WO 01/ 14902 PCT/ GBOO 02940 METHOD AND APPARATUS FOR LOCATI NG THE SOURCE OF
AN UNKNOWN SIGNAL This invention relates to a nethod and apparatus for

| ocating the source of an unknown signal received:by a plurality of signal
rel ays. | nWOEMA49Rans. on Aerospace and El ectronic Syst ensECHNGBOV/AHES. 13

No. 2, March 1982, P CChestnut describes the basic technique of |ocating

t he source of . an unknown signal such as a ground-based comuni cati ons
antenna; it involves determning the tine difference of arrival (TDOA)

and/ or fVMEIHO AND IAFFARATUS! FORLOGATIRBORHEOSOURTE O AN UNKNOWNe
source Telayed tO recelvers by respective rntercept platforns in the form
of relayISMAllites in geostationary or geosynchronous orbits. The signals
are relayed by the satellites along two independent signal paths to a
receiving station, ie ground - satellite - ground paths. One satellite .
lies in the.main beamor |obe of the source antenna radiation pattern and
the other in -a sidelobe.. Each satellite accepts a signal (uplink) fromthe
sour ce, 'lfhl%quem whitéstto 2 meﬂ@dr@daapmwfoodmnus ¢he source ofiyl ynknewms ts
frequen nt nk) to a ground receiver. The two

si gnal ;c)sggf%n]l eg?%hbfaa?hé'%h °,F§ ij\%kgﬁual and this gives two signal arrival
times at the receiver differing by the TDOA value. FDOA is due to relay

satel i tInIEEleins  oreAdrbspaee drd Elbetrdniv Systenny] Vioh AESs 18, N6.12; Marvih 1982, P@ppl er
shifts bQth do i.nk signal . frequencies. The positions of the t

satel it mb%’e ¢ trghuigus ehlqcating thespmsce ofi# ‘{"F%"W?é‘&}%ls&%)ﬁcﬁ nts of
const antgr&a@%ayd doifiniGitibAs £fmta; qaﬁﬁoﬁe g&&%ﬁl B";ﬁf&nb A

Earth's surface to define a curve referred to as I ne Ot?JpOSItlon (LOP).
Two neadtiPOve rand/or drequeacy differem@ofiarritial (BPOA) dfi tIWBS$1gmls drom diic sqede at one

des L OP h f the -
Sour e FE o REAYES B eV Rt BB B e Rl BF ST b, 'cer
(DTO argéod{da@&a:g&n Gebsyaciadidus lorbifs! THE eipayls abd febl DOXO& @E@xe eatelqite‘sfa@cs@m;vbal

Doppl er ,shift. The techni que of deternining and FDOA from two recel ved.
si gnal s indspendsutsignali paths tq Ereceiving station, memgd m@tegﬁeecaroan@ paghgn &n

P e 5o VPO i S
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transm ez{roun Cgstcilﬁir:]orsagatrgt@n{sni(t:sog'ggt{e%g}-&%ﬁed equivalent (downlink) to a gronnd
receiver. The two signal path lengths are normally unequal, and this gives two signal arrival
times at the receiver differing by the TDOA vilue. FDOA is due to relay satellite motion
relative to the Earth and to one another, which Doppler shifts both downlink signal
frequencies. The positions of the two satellites and the receiving station. are known, and the
locus of points of constant TDOA or FDOA is in each case a surface which intercepts the
Earth’s surface to define a curve referred to as a line of position (LOP). Two measurements
of TDOA or FDOA at different tlmes, or one of each at one or more times, provxdes two

B LOPs whlch intersect at the posmon 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 signals 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



two relay satellites and using both TDOA and FDOA neasurenents. The

techni que i nvol ves deriving the degree of correlation between the signals
by mul tiplyiWM@oVmM#3 t oget her and integrating their producteciichalozdss! ati ve
time shifts and frequency offsets are introduced in sequence between the
signals and their correlation is determmned for each. The tine shift and
frequency offset which naxi mse the correlation are taken to be the

requi red TDOA and FDOA, subject to correction for signal propagation

del ays i n desdrieliiii €ISt Padis P015I008;6 ZNetlating @6) 4 @aaymitet fdcatiomsysheinkbrpentiand i n
processing. The degree of correlation is_determned fromwhat js referred
to by -.Stt@odelay S%‘%@*"é%@§5‘n&hﬁ?‘&ﬂ?@‘9 apd, FDQA megsurements, (The tephnique jnyglyes,y -

A(r, \/) = A ) + ) . i .

product of \%ﬁl kstlgé rﬁ%%rs? © ZOT (ct% Fglgn%ln % %t(\ufe)m(P [ﬂ(@% %ﬁﬁeli bir&‘gﬁlg P{;‘t‘?g{eﬁ% ggg’l;h%ﬂ gn%f
real si gnadhegafifg thehmproditt Thalaklative sintershifts sridnfreqpienéy offseatsdreaintrodvgkd in
frequency shift v have been introduced hetween them.in prqocessing.after
recept i on S§EVERAEbFWER Fﬁ’éng‘Fé? thsir oo a“%iSé‘F#@lﬂF%%ﬁ?‘ﬂ-%ﬂﬁ&?%%ﬁ@%ﬂ
conpl ex Cfﬂ%qua?cgeof_fs\é%%icﬁ MRS Y bHBatn bitCtakBoly bS 1R reqditdd YDOA &nd
A(-r v)I , iI's obtained, this being a correlation peak in the surface |
A(zv)! as EDOAyusultjécsto cormettion: foy signal pdpegationadelays, int basellitel transporiders andd v
for the pgﬁl&gare &J}g.req?tih{ ed .TDOA-eand FDOA. The system of US 5,008, 679
requires PR RIS R pAFISR A B RIS & i es to be known accurately, and
needs highly stable phase in ground station and satellite oscillators. It
has bandVWhit degtde off tatdlaion i aleteamired! frére wiliddiis seferred itocdy -Swint bxe theaerbds' s
equatorial plane, and needs two receivers which are on the sane site and
have conmémbiguity function ceGadd(F Wdeliped®es. | nternational Patent
~Application No PCT/ GB95/ 02211 under the Patent Co-operation Treaty,

publ i shed as WD 97/ 11383, relates to a transmtter ‘| ocati on system

enpl oyi ng a rej@engrcl:’ (192,99 8)efa3g ng via the same sayp/lite relays as the
unknown si gnal and ocessed in phase coherence with it. The reference
signal is used to renove a nunber of sources of error. and limtations to
whi ch earljer techniques are subject, giving inproved accuracy and _ |,
capabi | i t (¥ mrhfzwtygrabef/t@wﬁyztgaﬁma szr%%slr;% anft &(Dalcamplex oranglytiss

C(?ndi U ONSersi3ns B kéan Lighals 5/H 20 S5 hadrla MBPHAESHA OURH 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(zv), ie | A(gv)l, is obtained, this being a correlation peak in the surface [A(zv) as a
function of the two variables z 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 needs highly stable phase in ground station and satellite oscillators. It has
bandwidth limitations for satellite orbits inclined to the Earth’s equatorial plane, and needs

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

International 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 passing via the same satellite relays as the unknown signal and processed in phase
coherence with it. The reference signal is used to remove a number of sources of error and

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



surprisingly that fromtine to tine it can be inpossible to discern a
correl ation (Seak in the . CAF surface | A(zv) |I - all that. can be seen is
noi se. A r YAP¥WBUt different techni que for counteracti npcegBicirsgof error
using a broad band approach is disclosed in US Pat No 5,594,452 to Wbber
et al. It is an object of this inventiédn to provide an alternative nethod
and apparatus for transmtter |ocation. The present invention provides a
met hod of locating the source of an unknown signal received by a plurality
of si gnalfor wdeaynsler ahwideerangel of sonditdonsg Despites thig) improvenagnt Ht has beengfond a
plurality of..r j \ .0 T A |icas .of the unknown, si gnal, vi

respecti %@Eﬁaﬁgﬁ@{g@@é&e zgﬁ c?fg'(eblf céﬁlg? %‘@‘Fﬂ@et‘% BISF‘érBIai CRE 13?89 4 Sﬁ’kr_ 0 tﬁ? ion

pr ocessi m@pﬁé@qq(goﬂs.qﬁthﬁcmgés&mgﬁiﬁion processing in step (b) is
performed with a conplex correlation function (CCF) at |east partly

compensated for change in the replicas' Differential Frequency Ofset
(DFO) wi #hrelatesh but diffeeent &chyiqne foroppuntaranting sowrses AE e HERE Anbroad dawd vers.

In a pre . O gﬁpﬁ | | | ation processing in step

(b) is a%@%sﬁgelr O@Sr'rég W F?dhgpg’ssbg’%égfgddg%?be%%é\ﬁphase and subject to data

replication or renoval to counteract tine dilation arising fromrelay

nmot i on r &lisign otgedt of thiscinwention to pmvide au eltepative ethddrwiid apparatus foyransngitteras been

f ound thf\t t he reason for failure to obtain a correlation peak wusing .a

prior art®&B guity function is due to relay notion relative to the source

and receivers. This is very surprising for geostationary satellite relays

i n parti The presericiavention tppatides armidtiond bf ochting eifet soubeesl tii amkaovinsigaginst ant

over a measurenent interyval, ich inturn ippljies that it affects all

measur enfqeEedy ap @@dmrﬁ.ay%ghWF$?é1Wﬁﬂ%t%€ Wwoul d not have been

expect ed %‘3&%& ForC @ PhGhIRY | (A reBAPdrs 0 irBdeRR BN SFOMB KRG GpRalbvih NOt

ot hers. (%espi qgt hi s,ﬂi n gccordance W th thesilnvent lon it hasﬁgeen

di scover mspective sigiagreldys;oodr el ation is affected by velocity and

accel eragion.c nents of the relay satellite along the lines joining

Thi s She s‘&é"s"ggg’r‘?’ N 5%"%1’1%‘?&&?%&%’1111111111111 WO 01/ 14902

PCT/ GBOOdHarRtttisedd in that comelation processing in step (b) is performed with a complex
correlation function (CCF) at least partly compensated for change in the replicas’

Differential Frequency Offset (DFO) with time due to relay motion relative to the sourc_é and

r

receivers.

In a preferred embodiment of the invention, correlation processing in step (b) is also
performed with data sets adapted in phase and subject to data replication or removal to

counteract time dilation arising from relay motion relative to the source and receivers.

As indicated above it has been found that the reason for failure to obtain a correlation peak
using .a prior art ambiguity function is due to relay motion relative to the source and
receivers. This is very surprising for geostationary satellite relays in particular, because their
motion has hitherto been treated as constant over a measurement interval, which in turn
implies that it affects all measurements at a site equally. Satellite motion alone would not
have been expected to make a correlation peak obtainable on some occasions but not others.
Despite this, in accordance with the invention it has been discovered that signal correlation is

affected by velocity and acceleration components of the relay satellite along the lines joining
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it to the source and receiver, which results in the replicas' DFO and
Differential Tine OOfset (DTO being tinme dependent. DFO variation can be
conpensat ed WROIYIHM2: at ed above by adapting the correl ati orPCIVGRIDOZHA0 and
where necessary DTO variation can be conpensated also by adapting data
sanpl es. Correl ation processing in step4(b) may include introducing a trial
time offset between the replicas and evaluating their correlation and

iterating this to obtain a correlation maxi num and derive at | east one of
the repl i #4ethempace al Faven whichyesydis ibtheireplicatiiDKQ end Riffentiat SimeOffsetg an

exponent tio V] A i | kS 0, DFO
val ue andagr@e{é%iﬁg et %g\ﬁﬂ{lénnqell)gég’%}r%g uc‘::%“g %% '{oﬁ?e%%égc% ??h‘%%egn%%&gia e for
rate of chaipgeg de cobefativh fimctibfPandi whete sedessaPNDTY Viretientdad befcompumsary rat e
of fset (DFRO) value, .and wherein step (b) also includes introducing a

trial val 80 Bhadapupedaia FARIES- DFRO prior to evaluating correlation and

iterating one type of trial value for each of the other type, repeating for
nore val ues of the other, t%/pe and determ ni ng .a DFRQ val ue 2ppropri ate to

conpensat Eomelatignyprocessing ip $iepdb) mayigeluds, ntyodncing g trialfime pifs Be
expressed , . i . ; = . .
(t)z(t+r oﬁ"gﬁ%‘%h 8351{’*‘“&@ % %l?wlsa#ﬁ%ﬁr %ﬁ%gl?&%tﬁlf t?%)tgrog ata acogrgltatslor% énpﬁ'u&%rrl]t I ng
two si gnahml derivet desst edeaofthe abplimas’t DPEY ends DFQ; itlinfafy checcurighoutswith heCCF
asterisk denot.ing the co ex canjugate of. z" S a tjne.over whi at a
sets are YUREHNER 5"?@?@%?‘&?&?‘2"?%’?&“&% aogrsgff"&mb‘ﬁi"ﬁnﬁés 8&%?%?@’% a
|i near app{l@ednde debdhdterm WARh YRS pradh@df Ginelahe alcohdtint Wakub fér raR off chdngk of | Ows:
DFO=v=Db, +2b2t (3) where b, is an initial constant DFO value at initiation

of data r PEQrwith imedieconsienitifferential fpauencyratginflset (DFRO)L value, #nd whesin al ue
b, b ] . ' TRl i .pr oduct
of T D8 o) g e Rcle 4 EATRARE PaintBa Bhe hO HERY BELCG cvahand OCUC!
tern) aft eomelafioh andSheaating-iee tHeeof tRapvaheeidr dichof e othidritfie] tepehting fbit inore

values of the other type and determining a DFRO value appropriate to compensate at least
partly for change in DFO with time.

