METHOD AND APPARATUS FOR LOCATI NG THE SOURCE OF AN UNKNOWN S| GNAL Thi s

.invention relates to a nethod and apparatus for laocating the source of an

-unknown signal received by a plurality of signal relays. Prior art
‘| ocation systens are known which enploy a techni que based on determ nation
tof the tinme difference of arrival (TDOA) of two signals fromthe source to

'be | ocated, | MABAUAkhown transmitter. In this technique, ECTGBPSA2Z2Ym, ¢ he
‘transmitter is relayed to a ground-based receiving station aI ong two

i ndependent signal paths by a respective earth-orbiting satellite in each
'path. Each satellite incorporates a transhonder system which accepts a

signal (uplink) froma ground transmtter at one frequency and returns a
frequency- shi f { gSATING VPRE | SUURCE iOFNAN UNKNOWNQSIBNAH receiver with the aid. of a
turnround oscillator. The signal paths are of unequal |ength, because the

‘two satellites are in different positions. In consequence, the signal
,arrival time at the receiving station associated with one path is different

'to that ted wi.th the oth t telli d
Lhe. r acei vi ng T8 GEYEHOR ERieh dans 0N ARG AILRALE ot Aeeibni e P0s SfCE of

arrival - theyhbbmi E&'éﬁreﬁ'b?'&%‘lurﬂmgbfhﬁﬁl}él@sdlfferent paths provides
i nformation on the I cation of "the unknown transmtter For specific

satellite positions, the |ocus of points of constant TDOA defines a curve
on the earth gefe AR (1R ﬁﬂsﬁ%'?ﬂ%nu ti

gr ound- based ?rl} rﬁhg?%twg gs?v[ﬁkn%krﬂﬁ%‘géto aes;gmgaftl C ng ue eof TDOA |ng KImocat ed
at sone poi nt ofxhe tike diﬂ?emesﬁmaﬁabﬂ'ﬂ@Ahost:gmlstm ﬂmesog@crtebcllmted

rel ati onshi p between the satell 0

del
in satellite ¥ARNSKRAMILYF: @Smfr@égﬁ?” . qg? a?tﬁ'gé'ﬁ % ﬂgenté?ﬁs&t i%g{noanalyn
order to det e giguadbRedaeseiffg s&ﬁéxﬂﬂloﬂé tWD@iﬁependbﬁtvﬁgtﬁl path8 by@%qfdcuve

| ocates an unkfown transnitter to an arbitrary position on a curve. US
Patent No 5, OBgtherbiting satellitecin each paths Hach é#telht;daqqmma@%ttmws@sfr PSR i ng

two relay satel.l FeSiBbPidd Qe h the
TDOA of si gnaﬁ" if tg% s%@ﬂ@%{)?ﬁgﬁ%ﬂ&%@hﬁ %Ibg r erfed to as
their fr equer@ﬂequency—shiﬁed (downlink) signal to a ground receiver w1th the md of a turnround

oscillator. The signal paths are of unequal length, because the two satellites are in

(

different positions. In consequence, the signal arrival time at the receiving station
associated with one path is different to that associated with the other. The positions of
the two satellites and the receiving station are known, and consequently the time
difference of arrival - the TDOA - of the signal over the two different paths provides

information on the location of the unknown transmitter.

For specific satellite positions, the locus of points of constant TDOA defines a curve
on the earth referred to as 4 line of position (LOP). An unknown ground-based
transmitter giving rise to a specific value of TDOA is located at some point on the
LOP associated with that value. The geometrical relationship between the satellites
together with signal propagation delay in satellite transponders and receiving station

equipment, must be known in order to determine the correct value of TDOA.

However, an LOP only locates an unknown transmitter to an arbitrary position on a
curve. US Patent No 5,008,679 discloses a transmitter location system incorporating
two relay satellites as previously mentioned, the system employing both the TDOA of

signals from an unknown transmitter and what is referred to as their frequency
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2 difference of arrival (FDOA). FDOA occurs because the relay satellites
.are in notion relative to the earth and to one another, and in each case
the notion introduces a Doppler shift into the downlink signal frequency.
"The two satellites' Doppler shifts differ, and this produces a frequency

di fference or wp¥ gt ween signals arriving at the receivin lon from
respective satelli tﬁeé. As in the TDOA approach, an FDOA neagptf?'iéﬁégﬁpzﬂéfi nes
a line of position (LOP) upon which the unknown transmtter lies. The TDOA
and FDOA |ines of position generally differ, and their intersection

provi des the location of the unknown trafismtter. However, the system of

*US 5,008, 679 (s subject.to 0 ints, |t uires th
positions an&’q}é‘fﬂﬁﬁ f’? F@g%@%@?@ eﬁ‘ %ﬁ%@%é&ﬁgﬁq(ﬁ%a%nsé{ﬁﬁﬁﬁ acm '_é‘ﬂg%fbgr ee
of accuracy. rditiveaiandk edfth Waedo @t aabthersayid M felichceusenyine matib® Mtrddues’ad s of
50kHz bandwi dth or less if the satellites have orbital inclinations of nore

than 0.1 degDsepleribiftiigle the domalinly signal freguensy-o rihg| twg) satellitesTROPRIK shiRs al so
requiTes a Vﬁ[%é{,gungﬁgﬁﬁaéﬁ%%oi &y ﬁ'rfﬂ%gé?ﬂ:é 5Y "HHAD @en?{i@*;\&%rﬁ@iﬁ#hgn

| ocal oscilla e satellrte sign turnround osc tors.

| att er requi themectivingytatiemfiem respectivessatellitésn oAf wahé TDOA appreacheht FDOA havi ng
very Tow inclination | es, .ie bess.th .01 degreea: this i s because the
Doppl er shi f fegsraet %ﬁ%egtdepﬁ Pépﬁs&qnoﬁfq@ %pr?ﬁl‘ﬁﬂ%hngiedﬂkf‘?%ﬁfanf%' feasur e
at such i ncl tigaat TR TDOA khd FDOAGS dfhyosiins tgenerally differ and Sher/ it ssation| y be
used with collocated receiving ground stations which have comon tine and
frequency rePEvEes thedaeation of theunknowiwansguttiied wi t hout nodi fi cation where
the receiving ground stations are geographically separate. The system al so

requires the use of phase-locked frequency downconversion chains. It is
an obj ect of Homevermvemsystam tof S $,008c67Qnis csubjectntt a vaamber of ebnstraints nilt t er

source of - an BHERORR PORERTE op eelaryBoHE SRR B GhoBF Rt Sen s8R o e

met hod i ncl ugécigacthe I1stamdt de: used effectively with communications signals of 50kHz
bandwidth or less if the satellites have orbital inclinations of more than 0.1 dégree
relative to the Earth’s equatorial plane. The system also requires a very high degree of
phase stability from the ground station local oscillators and the satellite signal
turnround oscillators. The latter requirement may render the system ineffective with
satellites having very low inclination angles, ie less than 0.01 degree; this is because the
Doppler shift caused by satellite motion is small and difficult to measure at such

inclinations.

Furthermore the system of US 5,008,679 can only be used with collocated receiving
ground stations which have common time and frequency reference sources. It cannot
be used without modification where the receiving ground stations are geographically
separate. The system also requires the use of phase-locked frequency downconversion

chains.

It is an object of the invention to provide an alternative form of transmitter location

system.

The present invention provides a method of locating the source of an unknown signal

received by a plurality of signal relays, the method including the steps of'-
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3 (a) arranging for a plurality of receivers to receive the unknown signal
fromaespective signal relays: (b) arranginag for the receivers to receive

respective reference S|gnals fromrespective signal relays, the reference
signals either being replicas of a single signal or being replicas of
signals |locked in frequency, tinme and phase to a single signal and the
reference si gnalVe 'pdl transmtted to the signal rel ays frombpOrfGRIso22et
transmtting nmeans of known | ocation; (c) processing the respective unknown
signal and reference signal received by each receiver coherently such that
t hese signals preserve their timng and phdse information relative to one
anot her; (d) perform ng cross anbiguity function processing of the
processed r ef e(@roenging foxiaplunelitytof secsivatsda seagive theekROWN gisasl fromm EPspeivey i ng
the reference si %%%gto counteract phase noise and frequency drift effects
in the unknown §ﬂg in order to determ ne at |east one of the

fol | owi ng: - (b) artanging\fot esch of thehrecdivers 6o ectkivalrespective Glefesatice (Ighals fmmd
1) el ies. of remscty heealreins, hsnrres P S0 Prick HOREIVYY & 9t S8 Bh
3Ingggllvn signal s c%@ég%ggg%hgh gﬁgiglﬁl %‘nfﬁer gﬁrédy'silx%xeﬁﬁdﬂﬁa%eigaﬁﬂgle?g%lyndttﬂ@
posi tions, refer¢noe) sigralsubsing trandwitt 8T @ dbe signel inlayo foms feferece transmitting

((:\%re\s/glolrjceiisngf 5@@%%@ t('acmunknown g?gﬁgrgttgpfeggo?\:}lgggl t:‘)elj??‘/fserent

conbi nati ons ofc) Prepesding tHeanespectivy uniaoom! sigriah@nd referpacei sigmah rezkived &y wainown
signal source framth ues, of DTO and/ or DFO as. the case .ma
Gesormi nod 1 PSR PReroRbhBIch A Moo AEORTEHRIEE SRS SRR MAaioT ocs

hot require thﬁla%@étdbﬁh?;oﬁiéﬁ'zn\i@béﬁ@éﬂdy%?s@ﬁaﬁ RRei%@f @cineRS t0 be known with
the degree of accuracy required in thé pritor art, and it can be used with

satellites whi @hper&maumgsmmgumyrft;mmawqmsm of jphet proesssedaaforence signplsces .
The invention dagge HOtedsEfMKnEwhdpnfiE I EmMbyihg it ¥etlent EGEaNTH BRRE St

phase noise and frequency drift effects in the unknown signals in order to determine at
least one of the following:-
(i) wvalues of the Differential Time Offset (DTO) and Differential Frequency
Offset (DFO) of the unknown signals,
(i) values of the DTO of the unknown signals corresponding to different
signal relay positions,
(i) values of the DFO of the unknown signals corresponding to different signal
relay positions,
(iv) values of the DTO of the unknown signals corresponding to different
combinations of signal relays,
(v) values of the DFO of the unknown signals corresponding to different
combinations of signal relays,
(e) calculating the position of the unknown signal source from the values of DTO

and/or DFO as the case may be determined in Step(d).

The invention provides the advantage that it does not require the positions and
velocities of the satellites to be known with the degree of accuracy required in the
prior art, and it can be used with satellites which have an orbital inclination of up to at

least 3 degrees. The invention does not require the degree of relay or receiver phase
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4 stability required in the prior art. It does not require receivers which
are | ocated geographically together, which have conmmon tinme and frequency
ref erences and whi ch enpl oy phase-1ocked frequency downconversion using a
comon precision frequency standard. The invention is also able to perform
| ocation of a signal source in the presence of oth

si gnal s. Pr (I)h(,:@egéil]g‘gni n Step (c) of the invention is pref e?‘é%ﬁ@*%@?ﬁ?ed
out in respect of signals received by each receiver by downconverting the
unknown signal and the reference signal to internediate frequency (IF)
signals with predeterm ned bandw dt hs and obtaining digital sanples thereof
wth sanple tim. and fr. ' edd nce
with a preci sﬁgglﬁgdﬁ%uﬁrg{i/ lgngee?ﬁér‘ﬁ %SV\Q#;H% a?‘ { %er;gl%srygl\}\%g'gfﬁg a?éezﬁeeétgﬁce
signals are %& phibAllY togetiergwhich baveaommidnkime dhdfeequienicyl réferences agd whickr t han
4 MHz. For D eterninatio% t he IE bandw dt'h is greferabl . set. to be as

close as posstmepley phese-ipckes, KequentHAQYNCORYETHiRN HiReE# SoTpmaR Precision ffeanencs e
reference si gRalsaRRNFW ifdMibs istlsPabild &F g fkth Yoddhéw BEsh unknewn Rigsl ssarc®FO
determ nation, the |IF bandw dth is preferably |ower than 100 kHz, eg as |ow
as 10 kHz. Thingheypreseriee ofiptheswnwranedsienalsy i n DFO processi ng. In a
preferred enbodi nent, cross anbiguity function processing in Step (d) of
the invention includes the step of producing conplex data fromreal data by
a Hil bert tramotessing i Srepdu) of thehinentiok sspreferablynacrisisautyin resppet caf isignals

I n- phase and quadr.at ure, unknown and reference signal s.for such processing.
Cross anbi guirg?“fqg. ¢ash rﬁ‘f%"c?é&i#?@'“f’?f“’gftﬁ'ﬁ tﬁ?j)""lg}o%ﬁg'f%%‘ﬁlfeo‘%&ﬁ?'ﬁer abl y
al so det er m ngsal & GhieARIsE Freabedd] QIFY sighdls ethe predfreriihed Satiwifthe Gadsi ng
the reference signal as follows: -Qf(’?vﬁbfi nding a prelimnary value of the

ref erence si cobadining-digitp! samplesathere sample 4iming, and, frequengy, dOWAGPIVERSioR r ange

of trial fre C f ls | 3 1 | i hadi.catin
that the rel gc&gﬂc?ﬁ%dﬁltnaa?&);rc?aenggé\}#gyaa%w%g%é@gn égﬁaéhr eqﬁﬁ ?‘ggﬂ%d?eﬂ?%i%@?yﬁval ug;
(b) transfor nindgeferensé signals arecpreférabf sranged tos hayedike IRmadwidthschovigréater

respective receivers e
P than 4 Mhz. For DTO determination the IF bandwidth is preferably set to be as close

as possible to the bandwidth of the unknown signal, to which the reference signal
bandwidth is also preferably matched. For precise DFO determination, the IF
bandwidth is preferably lower than 100 kHz, eg as low as 10 kHz. This yields

improved accuracy in DFO processing, .

In a preferred embodiment, cross ambiguity function processing in Step (d) of the
invention includes the step of producing complex data from real data by a Hilbert
transform procedure. This makes it unnecessary to produce in-phase and quadrature

unknown and reference signal$ for such processing.

