zo, b,,b2) =1 z, (t)z(tro)e dt

~2ni{h +2b :)r
CCF = AlTy.b.5,) = Iz; Dz +1y)e oy +202
o

where 2; and 2, are data sets representing two signals being correlated, the asterizk denotes the
complex conjugate of 2, T is the time over which ssmples are taken, Ty is # time invariant
companent of DTO, and by and b; are cansianis i.n an expression for DFO for change in DFO
with fime { as follows:~ DFO = v =b, +2b,¢, and wherein the correlation processor (303 is
arranged to aximise the CCF by evaluating it with trial values of b in addition to those of
Tq, together with versions of z; and za adapted 1o contain replicated or removed samiple values

1o epunteract Gme dilation.

17. A device aceording to Claim 14 characierised in that the comrelation processor (30) is
. arranged to Fourier transform successive products z; (za(t+To)exp(-2nibst’} 1o the freguency

domuin in order te obtain DFO by s & frequency offset at which a CCF maximum occurs.
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0 where z; and zz are data sets representing two signals being correl ated,
the asterisk denotes the conplex conjugate of z,, Tis th%&‘gﬁ&ﬁ}’ﬁgiﬁm‘:h :
sanpl es weowskeEn, zo is a tinme invariant conponent of DTELT. 2949nd b2
-are constants in an expression for DFO for change in DFOwth tine t as
follows:- DFO =_ v = b, + 2b2t , and weerein the correlation processor (30) -~

Is arranged to naxi mse the CCF by evaluating it wth trial values of b2
in addition to those of -co, together with versions of z, and z~ adapted to

cont ai n,r epl | Ga1 L0k Huink SONEH RER:SisdBh heahd CCROEREAVact tine dilation.
- 18. A device according to Caim17 characterised in that the correlation

processor (30) is arranged to Fourier transform successive products
z,' (t)z2(tr0)exp(-27rib2t2) to the £ requency deg 'nrzibar)qrder to obtain DFO
b, as a frequency otf@eg%‘]yg}u%i)ﬁjz@@-‘)z@adeWmo urs# " dt

[

where z; and z, are data sets representing two signals being correlated, the asterisk denotes
the complex conjugate of z,, T is the time over which samples are taken, T, is a ime
invariant component of DTO, and b, and b, are constants in an exprgssion for DFO for

change in DFO with time t as follows:- DFO=v=b, + 2b,t

and whereih the correlation processor (30) is arranged to maximise the CCF by evaluating it
with trial values of b, in addition to those of t,, together with versions of z, and z, adapted to

contain replicated or removed sampie values to counteract time dilation.

18. A device according to Claim 17 characterised in that the correlation processor (30) is
arranged to Fourier transform successive products _zl'(t)zz(tﬂo)exp(-Znibth) to the frequency

domain in order to obtain DFO b, as a frequency offset at which a CCF maxzmum occurs.