The CCF may be expressed as A(7, by, by) given by:

T
A(zy,b,,b,) = Iz; (1)z2(2 +7,)e " qy | )
o

where z, and z, are data sets representing two signals being correlated after traversing
different paths, the asterisk denoting the complex conjugate of z,, T is a time over which data
sets are taken, 7, is the signals’ DTO, and b, and b, are constants in a linear approximation to
the variation of their DFO with time t as follows:-

DFO=v=b +2b,t - 3)

where b, is an initial constant DFO value at initiation of data recordal and 2b, is DFRO as
defined above.

The constant DFO value b, may be determined by Fourier transformation of the Equation (2)

product of z, (t)z,(t+1,)exp(-2xib,t’) to the frequency domain (ie ignoring the b, term) after
\
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111 WO 01/14902 PCT/ GB00/ 02940 5 each iteration of Step (b), b, being
subsequent|y determ ned as the frequency at which the CCF maxi mum occurs.

This reduc®@ WA onput ati on required because it avoi ds Sicapeeid®294b Nr ough
trial values of b, and re-evaluating the CCF for each. For a data set of N
sanples it reduces the nunber of conpsitations fromof order N2 to N o&N, a
substantial reduction for large N -106. Correlation may be performed with
a sanple data set adapted in phase and nunber of sanples, sanples being
repl i cat esthi m:mmnroé’rﬂtqed:)f b,obmﬂMbs@emlycdet&hﬂ@Mi thé fidquiency at which thel ect ed
for adapg%g or z2) and als to the sign qof the rate of, char;)ge wth
time of mRGTHE Q5UEF- RIS regRES S Sprupifeatiop fequicsd Bcanse ih2d IFPARG dat a
sets to uﬁ&xgﬁ%sxedameeqf%d @Qamx the @h@%@é@sm&me%kmaﬂﬂlé it emoved

sanple being multiplied by a phase factor or by sanples including and

f ol | owi nteducesdhe nwnhes of Qmp‘lteﬂqyelﬁwgl ofl drdérgV tedNlbg.Ns ashbstantiakreduction fore phase
factor b? gz{);her e2'n' or e 2nftlt according to which of the two data
sets is “é%‘%%t "and to the sign of DTO change with tinme, and wherein f is
a signal band centre frequency of t he sanpl es after downconversion for

sarrpl [ ng an IS the et a arrpl es tively
sel oSPRIaf g i s Mgy F AP a8 S B AR, R b g
equat | ONsambples, samples bding replicated thlﬂieihovedTﬁbm( the setheoMﬂ%rﬁhibliMhﬁ sehi t l e
frominitiation of sanpling to the mh sanple selected for_alteration, m

i s the stlestad; eha%awsem (z: 0F zab and; glso o 4hs $iem g1 therale wh change with time.of DTFQ
dilati Ona%&?fﬁ&ﬁaﬁtﬁ%@%aé se[“!ﬂ%@rargf) e BBhé B 1hvd ataRis b B Cortelirdy ik
of i ng re any

wavel ength at the centre frequenc e signal sanp
freque ncgdamedmplmebx samples folowingai reinovpdssample befng multipiiest by a phase factogn

atel 11 & Wapmgict Hene R I 58 S HRe G ol e PioERUEE Y PR PO uai ng o
ref erence signal. The par ama;t,@fm aI ternatively be der| ved by usi ng
trial vaibgghassffactor bsing eithetcel at | 9 & he menrd@gé?mfé sef§ IgCF

maxi MM {5,853 W the difn 8f DTO chalgS Witk thne, l40d SRk [ i0Z sighat Q&da&ﬁﬂ-@
frequency of the samples after downconversion for sampling and At is the _interval between

samples.

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

following equation:

T, = _ib;zm —-’lb,z,,-’ =mAr ' @
c c

where t_, is the time from initiation of sampling to the mth sample selected for alteration, m
is the selection number, At is the sampling interval, 7., is the time dilation (expressed as a
number of sampling intervals) and A is the waveleﬁgth at the centre frequency of the signal
sampling band before any frequency downconversion at a receiving site. The parameter &, is
an estimate of DFO (b,) with any systematic error (eg frequency shift at a satellite relay)
counteracted by deriving an estimated correction using a reference signal. The parameter b,

may alternatively be derived by using trial values of it and calculating the modulus of the
CCF until a CCF maximum is obtained. It also is possible .to exploit b, in the above

expression as an independent parameter, thereby dissociating time dilation and time variation
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expression as an independent paraneter, thereby dissociating tine dilation
and tinme variation This Sheet Has Been Replaced | 111111 122122 (111 111
FI11 WO 01/ wéBiad4dess// GB00/, 02940 6 of DFO. Equation (4) i|isSPeDiGBesi2d4 to to
determne tinmes at which tine dilation results in data sets z, and z2
bei ng out of step by successive increnengs of At. If the effects of tine
dilation are not too severe, a |linear approximati on may be enpl oyed by
deleting the t,n2 term in Equation (4). In an alternative aspect, the
present i nyEBFOOTERARM (53s Sl ACREitOR Bavintife fiftes kOwhichnimé ditationesults imf an
unknown signal received by a plurality of signal relays, and incl u%i nlg: (a)
a plural i tqatpsets ecanidvarbeingoput of stap\ByhSHICERsSIVE dp@enents A Aﬁﬂﬁﬁ'ﬁﬁ/\ﬁ'ﬁ?fsg i a
respective,signal _rel L ( - | I t4 ¢ t he
apl i cas. afiiragnas e fog S vers; s ndly bRl Bab bR TRPRIEA by ackRlg ey Bl
their DTO ghublidd (4.haracterised in that the correlation processor is
arranged to performcorrelation with a conplex correlation function (CCF)
at |east partly conpensated for change in DFOw th time due to relay
moti on rel g by Qudrative GsSERUIES phedeht A e&itleAIfrovillds & 1gvathedevice orbloctitimgrthe of
the invention, the correlation processor is also arranged tqQ _perform
~correl at i ospuvetof aul smlenowmtsignabivepeived by plyealisy %ﬂféﬁ@hﬁ}%’é’tmﬁénﬂ‘é@gng eplication
or renoval ,.to.caunt Lt |- LOR:.al L S : ; ' ive
To the soufRa N7 eE iEel OEsebkial rilich bOME Ml el Via TRigebte durl ¥
enpl oy a Gelygont ai ning an exponent of a function of time having a first
~termwhich is a constant DFQ val ue and, a second.term.whi ch- s a pr.oduct of
time and a(t)@rerrglation progesserdpr sofrelating th?l%g&as@d o ﬂcﬁr?}gf?oq @ng%

constant  disf et enidadl onkloP HaE YO bAd BFO; f set (DFRO val ue, and wherein the

correl ati on processor 1s also a.r.ranged’to. I ntroduce trial values of DFRO
and to evathasdcterisal iretimt ithen coreslativmi processon isj arangedh by perform parslagion

iteratively tqQ obtajn a.corre Lon XI r | may
be" ar r angetPHIet SR an At (GO IR s tombefenfed S bk O IO R ke
eval uat e t i tb rélfy melic ichiiveficthé baired andirbéeiveps ocedure to obtain a
correlation maximum It nmay enploy a sanple data set adapted in phase and

_ nunber of sanples, _ _
In a preferred embodiment of the invention, the correlation processor is also arranged to

perform correlation with data sets adapted in phase and subject to data replication or removal

to counteract time dilation arising from relay motion relative to the source and receivers.

The correlation 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 vilue and a second term which
is a product of time and a constant value for rate of change of DFO with time, ie a constant
differential frequency rate offset (DFRO) value, and wherein the correlation processor is also
arranged to introduce trial values of DFRO and to evaluate correlation for pairs of trial

values of DTO and DFRO iteratively to obtain a correlation maximum.

The correlation processor may be arranged to infroduce a trial time offset between the
replicas, evaluate their correlation and iterate this procedure to obtain a correlation
maximum. It may employ a sample data sct-adapted in phase and number of samples,
samples being replicated in or removed from the set according Which data set is selected for
adaptation (z, or z,) and also to the sign of the rate of change with time of DTO associated
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sanples being replicated in or renoved fromthe set according which data
set is selected for adaptation (z, or z) and also to the sign of the rate
of change W@#/HP®&e of DTO associated This Sheet Has BeepciigBbinsid ! !!!
LEEE ber reer rittrrrrr W O1/ 14902 PCTI GBOO 02940 7 with the data set.
It may be arranged to. adapt sanples iR one of two data sets to be
correlated in phase by nultiplying sanples follow ng a renoved sanple by a
phase factor or by nultiplying sanples including and follow ng a

repl i cat avithstherplate $ep. St ohayabé aangeqd tb redaptpseaspdesf incomer of 6vonglatai debeto BR 1df At

O o 2 LSRR b Rl Bl ol ng Arinved sphile Bk phase et © |
fr equencxs{) ullifiging JMpRS indlidiig SVHROWHEY & réplickted saApre by iR AdadAbr, itfe t he

i nterval between sanples. The correlation processor may sel ect sanples for

| . ! 2ty L i : o ; oS ti
G e obtis Mty tifly GihePd F BEE IO ST E b the WAL Rl id Ty
CCF peakadaptedtzmditoahed sigh rof DT change twidutime) aml whéreini O3 £ sighal aad icafire t he

time over which correlation extends may. be estimted, A selected data set
Ty be. ¢ SRIIEIR e samples, AR dawneRRvRRIOn fon HBIing Ad A& it te ARl heAWec
accor di nggdffesWnet her data set z, or zz is adjusted and al so according to
whether time dilation is positive or negative. Alternatively, the

correl ation processor may sel ect sanples for renoval and replication on the

basi s Of Tdtilatio phitissabRHP sdbict SarhIRORE AR PIAA BB icAlod B iR{iAsik Be e

that the invention mght be nore fully understood, an. enbodi nent thereof
wi | | noweorsiatige Jendtion’s, tiras dimgnsion spreadnover aminfervaljinwihich thecsamplesowerke

acconpanyj ' |« Lahe Eigure.1 . 0[] ustkrate i | ation
bet ween %ﬂgﬂ%&? E%v%gg §?1alétl? 3?1%%%@ grc ﬁf (gda &t%ol"t& Ite'm;ée _lﬁtsgsn &gﬁﬁ%ﬁiﬁ,ﬁﬁ%ﬁgd

r ecei verover hiphroerrélatior extaids msf becstimated. Aaelected dia atictlapYe dontraert iopn
system of the_invention; Fjgure 3 _shows schepati Cvzl‘ll ly processing circuitry

of a | ocePried dydhe Frmaval pimseiiem of gamplesacgending foj whettier WatafichEn®i Brigl  pl ot
of the npglidledSma adoRcdtling to WHetheF G MNP Jo¥itilvt BF b Pilive. Alternatively,

the 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 propagation between an Earth-based transmii:ter, satellite relays

and Earth-based receivers;
Figure 2 indicates effects to be compensated by a 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 vl as a function of the two variables rand v obtained using data affected by