Cross ambiguity function processing in Step (d) of the invention preferably also
determines reference signal DTO and includes the steps of processing the reference
signal as follows:-

(a) finding a preliminary value of the reference signal DFO by evaluating the cross
ambiguity function for a range of trial frequency offsets until a function maximum is
obtained indicating that the relevant trial frequency offset is the required preliminary
value;

(b) transforming first and second reference signals associated with respective receivers
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5 to frequency domai n equival ents thereof; (c) frequency shifting the first
Cof : . . .

dormai n, the frequency shift consisting of the prelimnary value of DFG (d)
exci sing any unwant ed frequency conponents in the frequency domain
reference signals; &e in the frequency domain, nultiplying the conpl ex
conj ugat e of e NR¥ @éuency component of the first reference BEHFBISPIIL he
correspondi ng frequency conponent of the second reference signal to produce
frequency conponent products; (f) transform ng the frequency conponent
products to the tine domain and producing & respective value of the cross
anmbi guity function for each of a range of values of relative tine offset

between the fi tosfrequencysiompiniequivalentsibereali gnal s; (g) selecting a set of the
| ar gest magnit 16 S i 1 L1l ' i ni .
oot val de. (9 HelEbnsE hifing PR @ftfer? Mgt liive DAY BlondiBlefinfs Siind in

i nt erpol ati on thedregbaicydemainathd fidquency shift comsistieg of tha peelimignatalisiad DROL he
relative tine t)({fse,t_ bet ween the first and second f';e{,rgqryence siﬁnal whi ch
corresponds to )tﬁ?‘s‘ﬁﬁﬁhﬂﬁY’G‘é‘Pﬁgequmﬁ?é&gﬂP%ﬁtm(5 e frequepcy dom Bé@%ﬁ

DTO by cross agg,;ﬁaity function processing (as opposed to obtaining it by
cal cul ation) |eads to inproved accuracy of unknown source | ocation.
Processing i n &) am thel fregiency glomaine multiplying: yhei erhpleie conjegatarpfiicagh frequency

reference sign b | nck udi t s [0 N ng
t he DTO bet me%q;ﬂﬁ%t éa%‘r%ge g%?:g%%e#%f Jééh gln eth§ ir}:g’ﬁ%%pgﬂgi’s‘g grg. 9%{"% cgm'%{)ﬁnem of
respective r ecthe¥esond réferenceigmbitogproduce freqhiency venponent products, bet ween t he
first and secopnd referenc ignals equal to the reference signal DJO. (c)
Sarpl i ng t he. @) HEARIENE r BEGUGIFY eoripanent BPHHY 1o T0F e Aol MCrodaing
nul tiplying theréspsative vakie UfUlé cfos® amBialty finclibn F& QRS Shgdof valasPbe by
a correspondi ng sanple of the second reference signal to produce tine
conmponent pr odigiative time offset between the first and second reference signals;
(g) selecting a set of the largest magnitude values of the cross ambiguity function,
obtaining a maximum value of the magnitude of the cross ambiguity function by
interpolation therebetween, and deriving the reference signal DTO as the relative time
offset between the first and second reference signals which corresponds to that

maximum value.

Measurement of the reference signal DTO by cross ambiguity function processing (as

opposed to obtaining it by calculation) leads to improved accuracy of unknown source

location.

Processing in Step (d) of the'invention may include determining the reference signal
DFO by a method including the steps of’-

(a) determining the DTO between first and second reference signals associated with
respective receivers;

(b) introducing a relative time shift between the first and second reference signals equal
to the reference signal DTO;

(c) sampling the reference signals after the relative time shift;

(d) multiplying the complex conjugate of each first reference signal sample by a

corresponding sample of the second reference signal to produce time component

products;
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6 (e) Fourier transformng the tinme conponent products to the frequency
;domai n and producing a respective value of the cross anbiguity function for
ieach of a range of values of relative frequency offset between the first
‘and second reference signals; (f) selecting a set of the |argest magnitude
val ues of the womsai1msbi guity function, obtaining a maxi num of the
magni t ude of the cross anbiguity function by interpolation tﬁ€$ﬁﬁﬁﬁﬁﬂéh,
and deriving the reference signal DFO as the relative frequency offset
between the first and second reference signals which corresponds to that
maxi num val ue. Processing in Step (d) of the invention may include
determ ni ng t te) FéUHRP WansthitiAg tHeTimd Yompsnent PRFUES 1o n(eabred.ﬁhéf 2if 4nd
relative time and frequency shifts between first and secohd unknown signals
associ at ed wi tProdusingecrespestivevalig of the erpss ambiguityrfyndtiopforeach ofte fange loéi ng

| to th -SJ L DT DE tively: {b th
Cinknown i gnar*3u8 FHEEHL R Rency Rt shE BRI skt rfbpheriflls: "0 1 "°
t r ansf ?)r m ng t(f)ESefe'mlirl:g g&ﬂdoﬁ?ﬁdﬁ:ltgeunhmﬂmds lvﬂ;lfed Gt; th? &?ﬁiﬁ?ﬁig‘ﬂ@uf ﬁ.ﬂsﬁbégonai n
equi val ent s; capplying a trial frequengy offset to the transforme
sggond unknom&gé'f"gﬁég U, yahig Hét‘%?ﬂ?‘aﬁ%ﬂﬁ_t‘go‘” rERps cAmbjguity npoption By i n
the transtor MofedblshoN hetétdiike; ahd defihg ithé ¥éf9&néé1§agga§ BGas e HELE. Of

each frequency conponent of the first unknown signa e correspondi ng
frequency compeausscy offset hetweren shedfinshandosenond reference sigoalo subich dorespomds yo

conponent pro%gb%"d ?@g areansform' ng the frequency conponent products to
the tinme domarn R a respective value of the cross anbiguity
function for each of a range of values of relative tinme of fset between the
first and secgnd unkno signals;.(h) repeating steps (d) to (g) for a
range of tria "?"P@H‘&e‘ﬁg}]"fbf‘gs‘gﬁge nyeRpnmnay !P&‘“g§§°'6¥m!‘ﬁ5 the waknosmpsignal t y
function; (i)pDa® Bethes@psofet of the largest nagnitude values of the cross
ambi guity function, obtaining a maxi numvalue of the cross anbiguity
function by i (R dnpesuginggelativretimp anduliequengy ghite betwiesn firsh @ndi sécoadmunkaawmal DTO

?S the relativgndid fRoQhEd Kith respective receivers, the time and frequency shifts being equal
to the reference signal DTO and DFO respectively,

(b) sampling the unknown signals after the relative time and frequency shifts;

(c) transforming the first and second unknown signals to their frequency domain
equivalents; '

(d) applying a trial frequency offset to the transformed second unknown signal;

(e) excising any unwanted frequency components in the transformed unknown signals;
(f) muitiplying the complex conjugate of each frequency component of the first
unknown signal by the corresponding frequency component of the second unknown
signal to produce frequency component products;

(g) transforming the frequency component products to the time domain to produce a
respective value of the cross ambiguity function for each of a range of values of
relative time offset between the first and second unknown signals;

(h) repeating steps (d) to (g) for a range of trial frequency offsets to obtain values of
the cross ambiguity function;

(i) selecting a set of the largest magnitude values of the cross ambiguity function,
obtaining & maximum value of the cross ambiguity function by interpolation

therebetween, and deriving the unknown signal DTO as the relative time offset

[

i

I
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between the first and second unknown signals which corresponds to that
‘maxium val ue Processing in Step (d) of the ipvention nay include
.determ ni ng the unknown signal DFO and may include a stage conprising
‘processing reference signals and incorporating the steps of:- (a)
introducing relative tinme and frequency shifts between first _and second
reference si gn¥PEES&ci ated with respective receivers, the FAMERISPELg
‘equal to the reference signal DTO and DFO respectively; (b) sanpling the
reference signals after the relative time and frequency shifts; (c)

mul ti pl yi ng the conpl ex conjugate of each?first reference signal sanple by

t he correspondi ng sanple of the secpnd reference, signal to produce.time
component pr odetween thejfirst-and isE‘?"“a va} isRls W ht@&ﬁ”&Bhﬁ)b‘ﬁé‘Wﬁ"ﬁr‘ﬁ‘dJ. ts to
t he fr'equencyvglggai n to produce a respective value of the cross anbiguity
function for each range of values of relative frequency of fset between the
first and second reference signals; (e) excising unwanted frequency donain
conponents frgmthe cross L gui t. Cll Ok ) bl ehl & ) t he
exci sed cr oss?’é?ﬂsté’lﬁ ‘P)/ﬁﬂlzﬁ)?%%e v@kﬁl&o&%’ﬁe}l c*“lqi;réiefgﬂrr@n th %“g@’? ucge[klghgset
of filtered tipm dgmRinkyPindutet 2 Bagyeamprsingf ipracessingd refereacal signialsr and e
signal s contai ning phase noi se_ perturbation information. Processing in
Step (d) of t lmsorposatingittmstersofi-ncl ude deternining the unknown signal DFO
and may includg load GRfwdeR d WekdHa Yefepérigp al
and incorporag?)n‘glr{’%gﬁeggbagbggﬁe gﬁ“ﬁ?ﬂr}géﬁng rgl gitr%t\rfné tilr??eﬁand
frequency shi fsignalbassoeiateds with trespactivecreceivers ither shifts deips aqualatos thei rgfesencey t h
respective receiv e to the reference signal DTO and DFO

respectivel y; Wﬁﬁ%q‘rﬁgqfﬁ‘é“ﬁw%m signals after the relative time and
frequency shi {§)sampling the reference signals after the relative time and frequency shifts; 8 (c¢)
mul tiplying the conplex conjugate of each firs UE}FFQOVW Si Qal a{glﬁlntg by

t he correspon@)n@ublawgethéfcwxsmteu?ﬁ(w¥’§i ?“"Fd“%f‘g &H?:Rje e

conponent pr O@Hx%s?)bnding sample of the second reference signal to produce time component

products;

(d) Fourier transforming the time component products to the frequency domain to
~ produce a respective value df the cross ambiguity function for each range of values of

relative frequency offset between the first and second reference signals;

(e) excising unwanted frequency domain components from the cross ambiguity

function;

(f) Fourier transforming the excised cross ambiguity function back to the time domain

to produce a set of filtered time domain products between the first and second

reference signals containing phase noise perturbation information.

Processing in Step (d) of the invention may include determining the unknown signal

DFO and may include a further stage comprising processing the unknown signal and

incorporating the steps of:-

() introducing relative time and frequency shifts between first and second unknown

signals associated with respective receivers equal to the reference signal DTO and DFO

respectively,

(b) sampling the unknown signals after the relative time and frequency shifts;
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(d) multiplying each tinme conponent product by the conplex conjugate of the
~filtered tinme conmponent product of the first and second reference signals;

1 (e) Fourier transforming the tinme conponent products to the frequency

. domai n and producing a respective value of the cross anbiguity function for
‘each of ara | ues of relative frequency offset bet | I st
. and second u%ﬁgpv(/liq“g?gnal s;. (f) selecting a set of the Iar\é\gg?/ckggﬁltzilude

i val ues of the cross anbiguity function, obtaining a maxi mum val ue of the

i cross anbiguity function by interpolatiof therebetween, and deriving the

' unknown signal DFO relative to the reference signal DFO as the relative

' frequency of . AN oteh R Sk |

- corresponds {%%‘Hﬁ@‘ﬁﬁ?ﬁ%ﬁﬁ@@%{‘ﬁ"“ﬁﬁghe pg}g?ﬁﬂon of tﬁgﬂgﬁkﬁgﬁuﬁgﬁrce i's

. preferably cedrrasperiding kample of tthe detomd cunkpown sigajl tsb proidoee ginfer camponentunk nown
. signal DTOrelgtive to the reference signal DTO an expression involving the
;differentialp UGt ranges (DSRs) of the reference transmtter and the

| unknewn sour &5 miitipRiReedt tinecotponertreduch by ﬂﬁ%mg!%k Rohjagiié BE tHerfigrddhe

. transmtter or source to the signal relays;, (b) obtaining fromthe unknown
signal DFO rémecemponent pradudt of thedinstand segand refjrencs sigaalsir essi on i nvol ving t he

différenti al . T ] ' r.~qunknown
transmtter %?23‘3 p}é%'et?!\{/})gfrar%g%ﬁtsﬁ? Qﬁ%&#?@%o se%ggg?ﬁgéﬁ’??ﬁ@gﬁa ng of
change wit h prodecing a tréspective pabiei ofah®©Sfss ambigiity fimetiéroforieach af Tayhgerof
expansi on an\?ﬂllﬁ/si E f.the DSR aﬁ.d ESRR e@p_r essi(gns ltﬁg r&%ri ve. the | ocation
of 't he unknoYHies SfFelative fisAnenGE offvet Pewer the izt apdsecopkARWB figahd r ef er ence
DTCs and DFQg) sdibifinP @Sket id¥1thie Higlesy Maghitideovall dffike ERsMmbRlRy RtbRCAt i ons
of the reference transmtter and the receivers. The | ocat’i on derived for

the unknown oepiag ¢ nmexispm vplugagf she crpss smbiguityfurdtione by , intemplasion or
o firer’ OVefﬁeééﬂétvﬁﬁn t Srq%ﬁtmg‘i e QiikndGh! o B#ob:%féﬁvé kbbﬁie' reférendy s%ﬁalt he
irst value 1Tnh theé Taylor &xpansion a Ite e

ysi s an ratiron o
derivati on dDFOhs theceativenfrajuesdycoffvelk betweers ther firet amit secommboniawyarsighalss
obt ai ned. The derivatd'son of the location of the unknown source may be
refined by tWCREQURSPefds o thay %'cal cul ated val ues of the unknown

signal DSR and DSRR from a derived
The position of the unknown source is preferably calculated by a method based on:- |
(a) obtaining from the unknown signal DTO relative to the reference signal DTO an
expression involving the differential slant ranges (DSRs) of the reference transmitter
and the unknown source, DSR being the difference between path lengths from the
transmitter or source to the signal relays;
(b) obtaining from the unknown signal DFO relative to the reference signal DFO an
expression involving the differential slant range rates (DSRR) of the reference
transmitter. unknown transmitter and receiver paths, the DSRR in each case being the
rate of change with time of the respective DSR; and |
(c) performing a Taylor expansion analysis of the DSR and DSRR expressions to
derive the location of the unknown source from the difference between the unknown
and reference DTOs and DFOs, the positions and velocities of the relays and the

locations of the reference transmitter and the receivers.