satellite motion relative to source and receivers;



| A(r, v)I as a function of the two variables rand v obtained using data
affected by satellite notion relative to source and receivers; WO 01/14902
PGT/ GB0O/ 02@01/982) qure 5. is equivalent to Figure 4 in al | PCEGRIBOESOEXCEpt
that in accordance with the invention the conplex -correlation
functioni.4(z bj, bz)J is plotted. Figur&s 6 and 7 are graphs of conplex
correl ation function signal power against frequency for equival ent
situations_except that in the fornmer case there is no relay nmotion |
conpensat i Big sawivalentitp Figuse 4 &n alf pespects exceptithat irrjaggordance with the inyention
graphs of sinul atgd noi,se-free.results r, OTQ an O pl otted agai nst one
anot her and Show‘ﬁ%"%ﬁ}@" 5?1??4%8315}%‘1‘&09'%{%&0%% lB'H?othEquency conpensat i on,
ti me conpensation and tinme and frequency conpensation respectively. Figures
12 to 14 aFiuRs6imdlest graphkioddompled .cofttlhfiom ithclidn Eigamesdwey @bdinsti fidquency
addition of the effects of noise. Referring to Figure 1, an unknown
transmtter 10 | demequvalentisifuations teéﬁFPStﬂbﬁ‘é%%éﬁ fonmer Fasg thare igapdelay sotign

si gnal which cau ' ' Sida8d comuni cations. The
transmtter 10 ﬁc&?pg&rﬁgéégl@%%ﬁpﬁéeﬁgl ty %ogltk{eg?'n 12 with. a sidel obe 12A-
directed to a first satellite 14 in a. geostationary orbit, to which its

si gnal pr opiggms 830 41 ereggraphs of simulated mivispftels réuits farddTORNU D plotted agdisst has
a radiation pattern .rmthn | ab 1ZBtdi rected to a .sfecondl?sa'tel lite 16 i.n such
an orbit: its siogaAuring and heving tins Ant equsnehdR{itom Seguney rompenatch,
satellite 16 and tiéhnsRasation atd fiflcRng Gedenby Esihipensatiohiregiestivalgnal s usi ng
the latter. The unknown signal frequency is determ ned by-spectrum

anal ysi s egui pment which routinely nonitors satellite channels,. A typical
Communi cat FHES 43t 11 e BEER 10 1%55@%61&@‘1(1111”@%@%42?3}1%@1% e s
each 36 Mz W demrid ofasibe. capabl e of carrying 100 communi cations signals.
The superscript ~ u" to path references I, and Q2 denotes uplink fromthe

unknown transmtter 10. The satellites 14 and 16 are nonitored by
respective_receivers in the formof ground station antennas 18A and 18B

| ocat ed i nREREMEARFighee 1 apdpkueyn wansaittes d0;locted in she Waiged Jtates phAmeHea 11
receive th | |l & \ . lefandrhiti@l ONG
firat and Eacang s syb Phicl otk AT h G ellite SR EbhE 10 kiRl
Her e t he slUplassordiption idtensignprties 2 withwisideldbe j2Ahlitected tore firstsatellige t4ina ver .

The receivers 18 receive re_slﬁ)ect_i ve replicas of the .
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 satéllite 16 in such an orbit;

its signal propagates along a second uplihk path £ to the satellite 16 and produces
interference with communications signals using the latter. The unknown signal frequency is
determined by spectrum analysis equipment which routinely monitors satellite channels, A
typical communications satelﬁte operating at Ku band (11 - 14 GHz) has 16 channels each
36 MHz wide and each capable of carrying 100 communications signals. The superscript “u”

to path references £,* and £," denotes uplink 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 signal 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



unknown signal which include path del ays and Doppl er frequency shifts from
satellite WO 01/ 14902 PCT/ GB00/ 02940 9 notion. The receivers 18 al so
transmt r HOMAMO2 signals to the satellites 14 -and 16 rrcapesoiady, these
signals being replicas of one another which are phase-|ocked together when
transmitted initially. The satellites 24 and 16 return frequency shifted
equi valents of the reference signals to respective receivers 18. Referring -
now also to Figure 2, in which elenments previously described are

| i ke-r ef Botippedhe reqervers 48 aso) rapsmih refcrrmee Fignalst toe thensatellitesnl4asd j Kdi cat ed

upon a s&%&m{, : : . 8 r ] se
effects e délg’c%\%%\r,\éelg&ll éri{)%n g#?’%@?’@ogﬂo}t%e@&géﬁep 1%%%@5%%{@5@% y of
pr ocessi whed magmineal Mitially dThesatdilitas B4 dnd 16 reuAnfrequendyeshified eqiivateniColr onous
orbits. |t s found that failures tqQ_obtain correlation peaks with

accept abfere E‘ieﬁ‘?fa%‘gn@b“ﬂé"rsg@“?’%ﬁcﬁvﬁﬁﬁ' due to specific aspects of satellite
notion. This is very surprising, because geostationary or geosynchronous

sat el | i t ReféRingdow Abco F&?\_xrg 2, f WHibH SRenits pRSAdISRT deldibed ird 1R TcferéiREd)
|

treated as berng substan constant over the relatively short sanpl i ng
peri ods ¢fiegtsi tocke ronnteracted by tthe fnvention gesyindicatedhinon 3 sehematic tdvawing tofwoul d

have an ] . QN a [ h ' I . | ndi vi dual
site. Chsg)q}\)é\g}gf tgﬁlfrﬁ%%%?ﬁ%r 5%15#%11;; ziéﬂc’?? t!;ms ae?tél P’lc eﬁiﬁﬁé{%eﬁd’ a Oe@%&gée'}g
responsiipvestigsie thekfeaibility ceft potaking nlarpeaset bf alatkabbmained winge satéllieaghons but
not ot hers. D‘esgi te this, in acctg%dfa.nce wth the invention jt has bheen

di scover&gsypsronQysraits. fioyasdpund thay falures fo coppelationpepks; with aqegRtahle ang
accel er a4 Forclpserarcys hereSof sAtellitd thoti | Jed idae
source zgrll%ﬁpteocei ver. %&vﬁe ﬁa%e&mgedg%ri beﬂdsgélegittgg1 ihﬁﬁrrlg?geﬁd‘}eegaﬁﬁrpﬁé?has
been f oubedaust geostatiqnary ox ggesyhehrenons satelitesuotiongelative tossource opreneiverdias an be

suffici I Lfferen t, differe I mes,.to make caorr.el,ation obtai nabl e on

S oottty Jet oGy o8 uelfie AhaRarly Gibigh ol e GREHTT Gl Sbid

I ndi cat epeHiadsreRiifdFoguoRichtiontd aGOWrDe) veidiinplies thatit Wolild have kieduialcffdetl

acceleratign (eg a,,J in the directions,of the source 10 and receivers 18,

t oget heronalk measusments ip fpat Jaierygl 3 divisibsits) Qge grenld pat thercfre gdeched in

the tablsgicifl fidtion bbe 8 B2 dborsihte i kil Bho i di SR GhaAELIN Wt fome

counteracts time varying DFO an preferably also tine varying tine

di | at i oreccasions |bat tret  atersi ePespite dhis, irFiageordange byithn the Amentisrout bes bedme axi s

fﬁefgdi §ajsré8v”e'réd 88" sipRaCLyRation R Sbdted by SN SRidtity 2Ah Za‘écéxé}gﬁo%at e that
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.

Figure 2 is marked with arrows 20 to indicate parameters comprising components of satcllite
velocity and acceleration (eg v,,, 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 receiver

-

18 because of satellite motion.



atinme varying tinme separation or dilation between successive signals
arriving at a receiver 18 because of satellite notion. WO 01/14902

PCT/ GBOQ 0294011492 Ti ne Del ay"-r,,, Vel ocity Conponent Pat rCt/Roo»2980
Direction (v.,, or a,,) and v.,, or Acceleration Conponent ax,, Satellite
or Receiver T,u Delay on Uplink path 1,1 to Satellite 14 t,d Delay on
Downlink path i,d to Receiver 18A. 'C2" Delay on Uplink path 12" to
Satellite 16. Ted Delay on Downlink path Itd to Receiver 18B. VIM
Satellite 14 velocity conponent along uplink path 1," to Source 10. vid
Satellite 14 vel oci ty corrponent al ong downl | nk path 11" to Rece| ver 18A

. 14 1 Y

2" Sat C :1“&%‘L :II'.Q l\_ILVI \WAY | L _y \JUIIPUIICI 19 G.I Ully up| 1 IIII\ lJ(J.L LILJ - VU CUUI \..e 10
V24 Sat e] TinieDdlgy v,6| Velodity Commponemtr|t  alPathgt, ):lmeirbaionr(aLIorﬂ,gﬂmd) Reeel ver
18B a,u fpatellite 14 accel erati on {conponent ﬁ $ nk path | to
Source 1p. ViaPAessleation Compenentag) dr at i on coNBEHERET BESHET downl i nk path i, d
to Receiler 18A. 22" Satelljite 16 lacceleration conponent along uglink path
12" to Spurce 10. a2d Satellite 14 %ﬁgloﬁqﬁﬂﬁﬁ%aﬁqmgﬁeﬂlt@png 01/ 14902
PCTI GNOOJL02940 11 doWnl i nk path |2 t0 Receiver 18B. Fi gure 2 shqws what
woul d happermtopormts—orTgrmatr-ty regutart au—;u o a-wavefornr{whi ch
passes ojer a path i®ms space and |sD§l§ﬁP§ﬁo§GlﬂbPG¢lﬁe@W‘f¢gl%p | er
effect. An _
T Delay on Uplink path L,* to Satellite 16.
Tog | Delay on Downlink path 1,% to Receiver 18B.
' Satellite 14 velocity component along uplink
| path 1;* to Source 10.
Vi Satellite: 14 wvelocity component along
'| downlink path 1, to Receiver 18A.
Vau . Satellite 16 velocity component along uplink |
path " to Source 10.
Vaa Satellite 16 velocity component along
| downlink path 1,% to Receiver 18B
a, | Satellite 14 acceleration component along
_| uplink path 1," to Source 10.
a, Satellite 14 acceleration component along
downlink path 1,° to Receiver 18A.
a,, Satellite 16 acceleration component along
uplink path L," to Source 10.
2 Satellite 16 acceleration component along




anal ogue to digital converter (ADC) is used to sanple a received signal and
gives a regg‘léar set of sanples to a signal which has undergone Doppl er
effect; thd¥QOMUM3 es require tining adjustnent, in one pEr/Ghov@edpa Sets
z, or z2 in Equation (2), in order to correspond to sanples in the other
data set which have undergone a differBnt degree of Doppler effect. Figure
2 does not portray this - but instead what is shown is the result of
differential Doppler effect on an arrav of points on a waveform which were
origi na!l y regul arly spaced. The |dddvailinkipathd)’td Recivee 18BS four rcei ver
channel § to be described later, and is showm schematically at 22| for a
single channel. Reterring now also to Figure 3, a sirgnal processi ng system
for a transmtter |location system (TLS) of the invention is shown

schematical ly_and indicate enerally by 30. It is _enphasised that this
Gt o g PRS2 B (b N JREPTo 1o RIEH oriEnely SPBRRh R on RSt | |

will be ri ' ' ' I ' '
descri bedin tas oL Aot BE s} nd 1F sbiaded KERGR g BBl 3o An g
publ i sheeanaR@hie Ap gigitalonvigred (ADC) BuseRem shanpde a oécetviad sigapleamidf gives tai regular e
referred to.PCT | n.No 97/ 11383 for, a detailed descrjption of. how
Cransr + 4 0f petnle B s iRt Wit s eon DoPpiccétiish Shese SaEpteLisaiy tning
Measur eNgdjhstbnt, Mctiielof GRalataRts et £ifi BABAORDY irfSrdeio’ Rkr@ifoRd td shipidson -
processing to achieve satellite notion_ _conpensation in accordance with
thi's i nvisnthe other fatasiehpyhich have gadergane sndifferent dagmrecafsPappleryeffeatnFigurs 2
illustra | 1 | ] tou it f

appar at L SRl B pl ShEt el i o e Rl o PR RIS ettt

separ at eby amasrayo of poipls emeniveveforagehivhrwars originalivg tegulielyi spaced. THiee dilatiorssi ng
system 30Q..has four channel.s 32AR,  32AU, BR and. 32BU;, suffi.xes A_and B
el cat CHEBBFETONt Ha FRRH CHRmiEl (odedotasioed Jicts BH s 36w st 4 2B 1 e
R and U jpdimale@hafmepci ation with reference and unknown signal s
respectively. Conponents have |ike numerical references with differing

suf fi xes_di stinguishing channels. The channels and their conponents will be
r ef er r edRefETiRBORY AlsoATgurR S, 4 YEnal AracatlE Asfem forg frangmities jpcation system.