The location derived for the unknown source in Step (c) may be a first value thereof,

and one or more improved values thereof may be derived by back substitution of the
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val ue of the location of the unknown source, the positions and velocities

of the relays and the locations of the recejivers: (b) producing a
correction for the derived |ocation of the unknown source fromthe

di fferences between the cal cul ated val ues of the unknown signal DSR and
DSRR rel ative to the reference signal and those neasured with the aid of
cross anbi gui t WO ¥WBon processing. To a first order, the BEFGBPYRHS
bet ween the cal cul ated and neasured val ues of the unknown signal DSR and
DSRR are related to the longitude and latitude errors in the position of
the unknown source by two Iinear equations? The |ongitude and Iatitude

errors are preferably determ ned by solving these equations.
reference signéifst rva&ueble the cEaylanrgxpansiopnanalysisraid gesetiannab the ﬂ?fbml?'h@fs‘hgnal

(oS, or o el oSy wittholkoliCs B BbARTEOREAREM 1| o7 S Pr oduci ng

signals in pha Zrence mn one ano e transmtters being
directed to respectlve S|gnal rel ays. The processed reference signals and

processed unkngwn si S referably stored r|o anbi guity
function proced 8 gV “°'F Hf'iﬁ??fg ‘t‘éﬁ‘? Wﬁ“‘&?ﬂéﬁ‘fr" L?ﬁ‘ggéw ﬁ?‘ﬁ gﬂ
provides an appaj dﬁ%mﬁ%lchl@feﬁtvhﬂﬂs bfhtRe BAKKNOHA signamsmrakmmmxs&&ﬂad derRedi ved
by a plurality o %nal relays, the apparatus 1ncluding (a) a plurality

of receivers tbﬂl\l%%%fl ¢ docatien eﬁ\qwﬁm@rwrceam R%B&MWWEEP@#@@CWQMI s

fromrespecti Vﬁ'ndst?a &E'd’?)ﬂ?e {:J?\?erg eference signals either being replicas
of a single signal or elng rep I cad of signals locked in frequency, tinme

and phase to a(t§ipngdueing a correction for the derived location of the unknown source from the
10 signal and e reference signpals being tfransmtted fo the_si gnal reI ays
%o

from r ef er encediffFreacss Ratverp Heraculsted valgs fotsiynkpown signgleDRR i «
processi ng t heref #5086 tthé’ FefetelfdaOHghaP bk flos@ %Qeaﬁﬁéue With Ghie iidg&aéroEse ﬁﬁh}éﬁi& a%

each receiver coherently such that these signals preserve their ti
phase i nf or mat fupetiongiracessieg.t o one anot her ;

To a first order, the differences between the calculated and measured values of the
unknown signal DSR and DSRR are related to the longitude and latitude errors in the
position of the unknown source by two linear equations. The longitude and latitude

errors are preferably determined by solving these eguations.

The reference signal may be a communications signal obtainable from the signal relays,
or alternatively it may be obtained from transmitters producing signals in phase

coherence with one another, the transmitters being directed to respective signal relays.

The processed reference signdls and processed unknown signals are preferably stored

prior to cross ambiguity function processing.

In an alternative aspect, the present invention provides an apparatus for locating the
source of an unknown signal received by a plurality of signal relays, the apparatus
including:-

(a) a plurality of receivers to receive the unknown signal and respective reference
signals from respective signal relays; the reference signals either being replicas of a

single signal or being replicas of signals locked in frequency, time and phase to a single
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(c) means for: (i) performng cross anbiguity function processing of
.the processed reference signals and the processed unknown signals
‘and enpl oyi ng the reference signals to counteract phase noi se and
:frequency drift effects in the unknown signals in order to

~deternine at weasiisgse of the follow ng: - (1) v e
Differential Tine Ofset (DTO and Differential Frequency Mﬁ&g%ﬂw

O fset (DFO of the unknown signals, (2) values of the DTO of
t he unknown signals corresponding to dif{gerent signal relay
posi tions, (3) values of the DFO of the unknown signals

correspondi ngl#% I

(4) val ues of 19BT‘E’)8 r?(@:teRce 0 %soﬂ%“gs?’aﬁfn?'?dg‘gﬁ‘%é@“ﬁ& gss#&lg'g%feenf Ent
conbi nat i ons tohsmittingaheane bEiknowrdachtion; (5) values of the DFO of the
Sl gnal ol ay4®) megps for Procssing hEesprol 4 FRITPIE SgBe v sfersnos L FRAH
signal sourcey fdaamédaﬁewabw@ﬂ?fsu&mat these s1gnﬂ§"#é§érv@'fﬁnaﬁnﬁﬂg$arfda piasémy be
determ ned in cross anbiguit unction rocessin he appar at us

of the i nventrfermatgp rﬁé’““&r"?&ﬁgé@th% lra#m@snt}mféxsvéar@mg elsewharet i e and/ or
frequency as @q'géaﬂ?f‘ Ate in accordance with values obtained for DTO and/or
DFO as the ¢ e and to obtain further values thereof from such

.of fset signals. (i) perﬁq;mmmdrustenmb@myﬁnmaomp@neshmg ofiuhe prdcessedref@rame ar r anged

‘to transmt to the_signal, relays reference, si f substgntially equal
intensity, and the¥&" ?ﬁ'ﬁiaf;' Wéﬁ‘swﬁ%@mwa%ﬂ%ﬂ@ “E’?‘é’&f‘gé BITISTRRIGU| at ed
carrier wave conposigmilsto dountéhiét fHasOndisCdnd GRquency drift effedi®ia e kthowhOr i NY
.the processed reference S|gnal s and processe )&nown signals prior to

cross anbiguity fufigealoin osdesse detemne at igast Mﬁhqfﬁ’éﬂ“ﬂpﬂe i nvention ni ght be
XAl o onl v i ther P SAISOGHEDIRrdlSr i Otk IO M RBSEIEP L (Y ©f
: Frequency Offset (DFO) of the unknown sxgnals
(2) values of the DTO of the unknown signals corresponding to different
signal relay positions,
(3) values of the DFO of the unknown signals corresponding to different
signal relay positions,
(4) values of the DTO of the unknown signals corresponding to different
combinations of signal relays, and
(5) values of the DFO of the unknown signals corresponding to different
combinations of signal relays, and
(i) calculating the position of the unknown signal source from the values of

DTO and/or DFO as the case may be determined in cross ambiguity function

processing.

The apparatus of the invention may be arranged to offset received signals in time
and/or frequency as appropriate in accordance with values obtained for DTO and/or
DFO as the case may be and to obtain further values thereof from such offset signals.

It may include reference signal transmitting means arranged to transmit to the signal
relays reference signals of substantially equal intensity, and these signals may

incorporate modulated and unmodulated carrier wave components. It may also include
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Figure 1 illustrates signal propagation between Earth-based transmtters,
satellite relavs.and Farth-bhased receivers: Figure 2 is a schemntic

di agram of a transmitter |ocation systemof the invention together with
associ ated Earth-based transmtters and satellite relays; Figure 3 shows
in nore detail the circuitry of a satellite rel ay; Figure 4 shows in nore
detail the cir XR¥Y3%f the signal processing system associ at BETAB02211
receiver which is part of the transmtter |ocation systemof Figure 2;
Figure 5 illustrates conputer processing aPparatus i ncorporated in the
transmtter |ocation systemof Figure 2; IFigure 6 is a graph of

correlation against_tinme offset for, signals recei.ved fromdifferen .
satel lite rel ajsans fopstoripg the nrpgesied % ﬁ@%ﬁﬂ?cgﬁe?BWost prior
det erm nati on Qéar@&é&ﬂsigﬁi@ﬁhaiohfrp%@éi:@et; Figure 8 is a graph of

set for

correl ati on agal nst frequéncy of signals received fromdifferent
satellite rel ays; Figures 9 and 10 illustrate frequency domain

correlation f O&:? B%g ﬂ}\ﬁg{lgér}gvén I‘Zn? Emgé}ﬁ ;5]; more ﬁﬁl%yelgx stood, embodiments thergiof will

12 Figure 11 S excCI Si unwa requency conponents;
- now be described, by way of example only, with reference to the accompanying

drawings, in which:-

Figure 1 illustrates signal propagation between Earth-based transmitters, satellite relays

and Earth-based receivers;

Figure 2 is a schematic diagram of a transmitter location system of the invention

together with associated Earth-based transmitters and satellite relays;

Figure 3 shows in more detail the circuitry of a satellite relay,

Figure 4 shows in more detail the circuitry of the signal processing system associated

with a receiver which is part of the transmitter location system of Figure 2;

Figure 5 illustrates computer processing apparatus incorporated in the transmitter

location system of Figure 2;

Figure 6 is a graph of correlation against time offset for signals received from different

satellite relays;

Figure 7 illustrates interpolation to improve determination of differential time offset;

Figure 8 is a graph of correlation against frequency offset for signals received from

different satellite relays;

Figures 9 and 10 illustrate frequency domain correlation for unknown and reference

transmitters;

This Sheet Has Been Rerlaced

LT




Figure 12 is a graph illustrating correlation of cross anbiguity functions
to determne relative DFQ Figure 13 is a schematic drawing illustrating
'the geonetry of the gl obal |ocation procedure. Figure 14 is a schematic

drawing of a reference transmtter designed to bal ance the |evels of

reference sig%;wh?tﬁei ved by two relay satellites; and Figure 15 is a
.schematic draw ng of an alternative formof reference trans ﬂ'@?s’sﬂ&?}i‘ng

'wavef orm characteristics to facilitate DFO and DTO neasur enents.
'Referring to Figure 1, an unknown transn}ztter 10 located in the United
'States of Anerica 11 is shown on the surféce of the Earth 12, the northern
'hemi sphere of which is illustrated with the North Pole (not shown) | ocated
centrally. The unknown transmtter 10 has a main radiation intensity | obe

‘(not shown) dHigweel Billubipates dxcisivh of aiwarted feqhéndyrcomp@sentsynchr onous orbit. It
‘transmts a signal which propagates to that satellite along a first uplink
path [err] and produces interference with unknown signals using the

satellite. T I Q4 oo MistrhtirCdopiefatioh B én%&@m%igﬂgl ﬂsax%z@ae 6 a&%ﬁpgl ysis

‘equi pment whi ch routinely nonitors the unknown chann the satellite. A
‘typi cal comuelatigtPEPis satellite operating at Ku band (11 - 14 GHz) has 16
channel s each 36 MHz wi de and each capabl e of carrying 100 conmuni cations
signals. The transmtter 10 also has a radiative sidel obe (not shown)
directed to Fignee dBdsasehematic difwing) ilusgaigythe geometts of th®iglobal Gocahibeh i ts
si gnal propagates along a second uplink path [err]. The superscript "u" to
path referen M"E?T] and [err] denotes that they originate at the unknown
10

transmtter 13 The
first satellite 14 receives the signal fromthe unknown transmtter 10 and
Figure 14 is a schematic drawing of a reference transmitter designed to balance the

levels of reference signals received by two relay satellites; and

Figure 15 is a schematic drawing of an alternative form of reference transmitter having

waveform characteristics to facilitate DFO and DTO measurements.

Referring to Figure 1, an unknown transmitter 10 located in the United States of
America 11 is shown on the surface of the Earth 12, the northern hemisphere of which
‘is illustrated with the North Pole (not shown) located centrally. The unknown
transmitter 10 has a main radiation intensity lobe (not shown) directed to a first
satellite 14 in a geosynchronous orbit. It transmits a signal which propagates to that
satellite along a first uplink path £, and produces interference with unknown signals
using the satellite. The unknown signal frequency is determined by spectrum analysis
equipment which routinely monitors the unknown channels of the satellite. A typical
communications satellite operating at Ku band (11 - 14 GHz) has 16 channels each 36
Mhz wide and each capable of carrying 100 communications signals. The transmitter
10 also has a radiative sidelobe (not shown) directed to a second satellite 16 in a
geosynchronous orbit, to which its signal propagates along a second uplink path (..
The superscript “u” to path references £," and £," denotes that thev originate at the

unknown transmitter 10.
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retransmts it along a first dowlink path [err] to a first Earth-based
ground station or receiver 18A directed at that satellite and |located in .
| srael . The second satellite 16 al so receives the unknown transmtter
signal and retransmts it along a second downlink path [err] to a second
Eart h- based receiver 18B |located in South America 21. Here the superscript
"m' denotes aWAPMIBH an Eart h-based receiver nonitoring a sREEGBPFR21IThe
Eart h- based receivers 18A and 18B will be referred to by the reference 18
to indicated either or both without differentiation, and as 18A or 18B as
appropriate when being specific. Asimlas convention will be adopted for
other elenments with suffixes A and B to be described |ater.  The total

si gnal propagTheé dinstpsaéllitecbdytreceives rthe (signel ffognithe spknown grapgmaitter 10 and

[orr] “and t heseniaih t Hong p AR deppip pef 46 RFh B Zenh sl Toind Sdgn 50°
equal to the suma'1shVirdkRAa it felhiBin®Rched [Tkl M sbdnd barellite1 e ence

transmtter at "a known geographical position in Africa 23 transnmts a
ref erence si greatives thagnkidwr tranghitterusigrial and rettangmitsni ajosgrg segaad dewplink o t he

first and second  satellites and 16 r ctively, here the superscript
"r" denotes tP”éhg?ﬁtg?i%?ﬁ’ﬁsﬁﬂﬁﬁ‘f?ée‘f@f‘ﬂwéﬁggq??aléer\as%%ﬂ‘@r[‘??“%{eLi?%? eeln(F:) e
transnitter 2 L,(%),% 'O t%goiegﬁ lfm&% Eh?ih%swﬁcéi%gmtsaﬁ' R BateMifta iR

associ ated w t sat Ites 14 and 16. The satelTites 14 and 16
retransmit thBartlebased receiversJ8Al andd 8Bhwll be cefewest to bygherefarenceH8 ta dndigaradk

paths [err] apd [err] res tahvel.y. ' o FLalne.: a
transnmitter If}@ﬁf Ié’f)hoé‘y‘g‘ﬁgpl’?‘?gffkef%klxﬁmﬁ\’fen :;g?léé‘s%gslﬁgwﬁa%pﬁ%g%%een% |c&f%rm and
i's indicated tal A ¥intildr GShvertion willlbedopted forothdr telemei3, withesufives deand
transmtter 22 and receivers 18 are indicated by antenna synbols. The

satel | ites 14Bambedescabed Iat8hi cated by rectangl es. The receivers 18A and 18B
are connected respectively to first and second acquisition systens 32A and

32B, each of which processes the unknown and reference_signals in separate
channel s to bEhe total signal propagation path length from the transmitter 10 to the first receiver

18A is equal to the sum of the lengths of the paths £," and £,", and that from the

transmitter 10 to the second receiver 18B is equal to the sum of the lengths of the

paths £;" and £,".

A reference transmitter 22 at a known geographical position in Affica 23 transmits a
reference signal along third and fourth uplink paths £," and £, to the first and second
satellites 14 and 16 respectively; here the superscript “r” denotes transmission from
the reference transmitter 22. The reference transmitter 22 is selected from those using
the communications channel associated with one of the satellites 14 and 16. The

satellites 14 and 16 retransmit the reference signal to the receivers 18 along the

downlink paths ¢,™ and £, respectively.

Referring now also to Figure 2, a transmitter location system of the invention is shown
in schematic form and is indicated generally by 30. The unknown transmitter 10,
reference transmitter 22 and receivers 18 are indicated by antenna sjfmbols. The
satellites 14 and 16 are indicated by rectangles. The receivers 18A and 18B are
connected respectively to first and second acquisition systems 32A and 32B, each of

which processes the unknown and reference signals in separate channels to be
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14 described in nore.detail later. The acquisition systens 32 are
.connected to a central control and processing conputer (not shown) at a

. renote processing site 34 by respective nodemdata |inks 36A and 36B. The
.circuitry of the satellites 14 and 16 is shown in Figure 3. Each conprises

'a container 5Gy@9yakch is nounted a receive (uplink) antennﬁﬁgé %qu 13
transmt (downlink) antenna 54. The receive antenna 52 is co PRI o

1 ow noise anplifier 56, which is in turn connected to a mxer 58 receiving
a local oscillator input froma frequencmt urnround oscillator 60. The
| ocal oscillator frequency is 1.5 GHz for both satellites 14 and 16. The

m xer 58 cons é@ﬂ | f : %ﬁl f ) t Qut
fromthe m xeg& Be{és{g‘ebggtg %gig&ﬁghd%%g&séagﬁi?@r a:’a;lda rtQ ﬁglr%‘é'gﬁe?eig at‘%héﬁ power
anplifier 64 cmppl gt processingrabmpwen (iod shbwn) Bhasmwimbten ptoeessingSsite 34 by
-Referring now also to Figure.. e Gl.Lguitry of each of the acquisition
systens 32 i STEEEHT &:‘Wg# agéfsallttslll. mégéﬁ acquisition systemconprises a

G obal Positioning System (GPS) receiver 100 with an antenna 102 linking it
to one or nore GPS satellites (not shown) for supply of timng signals. The

GPS consi sts Dte giryitpbel thersateliites |14 2ad 19¢isIshowal in Kigwsede Ench comprisshiach
such signal s : ' =" ' traol i .104

t oget hegrJ W t h%ﬁ‘f’%ﬁ?g %&ﬁj&%@%&é e{l?é&)éﬁé @P‘?"‘ﬁ?@’r‘ﬁgeﬁ@y“(‘%&%i gnal s
respecti vel y.(dowalink) aptgtnal $% The réceive antepnze$2:ris sonnected ud p Udve neire amplifisnect ed
:t0 a respecti hannel . of the acquisi.ti syst.em 32 to described | ater.
There o pCtu b aHROR f ot chiiaRe s bk 2LV ek forifect S rom a
_consequent | y frdyemyanrdual 'os6ilatened. S TRARRaIscilhtbe fedR¥cy RS G}Eiﬂ‘:{i Bath Nt

‘start tinme T at which signal sanpling is initiated. The timng an
frequency si gaigllisesakand B e dheymixer 158cconspguentlyeanrodyces a fasqueney dowsshifio very

‘simlar but no c ' RrelcTa R r iwel A and frA tB
.and frferr]. Pgﬁl ?‘g@ézﬂa%as‘% e ur(ri ngﬁm@}gﬂg b‘:a.gépgagsgﬁlgéer Gpragﬁsfﬁﬁrf&@ff o ﬁay be
| ocat ed so f powepamplifien 64 mepphumg asignabfeed inethearahdinit iraénnalsday have access to

‘differing parts of the GPS. In consequence, signals in the receiver 18A are
:not in phase coherence with signals in the receiver 18B, and it is an

~advant age of Refetring)iewtalsonotHigire 4} tHQRUIRY lof leBEHGF the REGISITHNGLRAS B2 |

. The control ipput, 104 of the GPS receiver 100 is connected to a | ocal host
conput er 105 Shown in more detail. Each acquisition system comprises a Global Positioning System
(GPS) receiver 100 with an antenna 102 linking it to one or more GPS satellites (not
shown) for supply of timing signals. The GPS consists of a number of satellites
deployed in space and from which such signals are available. The GPS receiver 100
has a control input 104 together with outputs 106 and 108 for timing (t) and frequency
(fr) signals respectively. The output 106 in fact represents two outputs each connected
to a respective channel of the acquisition system 32 to be described later. There are
two acquisition sysems 32 each with two channels, and consequently there are four
channels each of which may have a different start time T at which signal sampling is
initiated. The timing and frequency signals associated with the two receivers 18A and
18B are very similar but not necessarily identical, and are respectively t, and fi,, tg
and fry. This is because the unknown and reference transmitters may be located so far
apart on the surface of the Earth that they have access to differing parts of the GPS. In
consequence, signals in the receiver 18A are not in phase coherence with signals in the

receiver 18B, and it is an advantage of the invention that it does not require such

coherence.
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whi ch supplies control signals to it. The frequency signal fr is 5MHz. The
i . : : : :
‘unknown transmitter, as will be described in nore detail later. Like the
frequency signal fr, it is generated by the GPS receiver 100 fromsignals
It receives fromthe GPS. To comence the procedure of |ocating an unknown
transmtter, MWRY8IMuter 105 sends an instruction to the coﬁ?gﬁpﬁmb‘dt 104
indicating a start time; when the GPS indicates that this time has occurred
the GPS receiver 100 initiates generatiog15 of the timng signal as a series
of pulses in which adjacent pul ses have constant tinme difference At. The

timng intervgl At is. t a a . ' ¢! T ut er
105 obtains t CPPYYBIS'BP‘Q:?@ ‘gﬁg%g'rggg%'p‘{egqﬁgég%ﬁ?%@rﬁe@pmolﬁég%ogt ‘?ﬁg}% ﬁprjn ng
signal. from tl@sﬁvﬁi&ﬁﬂp%:ﬁes cofiebEsigralsits itt [Ehesteguency isignaldfinis $MHz. Thetimmgpl e
nunber . Qut put signals fromthe [eceiver lgog?ss.to a |l.ow noi se anplifier

110 and t hencignekt epnifolecsignah samplipg inthe progedure of lqcgting ar,unknppvn transmittst, ¢
signal from ' Ol i t L SsisraNR Ei¢ {sSstnarated B9 t O
the GPS receiaagé’&f%%ﬁ%d%?n a%gafﬁlsﬁﬁ'aye@ltgécke t‘E)ysstl%gpf’reqstejéeégcytf?a.§

Qut pyt si gnalthe GRS réckiverni 0@ froti Rigpals st teoeivesofromathe GRS. 1 nUcommenceotkes or

t he unknown and reference signals respectjvely. These . . |1 ke
conponent s Mﬂ’%??d%eepfﬁ?%ﬂn$ @'? é‘?‘{gf?msm{e§ﬁ¥ F%g‘ﬁ% %@%ﬂ{%%hﬁ ngﬁcgltoé t he
rel evant chanpehe éMﬁ&Bupmqndimemﬁhs; hen tHeaGPS Oriitaces et shivtie be
referred to wthout the U or Rsufrix to indicate either or both w thout

di ff erent i at ihes pcoumed the GPS mecejver dQMinitiatesgensratigneaf thediming sienad apa seirscific.

I n each channel 120, si | & o] ‘1M . n .
o ex ool ect f o pulseS in, Wit Hfackl el Falll § Fond B Bifefinte Wk DOHetiming
osci |l ator i RpgivaPACedke sainedat bbRrecsiveys PEA aRB18B Milie tompateni iSsebitdihather 126.

The oscillator 126 is connected at 128 to the out pu'ggh_’i 8 of the @S
recei ver, andimesofamysignal sample takendm eesponise i the timings) oy to +pAL VRKFR e

frequency a“%ﬁ%g@%ﬂw?ﬂﬁi{){iﬁs%@emﬁ&t filter 122 and the frequency of
una

the oscill ator are € under control of the local host conputer
105. The m xer output signals pass to a post-select filter 130 having a
fixed centre

16 tunabl e élhg‘%ys?ﬁr‘l‘% Lf??gtheaﬁﬁiY%llsd’Fssttﬂé“ loynojse;pmpifier 110 and thenies 19 Rence

to a vari abl gng@i 1Y 22Rich fre@ived 3ocdl logeilatby @Puti siprial fromQis! gudiliagor JN4l Theass to
an anal ogue to digi fal_ converter (ADC) 134. The ADC 134 is _a high speed,
hi gh st abi | i togcill@on] 14 igconnested at 1 Hute the GPSiragpiven putput 1P, apdisdbagedotksdt he

GPS receiver .9 %eoﬁ’équ%r?c@’ﬁ',f\{'ﬁéﬂ W1 5051 Gt ©BRIpLE SighdlefrbinThd fhixer 112 pass to
two channels 120U and 120R for the unknown and reference signals respectively.
These channels have like components which are like referenced with suffixes U or R to
indicate the relevant channel in each case. The channels and their components will be
referred to without the U or R suffix to indicate either or both without differentiation,

and with the relevant suffix when required to be specific.

In each channel 120, signals from the mixer 112 pass to a tunable pre-select filter 122
and thence to a mixer 124, which receives a loca! oscillator input signal at a frequency
of 698.6 MHz from an oscillator 126. The oscillator 126 is connected at 128 to the
output 108 of the GPS receiver, and is phase locked to the latter’s frequency fr. The
centre frequency and bandwidth of the pre-select filter 122 and the frequency of the
oscillator 126 are tunable “nder control of the local host computer 105. The mixer

output signals pass to a post-select filter 130 having a fixed centre frequency and
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signal t. On receipt of each pulse of the timng signal, the ADC 134
produces a digitised sanple of the output signal fromthe variable gain
anplifier 132. The signal sanpling rate is a mninumof tw ce the bandw dth
of the output signal and under control of the |ocal host conputer. The ADC

134 is conneGkg@rafRgi nenory 137. The nenories 136U and 13@3@9??529@]
unknown and reference channels 120U and 120R respectively are bot

connected to the | ocal host conputer 105, which is in turn connected to an
archive store 140, to the data |link 36 aggaforesaid, to the GPS receiver
control input 104 by a connection 142, and to the GPS r.eceiver output 106
by a connect i gRathé fandwiltbf\@ided Eshtiobvf thedocal hosticgimpeteb antienidfosa drisblee
renote processing site 34 are showy in nore detail. The site 34

i ncor por at es gain amplifigr 13nfiem whishi in ruse ¥R §ispfpRtsap ansmaloghn & dighal; o
data | inks 36&%&3@&&\3&%@%&%@&'iy@giﬁ%g}feggﬁn{%mm,%@aaﬁce.lfxéhﬁ o a

conmuni cati ng w system The c 0 1s al so connecte
DSP unit 156 atihirgninputcl3icwensdctedetotb8 GPS rétaiver ontputyil 04, dron ehichiivreceiysst em 30

operates as follows. The unkpown transm.tter 10 transmt.s i
plroodyci ng i nt B {HEMIRR SIE0G) f'h@‘l [eaipt, of fach B@ﬁ%ﬁgit@af’mss'%‘ﬁznﬁ&gﬁg# e
first satellij@ddds aldigitissakaanipre &itﬁé\ahtrflt_r QEn4E Froth the vaIRbRY gain BslpliBRer IBLCt rum

anal ysi s equi pment nonitoring the satellite comunications channels. The
unknown si gnaFheptignshspmpliog raje ispeminimoem of twise the bandwidth of\theeputpiitsigngl and

f requency dovmgi Eoritfbi Y tHe @gg@rﬁg&f@%ww&u@s@ﬁg ckﬁegggstg"a%?xﬂo 0 the
I't

first and second recelvers respecti rence signal is
t hen sel ectedl3y human intervention. is any signal which is present in a
comuni cati ons channel of the first satellite 14, which originates at a
transmtter having a sidelobe directed at the second satellite 16,

17 and whi chTiy RéRbridl 1860d 3 36R M 1he unkiwilind réfefeficd dhahnel 1200Lard RORWN

signal as determined fromnonitoring the satellite 14 downlink. It has a
frequency di fregneptively aenbethagongected o the lasainhast samputenif1P5.c whish |iy in gumnabl e

éhese si gnal scom?&ﬁ]ﬁea%’a?éﬁ\?eds&r@tlgo %flﬂee({a?ﬂink Wrisaf tGthe!d aver
ownconver si on a e mxer 112, By way of exanple, a typical unknown
signal is traoatrol inpdt W4 byca camectionf 142qaeday thé GPS. feo&vés-tutputdi Gsobpri ses a

128 kb/ s dat aco%gc%%l].mlhl s signal is downshifted in frequency to 12.505

Referring now also to Figure 5, elements of the remote processing site 34 are shown
in more detail. The site 34 incorporates a central control and processing computer 150
connected to data links 36 and to a third GPS receiver 152 having an antenna 154
communicating with the GPS system. The computer 150 is also connected to a DSP

unit 156 and an archive store 158.

The transmitter location system 30 operates as follows. The unknown transmitter 10
transmits a signal producing interference with signals in a communications channel of
the first satellite 14. The unknown signal frequency is determined by spectrum analysis
equipment monitoring the satellite communications channels. The unknown signal
propagates to the satellites 14 and 16, where it is frequency downshifted by 1.5 GHz
by the mixers 58 and retransmitted to the first and second receivers 18A and 18B
respectively. A reference signal is then selected by human intervention. It is any
unknown signal which is present in a communications channel of the first satellite 14,

which originates at a transmitter having a sidelobe directed at the second satellite 16,
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GHz by the satellite turnround oscillator 60. An adjacent signal is
selected as _a re b | | e

such as a 256 kb/s data signal identified in the channel some 10 MHz hi gher
in frequency than the unknown signal. Such a reference signal would have a
frequency of 12.515 G# corresponding to a transmtter frequency of 14.015
GHz. The refer Q¥M3IBnal is relayed by the satellites 14 andPABGB02211
respective receivers 18. The signal-to-noise ratio at the first satellite
14, which is the target satellite for the main | obe of the unknown
transnitter 10, is Ilkely to be significantly greater than unity, and has
typi cal values of 5 t However secand satellite 1 is li.kely to
be associated wigf %ﬁ“g‘héﬂ' enpblyi Ba§ %%He‘iaﬁ)"@ﬂbﬁ%ﬂf‘% f‘ng?es]é PS8R Ause
it only recei vegietepine®\Bim Siciitafisg fheCitellie 12 dowdiihiobat Bis & HRquesy Wiffering
transmtter 10. Such |low signal |evels are not detectable b&aconventlonal

nmeans, and it i ﬁmﬁ@b@@M opacsignaksufficiantly. ¢ enaplethess signals i be separgted anto
d bed | k
escribed | ater.ge At %{I fg%huﬁcd} B&gﬂ&?ﬁér 6h St Yfe nlikle Hg. P;ﬁgfglwﬁ'?%f

reference S|gnals are anp |f| M xed at 112 Wt
oscil] ator freqmmpleod tybicaB 0bkr@vin sigtiab is warshittegicwith atasntré ft@qunanyyaf'lé 006ned

by the respective |o hast ters so th the dif vveen each
01}/ t hem ang t he |@§£ﬂwpﬂfﬁ§ﬁow ‘rh’é‘f é‘ﬁ%‘ﬂcgﬁ‘f % $
predet erm ned i ﬁb@o%?&'%é $aRAIIE Benvirduhi bsciiatgr¥D. l\kiiad,&dem ﬁghal i sbié@zelf‘a&‘@r s

112 then converts the unknown and reference signals to |F stgnals which
pass to respect ireferepeecby sloaiering the satsllite M)dewnlinkospretramesugh @s 8a356ckb/s dataer s

122 have bandw dth Luna 0 S F

initial set of. sFﬁ?‘nafi ?d m% rﬁg’?& O‘LCEEM‘Z ﬁ’g%er 83%7% Tg_[ "T{E%Ql
tuned to have asigaﬂslmanla&&tme@lslgmE\#maldmvaamqae@paﬂ‘mmst}mcbﬁbmu&ng
channel post-select filte 30U set . .