i 11 183 | @%une el Wb Bl Ol 302 ACTLICERGY 6790 1

necessary t ?) lgg sepec?tfﬂloc; .s Rgcei ver 18%;@?'3 connect eggt 0 C a%el S Bﬁu and

32AR, anephasisss tharthis 8Bwisg iscnhmie d@nd dossmahsheiwsalBgBtemafeatuB2 BiRdetiih dh _

ehannel i 60k o8 ofifihd 655 CRRE etk ARGABIRIE N aQkrifod 'Sl 81205, 34 FO"
the prior art of US Pat No 5,008,679 and published PCT Appln No WO 97/11383. Readers:

of this specification are referred to 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 description, the processing system 30 is illustrated functionally rather than in
terms of actual items of api)aratus; 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 indiéate association with reference
and unknown signals respectively. Components have like numerical references with
differing suffixes distinguishing channels. The channels and their components will be
referred to without suffixes to indicate any or all without differentiation, and with suffixes if



down conversion and anal ogue filtering, an analogue to digital converter
(ADC) 36 an onentiation stage 38 (Hy for conversion of real signals
to conpl ex eqU|va ents with if- phase and quadrature conponBRT/EBONRMOY xer s
34 are connected to a comon | ocal OSCI|£atOF signal feed LO Qutputs from
exponenti ation stages 38AU and 38BU pas§ to a first correlation processing
stage 40U, and that fromthe exponentiation stages 38AR and 38BR to a

second correl ation roce sta 40R... The processin and 40R
carry out DEFEFINPENC @f"h&%& a%ds cemeste g ﬁ”ﬂﬁ#??éﬁg 32&1

will be dQSEeﬁ\}c?@QB'i@&&)hedtéﬂtoréﬁﬁxﬁleﬁeﬂﬂﬂanmtr'Ca' cal cul atlon and
mapping to | ocate the unknown transmtter 10 is done in a nmappi ng st age

42. The exponentiation, correlation processing and mappi ng stég . 38 40

and 42 rmayEash chanseb3deaniaing # seiegicpRfIested ivgngesgent tmenw%@éaggm

t f d
DDt he i i ondfSion ind AbiGedl @D a SRIAELS dhhalbdhn B 4 @336 %ﬂim °
centre f reagomnﬁm:(mtiytﬁ&e(l—l)(ﬁ:r mlemgmel of naﬂilgidlsato <(o]§n£ﬂ|]§x eqmvﬂdsms gn]lcl in- ]
Downconver si aKe ace In ra ilterin efine the
rel evant aigmn ﬂPé‘if ";P“}?é?ﬁﬁf“’r é’%‘ﬁe’é‘ég %‘i?&n‘?c tBPéG’mmgP?agQF%’&“’a‘t t he
A/ D st age.gidyhK $edSLOJC OufthUrBRd exibibhiiiitn sl 38ATL %A 2RBU ?Sss N KN

signal, and m xer stages 34AR and "34BR are-tuhed to extract {he reference
signal . Tepclabaspeessingptage 401 rand shat from thh exponentiation stages 38R andAfBR ©4

usi ng automatlc | ev contro o} nimse the effect .0 uantisation
ot 59 *Tha Bt ortarion a80iskiine, Ak IR TRE Biofheilie pket DT And R et At

st ages 38 paﬁmbwrtdetdmmahen an@eyirdlStic fifRfig] Prockseing) 44SwilDbé ldescribkd Retdrtin
Transform 1In partlcul ar, a set s,(t) of signal sanples from channel 32AU

is converRrg detgil aﬁe@m@mthcelcslaﬁm and mappingily legatecthe vylmmﬁhtrwmlﬁga&oe'a to
f | owed
o o hann s frppfing Sl 42 THOcRbGG S LopdddS okl et bbb el O

sets for BB&Qmidnﬂma;sbgnmﬂm&dﬂinersmghrMpmeed t oget her at 40U as wll be
described later to determne their DFO and DTO. Like sanple sets are

pr oduced 38AR and or t he r n and are L rel a

J0R 0 0 215 2SR ALy Blertres a5 RS Sipdlt IO ool P B

conpl ex san@lfed & %&ﬁﬂﬁ&r@ﬂaga.e BﬁQ#/lx@&\&he)C h%nﬂmérecﬁawdowﬁxox(vated Yo @toehtr®r Z, ;

channel 32BU (x2(tJ (ta ; ;.. channel 32AR (r, (t;), s,(*) or N c¢hannel

32BR (r2( Eﬁ'ej;uengg §lpta}x}e f@f gue to digital (A/D) conversion. bownconversmn takes place in
several stages, with filtering to define the relevant signal frequency band in each case and to
‘prevent aliasing at the A/D stage. Mixer sﬁges 34AU and 34BU are tuned to extract the

unknown signal, and mixer stages 34AR and 34BR are tuned to extract the reference signal.

-The ADCs 36 sample signals from the respective im'xer stages 34 using automatic level
control (ALC) to minimise the effect of quantisation noise. The signal samples so formed are
real, and tﬁe exponentiation stages 38 convert them to analytic or complex form using the
Hilbert Transform. In particular, a set s,() 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 procedure 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 their DFO and DTO. Like sample sets are
produced at 38AR and 38BR for the reference signal and are corrélated at 40R.



Each correlation processing stage 40 correlates two sets of signal sanples
obtai ned respectively fromdistorted versions of the sane original signal,
the distor WQOMH14®sing from propagation via satelljte reheaycsoiogsbhe two
versi ons of the unknown signal in channels 32AU and 32BU are correl ated

wi th one another, as are-the two versigns of the reference signal in
channel s 32AR and 32BR. Each of the sanple sets al so has a noi se conponent
which is statistically independent of the noise conponent of sanple sets
from ot héThe@ba BA¢ kbaginy partd Jsmh@émﬁ;me;aﬁdmplé B deneted ds kfllows: dHannét GRAU: se
the, sanple sets used in caorrelation, ~introducin g adj ust abl e paraneters

into a cdxkid) %tk Pr Fpeshannel S2BH K’Fz(tr)h)éz(%b OF & o8happel f (T, i ss(t)a0Trpuxi mum

the parangif r 4§ the source/satellitetrecei ver geonetry. The
ref erence si Egﬂ?a g’@ée’gsjjo }gn the prior art to renove noise which is

correlated with that in the wunknown signal, and the reference signal
sour ce piHsch depclationfpoassting stige t40nicotelates rjwot sate ofwhignah satmplesnébtaimed sour ce

| ocat d th t h | at.
operat | oREPHUSHT P AftorieR s o due BieFiieie) Sipbab e iHoR sfbiof fom ( oro
or V) an@ropdidtion Vi ateHlite reliliR; i2fthe fio ¢dSieAsT tHe unkinBwh BRn&lrif $haknels 3ZANL | On,

an expression for tine var_yl ng DFOis used to conpensate for satellite

not i on afBd 33BY arecomglated; Wit oneanothey; apmry the two wersions efcthe seferencessignal in t e
mot i on 'éhdﬁﬁ&l? BORRSHVCIBR Edch % #Péﬁ ks ARbHaE 2AHFRUR "u/ﬁléh Ry

conpensating tor tinme varying e correlation o |on 'S
changed satisticpllyeimdeptenddni pftha soise)campraentod sarmple séte frofotled: rchnnndlsf ferent to
t hat of Equation (1). The new function S referred to as the conpl ex

01 oulPanite P Rpuhe drboebiie e b RSP ot horofI8 el T Bh s RS

sat el | i t frodudingidpistabld predmerasliri®a téifelftivnidpeiation hﬁmdmm&nhoﬁﬁmaﬁ@mct time
varying DTO which is a different rocedure to be described | ater. The CCF

i s expred smmgmz\(% Jpaygmetqzs yarey r RHrcE{sate sy reseiuer e BemetY e TS ed

bel ow f OfefGehuY SighANS fised hs irihk éﬂ&rar&b%éﬁve%ﬁs@ﬁap@comﬁ&awmlm fnpe) € dt
(2) 0 WO 01/14902 PCT/ GB00/ 02940 14 where z, and z2 are sets of data

sanpl es wikpowseipnilngnd the referrned sgwlsngc@pmvsieataedfermhepomsm|rsﬁle¢!1€mot es

the compl g G UMIAS sitlrceTocatioh Is detGmbned PHOW S er, 1 e pribe AR 5 é"orn%lahaker_‘ 3
operation involved only fixed values of differential frequency offset (DFO or v) and ..
diﬁ'erenﬁal time offset (DTO or t). In the present invention, an expression for time varying

I

DFO is used to compensate for satellite motion and if necessary time varying DTO is
counteracted. If satellite motion is not too severe it is possible to obtain adequate results by.
compensating for time varying DFO only. The correlation opcratlon is changed to mplement
this using a new correlation ﬁmctlon different to that of Equation (1). The new function is
referred to as the complex correlation function or 'CCF to distinguish it from the earlier |
expression; it is suitable for counteractmg time varymg DFO using geosynchronous satelhtes
in orbits inclined to the ecliptic. It does not counteract time varying DTO, which is a

different procedure to be described later. The CCF is expressed as A(m, bi, b3) given by

Equation (2) above and repeated below for convenience:

~2miby +2by)t

T
ATo:bb;) = [z Dzt +7,)e @
0



Is a tinme invariant conponent of the differential time offset.(DTO between
the signals ‘ﬁ cause of their different paths, and b, and b, are constants
in the Equati m('é?”expressi on for DFO  DFO= v=b, +2b2t (3)pciitsBosesnas ant
b, is an initial value of DFO at the beginning of .data recordal in a
nmeasurenent; 2b2 is the rate of change d# DFOwith tine, referred to as the
differential frequency rate offset or DFRO Equation (3) expresses the

di scovery in accordance with the.invention that in the case of

geosynchr ovivas zs and |z} iateesets b€ detar samplesnrapfesBifidgotwar signate dsingecmrelatedarthef t en
be assuned fa e linear wi.th time to.a goo roximation. |f the

Var bt 1 on A5feitk Sstgte e Fontple cdnfEare thahy P o SR i P imples sl ke, o
tine t - i@ abihe iMMatigntetdinpone®yoiothel diffbiedltsl tifle OABetCPNG)SBéRRed e siplefld i N
Equation (3), but these can be omtted under nost circunstances. They woul d
be i ncl udeeause¢ of their diffqrent paths,tand bsandd, [are eonstants in e Eqpatiarf (3) axmresstontfor
require it P(.](g_gt at the expense of additional processing. The paraneters za
and b2 areP term ned by inserting trial values of each into Equation (2),
eval uating the CCF and iterating this procedure to find the maxi rum val ue

of the correl aDFOe: wxbf-a2gt| A(To, b"b2)1 , ie the nodulus of tBe CCF as a
function of To, b" b2. It is not necessary to iterate b" because this is

determ ned_by inspecti.on fromthe pqsjition of the CCF k in the .
frequencyd@ﬁn‘é‘?"ﬁtag% "Fla“bém%sﬁ_ \“bé’% b_ijbeﬁt ithe ﬁ?ﬁglﬁmaét_ i ?’?ta Feperdal in a
correl at i QfleabttBntA:ODbNs e Ratb oF chal%%pw DEAOW AN tithed rbidRbd &8s WL aiPfeldiBal

satellite relays or ‘dntercept plattorns are geostationary, (GEO and | arge
dat a set s frequencraaie pBset of BEROng to | ong data collection tines and changi ng
DFO It is also applicable in situations where other types of intercept

u

- platforms @rs. Us L Br 0 - | [ i ?ﬁﬁ NEQ
(medi um Ezg?'t{lﬁndér@?{e 3‘ a%sgé PEC@ LgmL’ sate %c% ‘gi\énng? n%?‘f“g{?g,d‘%‘ &
addi t i onalgetsyathrompmes satéllitdsitinevatiation o HDFOmvers arbsuesmdns carheftenr ted asswndd tas
-w |l be described later. In.more detail_ . the corre Lon_ptocedure.usi ng
Equat i on (8)HRR GRS (Rt B4 FRRISXIRAtoR: IS the A aom i PP OIS e sfeientls ang
b, are chogghnedrMifhedipbWersidf iR P8B! B,F%td! May B ifchudes 1P the\Wepfeddidi AR 2
PCT/ GB00/ 02940 15"and each is subsequently increnented through a
pr edet er miD¥€H inr Bqupgion §3) butctheseecantbepamitisd dindersmes circurastanses.i iy wéuld bbasi ¢
I nerement ngc?utdeecrl f?tﬂee %OQXn E)P t?xe tsitgﬁte'bi%telbc%tp%g{}orﬁluv%gr% 5 }e\ﬁglrg kt,ggz?tl at the expense
of additional processing. The parameters 7, and b, are determined by inserting trial values of
each into Equation (2), evaluating the CCF and iterating this procedure to find the maximum
value of the correlation surface | A('co,b,,bz)l , ie the modulus of the CCF as a function of t,,
by, b,. It is not necessary to iterate b,, because this is determined by inspection from the

position of the CCF peak in the frequency domain as will be described later in more detail.

The correlation function A(7,,b,,b,) is applicable to situations where the satellite relays or
intércept platforms are geostationary (GEO) and large data sets are required, leading to long
data collection times and changing DFO. It is also applicable in situations where other types
of intercept platforms are used, eg aircraft, GEO — LEO (low Earth orbit) MEO — MEO
(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 zero,



samples (that is, a multiple of the inverse of the sanpling rate) . The
sampling rate is nunerically equal to twi ce the sanpling bandw dth set by
| ow pass fMAVA2ncorporated in the mnixers 34. The basipgcigsiRsRsts i n z0
and b2 are denoted At and Abe respectively; At= 1/2B5 and Ab2=1/2T2, where
BS and T are respectively the sanpling5bandw dth and sanpling period of

the ADCs 36. For each sel ected value of DTO zo, and DFRO b2, a fast Fourier
transform (FFT) of the inner product of z,'(t) z2(t+zo) nmultiplied by

exp( - 2ni &@teagh issubsekuentiyrincemented thraugh\agredeterminedtrnge ihrcléqaﬂmtypad eaahi n.

I B A e A 5oL

account eﬂz%% tHat 3, aShilfliple 6F TheORRERE I0Pthe SAnpling! Mt nn?ﬁé—‘§ lihg! e chemant
i n steps a(nd eval uateﬂethe CCF after eachlb stglep 9 FFa'iiﬁIl;s repeated for

each s etmmermdlmaldp tyicg thesaypling bandwidth getbydew wsﬁtmcomga&ﬂ@ the| ect ed
and an F,ﬁ;l_; 34 "(t)z2(t+r)exp(-2nib2tz) is evaluated. This is repeated for
a range or val ues of zfl in incremental steps of At =1/2B5 ; b2 is then

i ncremented by one 0.001 Hz/second increment (this is a nomnally

conveni €The baaicuinprearedtst inet,r sudgb, @t deabtud At cindzAb,arespectisalpr Ao+ ¢ 2B fid

eval uati gns | re eat.ed oced |s rep d.uyntil al]. val ues of z
ora bo" A2 ke bod T A B BiRE andvidiopod saRpling BRFORT e SHE

frequenquejq_g@g%jrom 7.9 Gz to 8.4 GHz, W|th CECsat intercept platforns,
a typical value of b2 was found to be 0.05 Hz/second. The nodulus of the
conplex correlation function (CCF) _has a nmaximumin the frequency domain,

and t he KpararBselgsted valamef BTO 4, apd; Rr%%ﬁfﬂﬂlfﬁw transfora (EFJ) pf &g 1050 and
DFQ.  Thi prodiEOY | hpger tdh e t he CCF
for a Iange 0 Q?QI Se jo¥ %@He@r@ %‘? QH) ?)&rkggg%lng p(r}gceéﬁérlgﬁl ocat eset he
CCF nmaxifrequenap domxinnFhie bnables e DBO & iod:m datcomined gutomaticdlly as tipt Gequinty

i nt erpol afion S ed.in detail in Ingernati Pat ent chatlon
No Vo o pheetap it e Gk Rt o oo, Al Fogs ?ﬁgﬁbd‘ﬁ‘bﬁ‘%ﬁ‘m& FiR

functi orsu%m opbratich 6 itG5 niRdcbiaryQb ihdiénd® &y kiep C%a:{m&lilddfe thel vm:ed) of
t he CCF out its maxi mum value is WO 01/ 14902 PCT/ 00102940 16 taken,

and i nt @ftgisiagh stei T FI el reRsated fori cactschef valires of {Torhadide Sst valaesof @ 290 and
DFRO V3| UeSclected and an FFT of z,"(tY)z,(t+r)exp(-2nib,?) is evaluated. This is repeated for a

range of values of T, in incremental steps of At=1/2Bg; b, is then incremented by one 0.001
Hz/second increment (this is a nominally convenient value) and the range of values of 7, and
associated FFT evaluations is repeated. The procedure is repeated until all values of T and b,
in their respective ranges have been used. For operation in the SHF frequency band, from 7.9
GHz to 8.4 GHz, with GEOsat intercept platforms, a typical value of b, was found fo be
0.05 Hz/second. The modulus .of the complex correlation function (CCF) has a maxnnum 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
arange 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 to above in relation to the complex ambiguity function (CAF). A

range of values of the modulus (or modulus squared) of the CCF about its maximum value is



This procedure results in values for To, b, and b2 for the signal fromthe
source to be located. It is repeated for the reference signal to obtain
correspondi nYOWMI4968% tio,n" b,..f and b2,n,, The pr ocedur epgt/e:880/d2549
corrected to the |nstant aneous vaI ue it had at the beginning of data
gathering when t = 0; Equation (3) referg. The values of To and ton, are
used to determ ne the uplink time difference of arrival TDOA. , ie the

di fference between the tines of arrival of the two signals or signal
replicas faren, bhe inteipbREBA iSAAAE obthifla BRRP efirhate of e DT, PFA 4nd DFRO -

The values of b" bl.nls b2 and b2,,f are used to determ ne the DFO val ues
for the unv@®en signals and the reference signals. A theoretical treatnent
of this will now be given. Referring firstly to use of to and ;co,, DTOis
the differheseoe Qd&@estttﬂﬁ‘&@et&q 4 Shb! £ el A0S AL s aﬁce%'w:a@dted
unknown or erence signal traVefse & two diTferent pat

recei ver, Itésepédtel fof tlmn’efeimmagnzleo bBtaincarespondingevalies -:5),;,, B, panden (. The a
receiver 18 via satel It can be repr as a, fun on of
time { ovoORHEeR Db et to dieinstenERcous gelhe b isd A OF bats

ti me- const whaﬁeggrg ,gaﬁgn(g refess, €tc) related to the k| nematl cs of
the source ate I|te/rece| ver system DTO= r=ro+a,t+a2t2+a3t3+....... (4)
The DTOr is formed fromthe difference of two terns, z and z2, which

repr esent Biegialiies opF.ovd Fairiemused mwemn%mwh%WM@ml of@m\t# fi"Dé}P&nt
aths by re t he
gum of ﬁpl I Elk gig%mg&e é‘%}wﬁ eﬁ’%gé"%:agfg‘l an;f/h% m%}alﬁrﬁysééﬁay exper| enced in

t raver si noukhewh st 1 G agespectiveasatediites [Lagl 16 'Ehatveldes bEb{, ba,g,slgmndtb b rec ATE
systenm) as follows: T = Zi d 2rr- +T2d Tln -.r2.)+
(Tro " zayed sy Seamee TesDFOCsivacioD 5 yaigovh Aigpels 854 derietemmst duaiod | 1
Tabl e |. Bfséticaliréatherit SR RESHIH v BV 1 N terms of the sumof the

di fference of uplink delays and dlfference of downl i nk delays and subsunes

wthin these any difference between_el ectronic del ays. nPI i ng riods
required fRefergag|fsein togisef &, aadjmtm?@uathwffm%mtherﬁm @éwenﬁv!mtqsl tens

Gown i AergR R Righ 1k el 8t PERwRRTy b il pallB b A 20

fol | ows: receiver, 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 (t,, b,, b,, .. etc) related to the kinematics of

the source/satellite/receiver system:
DIO= t=1,+at+a,t’ +a,t’ +...... 4

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

system) as follows:

T=0-7,=(, +5,)— _(Tzu +754) = (0, — T3 ) + (T — T2g) &)



Tire =ro.lu + al,lat + a2. lut2 +....... (6) with simlar expressions for
ot her delays given in the table earlier, ie Tld, T,a and -rd2, with
appropri at WOOWMM2s in coefficient indices to al, 1d etc. pdwcEmaideci ents
al.li, etc are not the. sane as the accelerations defined in the earlier
table, but can. be related to satellité7velocities and accelerations. The
full expression for the DTO becones: T = ((z0,12, -TO 2u)+(rAd

-TO, 2d))+((a,.,. -ai.2n)+(al.ld -.al,2d))t + +........ ((a2, lu az2,2a) +
(a2,1d - witretmhy a2 defidedindaplerla Bgtation (SPrepresemsthe 2T e teems oD thefsamrad by

I nspectiop, J.e by equati coef figients of s of time t in Equations
(4) and (9% difigrents otdplipk feleysan disfapmmse 5 dewplink ey, and pbmemes Hithin e on
whi ch relﬁ?ggfggﬂcgggmeﬂgeémcdémygpm source position to be determ ned,
and a downlink contribution which’is knowmm fromthe satellite/receiver

system geonetry. The uplink contribution is referred to as the TDQOAlt. -In

order to renmpve biases fr the, estimate of TDOAJ, an equjval ent expression
for  t he SERPHES PeiRdS required ?@eseglogmﬂn qre usyaly relatively shost{milliseeords &t tophe

unknown i T SORRT F&,ﬁh  t cei ver
system aﬁ’?gév\(gﬁt ’egil?)'al'd(%spl%e %ﬁgﬁgg}@gpgnce %?%%F&?%t%g%%{ at eié],kdg% rgt from
bi ases ( eambe mprestritéd as tyuncatesbpiwey selies drytme aifak fallowsy it in the sane way as
they affect the source signal DTO This is why the reference signal DIOis
al so neasured. The TDOA" is related to the nmeasured DTO val ues through the
rel ation: Wp, Qd4]4082:Pa]/ABO.02940 18 d d TDOAU =T-TiLj¢f1~ 12u)rcj
=z-zej+(1, -1,)rc] (8) <Cc where c is the velocity of Iight and the
. subscript "ref in (8) indicates the paths are between the satellites and
Lhe T eceyyiniiinil Oipidsidhts Brbcl dEY givibl iithd tfle BETIEY RN 3 uiDEL wagoses. DFO.
v is the difference in frequency e%lween two recelved sﬂﬁnals. I't can be
expr essedpirapriate changds in copffidient ndiass ¢esa a5 ete. The confficients af, ottt mreatot theei ver

of *chang s e asS R G doRnd i35 ol e Bitian PR PR sk VooiBEy [ ThS

as fol | owhd accelerations. The full expression for the DTO becomes:

<]

7= ((Zou — Foau) + (Fo1a — T024)) + (a0 = @124 + (813 — 8122

2
+ (a5, — @2,) + (220 — 8324 ) it

™)

The parameters 1, 3,, and a, etc can be found by inspection, ie by equatihg coefficients of
powers of time t in Equations (4) and (7).