18 bandwi dt h of® BHEBMHEUHE ﬁﬁ?@?‘?‘@o"f}{;&% Ghg | Fhecrefeirnssi $878! isctelpyed by ther s

in measuring ti gRellids 19 and POt fespdeBiEretil@s 1€ rors becone nore inportant,
and this sets the 4MHz Iimt. The reference filter 122R is tuned to have a

passband centred on the reference signal |IF. The unknown and reference

channel filter Sﬁxﬁ%: 218 terﬂqggg%rﬂs:f LavdliteaY w?@éhelgttﬁe\/{agget %Qz@ﬁffeo?drgghf he

for the unknown'C nel reject-the refere
r ef erence channeairflobd dfthdﬁﬂaolwn traapmmbr l(hes likelyntovise significantly gfkéatexrthan unity,

124 to 2 ower M BRRREA 2R BESaRdsatL Mo 15 st MADS 1675 PR 1bEI

oscillators 126associated with signals havmg a very low signal-to-noise ratio, because it only receives

low power signals from the a sidelobe of the unknown transmitter 10. Such low signal
levels are not detectable by conventional means, and it is necessary to use a signal

correlation technique to be described later.

After reception at the receivers 18, the unknown and reference signals are amplified at
110 and mixed at 112 with a local oscillator frequency of 11.805 Ghz. The local
oscillator frequency is tuned by the respective local host computers so that the
difference between each of them and the relevant unknown or reference frequency is
close to a predetermined intermediate frequency (IF) of 700 Mhz. Mixing in the
mixers 112 then converts the unknown and reference signals to IF signals which pass
to respective pre-select filters 122U and 122R. The pre-select filters 122 have
bandwidths tunable by means of the local host computer. For an initial set of signal
data, the unknown channel pre-select filter 122U is tuned to have a passband centred
on the unknown signal IF. The unknown channel post-select filter 130 sets the
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are accurately phase |ocked to the GPS signal so that the phase and
frequency of the unknown signal relative to the reference signal is

. preserved in the respective acquisition system 32. These frequencies are
. set under control of the | ocal host computer 105, so that a fixed LIF

passes to t hewRpshisgs! ect filters 130, where the signals arq,a:,kﬁb@ tly
filtered once m)rélfsg define the final filtered bandw dth, whic ?}g’é‘? or

t he unknown signal can be up to 4 MHz. After this the LIF signals are
adjusted in anplitude by setting the gain &f the anplifiers 132
appropriately in order to utilise the full dynam c range of the ADCs 134 (8

bitS). S gnabuagih B oY ddiieiNRed Yok 141 B o] ALAS o

central conputer 150 indicates a start tine to each o
conput ers 105, measuringtimeayp fota paintrwhepe othenveragPbecomeaiore irspdrtimt, aid ehis sdie GPS

I ndi cates that th t. tige has oeeur .. €ac S receiver 100.inifiates
the tining sigtBi N Renir, | 15 ’c?geé?’ﬁcsﬁﬁ?{ffzﬁ#és f“é’FQF%E asﬂ”@#‘?&i“{ pentred oRithe ¢ he
propagati on dekgfyrendedsigna® IE WThe dinRhdvirt Endoifddénck TharmeCiltedd 992 ek %ﬂ@oands
acquisition start time offset. between sites to take account of the

di fferent propaBhffeeieneitelapyvityanpropsiate fonthe anknoynechasnebfilterd 23Uttp méjery the
accuracy of 0. PQ&eE&CQ%ﬂi aflf thPRerdich chgndr fuld? 925k To NGl @Q%kho&r?@%‘nsl.t s of
atrain of timng pul Ses at successlve constant sampling tine I ntervas
[err]t of 1.95Afiebfiltering] theainkidven gndl reference FF sigmaisrand ddwncpheested|in albsdls 123 t he

GPS frequenc r..and.thereforg al so t he, f equenci es,. of the | ocal
osci | | a'? ors ilif’ 4 lpy q%eﬁ"ﬁ%faﬁ%ﬁf@le@‘fya@ )aCSB? é?‘i"leﬂﬂess?fsq‘%iﬂcgg‘?scﬁém M8 134
produces a di ghferdcasra@Rophaséiiekad @f thé P PYthe! th@%_@{e%a%ealé lof the

(according to channel) in response to each timng signal. ac menory
136 tenporari pymogv[no signal; felative to the reference signal is preserved in the respective

19 respective,di gi-al 34 I ther.w t S@Ch at tart
time. Each | ocg%u%gtﬁ'%u%ygiregg%g' Zﬁgggequ utﬁ{?% l‘rﬁgaﬁgu%g?r &ﬁ'g%gé’t?athgol%# ﬁ’gfglng
the respecti vecompyitrei0xarsg thataa tfixed MEF phsses hp thenppst-selevt tiiltersni3m) rwiese {6 U

and 136R assocj. dwth it and stores themin, .ts arghive store 14 In
an i ndi vi dual %]g'ﬁazs} ﬁfen%{?’ls%%’eﬁ y gher ﬁm&w&f? A0 dsfing the gm’f!)ofﬁﬁef‘?do{’ﬁ"d&"‘gbt al
of 16. 384x10[ ewhichsanbt dee witkaowa lkighal kyin 68GP t64 Mhe Ager thlhe LIB4idAal RA,
134UB and 134RB,.befpore the ti?ri n 1(ggi gn:':l_l igtdi scanti nuetd. _The ti rr;&%ﬁat
any digital sitHustedsinamplitude bva%gvswg gapof theAmnplifiers 4 42 appropriately inrdewtor o i s

the start timeympg e fulf djrbnie AmBE SF e KBRYs 133N @MRsyTBY be up to four
different start tinmes as has ﬁée{gn sai d, gne Bgr SDC 134 and gi ven by

tferr], tlerr], tlerr] and t[err] where tinme is defined relative to

uni versal coor ghﬂﬁtsgﬂpﬁdgn@y £hléT&Cs /I\H ﬁrim%imlais '%gllo'vi':'s Cﬂ)@(':e%rgl’ cgntlp%ter 150
indicates a start time to each of the local host computers 105, which relay it to
respective GPS receivers 100.  When the GPS indicates that the sfart time has
occurred, each GPS receiver 100 initiates the timing signal t. As the location of the
reference signal is known, the propagation dplay via the two satellite paths is
calculated and the acquisition start time offset between sites to take account of the
different propagation delays. Acquisition is implemented to a timing accuracy of 0.001
second. As has been said, the timing signal t consists of a train of timing pulses at
successive constant sampling time intervals At of 1.953125 psec. The pulses are
accurately phase locked to the GPS frequency fr, and therefore also to the frequencies
of the local oscillators 114 and 126 in the relevant acquisition system 32. Each ADC
134 produces a digital signal sample of the unknown or reference signal (according to

channel) in response to each timing signal. Each memory 136 temporarily stores the
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archive stores 140A and 140B (associ ated respectively with the first and
.second receivers 18A and 18B) each contain sanples and start tines for hoth
‘the unknown and reference transmitters 10 and 22. Mreover, at each
"individual receiver 18A or 18B, the unknown and reference signals are
.downconverted and sanpl ed coherently because the m xers 112 and 124 and the
ADCs 134 enpl oYOI9%@E83 osci | | ator and tining signals phase | odIEEREIANL GPS
|frequency and tinme signal fr and t. However, fr, t and to may not be
exactly the sane at receiver 18A as they are recei ver 18B, because
‘receiving sites may be located so far apart!®n the surface of the Earth

‘that they have access onléj iffering parts of the GPS. Storage, of the
‘digital signal &SReAtiNg dig samples together vyt the @psogiatedstark §me4 drachdercal 408

~enabl es the '00@&’;‘951 g§mséaak§t%ﬂ mgi s:mstarcohsngﬁ%ﬁﬁtrag &t safl glets'aed

sanpl ed data at Itrary t m ght eni e The digital
si gnal sanpl es atag umanﬁfsa'nplmg froro the mentomes déﬁélanérBéRtasspclamct weh gentandl

.control and proce55| co uter 150 a44tr¢ 0,.t he. nks.3§A and 36% for
di gital processfiEs §f° Voot eEs o ?'T"é‘l? 'Bﬁt Yrfgown
processi ng conpafimittér's @osi?tiﬁilVQrtbtdl Y J 1@3314& R° sﬁﬁhﬁ]&k aﬁe fakenbf Iex@plof el folir
precision nunbers to floating point nunbers. This reduces degradation in

signal quality aRfsr134Ussd 139 candsli34BB befure thedistog smmcngmyp@r ation

carried out by the processing conputer 150 upon the digital signal sanples

IS to convert them 20
fromreal to coWhe eimeflthatnny dipital simvmfors takenl io ybrainitde Holnbg AtjAf rveiesd flisn
technique. To illustrate this, consider_ a purely real sine wave, which has

a zero phase anthestar\timegnd jjisihe SP'&BEWWB?\'S fﬁﬁéﬂ may| Qs uRde fawdiffereth tark et st
- PhASe COMPONEYag HoltPsal, Me YB ADEPARA fenctyShl Aol il k0BG Blne'd

the in-phase axis. In a three-dinensi onal pl ot ere the axes are

quadrature and ﬂqﬁnpﬁasd@wedﬁwowem@oammmne {WECki A@ewmh@g)ps:aml% the
Si ne wave in thﬁ'ﬂﬁ:{/g‘ﬁ s RBGE Sl Oﬁﬁssc% ecF?é echUé] "\ e %&mge{}gmgi

position. After ransforma | e si n I'S converte
rotati ng phasorrecéivers 18Arand- 1 88)reacts comah spinples wnd ktaaxmesdbr bothcdhe utkdvwand

i n- phase conponents_and tineg, the ear uI ar heli
axi al ly parall e?“gtr(‘}f%ettfal’?é‘mét)?fss ‘ﬁgé' ﬁgg“"ﬂﬁa%f’a dg iy P‘H ’G?Fé‘fﬁdéﬁ‘r%r and
i n-phase CONPONEYE, She uhkdowndHORAdréndk Qfgnhidate Hbwik@hveriet anafs8mpPRYE i cBRerently

converts a signal fromreal to conplex form The processing operations to

be carried out bepauspshemixeesskli2ragd d@ﬂpml the ABQs \p4 emplpy dncpl oscillator and timing

signals phase locked to the GPS frequency and time signal fr and t. However, fr, t and
to may not be exactly the same at receiver 18A as they are receiver 18B, because
receiving sites may be located so far apart on the surface of the Earth that they have

access only to differing parts of the GPS.

Storage of the digital signal samples and their timing in the archive stores 140A and
140B enables the location of the unknown transmitter to be obtained from the sampled
data at any arbitrary time which might be convenient. The digital signal samples are
transferred from the two receiver sites to the central control and processing computer
150 along the data links 36A and 36B for digital processing. The first processing
operation carried out by the processing computer is to convert the digital samples from
fixed (8bit) precision numbers to floating point numbers. This reduces degradation in
signal quality under subsequent processing. The second processing operation carried

out by the processing computer 150 upon the digital signal samples is to convert them
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be described in outline, and subsequently a mathematical treatnent will be
gi ven. The processing conputer 150 carries out Cross Ambiguity Function

(CAF) processing of the signals fromthe unknown and reference transmtters
to determine the Differential Time Ofset (DTO and Differential Frequency

O fset (DFO Qr) ¥Rt hese signals. The. DTO and DFO are de“l*ler‘lf 22
follows:- DTO the differential time offset, or the tine delay lfb?weéln

receipt of two replicas of an originally identical signal after reception
via different routes. DFO the dlfferentl% frequency offset, or the
rel ative frequency shift between two replicas of an origi naIIy | dent i cal

A ﬁg&@%ﬂqﬁ ﬂfgwﬁnerﬂﬁgﬁg%%mg\og{l vel? Eu-e rg'geren?“'ve

DFO t he position nown transmtter
transmitter cafiollustiatecthis gorbiden agpurely dreal csinewivave, twhichi hnsemizeronphase anglé.he

theoretical di cus i.on.th f ol ression. ignals" is to be
construed as i aﬁ‘df’ta"i'f‘e'ﬁs1°a%m%‘ qhﬂﬂ@&fer ﬁﬂ’?ﬁ@'ﬂ%@a‘fmf'ﬂ?g?m tesineer s
105A-and 105B ﬁﬁiﬁppea@wi gtright life paralid to e RRpHkke HH6Y. rrhaﬁﬁrebﬁdhbéfsfonal plot
transformation in the processing conmputer 150. The next

processi ng opeWhere ghe taae-"oérecwqdra@aecmé Whﬁﬁecwmef?m% tv@mhn gine gLy sI to
erform Cross ence. signa
'Ito o determ ne tﬁ%pﬁgk (ﬁf éé%g‘?és@%%ke?-\?\een gqrgé ezrexépng%gdgtg{la‘fqmsp o
replicas obt ai positioni AfteeHilbert 'tmnsfmmbn(dmsuie&#ab ugrisicohﬁa'tmd aagtuﬁrsxg ghaseﬂ
systems 32A a SSi escri be '.n aper t ei n
titled "Al gor Pﬂ‘l‘ﬁw‘é"?ﬁﬂﬁ&"@& a?m‘ff Pg‘ﬂ'?ﬁﬁpﬁﬁ q%EEE é’i‘%ﬂ!sda't‘,‘f‘? »0NS
ASSP-29 No 3, thePRaséPfppears ad hexranﬂaﬁmammtﬁaﬁmenfta metmﬂ@ k. SiGe the phasor
A([err],[err]) is defined by the follow ng equation: A(lerr], [err])

=[err] wherhasshath quadraiure] and Jin-phase { compenents giteiss ieenstrated [ thay [Hilbert
represents thegoRRheon" @Rt Sl frovh 4 1o cdefifidd form.

The processing operations to be carried out by the processing computer 150 will firstly
be described in outline, and subsequently a mathematical treatment will be given. The
processing computer 150 carries out Cross Ambiguity Function (CAF) processing of
the signals from the unknown and reference transmitters to determine the Differential
Time Offset (DTO) and Differential Frequency Offset (DFO) between these signals.
The DTO and DFO are defined as follows:-

DTO: the differential time offset, or the time delay between receipt of two replicas of
an originally identical signal after reception via different routes.

DFO: the differential frequency offset, or the relative frequency shift between two

replicas of an originally identical signal after reception via different routes.

From the DTO and relative DFO the position of the unknown transmitter relative to

the reference transmitter can be determined in accordance with the invention.

In the theoretical discussion that follows, the expression “signals” is to be construed as
meaning digital signal samples from the local host computers 105A and 105B after
conversion to floating point form and Hilbert transformation in the processing

computer 150.
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and [err] are respectively time and frequency offsets applied to s[err]
relative to s[err]. Fguation (1) represents a correlation plus fregquency
shift operation. A([err], [err]) is generally of conplex formie possessing
bot h i n-phase and quadrature conponents. The nodul us of A([err], [err]) is
a maxi mum when s[err](t) is identical to s[err](t + [err])e[err%;. n .the
‘case where s[ WQYV/HA® s[err] are replicas of the sane signal POT/GBpS/02211
propagation froma common source, and during propagation one of these
signal s has becone tine delayed and frequency shifted relative to the
other, the nodulus of A([err], [err]) is aZhaxi rum when the applied offsets
[err] and [err] exactly counteract the tine, del ay,and frequency. shift
arising in the Theuestpioressing pRemtionip ba-eamied @'ﬁeﬂ’éh‘? 8’59@?5\?’@8 R?P‘gxﬁeé:?gé/s to
satellites, ting : i r : tHel ARG BRSsipell ween
si gnal paths af&%%ﬁ’%%@?‘g ?g%{%?Pl{%Asﬂ grs?g&\/\%‘lr‘?()%fgmgi_fferencegﬁ?_n
satel lite turnrdetemiinesthiel DEOoaml coarseh BFEY bewnvset the ceferpuncesignabe twepreplieast s a
di gi tal equival ent. of .Equati.on (1) i) I PO i rst
i nstance it appotaiRedVig nggfé?%'?%ﬁsxriggu@%c%%gﬂ%#l? Q&E%ﬁi 3% e?’r}edtr]%r%e
signal replica CAEQrotRssing B debaibed emapapercyi & Steir SBled 2Algbirithestfor timbiguity
received via the first receiver . For, ea ' fre y offset [err]
t he processing E!’@ﬁ?ﬂnsé’rm%%“&p-@ééf’aasqcﬁ?ﬂfe&gl}'é%ﬁjﬁésE‘Hgligpfre of fset [err]
and evaluates |A([err],[err])| digitally. It searches the results of this
procedure for an identifiable maxi mumvalue of |A([err], [err])|, and the
-val ues The cross ambiguity function or CAF A(x, v) is defined by the folpwvingéquptien:] and
‘[err] to which this nmaxi_nmum corresponds are respectively equal to the DTO
~and DFO between the tworfepJ i cas of the,.{,,g,fér ence signal received by the

receivers 18A ad{718B= Thes\(d) de(bot DO obtdl ned by this procedgte has
acceptabl e accuracy for-#he purposes of the invention whereas that of DFO
is a tenporary approximation and is referred to as "coarse DFO'.
Represented graphically, the correlation between the signals s[err] and
s[err] as a fungtl Y @FYtwdtanhloffe Sdaiels,t RlphdseX MeSoniplbxdonfiisieo¥lsp
values is a se%gg%fa%gp??g@s& ove?’oggﬁ‘ e%v%i?sséretpé 1 e of fsets, ere the
'size of each spidnd uapreeetinely fitheardicigeenayfofisets apiliad tos. relativectosi., Eqbmation
required tinme of fset which nmaxi m ses the degrege of correlation general |y
lies between t W& EPEEERY 3 F?I‘Eé%ﬂq“sé’t'§%’e‘l*6enﬁgt&?§n?wéatl°t‘fe Bqbi Pege"FT*!% of
of fset, the thraglagasie fkdsihg bbMNA-phis dndlq@Rdranee corpunems! Mhe GruduRisi S
‘fitted to the Icgggre?tfﬁm; eo thei$l magnip?ude.s I[?Iﬁotted _Iﬁ?.?function of
[err]. The int efpdgt,aidsla maxinumi fvben si(thisddenticalte szfohaie™t 0 - tIndhpeask where he

bol a indi ' h i f i | at i :
i red i me. g Sored ARt Rk 1 S PAG AfesBhbH b o BfHof Sol b8 and

during propagation one of these signals has become time delayed and frequency shifted

relative to the other, the modulus of A(t, v) is a maximum when the applied offsets t
and v exactly counteract the time delay and frequency shift arising in the course of
propagation. For signals received via relay satellites, time delay and frequency shift
are due to differences between signal paths and motion of relay satellites, as well as

differences in satellite turnround oscillators.

The processing computer 150 implements a digital equivalent of Equation (1) as will
be described later. In the first instance it applies a series of trial frequency shifts to
that reference signal replica received via the second receiver 18B relative to that
received via the first receiver 18A. For each trial frequency offset v the processing
computer 150 applies a range of values of time offset T and evaluates JA(T, V)|

digitally. It searches the results of this procedure for an identifiable maximum value of
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In the next stage of processing, the conputer 150 enpl oys the unknown
signal replicas received via the first and second receivers 18A and 18B. It
applies a frequency offset equal to the reference coarse DFO to the unknown
 signal replica received via the second receiver 18B relative to that

' received via ket receiver 18A. The reason for this is @59%
reference andwaw;ﬂ({l]%)ﬁvmﬁ DFCs will be simlar because a mjor ggﬁtrl Ibl}?}lon to
frequency shift arises fromdifferences in satellite turnround oscillators
and fromnotion of one satellite relative o the other, and the frequency
shift fromthis is simlar for both unknown and reference signals. In this
connection, th Ug,h|r o | r | trrﬁsqxﬁ'nfn? |

typically | km?\(&hggbagﬁ?ﬁgé&ggbﬁk?aﬁ%Qﬁgdm%g%ﬁg{i relati \?/:gﬂ%%pggés Q%
reference si gnagspéctively giqualltoythe EXEO ahdPFO bbtwebss thectwiohreplicels rofvthe séfepende

replicas, the pr Si o) r 150, % he peats i he processi ng.
procedure prevgg%gﬁ%eﬂ'gg&’%'f%?%%v Se &a ‘Péﬁ@u eﬁ'@p “Eé’é'%@b%%%lsl{ysgﬁf

t hi s -pr ocedur epfycedire fad fepidile abeirsey Foi the Paeddied ¥F08 iveRtidnMhérea thedsy Of

t he unknown si |, recei ved bﬁr@the Jecejvers 18A and 18B. In this case the

unknown coarse R Lemparary SpRroyimatipn and ig referred o a ceaarse REO

23 coarse DFO The absolute val ue of the unknown coarse DFO is then
determ ned by adding its relative value to the reference coarse DFO At
thi s poi nt a nRepresentedigraphicaliythe cerralationibstvacn shegsigrialschaiand s.sascbfuactiondofas
previously descri.beqd, exgept that all reference and unknown,signals are
filtered at 1227HE c[inffa?ﬁ tb?‘r?m%ﬂ? CTotg yapes 1s ?Pﬁ%e?ﬁ,:m iles FQVer @ fawe
appl i ed as det gigdrbteeithel dffaBis! Where 8a i dPlebelf PikelrBSredtRis IRV e?toff RHELAREC
signals, and the start tinmes_are adjusted s%‘_tehrg'?et he four  ADCs %EFJA,'
134RA, 134UB aHawessrike Frguired)time offsqt whish-maximisesctbe degree of corfelatioh genefallyr |
and t[err]. Wale™ 1 ' S l,ocal »~host

conput ers 105&1%2’8%’8@%?39%%%?%# gtfs'f gg’tde%g%l?ﬁ{eor eé‘ﬂgdé?%eo(# te§h\FatHf§ of
t he unknown silgrgest cooalatiensDF©takentahe afpamtolinayvets fitled td deslogaithmé bAtheir
126UB i n the unknown ctiannel 120UB a{) t{f_e second receiver site 18B. This
of fset is rel JPrEgRBULSS Rﬁ‘éedf?seﬁ Hew, o'oF- .%’WW?‘eQ)EE‘FIq@?tQ‘Vm&fQBQMSPW@he
unknown channel e2dR o¥tnd pifatiold blicktfig the FointSdfintaxirifn cotrdihddarit Vaked? s m}f set
equal to the reference coarse DFOis applied to the frequency of the [ocal
osci | | at or 126REpired timeeoffset andchesee thp taguised PTORB at t he second recei ver
site. Here again the offset is relative

Dy

In the next stage of processing, the computer 150 employs the unknown signal
replicas received via the first and second receivers 18A and 18B. It applies a
frequency offset equal to the reference coarse DFO to the unknown signal replica
received via the second receiver 18B relative to that received via the first receiver 18A.
The reason for this is that the reference and unknown DFOs will be similar because a
major contribution to frequency shift arises from differences in satellite turnround
oscillators and from motion of one satellite relative to the other, and the frequency
shift from this is similar for both unknown and reference signals. In this connection,
the turnround oscillators on adjacent satellites differ by typically 1kHz, whereas the
DFO of an unknown signal relative to a reference signal is typically less than 1 Hz.
Using the unknown signal replicas, the processing computer 150 then repeats the CAF
processing procedure previously used for reference signal replicas. The results of this
procedure provide the DTO and coarse DFO between the two replicas of the unknown
signal received by the receivers 18A and 18B. In this case the unknown coarse DFO is
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to the frequency of the local oscillator 126RA in the reference channel
120RA at the first receiver site, The objective of this procedure is 1o
correct for frequency offsets introduced by the notion of the satellites 14
and 16. The unknown channel post-select filters 130UA and 130UB are retuned
to a bandw dth of 100 kHz by the |ocal host conputers 105A and 105B
respectively iWO9HHP®Nse to instructions fromthe processi ngPEUﬁBaﬁ"EF"wo.

The rel ationship between the start tinmes is as foll ows: - tferr] - t[err]
= unknown signal DTO (uplink + downlink); (2a) t[err] - tlerr] =
reference signal DTO (uplink + downlink) 23 (2b)

24 Equati 2 d (2b h that th (S I ntrod ff.set
cqual T espect | VisgTiTSdrHe RrBSFFEP FORSE DG TR B LI TAHRE B BREFBro
each of whi ch aLi,sg FGT fhehCHRkel W kiR AlardBJallews | the fefbioanabosbsat is.

Si gnal s recei ved he satellites 14 a 16 undergo frequency
downconversi on BRO. di gital signal sanpling to provide the new set of

ref erence and unknown signal data as previously described subject to the
stated time and frequency offsets. The digital signals so produced undergo

CAF processi ng Afuhishift Qe &k of Rlferérite GRd aiidiowvnssighaldan it dbedinedass poevidusly
val ue of the DFO of the unknown signal relative to the _reference si@g&al .
9[5 p 3IEECY| Dby

This val ue and dda@’ib&d(ﬁxcmwt@ﬂtf%fﬂﬁé‘if @Qr“ﬂ‘-%‘?w’hﬁi%“a_éﬁﬁé% erethay :
the computer 150%}??@%% tlo@weﬁg de%ﬁ'es%{(s%é abflied! &! dbrdrifhell Fdn? e Ebarse

quantities: the erentral slan DSR), the differential slant
range rate (DSRBFOdforithehmkpewn andreférense signals.annd DRRF timed awscdiusted-sp3patand

d- DSRR respectiyely. b Rpe f.al,l - - i f ce in
ength of tno. it i AR 3AA, ISERAT Rl ot S4B, bR iref el MREFRES
the overal | chaggetidunBeRs0ver a period of tinme; DSRR the rate of change

of DSRwith tine; d-DDSR the overall change in DDSR over a period of tine;
Fromthe quantities DSR, d-DSR, DSRR and d-DDSR, the position of the

unknown The processing computer 150 instructs the local host computers 105A and 105B to
apply an offset equal to the absolute value of the unknown signal coarse DFO to the
frequency of the local. oscillator 126UB in the unknown channel 120UB at the second
receiver site 18B. This offset is relative to the frequency of the local oscillator 126UA
in the unknown channel 120UA at the first receiver site 18A. Similarly, an offset equal
to the reference coarse DFO is applied to the frequency of the local oscillator 126RB
in the reference channel 120RB at the second receiver site. Here again the offset is
relative to the frequency of the local oscillator 126RA in the reference channel 120RA
at the first receiver site. The objective of this procedure is to correct for frequency
offsets introduced by the motion of the satellites 14 and 16. The unknown channel
post-select filters 130UA and 130UB are retuned to a bandwidth of 100 kHz by the
local host computers 105A and 105B respectivel} in response to instructions from the

processing computer 150.
The relationship between the start times is as follows:-

tous - toua = unknown signal DTO (uplink + downlink), (2a)
tore - tora = reference signal DTO (uplink + downlink) (2b)
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transmtter 10 relative to the known transmtter 22 is obtainable by
calculation. A nore detailed theoretical analysis of CAF processing and
unknown transmtter |ocation by the processing conputer 150 using

conmbi nati ons of DSR and DSRR wi || now be given. Referring to the use of
the cross a function or CAF A([err], [err]) for detgs R of
DTO, conS|d21r%‘?\}U\%}é?39nals s[err] and s[err] which are to underg%
processing in accordance with Equation 1. If s[err] and s[err] are tine
domai n anal ogue signals s[err](t) and s[erg](t), then after digital
sanpling at constant intervals At they becone s[err](] [err]t) and

sferr](jlerr]tyqy, %Ypﬁggr%a?cﬁw%h&ﬁmkw&@ ﬁ\%ﬁﬁb% fv@ﬁh{)

is the onIy varl e expressions t1or t e SiI g S ar

s[err](j) and t{tbe uhkrown sgnal Da'ﬂ and the refgrence jsignal 131"\@, @phpfﬂnch ahm/ﬁsom a
frequency donain