Equation (7) for the DTO < 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 contribution is referred to as the
TDOA,. In order to remove biases from the estimate of TDOA,, an equivalent expression for
the DTO of the reference signal is subtracted from the DTO of the unknown 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 signal DTO. This is why the reference signal DTO is also
measured. The TDOA,, is related to the measured DTO values through the relation:



vidd (11" vive d flu (9) - dt ~,u- - A A d where vl. is the Doppler
shift in frequency occurring on the uplink path 1,to satellite 14, z,a is
the phase aW@ 14992 wavel ength of a signal (at its centre PESGBONI0 as
received at the satellite 14 or 16 on uplink. Sim:lar expressions for

ot her system uplinks and downlinks are 1&btai nabl e by change of indices.
The unknown signal DFO is given by: DFO= v=-- [d rev dtZ2u]- Cdzl ddtz2dl+
bias (10) u d where X. and ? are the free space wavel engths of the uplink
and downlink signals ([le's.ggg;!} vel y at (qlheizf)g/entre frequenci es, and bi as
ari ses frcﬁ'ﬂ@ﬁt%ﬂ-irwmﬁd-ﬁr,@quemg—shi ft and Bromsatellite
positional error. The reféence signal DFB'is simlarly given by: DFO'ej =
v,.f = 2L fir, - dz21 | ref ¢ Cdt z1d dt z2dl+bias (11) n.rej raj d,rej
j WO 01/ 148z FISTheSRAGIHDFAGht ah8 tissubsaipt fref] if (8) indicaten thd pithsambetweenut

o et A e el e R LR ion s e pgs B "
dir2d c dde ﬁae%ﬂfréﬂc%)in fraguefnéir bekwRen tvill reéedfed digmalsft chibe Skptessedin térik df. 1 ef

.. ,ef where the last thrée terns are known from the system geonetry, and
the first thekinéraativs ofithe sourne/satellitereneivan dysten using the genasl relationshinibatyeen

ol S0 det crINBRLES, VELGRL A FLE AP i ey AL srpupllBb B A ERE ) © 7
bei ng t he ygiihitscasfoaswiet ween Doppl er rates (DFO rates of change) of

signal s neasured al ong respective paths fromthe. .source 10, through the
satellite intercept platforns 14 and 16, to the terrestrial intercept

stations- 18 as shown in 'lg. e 2. It may be wused to form a paraneter
known as the Awgl & mis.i%m 2l popdhderpate of arrival ([HROA9) which
exploits the acceldrati ofitledfectls of 4 He sour ce/satellite/receiver system
The DDROAU ' - '

where Av,, is the Doppler shift in frequency occurring on the uplink path 1,"to satellite 14, t,,

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
obtainable by change of indices.

The unknown signal DFO is given by:

d d cld d .
DFO = v=-i[——ru-——z' "]——[——r -1 ]+bzas (10)
S Alat a ]| alat oA

&®

where A, and 2, are the free space wavelengths of the uplink and downlink signals
respectively at their centre frequencies, and bias arises from satellite turnaround frequency

shift and from satellite positional error.

The reference signal DFO is similarly given by:

c[d 4 c[d 4 .
DF = =— —_—, —— - —_—T,, =T +bias 11
Opr = V,r Tary [ I Tiu i Tou :Lf P [ 7t v 77 ]mf (11)



Is the difference in Doppler-rates neasured along the paths fromthe
unknown source 10 to the satellite intercept platform1l4 and 16. It is
useful forwomsegzati on of noving sources. The DDROA carpdrecEvspzaassed in
terns of the DFRO by direct differentiation of (12) as follows: d 2
DDROA. DFRO- DFRCe+T [ _d2 2T,d-22red a (43) ¢ d2 d2 - cd2d 2 - A dt2 Zla
dt2 T2u A dt[Tld dt2 zee a,ref ref d,ref The uplink TDOA (TDOA" as in .
(8)) and the uplink FDOA (FDOAa as in (12)) are used in the process of
emtter position location of stationary RF sources (on the Earth's
surface), as in the prior art ofpublished | nternational Application No WO

97/ 11383. t hi cas he " is t _used. ex Citl

However , Sé\b&?ﬁ Z{ﬁ%ﬁ’ &Hicﬂnﬁ%!s(q W@DRSFA%"@P% go@;ﬂgﬂw S“Aa%‘ %‘r ation,
whi ch gi greésh&ﬁfoiﬂleh E’xﬂm&m dzﬁfemerﬁfaﬁmtmom. the CCF as WO 01/14902
PCTI GBOOI 02940 20 previously described using trial values of the paraneter

b2 as described earlier. This paranmeter nust be utilised in evaluating the
CCF even when it is nog ededdfur her in locating the source 10. This is
because tﬁi@oﬂF—e'm't,,}é a,w akbl em has two parts. The first is
detection of the peak d the second is rel atlgg)the peak of the
CCF to a position pd thedEar{h's gunfdace. dhe [first phase 1s sensitive to
the effects of _sﬁ't_e'f]ijrt'-e'ﬁ'p’fzi'})n; Arez[l&ﬁli' h‘@ﬁ?]as a conpensation paranet er
in addition to tHt5e used in P¥ior*”%rt (to and~B). 1 The source 10 is

| ocated by using the determ ned TDOA" and FDOA" values to the Earth's
sur f ace Iwhertholastthtee damsere kieown frembthelsysteli gemieyry aﬂdethpaiu'slmvbmsm b,

02 b QRSP S R SO sh e RSOk sl T 19

and b2, . tarfiée AlSRfthdr OmeRiRBIY Realkd Rlefehbinal, ﬁseddlff&feﬁﬁﬂnﬁsqd'e&@ rit@loems by
insertion in Ec!uatlon (3) with time t set 'to zero. This sets DFO as its

i nst ant adRQ@ = thus heing (ke difgranae hetwsen Mﬂgmﬁtﬁe@f@ rateg of thanggrafeni ent
to corr e&bﬁfge&%&hﬁoﬁ’ﬁe&%ﬁ&e {)ths 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 somce/s:;téllite/receiver system; The DDROA,
is the difference in Doppler-rates measured along the paths from the unknown source 10 to
the satellite intercept platform 14 and 16. It is useful for the location of moving sources. The
DDROA can be expressed in terms of the DFRO by direct differentiation of (12) as follows:

2 2
DDROA, = DFRO~ DFRO,4+A [Zz L, —-g;z—rz,,] |

. . 13
: c[d’r d’r] c[d?f d’z_] (13)
- w 2u = [7 e 2d
Mg L@ P T Ay | d? T

The uplink TDOA (TDOA, as in (8)) and the uplink FDOA (FDOA, 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 explicitly. However, even when this is the case, the effect of
satellite acceleration, which gives rise to the DDROA,, is counteracted in the CCF as



time but not essential. The values of v and v are substituted into Equation
(12) to determne FDOA,,. Here again tinet is set to zero; a consequence
of this is tW@0L/i49€2 | ocati on of the source 10 is det er m nedPCTCBING2940
satellite epheneris data (instantaneous positions in space) associated with
the time at the start of sanpling. TDOA20is nultiplied by c the velocity
of light to give differential slant range (DSR), this being the difference
between the two signal path lengths to the signal relay satellites 14 and
16 from a previousiytdescriped usih'gtrin,l valaesofithepartineter by asrdesuribed eatiemiThiser

| ocation 18A/18B or the .u sour LS nul ti b ,,, the
si gnal wav@PBmgteR Must '?fﬁ&ﬂﬁﬁr 3‘[‘?5‘?’88%?7&“%&??%% ‘?ﬁdaﬂ“%é i‘ht range
rate ( DSRR)ocQﬁn%Dﬂx%oﬁxéé £0, 9hiGi8 8BBsethe R?'%m:&éﬂl@éﬁﬁh'p%lﬁém hEa®Parts. The

Appl i cation No PCT/ GB95/ 02211 under the Patent Co-operation Treaty,

publ i shed fisst isAlRt@¥ion 088 peakeafdhé CEE and theeeconid ihmlating thopeskof M%@ra:e 10

appr oach. . PGSR T4 HRGAT s SRfecE, FRCH HERaS s SR e ML TGOk SR G yi

DFO i s suf tdquirBiglb, ko4 céifipendatioh ﬁaymmwmu@ﬂwmo@aised ini grior aft G5 @B@b)). T el ays
when | arge sanple sets are required. It focuses the CCF in the frequency WO

01/ 14902 PCT/ GB00102940 21 dinension. Its effects can be seen from Fi gures

Funet i on of s BA(BrERRY btng e Eined o, A5 SR, vihts GLBRERAY

conpl ex COgrpledtby Hiol A FebRBrieh! héthoddl AL the Patafietdrs ro%c MBS oWlatrlddt he

i nvention. The same data sets were used in both cases, obtained usi ng two
geost at i onfarythe waknewhiand seferpacensignalshn @mammeeﬁeﬁmﬁumg@)chsmmdmr e
produced b ng .fro ol in oI

‘magni t ude, & h%fa)giéc%geé g?’ ”t% h'F"(s)&it i’“ér%%ur?%?y\hde& netgcé:lc ?#%gnceé) FO
however pr emuae:yangeeﬂmmhlmuauitﬂi Grivithtingf t sehid zlemqiﬁstsetstum)es ﬁbhauamﬁboby use
of the i nve t| on gl gure 4 pseudo-{ hr ee- di mensi onal \ﬁg{)f the pr| or
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DFO. Al tHakw 2N is noise. Figure 5is a simlar plot ofthe
conpl ex correl atlon feunctlon of Equation (2) -in accordance with the
invention. In Figure 5 a sharp correlation maxi mum 50 is fuIIy resol ved

and stands_wel | above the noise at 52.
The values of v and v, are substituted into Equation (12) to determine FDOA,. Here 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 (instantaneous 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 difference between the two signal path lengths to the signal relay satellites 14 and
16 from a transmitting station, ie ecither the reference transmitter location 18A/18B or the
unknown source 10. FDOA, is multiplied by A, the signal wavelength in the uplink path to
give the differential slant range rate (DSRR) or time rate of change of DSR. International
Patent Application No PCT/GB95/02211 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



Referring now to Figure 6, the effect of satellite notion is shown once
nore -in a plot of CCF nodul us squared or power against frequency. There
shoul d be WO9I/M3022 CCF peak at the DFO of -820.38, but ipcTiGBacezoEre is a
pl ateau 60 spread out over nore than 16 Hz. This is contrasted with Figure
7, in which DFO variation has been compensated giving a well resolved peak
70. It may be necessary to use fast noving relay platforns for geol ocation, -
-eg aircraft, nmedium Earth orbit satellites (MEGsat), |low Earth orbit
satel | i t egimlchdiédh alty effedts 6a1Thé Bexhifons Fifurdshe el 5MFighre0f Sifdwal feQilR! dbtained
satellites (GEGsat). If_ so the CCF nust also be focused in the tine

di mensi onusing e pyjenah embigyity fynstionpf Bgyasian (I)hprd Figupe-$ shoyey spsults abtaigednsat e
f o t ! : . .
ol 1 act | ofotiRlcombller bittelBh' GRotiPRS Bt Dol ehibioh fof O apbordlnct Bith me

DFO var i ainvention.nThehsanseadaih iscty wend esedain bioth kases,dobeaineiDhsing bpe geastatichay ti ne

dilation, i ,DTOvariationinthisin‘ﬁ_‘ervl._DTOvariaié)‘Qis coupt eract ed
by peri odiatellitesy| T e pafsnt Zsquirements,ese ¢rawimnes t"()erE(?FﬁJé‘ﬁ by trasmng les in
one . dal otk plites iftwhith BabRndibltePinaflifRe it b ARS B s Ry A aACkigligd data
set (2 Z or p2). For a WD 01/14902 PCT/ GBGO 02940 22 neaslrenent Using two
sat el | i t esspuratacTheyslothawieverpryvideairelinble indication ofithe bendfitotoltietabtainedtiygise

i nvol ve inserting or renoving 'one sanple in every few hundred in a data
set havi 1 FH™HE™or der of a nillion sanples.- A phase correction is al so-
required, and is applied to all sanples in a data set follow ng an

i nserti on,. XCl SJ . Wt i | g1 £ this. curs.
Successi Jo BrA4EA BedopbRARinaRont bidy s the ARFLS SBn R Ry iy lcon 3871 2

poi nt of Equatidir (1) piotial agaitsi BTORnd DFQI A thiteas bose ietlisesBigtecSisian t he dat a
set. The tim n%tof t he sanpl e adj ust nent. I nsertions/excisions is

det er mi nSHRA P Pﬁ@ePPIHBIC{‘&R‘éﬂa“W“éi%&%gﬂ%PK@“?GC“@E‘!?GP?Wl@@ei p occurs
e orm e . T eIk $
terval bl & pigkd¥s Sl dARARARASELRY SO A RUAVe AN aOwERC SOIP N0

sanpl i ng aboneghe/mdise)ati52. esti mat ed by one of two approaches: either (a) from
the spread of the anbiguity surface, in the tine.direction, across the :
sanpling interval, or (b) fromuse of the r., b" b2 paraneters obtai ned