Fouri er transfﬁmna‘gfgl"fﬁ]ﬂk agﬂgogpler}kﬂ%nﬂpaﬂ{shen the digital

representations of the latter at di screte frequency intervals Af are
respectively ék[err]f) and SZ(k[tf i& uivalent to Serr] (k) and S2( k)
ilite ﬂfp yrdgrgodiequencydepmepnversion; and

where k is theSigpalgeseived fomshe sa

I S =
2'[ gp?] (JS% :;H E‘?%er r Ps{lerr ngi!;oeslfrg&rlg )nQ{;ér[ err i E Hég@rfﬁl err ‘T"é %ﬁ{l] faQs =
0,1,..., N - Ilprekoadly ﬂ¢scﬁb¢d Shbjéct tartlie sfatedr fiih¢ @nd |ftequgney rofffsets. The dngnal (3)

Sim I ar expressions are,obtai ned f err and S erg chan

the sabser ot e aePreafga Snisse (AE Biofisting i uR Gompier, 110 Id eenrale & Ay
s[err], s[err]andShéverdecaae vahes sf thé DFOC6MBk @kndwh §;§:ﬁyr@aﬁsesshd féfé?&ﬁ:%e and
guadr ature conmponent s. The discrete_tinme_and frequency donain

represent at i onsgebgThip ¥plup and ghosg of PTPsabirined preigr B ubsequsntly pEacessed i er
Transform (DFTehe 3BfiphidP 150\ @S SRl BE defthiBed 144 1@ YRL e followink Hubdtities: the (4)

differential slant range (DSR), the differential slant range rate (DSRR) and change in
each of DSR and DSRR, denoted by d-DSR and d-DSRR respectively. These are
defined as follows:- _

DSR: the difference in length of the paths from a point on the ground to two satellites;
d-DSR: the overall change in DSR over a period of time;

DSRR: the rate of change of DSR with time;

d-DDSR.: the overall change in DDSR over a period of time;

From the quantities DSR, d-DSR, DSRR and d-DDSR, the position of the unknown
transmitter 10 relative to the known transmitter 22 is obtainable by calculation. A
more detailed theoretical analysis of CAF processing and unknown transmitter location
by the processing computer 150 using combinations of DSR and DSRR will now be

given.

Referring to the use of the cross ambiguity function or CAF A(x, v) for determination
of DTO. consider two signals s; and s; which are to undergo CAF processing in
accordance with Equation 1. If's, and s; are time domain analogue signals s(t) and ss(t),
then after digital sampling at constant intervals At they become s)(jAt) and sx(jAt), where j is

the sample number. Because At is a constant, j is the only variable and the expressions for
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[err] (5) The DFT is inplemented using a Fast Fourier Transform

algorithm as described, for exanple. in Cooley J Wand Tukey J W "An
al gorithmfor the machi ne cal cul ati on of conplex Fourier series", Mth
Conput ation, Vol 19, 1965, pp 297-301. In general s[err] wll have
experienced a frequency shift relative to s[err]. In order to compensate
for this shift W¥H3 a good correlation is achievabl e betme@ﬁ"npgﬁF?"and
s[err], a frequency offset [err]f is applied to s[err](j) to transformit
to s[err]'(j) wi th consequential changes

26 to the expression for its Fourier t3ansform S2(k). s[err](j) is
defined by the follow n Equatigns (6) to err

(6) Y [ ethe]signals a:ge equwalegt to 5i(j) and( s2(3)- Su(m%grly, if sy(t) and s[z(t) hgve frequency
(7) [err] domain Fourier transforms S;(f) and Sy(f), then the digital representations of the latter *3)

discrete frequency intervals Af are respectively S;(kAf) and Sx(kAf), equivalent to Sy(k) and
Sa(k) where k is the frequency number; ie the sampled representations of the signal s;(t)
and its Fourier transform S;(f) are:-

5(1) = 5,(jA1) = 5,(j), S, (f) = §;(k8f) = S, (k)

j=0L.. ., N-Lk=0}. ,N-lLand AfAt= N

(3)

Similar expressions are obtained for sx(t) and Sx(f) by changing the subscript indices | to 2
in Equation (3). The signals and transforms s, sz, S; and S; are complex, ie they possess
in-phase and quadrature components. The discrete time and frequency domain
representations (eg s and S,) are linked by the Discrete Fourier Transform (DFT) and

the inverse of this transform as:-

N-1

S,(k) = Zo 5(J) g 2N (4)
=
; 1 & 120kIN
S‘(J)=1—v_>=’-kz=(,s‘(k)e (5)

The DFT is implemented using a Fast Fourier Transform algorithm, as described, for
example, in Cooley ] W and Tukey J W, “An algorithm for the machine calculation of

complex Fourier series”, Math Computation, Vol 19, 1965, pp 297-301.

In general s; will have experienced a frequency shift relative to s;. In order to

compensate for this shift so that a good correlation is achievable between s; and s, a

frequency offset 5f is applied to s;(j) to transform it to s;'(j) with consequential changes
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In Equation (8), [err]k is equal to [err]f/[err]f. Equations (6) to
- (8) show that s2 has been frequency offset by [err]f with a correspondi ng
shift of S[err] by [err]k. To speed conputation during the search process,
the coarse DFOis i mpl enented by offsetting S[err] by units of the

frequency stegd¥ndigaect!ly in the frequency domain thereby,,(wéug)o ythe
nunber of Fourier transforns that need to be conputed. en tﬂlg

Fourier transfornms S[err](k) and S[err] (k) are produced, the processing
conput er exci ses any frequency conponept s t herein which are noi se
corrupted or otherw se unwant ed i n subSequent processing. As

previously indi e Ll | Y, ' n kOX] O using a
series of tt§ ?ié %Q%%.Sgﬁggﬁgﬁg E‘g%rstr%n(r%%i’g\r;%pﬁatgﬁg “foﬁéeﬁﬁg%y?\g rfgg)“P%ge
of tine offset Equadons@)to (8):- frequency offset; this is continued until a
significant maxi mumin the CAF magnitude i s obtained indicating that
the relevant trial frequency offset is the required DFO In the

foll owing processjng, to sj Iij_,-&,gg@ﬁcription, it will be assuned that this
has been done; S, Cj)%[@éﬁv@ll e assuned to have been frequency gffset
by a value of [err]f at |east 27
approxi mately equal to that which yields a nmaxi mum val ue of the CAF

magni tude |A([err],[err])]. |h.,order to evaluate A([err],[err]).-for the

pur poses of obtaining a DO ue, the pLo i ng conputer cal cul ates the
product of the Sg\/@ks) ghats- u%%]ﬂr@ﬁéﬂ%ﬁﬁ S[err] and S2. This is shown
in Equation (9) [ N A Sl ) )

1 N-1 . ks
(k) ==z 2 5(Ne TN =S, (k+ &)
Jj=0

In Equation (8), 5k is equal to S{/Af.

Equations (6) to {8) show that s, has been frequency offset by 8f with a corresponding
shift of S, by 8k. To speed computation during the search process, the coarse DFO is
implemented by offsetting S by units of the frequency step Af directly in the frequency

domain thereby reducing the number of Fourier transforms that need to be computed.

When the Fourier transforms S,(k) and Si(k) are produced, the processing computer
excises any frequency components therein which are noise corrupted or otherwise

unwanted in subsequent processing.

As previously indicated, it is necessary to find an approximate DFO by using a series of
trial frequency offsets and evaluating the CAF over a range of time offsets for each
frequency offset; this is continued until a significant maximum in the CAF magnitude
is obtained indicating that the relevant trial frequency offset is the required DFO. In
the following processing, to simplify description, it will be assumed that this has been

~done; ie s5; will be assumed to have been frequency offset by a value of 5f at least
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The inverse transform of Equation (9) is shown in Equations (10) and (11):-
(10) Substituting for Slerr]*(k) and Slerr] (K, [err]

(11) where [err] is a discrete nunber of tinme intervals [err]t
-applied by the processing conputer 150 ie [err] = [err]t. The sunmati on
‘Wwith respect to k in Equation (11) can be carried out as a geonetric series
whi ch does notWOAYYR&: s ternms. Thus PCTIGB95/02211
28 [err] : (12) ‘ie:-

27

approximately equal to that which yields a maximum value of the CAF magnitude
JA(T, v)]. In order to evaluate A(t, v) for the purposes of obtaining a DTO value, the
processing computer calculates the product of the two signals® Fourier transforms S,

and S;. This is shown in Equation (9) :-

. ].N 1N~ ol i
SR S, (k) 'T/ZOZ () s () eI

The inverse transform of Equation (9) is shown in Equations (10) and (11):-

1 & * i2A8. kIN
ALY =1z LS (R S (k) e o

Substituting for S,*(k) and S; (k):-

2

—~IN-IN-1

AL) =

x . L i27k(l - j'+ )N
N s;(N)s;(J) e an

k.
Il

0 j'=0 j=0

where [, is a discrete number of time intervals At applied by the processing computer
150ie z=1_A1.

The summation with respect to k in Equation (11) can be carried out as a geometric

series which does not involve 5 terms. Thus
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[err] (13) Substituting Ninto Equation (11), and
recal l'i ng that the summations over | and j' reduce to a sunmation on |
since only j'=j + I[err] is allowed in view of (13): [err]

(14) Equatlon 14 shows Equation (1) has been re- |rrpl enent ed di gltally in
terms of a ng factor N. As described earlier, the

det er m ned It:gjotr%%b%%rocessi ng conputer 150 as being the ti H@&%@gﬁ?numer
| [err] that maxim ses the nagnitude of A(l[err]). The conputer 150 has a
finite tinme resolution, ie it applies thezsti me offset [err] in I[err]
finite steps At. The offset that maxi m ses the magnitude of A(l[err])
generally lies_b tvveen two di screte tlrre ;set.s The conputer 150
determnes th inﬁ@ts I e-r-ra V\/ﬁ rrespond to the three

| ar gest consec ieé ’\?%{r’meé A(E] -S4 he values to a

| ogarithmic s , and then perforjs 'BQF apdl 48/ Pnt er pol ati on of €12

| ogarithmc vafTs to find an estlmated peak value. The tine offset where

t he peak value occurs is the required DTO val ue. The procedure to
determine DTOis sumrmari sed as follows:- (a) find an approxi mate DFO by
using a serie@g-of trial frequency offsets and evaluating A(l[err])

for a range of v?l ues of I[err] for each of them this is continued

29 unt nif] t maxmumlnthe magmtude of A(l[err]) is
obt ai ned indic ebfm‘:?l wh L = j —J, 0 otherwise

(13)

k=0

~ Substituting N into Equation (11), and recalling that the summations over j and j°

reduce to a summation on j since only j'= j+1, is allowed in view of (13):-

1 & ., .
A(lr) = W}Z:(;S] (])Sz(.} +lr) (14)

Equation 14 shows Equation (1) has been re-implemented digitally in terms of a
normalising factor N. As described earlier, the DTO is now determined by the
processing computer 150 as being the time offset number /; that maximises the
magnitude of A(/;). The computer 150 has a finite time resolution, ie it applies the
time offset 7 in /; finite steps At. The offset that maximises the magnitude of A(/;)
generally lies between two discrete time offsets. The computer 150 determines the
three time offsets /;, which correspond to the three largest consecutive values of A(ly),
converts the values to a logarithmic scale, and then performs a parabolic interpolation
of the logarithmic values to find an estimated peak value. The time offset where the

peak value occurs is the required DTO value.

The procedure to determine DTO is summarised as follows:-
(a) find an approximate DFO by using a series of trial frequency offsets and

evaluating A(/;) for a range of values of /; for each of them; this is continued
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that the relevant trial frequency offset is the required DFG (b)

frequency shift sferr] relative to _slerr] by the approximate DFQ _(c)
transformboth s[err] and s[err] to their frequency domai n equival ents
S[err] and S[er]; (d) exci se any unwant ed frequency conponents; (e)
multiply each frequency conponent of S[err] by the conplex conjugate of the

same f rQEdmP3 conponent of S[err]; (f) t ransf or m t RETGRIGORAL Y
conponent product back to the tine domain. (g) i nt erpol ate between the
three | argest magnitude values of A(l[err]) (on a | ogarithmc scal e)
to determine the time offset that maxim se@9A(l[err]). Figure 6 is a

graph of time domain correlation or A(l[err]) as a function of tinme offset
for deternining DTO unti assignificant mesimwm in Q@W‘MN%‘W@"?@@&M"@EW 7

illustrates interpol iwhm%l expressed as

20l og | Al), which artggﬂp? {{iév agal ns mg%?éetggtl nme o is)}e:?([err] Thr ee

val ues of 20logbhAl Mqaemd)mhmatelﬁﬂze;oﬁbﬂﬂmaﬂpﬁ)kﬁnateﬂg& her wi th a parabol a
216 tb which they are fjtt The ue of ,2010 ndi,cat ed by a
chain 1ine 218, EhhodEAnsiora i(?gb‘ set“h e’[’%ﬁ‘ﬂ‘f""&;’(figm p ‘é‘ %‘F@dgz I n order
to determ ne NDr'eciRE iy diviiinted fed@enly e6Bénedls; s[err] ™ and s[ferr] in the
time domain is fornmed. Thus from Equations (5 nd(6) wth s[err

i ncl udi ng a rel(@ i vemgtiplypach frequency[cemppnent of S;by the complex conjugate of the same

géS) Fouri er trangf gLl Ngnbanah bog, (15) gi ves

) transform the frequency component product back to the time domain.
{g) interpolate between the three largest magnitude values of A(/;) (on a
logarithmic scale) to determine the time offset that maximises A(/;).

Figure 6 is a graph of time domain correlation or A(%) as a function of time offset for
determining DTO. It shows a maximum 200 at about +0.003 sec. Figure 7 illustrates
interpolation of maximum values of A(l.) (expressed as 20log| Al), which are plotted
against applied time offset 7. Three values of 20logl Al are shown at 210, 212 and
214, together with a parabola 216 to which they are fitted. The peak value of
20logl Al is indicated by a chain line 218, whose intercept on the T axis gives the
DTO.