11 om maxiRefeiRgpahS RipRe §sthaeSes pbaclitaiaton i shonmapps Bartinaa)ot of 66F
Setof adiulls SERRRIY pOFRE e ARRRY, Thire RERRIIY o ShAPLER fellH GEDEON T, T

di mensi of S§20:38] but instead there is a plateau 60 spread out over more than 16 Hz. This is

contrasted with Figure 7, in 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

7, that varies appreciably in the course of data collection for a 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



over an interval in which the data set was obtained. If a CCF peak can be
obtained fromdata wthout tine dilation conpensation, the nunber of tine
i-nt erval s Avoowes902hi ch the con-elation is spread i s estiPGH/EHIVIRM o
spread of Ktine intervals, the nunber of sanples between positions of

adj ust nent (successive sanple slips) of2xhe data set is NK where Nis the
nunmber of sanples in the data set. The data set z, or z2 (see Equation (2))
selected for adjustnment is a matter of inplenentation conveni ence and

t her ef or e niafiiréhént Yasing twoisaelljtése pne geostdtionary and rthes pthad bwt carth erbigni imight

expanded by tinme dilation, [t can be contracted by sanpl r val .t
correct i invobie IBSerngof THOVIRE One SAPPIdn SYFR %&“ﬁnﬂnﬁsﬂ"@h‘ﬁﬁ ;e?%ﬁgngélp g?t ed
data set | i s. g e6kr&¥ioh Rea1s S AL, Bhd isaplitd RNalPaniplep| es
accordi ngofdgr\%ﬁ?%ﬁig%%@ ?\%Bﬁﬁata seltos 'S sgglaectc.le’d for ac}j ust ment "and

al so accoimlniyta set \folddwiag anhissertioneoiexcision rogafasrewith thedinsertedoszimpiey if this
negative; if z, 1s selected, it,is expanded i.f the.tinme.di.latign i

negat i ve, ORFS (SUESHSTXE BRATE SOTEriony WB&%@@ 893% BEREcY tﬁoé’béhﬁ éf’iﬂt %o
01/ 14902 BR{IhiROPERISGDhretgh the dubSeqatrt@amiples kathagagach (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 | i t e TRPtihdi} ¥l satnplé'adistinkts, ifiseiticii/exéisions isldetefmineRffoR1 the timemafifen ( 14)
cctmis the tinme frominitiation of sanpling to the nth replicated or

renmoved s&orps eample slip to loecur: At glip eqchss whemthe oraluexfetime ilation, ghanges By ap, j s

t he nunber S ' [ val ; - { 4L

i Tt on. TP iR il e GBRHE e @R ASc, ho BieCt) 48 il ok
sanpl es) ‘d@ilglion dfan siAplnpviateevaly) s estintated hyenteraf tivp agpmaches:odithehé@) Siopntae
sanpling band, before_.any fr en downconversion at a receiver .,18.,.7Th
par amet or SBoad of A (rgee, 18 i EPRAPOR, ARt g SABRENE TV AES §) it
any syst epRb e 8Ffi',, b0 45 phBmeRobtdiAed frdnd ARG thd COF 89 8sscAbANGRer.

%
corrected using an eSti rréPe derived fromthe reference signal.
Alternatively b, may be another parameter which. is varied in steps in

maxi m si Ngy §e0ac R Uk SortdlatiddSrodetsor kdledtSsatiphd BORHIRAIERIR oftepligition Bra | N

the above expression as an independent parameter varied in steps, thereby
di ssoci at setgf Hatasamplenien the basis| of thagomplek sotrelptionofuneliun’s time dimension spread

over an interval in which the data set was obtained. If a CCF 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 sample 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.



If the effects of satellite notion are not too severe, it is possible to
omt the quadratic second termin Equation (14) in V, and apply the

resul ti ng WoR&d99%orrecti on. Sanpl es preceded by an om t trarf/cBooiozmaer t ed
sanple are multiplied by a phase correction factor P given by one of the
followi ng: P=elmor P=e 2jdf At (15) Thz8 exponent in the expression for Pis
positive or negative according to whether the preceding sanple is omtted
or inserted; f is the centre frequency of the sanples' signal after

downco nvém theaiterhative appmtach ()athexwaichjor ptasesdog3( selectsaamples dor, remodalhd i s t he

I nterval between cess sanpl es e _sanpl es' nal s set
by an anf® ?t}%nn g\é@ %‘@3 °th3°BiYVEW %W@%geﬁé% MBef or e

time dil %&m&&&m&%q&&ab&ﬂlﬁﬂeﬂaken t he nmodul us of the CCF is
maxi m sed to obtain approxi mate val ues of DFO and the Paraneters To, b,

and b2 as previously discussed. Tinme dilation conpensation is then

I npl emented by inserting 2 exqg si ng sanpl es as appropriate and adjusting
phase in each of thef,teu1‘~b.@,;a—s?at.s Zmptz2, p" p2 to pfléduce conpensated
equi val ents. The CCF is tfien né&xi m sed agai n using the .conpensated data
sets so fornmed to provide better values of DITO DFO and if required DFRO

and he. DI f ' : t and

e i | e a8t BE hiPliof FRRMRAL o8 the s SIERAE of ool st s B ° O
DFO and {3t4D tiitd dithtion epsuiieatddaip toay, mds yiengmibeHod sinyplinglintervalsen@dvédéd on
conpensation of one data sef by del ayi ng/ advanC| ng %transl ating) parts of
it rel atyswiedtly copmtgRAShEmE dHEIQRa AF §etpe AfEPingin ﬁyﬁa IWESR SEEACFYES: t hi s

 pucl = A Blpia) WIS APUE ST B3 AneBQRL o B A i b V.

the si gbefbre&mgrr@gumgl dbmmv;rsimararﬁ&baivevasum‘e ;iammewn ui isemtésamamhﬂ us of
the CCF given in general ternslaé ]T-"D" [z2 (16) Is the
CCF nodufhgstimpiigvariast cpmpenent of Qa‘&s@’“ﬁo?‘%’ewlf’e@'@rv( '@qﬁﬂﬂl’r@ i s

;gﬁgg?EdW&B éﬁhﬁéﬁ%b% ation I S Seggutn(;%el %t et rans%lllﬁlé(:)gl?lérﬁﬁmt cal

conpensajitermatively ff afissebe inothert parhmeter which is varied in steps in maximising the

modulus of the CCF. It is also possible to exploit b, in the above expression as an
independent parameter varied in steps, thereby dissociating time dilation and time variation
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,,’, 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:

2 zifAr

P=e2A o po 2R . s

The exponent in the expression for P is positive or negative according to whether the
preceding sample is omitted or inserted; f is 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 samples. The samples’ signal band is set by an anti-aliasing low-pass filter.



conpensati on respectively, the superscripts denoting reversal of effects

I ntroduced by system geonetry and ki nematics. The brackets [j indicate a
vect or conprweptpieehe signal sanples. Translation of a rel gyr/Gsdopbdapt €

| eads to tinme dilation because it alters the signal path and therefore

al so the associated time of flight. In dmvel oping'nore general expressions
for the DTO and DFO it nust be borne in mnd that the optim sation of the
resul ting CCF becones nore processor intensive. The approxi mation

descri bed Befopd timesiilaton EéSmpdhsativnds hindértakers|the Wiokdlius of ke CEPdbmakinised tof
current paral]el processors. W) 01114902 PCT/ GB00/ 02940 25,1t is

expedi ent PPrainapproxipate vakcypEPERand the parpaeietttndh and by a5 previgrsly diseussed.

conpensat i . | J+

phase o r il Midh SRRRERAELTT GRAMRENAALLEN K ERHTEor Blifnd MBS b
acting on eppromtaten and radpusting tphaset int dach nefettief forr datat satpal, at,j p had vpreduce
signal sanples. Referti n dqures 8 to. 11, the effects of

count er act PGPBRR, SIS 16 5T i hen i pisth 4ein btk Bl rEBeammien dig et
i nvention g Rrhkd i&?rﬁﬁagget&_ﬁ' ECHD DO, DG R4 Hréqiirdd DERG all BbROAL! DTO
agai nst DFO derived using sinmulated data w thout significant noise. In
Figure 8, DFO varies with DTO over a region 80 which includes error
Limts. Fi gHE Qrébeld lo¥ SdoiHeRSatibh for hafe! i footd TR NavtisO HRE NGAs | Glried GB e,
i e counteracting chagghe) i'n DFO. A region 90 is produced which is parallel
“to the DFCsumdparised as WAg DFO i s now constant. Figure 10 is the

equi val ent of Figure 9 for time or DTO conpensation :alone, and shows a
regi on 100(a)bbtaimopsiniial vaie of DEO endDTRausing conipebsation tioreeyipg HFedyy(b) s
shown in F.qure 11, which .sh a, single ak gf, constant DEO.and DLQ
Conpensat i 8n° P@Ph%%ﬁnf%ﬂor“o%sda% ?f? oY e‘ge?%'ﬂﬁg() PyARGIg Z‘ansgﬁﬁ%?rp% r°;£| 1n
Equati on ( fefative oy . anFiagdociied] AataO st anll| uﬁﬁl&ﬁhﬁe pHASRD lRbfredtiols;! fids einveles Of

i ntroduci ng noi se. Except as regards noise they were produced using the
sane dat a Fepligating/delsting sagples as appropmiats; a@@ul d show precisely the sane
features absent the noise. It can be seen that DTO and DFO are not visible

in  Fi gur e) meltiphying the WW the gense ogpe irmsr produgti-tqehtain payeasyre qf the
(P gur o ot Bherf’ s, 1 Pl Parale i BREY e Bty B3 R0l P TR

easi |y di sgenerabfetis B§rove surroundi ng noi se such as 142; it

CCF =[z;T7'D7[z,] (16)

It is the CCF modulus which is. maximised because noise from 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 kinematics. The brackets [] indicate a vector comprising the signal samples.
Trmsiation of a rélay satellite leads t6 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.



denonstrates that conpensation for both frequency and tine distortion in
accordance with this invention |eads to DTO and DFO val ues bei ng

obt ai nabl e vi@eii4e@ t he presence of noise. WO 01/14902 PCTp&HeR4cdsg0 26
CLAIMS 1. A nethod of locating the source of an unknown signal received by
a plurality of signal relays, the netsod including the steps of. (a)
arranging for a plurality of receivers (18) to receive replicas of the
unknown signal via respective signal relays. (14, 16); and (b) subjecting
the repl iiria sxpjediendtorrepredennihe [dishR oS Cotfpensitivh as tepihs 6£8 DIFD édhdiensatioh @hdit | On
processing in step (b) is performed wifth a conplex correlatjion function

( CCF) . at a|smtepa‘omgmnfe§ﬁyaﬂ§aqaw mpldcﬂlaweo He remyied by dhis apprpachy ent i al
Frequenc €a r | source
rnd ecsevapdtit P Qatinl EopelRubiCacilg ') G i o b o' fhch e

corr el at interpplaticrelsgweny signabsagplesb) i ncl udes introducing a tri aI t| me

of fset between the replicas and evaluating their correlation and iterating

this to obtain a correlation maxi num and derive at | east one of the
r epl i casRefeDirfgf m\ertoiFa‘ngs' Beo (X1f dhaet e(mfathg:%DF@ veziationl and dimredi Nng t o

carried SRR pecrdatos vagh B8 iRl bRl SSERED? Thite o g mleBayi ng
a first b£DTO ¥AENDFO W&hﬂgtsnaﬁaemhuewmwt &gﬁﬂi%ﬁﬁchdiﬁr W Flpufg,i s a

product of tinme and a constant —value for rate of change of DFOw th tinme,

i e a conBDF&kiarigs Mtbrl%?@ Puer A TegignSRoyhietyinsludes erear 1mQIBFﬁ!5“TQ/8Iﬂéi§“3t&$1 thewher ei n
step (b) ¢l Qs iaGhdA %rﬁ&fyﬁcél&% %%M%rac b5 Hheé?@ glr ioh®o RO

prior to evaluatlng corr tion and iterating-one value for
each of prdoducedtwhich it parella elthd RO axin indicatingBRO iy abw&onsmmomgnratle i¢ theobt ai n

a correl at mum 4. A net according to Claim1, or, 3
char act e?qui:"ége“ ﬂ:’rﬂfe %g‘?’r 2‘3518&?8&?&"@?18“ ne'szcnlélglhf’l’f)‘ % 152198, 108/9%ed wi t h
data set gna@aPbeo. Mhe Qbﬁsﬁaamopubmemesetmms € Bhdver i 11 fARNal to

~counteract tine dilation. 5. A nethod according to Cl aim4 characterised in
t hat sanyiows g singlacpesls of mnamt PR tand HOHECowpensaticn & rar@ Yasiaiiore wak n phase

by sanpl g5 f1h Qb D e nks TRAEH Eﬁﬂéﬂ%h?ﬁ)ednﬂg

Figures 12 to 14 illustrate graphically the effect of introducing noise. Except as regards noise
théy 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 noise such as 142; it
demonstrates that compensation for both frequency and time distortion in accordance with
this invention leads to DTO and DFO values being obtainable despite the presence of noise.
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WO 01/ 14902 PCT/ GBOO 02940 27 multiplied by a phase factor or by sanples

i hcl udi ng arMOPBI4PBRN ng a replicated sanple being nultiplirckdsosemah a
factor, the phase factor being either e2ntfé& or e2n& according to which of
t he two data sets is adapted-and to the 2i gn of DTO.change with time, and
wherein f is a signal band centre frequency of the sanples after
downconversion for sanpling and At is an interval between successive

sanpl es. 6CRPAMMShod according to aim4 or 5 characterised in that sanples
are selected for renoval or replication as the case may be on the basis of
the correlation function's tine dinension spread over an interval in which
t he sanpl eb werkd mdthad of thcafing thersetiteecofcancunkoiown signaCravieived byr a plurality of

characterised. in t S re,sel ect d for renoval or replication as
the case nE§rabEs T%' tSﬁE“%gé‘E‘ﬁ'b‘ﬁ %fhelséeﬁf’ “a |inear approximation to the
fol | owi ng @V&%@iﬂ%ﬁfoﬁ‘ilﬁ&ﬂaﬁﬁ dfQEcdivers (185% Faceiv@ré}h&wgfﬂﬂtunkﬁo&n Ngﬁil%im i's

the tine to the | icated or renpbved sanple, in is the nunber
repl i cat ecrespsetivesignabe %r‘rbdréé)a-pdtotlrretm r,, is the total tlrre

dilation )%uqﬁlegh?ﬁghcfr%wﬁtoc%n%ﬁﬁoﬁbengﬁsﬁ@t erval between successive

sanpl es an € space wave at the centre frequency of the

sanpling hehaghctetised $n aliatecdrielmion mrocdsking alin step t(biis Perfofman Mith agconpleect ed
for any systematic_error in frequency, and b2 is half of the rate of change

of DFO wi t9emelatign femsatl%t(ﬁ%‘) b clsrdli Bty ocomBrngaied Jer ohapges i the replicas’

char acterlﬁ@ t I t I
function re errgﬁlﬁ}g&ugg&eogﬁ%(ﬁtézwﬂy é-%{frérdl) aﬁrﬁg@i&; %@F&QSB%%, ,, b2)
= Jz; (t)zgteivarn)e dt O where z, and zZ are data sets representing two
signals being correl ated, the asterisk denotes the conpl ex conjugate of
z,, Tis the time over which sanples are taken, tois a tine

2. A method according to Claim 1 characterised in that correlation processing in step (b)

includes introducing a trial time offset between the replicas and evaluating their correlation
and jterating this to obtain a correlation maximum and derive at least one of the replicas’
Differential Time Offset (DTO) and DFO;

3. A method accordmg to Claun 2 characterised in that correlatlon processing in step (b)
is carried out with 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 time and a constant
value for rate of change of DFO with time, ie a constant differential frequency rate offset
(DFRO) value, and wherein step (b) also includes introducihg a trial value corresponding to
DFRO prior to evaluating correlation and iterating one type of trial value for each of the

other type énd determining a DFRO value appropriate to obtain a correlation maximum.

4. A method according to Claim 1, 2 or 3 characterised in that correlation processing in
step (b) is performed with data sets adapted in phase and subject to data replication or
removal to counteract time dilation.

5. A method according to Claim 4 characterised in that sarfiples in one of two data sets
to be correlated are adapted in phase by samples following a removed sample being

-
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I nvariant conponent of DTO, and b, andb2 are constants in an expression for
change in DFO with tinmet as follows:- DFO=v = b, + 2b21 , This Sheet
Has Been ROVWPA¥MEO2ZL s [ 1IIILililllilill 1Ilill WO 01/ 1MCPEB00/02940

PCT/ GB00/ 02940 28 and wherein the CCF i Maxim sed inter alia by inserting
"therein trial values of b2 and versi@&hs of z, and z2 adapted to contain
added or renoved sanple values to counteract tine dilation. 9. A nethod
according to Claim8 characterised in that after each iteration of step (b)
t he pr odumultipliedrby 4 phase facteT @) b safmplésrin¢lediay andsfoHowingarreplicatedfsampledeing t he
frequency domain, in order to provide for DFO b o be gbt ai nabl e as the

f r equencymaltipii@! byasuchial fadtof, liiee $Hake fam'bemglenmw%” Qr &~ &'aidcexamg&w ce
for locating the source (10) ,of an unknown sjgnal received by a plurality

of si gnal Whigh afthe twodatay Sls&?ﬁ?“?"rﬂ?ﬂ&%lm?@'@@g &ﬁmsamtwrrwsmdewhqr%lfs (18)
f I
(3%, oy ¥p inki i Caeittoghdity YR RllpI3s B2 dolhéhol B3O8 T iRl BEM 6 ° YD

obt ai ni ngndnterval tetwéensaccessived samplesndi cati ng at | east one of their DTO and
DFQ characterised in that the correlation processor (30) is arranged to
performcorrelation with a conplex correlation function (CCF) at |east
partly cdpendamethoflaccardiagde GlaimDFGr i dhiratterived muhattsamplelsaye saidcteginfor

Char act orRFEetR o SRR 05 500 S8V B opr e bett pl A eeon g G

| nt r oduc gYidedsionbrehd BRer@himerivalif Whtdithé &mpl&nwr&aﬁmnewal uate t hel r
correlation and iterate this procedure to obtaina correlation maxi num 12.

A device according to aim 11l characterised in that the correlation

processory, ( 30 mgthod abcbidif %’t& Cl#ifd 6 5 Thiradteridet G thu@ BhBpRS ait seleR@rent of a
function of time having a first termwhich is a_constant DFO value and a

second t aemevahprreplication 95 the case way be eB %’EFS& of at least a linear approximation to
the following quadratic equation for t,;:

z, =—ib,'t_ —ibzt 2 =mht
c c -

where t,, is the time to the mth replicated or remow)ed sample, m is the number of replicated
or removed samples up to time t,, T, is the total time dilation up to time t,, At is the time
interval between successive .samplés and. A is the free space wavelength at the centre
frequency of the sampling band, & is an estimate of DFO .at. initiation of sampling corrected
for any systematic error m frequency, and b, is half of the rate of change of DFO with time.

8 A method according to any one of Claims 1 to 7 characterised in that the correlation

function is a complex correlation function referred to as a CCF given by:

. T _ '
CCF = A(5b,,8,) = [£1@20+5,0e -1+ 2020 g,

where 2, 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, 1, is a time
invariant component of DTO, and b, and b, are constants in an expression for change in DFO

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

I
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constant value for rate of change of DFOw th tine, ie a constant
differential frequency rate offset (DFRO value, and wherein the

correl ati on WoerH882or (30) is also arranged to introduce traTaGBOOBEMES Of
DFRO and to iteratively evaluate correlation for pairs of. trial values of
DTO and DFRO to determ ne a DFRO val ue 28nabling a correlation maxi numto
be obtained. This Sheet Has Been Replaced 11111111111111 * "j" [Lillll111]
CL 111122122217222 100l 11132111 1 WO 01/ 14902 PCT/ GBO0/ 02940 29 13. A
devi ce accamddwieyein ch€ICORN it Miaximis2d ahrer akiz dyiinsedingnthetein tidl evalues o baahdn
processor 30) is arranged to perform,correlation with data sets adapted
P ohase. ARl A & dabtst © BtsiB apHa oy PmpUrEPIs el oy

di l ation. difitior device according to Claim13 characterised in that the
correlation processor (30) is arranged to adapt in phase one of two sets
of data sanples to be correlated by nultiplying sanples followng a

removed saypl e DynethdaReSrdfn@tb Ulaini 8 Brhrabtisei A titht aBBF bdchlifehtiva Bl skp @)Nd
sanples followng it by a such a factor, the phase factor being either” e2;

fAt or e therproduetcefrziiay(ttn)axn(-2xibg}) is Feuniendragsformedetosthi fregurnsy ddmaing int o
the sign of .DTO cha ' t] nd ereind is a si | _band, c e
frequency oé?erttﬁeprg‘élﬁgﬁ%rsﬁgpﬁr€°n€éom%ra§ﬁgﬁ @8?“%&%*3?{:3‘ gﬁ.ﬁﬂipe 'S an

i nterval hai@em ceoeeessi ve sanples. 15. A device according to Caim13 or
14 characterised in that the correlation processor (30) is arranged to

sel ect sanples for renoval and replication on the basis of the correlation
fanction' slot i mA lcards dévicesfor dsvdtingy e sdrde (I @Y ofodn inknokinCdigrah eecaved bga wer e
obt ai ned. 16. A device accordiqr;,g to Claim 13 or 14 characterised in that

t he correlﬂ‘!‘?%"ﬁrsmws(lf’ 1), and inGledinging t 0 sel ect sanples for renoval
and repli | | f ﬁ,@@t g Reim ; W ng
quadr at i cc(g%qt !tﬁlﬂgiri:y ibg?etcgr?g:éﬂsi(.l'@_fo?}e&b-_! rze{)ﬁ%sgkﬁt cbﬁﬁ%e%%@é‘%e

ti me fr omsigmaltelays G4, b6); sanpling to the nth replicated or renoved sanple, m

(b) a correlation processor (30) for correlating the replicas and obtaining a correlation

maximum indicating at least one of their DTO and DFO; .
characterised in that the correlation processor (30) is arrangéd to perform correlation with a
complex correlation function (CCF) at least partly compensated for change in DFO with time

due to relay motion relative to the source and receivers.

11. A device according to Claim 10 characterised in that the correlation processor (30) is
arran_ged to introduce a trial time offset between the replicas, evaluate their correlation and

iterate this procedure to obtain a correlation maximum.

12. A device according to Claim 11 characterised in that the correlation processor (30) is
arranged to employ a CCF which contains 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 time and a
constant value for rate of change of DFO with time, ie a constant differential frequency rate
offset (DFRO) value, and wherein the correlation processor (30) is also arranged to introduce
trial values of DFRO and to iteratively evaluate correlation for pairs of trial values of DTO
and DFRO to determine a DFRO value enabling a correlation maximum to be obtained.
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with time, and wherein f is a signal band cenfre frequency of the samples_ after

downconversion for sampling and At is an interval between successive samples.

15, A device according to Claim 13 or 14 characterised in that the correlation processor
(30) is arranged to select sarhples for removal and replication on the basis of the correlation

function’s time dimension spread over an interval in which the sarhples were obtained. .

16. A device according to Claim 13 or 14 characterised in that the correlation processor
(30) is arranged to select samples for removal and replication on the basis of at least the

linear term of the following quadratic equation in t

T =-—31—b,'t,,,' -ib,t_’ =mAt
C . c ’

where t_, is the time from initiation of sampling to the mth replicated or removed sample, m
is the number of replicated or removed samples up to time t,, t,, is the total time dilatibn up
to time t,, At is the time interval between successive samples, A is the free space wavelength
at the centre frequency of the sampling band, b, is an estimate of DFO at initiation of
sampling corrected for any systematic error in frequency, and i), is half of the rate of change
of DFO with time.
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17. A device according t6 Ciéim 10 characterised in that the CCF is given by:

™. . =27i(By +2b50)t
CCF = A(z,.b,,b,) = J'z, (t)z(t+17,)e (by +252) dt

0
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, 1, is a time
invariant component of DTO, and b, andb, are constants in an expression for DFO for

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

and wherein 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 sample 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 z,"()z,(t+1,)exp(-27ib,t) to the frequency

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