In order to determine DFO more accurately, the product of s,* and s; in the time
domain is formed. Thus from Equations (5) and (6) with s,including a relative delay:-

OROEE MO Ot

Fourier transforming Equation (15) gives
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[err] (16) [err] (17) where l[err]
denotes the discrete frequency offset nunber, ie [err] =1I[err]f

Foll owi ng (13):- [err] (18) Equation (18)
denotes a frequency domain cross correlation. The DFO is determ ned by
finding the fygeyangy of fset that nexim ses the magnitude OpctBBesmzzin
correl ation expressed as A(l[err]). As before, parabolic interpolation of
the logarithns of the three |argest correlations is enployed to determ ne
the peak correlation and the estimte of {JFO The procedure to determ ne
DFO i s sunmari sed as: - (a) frequency shift s[err] relative to s[err] by
the coarse DFQ (b) time, shift s[err] relative to s[err] by the DTG (c)
sanple s[err] andthetlnelshl d..s err] zfter f r)](}g in arelatively

narr ow band; -pJ—y-7e tes r‘](J) by the conpl ex
conj ugat e of the sé{ [err](j) to produca?
me

respective tine corrponen pr odire® ; (e) Fourier transformthe't
conmponent product to the frequency domain;

N-1

1 S8« 2 (k=
A(lv)——7222&(/«:)82@')&@“‘ N
J=0k=0

where /,, denotes the discrete frequency offset number, iev = L,Af

Following (13):-

1 &
A(l) = 7251 (k)S,(k+1)) (18)
k=0

Equation (18) denotes a frequency domain cross correlation. The DFO is determined
by finding the frequency offset that maximises the magnitude of the correlation
expressed as A(/,). As before, parabolic interpolation of the logarithms of the three
largest correlations is employed to determine the peak correlation and the estimate of
DFO.

The procedure to determine DFQ is summarised as:-

(a)  frequency shift s, relative to s, by the coarse DFO;

(b) time shift s;relative to s; by the DTO;

(c)  sample s; and the time shifted s, after filtering in a relatively narrow band;

(d)  multiply each time component s;(j) by the complex conjugate of the same time
component s,(j) to produce a respective time component product;

(e) Fourier transform the time component product to the frequency domain;
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31 (f) I nterpol ate between the three | argest magni tude val ues of

A(|_[_g,;_,—_]_;_t_g_d,g;_g,,—_m% .t he DEQ as bejing the frequency offset that

maxi m ses the correl ation. There is an error in interpolating between
frequency slots because the correlation response in the frequency domain
has sidel obes_, Ideally the interpolation should use a sinx/x inte ation
function to dﬂ?%&ﬁ”?he correct result on the |inear signal IR %ﬁk@
Because sinple parabolic interpolation is used on the logarithmc S|gnal
magni t udes, a degraded interpolation accuracy is achieved. To overcone
this interpolation problem tine domain siﬁhals are windowed with a Hamm ng

w ndow before t anstorm to the freqyency domain. This ndowi ng function
reduces the si (ﬁél obggﬂPﬂm E‘f':lﬂ'q%g‘?f F%Q}?Gﬂwet"ﬁh‘%ﬁ ) giogleermpg o |
thus enabling an acmerm'@asB&ﬁgﬂﬁlﬁhuaﬁyHﬁe@mamﬁmﬂa{e@h@doﬁelaﬂbﬁf polation
on the logarithmof the magnitude of the three |argest conponents. Fi gure

8 is a graph of frequency domain correl ation or A(I[err]) as a function of

frequency offs r h ' L ong of maxj num 240
at a val ue of e'f"‘lre]e%E 04" ;'rg& {" %gﬁzlﬁ{"? méér)"agfquggcyt ﬂB{’ beﬁ?‘ésel ﬁhf"n qogreayon he
accuracy of DFespomss in thedfquenth domainibias sidelobes. I@éallPyhe!ifRridlans sﬂ&u&%set ehat
IS present on the turnround ?smllators 60 gn board the two satellites 14

and 16, the vafiPg¥i BHerPolation: ign, 19- achigyenthet eorregt gesulty wnathe finear plignab

th are
Grapns-orCopdUABAE PeStut il ol Mbihich St of M gy fdf

unknown transnml!ismtudi?@ &rﬂﬁmdpéflemmonrmnm tierachigvedes pEe tovesdoyne THiese
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Figure 8 is a graph of frequency domain correlation or A(/,) as a function of frequency
offset v for the determination of DFO. It shows a maximum 240 at at value of L of
about +80Hz.

In practice there are limits to the accuracy of DFO measurement. These limits are set
by the phase noise that is present on the turnround oscillators 60 on board the two
satellites 14 and 16, the variation in the antenna-transmitter geometry and the phase

noise on the ground station receivers 18A and 18B.

Figures 9 and 10 are graphs of CAFs against frequency (e in the frequency domain)
for an unknown transmitter 10 and a reference transmitter 22 respectively. These data
have been obtained from actual signals and satellites. It can be seen that there is no
single peak so that the peak interpolation technique described previously will not be
effective. Figures 9 and 10 have similar structures with peaks 250 (-9.281Hz) and 252
(-59.276Hz) respectively. The procedure to refine the correlations in Figures 9 and 10

is as follows. The CAF for the reference signal is excised to remove components away
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32 the correlation peak as shown in Figure 11. The purpose is to reduce
noi se on the inverse transforned signals. After excision of unwanted
conponents, the reference CAF is inverse Fourier transforned to the tine
domain. In order to obtain the DFO of the unknown transmtter 10 relative
to that of tQgdaifsence transmtter 22, their tinme domain pegy@leRinss ar €
mul tiplied together. This involves each conponent of the tinme domain
product typified by Equation (15) for the unknown signal being nmultiplied
by the conpl ex conjugate of the correspondpng conponent of the filtered
time domain product for the reference signal. The product of this

mul ti plicati onghs thé earrdlatitiSieak @8 ehdwacin Figurehe. fTHeGusgtsy ishofedute nbize on
resulting relative CAF is shown in Figure 12, in which correlation

magni t ude i s pthetinvetsespasfomredisignglsency, and the CAF has a naxi num 270 at
-0. 038Hz. The degradation in the correlation spike in Figures 9 and 10
has been substantially renoved in Figure 12. This techni que counteracts
phase noi se degftexd akeision i of siwgeed compoments thé crefetence d2AF \igriavel$: Fotrier

enabl es the invention.to be enpl d in cipcurstance e ere.is

si gni fi cant phm%megemd‘gﬁrtﬁggtﬁgﬁmdugnt°(5d°é'n€’:s P@ﬁ'ﬂﬁﬁ’?éﬁﬁésﬁé g?el prignown
turnround oscCi frhridiritteraltl rél@tRi 12 that fof @hé Feferbhites trafisntitsraRms erhbid irkd) ASMaOi S€
on an unknown signal is correlated with that on the reference signal

recei ved at t hwavefopmsage gulriplied tpgethary This ipyalvessach pempanentcof the time dptpain

appropriate pr [ t t ' LN ; 113.9: 4
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greater than Ocdmpleycegsgateldt the ccarrspdudingasaniposes gofather filséreq|tamee do@aioh

53 The phascHeBnparag R Se e e ol s P rnat e e Rg: o 1
Consi der the spagRab shefréquehdy dordial Iheréshiting rélbtiveh€AP lisHo%i iQ Figuie 10 cint
hand side of Equation (15). These signals _have been frequency shifted by a
coarse val ue ovhigEesrgsigtioadnagnitude s p peainst fequeney, and)the GG %/@iat'ﬂﬁi‘m'émknom

or reference %ﬂeﬁgmg on which signals are being processed). Because
t he DFO frequency shift I's only a coarse approximation to an act ual

The degradation in the correlation spike in Figures 9 and 10 has been substantially
removed in Figure 12. This technique counteracts phase noise degradation in signals
obtained via the receivers 18. It enables the invention to be employed in circumstances
where there is significant phase noise degradation due to environmental, satellite
turnround oscillator and receiver effects. This is because the phase noise on an
unknown signal is correlated with that on the reference signal received at the same
receiver 18, and is susceptible to reduction by appropriate processing. Furthermore,
the invention is effective with geostationary satellites 14 and 16 having orbital
inclination angles greater than 0.5 degrees relative to the Earth’s equatorial plane.

Such inclination angles give rise to significant variation in DFO with time.
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val ue of DFO the signals contain residual unconpensated frequency shifts.
Furthernore the environnment introduces phase perturbations on the signals.

Finally the residual frequency shift is tinme dependent. Taking these
factors into consideration the signals can be witten:- [err]

(19) J[err] where:- s[err](t) is the unknown signal received via
satellite al onWO92RE | [err] and I[err]; s[err](t) is the ulETERIS8223hal
received via satellite along paths I[err] and I[err]; s[err](t) is the
reference signal received via satellite along paths I[err] and I[err];
s[err](t) is the reference signal received®3via satellite along paths
|[err] and I[err]; v[err] is the residual frequency shift on the unknown
signal via paths I[err] and I[err]; v[err] is the residual frequency

hi ft th ' '
Cesi dual 1 equenis P pRgtpsich cbelflchl v Hot b8 ehdizined'n st dpall CoRfdey he
I[err]; . VI[ Earr] ]signails(sjsmmend ei(i)duahe f)fodqtteaimyi;eﬁlbﬁfhand)gdéhfﬂqahMreorse s‘{)}gteal
via paths err an err err IS e resi du as atl on
on f[ﬁe unknown SBRAS havG; b&%ﬁeﬂ’e‘\"{’ é’“&if& PP FTaé?erY‘i IPHPS(@; cfegaysnﬁ@
residual phase perkdivhiad bPDT@'(e&E@uHEJW‘Gr?&f&&f&DF@d e‘ge% B

ITerr]; [err] {t) 1s the residual phase perturbation onth

signal via pat hsrelbpms processed). Berause the[FQ ffrequgney shift lisconiys icoarsé amhmtion
perturbation on,f ar?:eac{u%j Vdiid'6FDFO Mig&sacogw&sih\ga? Bﬁéon?pggsaudefrerq]uency shifts,

Furthermore the environment introduces phase perturbations on the signals. Finally
the residual frequency shift is time dependent. Taking these factors into consideration
the signals can be written:-

sY (1) =7 (0) P HIOL (ry= 5¥ (1) el
(19)
SIR(!) = Sn(t) e"ﬂ"f"‘ﬁ"‘(‘)}; 4(1) = SR(I) ei[:x.vfn#-”(:)]

where:-

s;°(t) is the unknown signal received via satellite along paths £," and £,";
$(t) is the unknown signal received via satellite along paths £" and £™:
s;"(t) is the reference signal received via satellite along paths £, and £,™;
s;"(t) is the reference signal received via satellite along paths ¢, and £,

W is the residual frequency shift on the unknown signal via paths ¢," and £,";
v is the residual frequency shift on the unknown signal via &;° and ™,

W is the residual frequency shift on the reference signal via paths ¢, and £,™,
v} is the residual frequency shift on the reference signal via paths ;" and £,",

UM (1) is the residual phase perturbation on the unknown signal via paths £," and £,™;
@7 (1) is the residual phase perturbation on the unknown signal via paths ;" and &,";
#7M (1) is the residual phase perturbation on the reference signal via paths ¢,"and ",
@M (1) is the residual phase perturbation on the reference signal via paths £, and £"™.
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34 The phase perturbations break down into conponents as follows:- [err]
wher e; [err] 1s the perturbation due to the atnosphere between the first
receiver 1 8A and the first satellite 14; [err] is the perturbation
due to the atnosphere between the second receiver 18B and t he
second satel{wbt 113? [err] I's the perturbation due to g,u

oscil | at or onthe Irst satellite 14; [err] Is the perturbatlon ue to
the turnround oscillator the second satellite 16; J[err] is the
perturbation due to the atnosphere betweeg the unknown transmtter 10

and the first satellite 14; [err] is the perturbation due to the

at nospher e bet RO brédkaiown iktb @bmpbhents as followsd the second
satellite 16; rr S the perturbation due to the atnosphere between
the reference transmtter and the first satellite 14; [err] S
the perturbati si dual frequency change with time of the
unknown si gnal%ﬁﬂ‘aga @ +?hé'@ath |[err] fromthe unknown transmtter
10 to ﬁe’ +gm:%4+¢p+w [err] is the perturbation in phase
due to residual. fred chan w,th time of the ref er @®e signal
propagat ed vi B hs b 'h¢x|‘[' nrrT%?r"(ﬂnthe reference transnitter 22 to

the sfirst sat e#zlu _L_%«M,,ﬂ_,,#a.,_ﬁ_,.#i
where;

M2 is the perturbation due td the atmosphere between the first receiver 18A and
the first satellite 14;

3 is the perturbation &ue to the atmosphere between the second receiver 18B and
the second satellite 16,

4 is the perturbation due to the turnround oscillator on the first satellite 14;

4 is the perturbation due to the turnround oscillator the second satellite 16;
@2 is the perturbation due to the atmosphere between the unknown transmitter 10
and the first satellite 14;
24 is the perturbation due to the atmosphere between the unknown transmitter 10
and the second satellite 16;
#%°  is the perturbation due to the atmosphere between the reference transmitter 22
and the first satellite 14,

& is the perturbation in phase due to residual frequency change with time of the
unknown signal propagated via the path #," from the unknown transmitter 10 to

the first satellite 14,
@8 is the perturbation in phase due to residual frequency change with time of the

reference signal propagated via the path ¢, from the reference transmitter 22

to the first satellite 14;
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35 [J[err] I's the perturbation in phase due to residual frequency change
with tinme of the unknown signal propagated via the path IJerr] from
t he unknown transmtter 10 . the second satellite 16; [err] is the
perturbation in phase due to residual frequency change with tine of the
reference signal gﬁgated via the path I[err] fromthe reference
‘transmitter 2V ’"3 the second satellite 16; [err] i BCT/RBI¥®311gua
.phase on the unknown signal; and [err] is the residual phase on the
reference signal. From Equati ons (19) mgiforn1the product : [err]

(21) wher e [err] 5 Finally fron1Equations

(20):- & is the perturbation in phase due to residual frequency change with time of the

p]

unknown signal propagated via the path £," from the unknown transmitter 10 '
the second satellite 16;
¢¥  is the perturbation in phase due to residual frequency change with time of the
- reference signal propagated via the path £;’ from the reference transmitter 22 to

the second satellite 16;
¢’  isthe residual phase on the unknown signal, and

¢ isthe residual phase on the reference signal.

From Equations (19) we form the product:-

(7 sR(sPy*=|s[ |s"[ e @1
where
= forf(v] W)= (V= VPN + (1M - )= (g5 - gt )} (22)

Finally from Equations (20).-
§=2r08 — V)= — VOl + (8 — 8D~ (B - P+ (g0 - PN - (8 - 1))
(23)

It can be seen from Equation (23) that the residual phase component which remains
after processing in accordance with Equation (21) is a combination of the residual
DFO the unknown signals relative to that of the reference signals together with
additional phase corrections. These phase corrections occur due to the change of DFO
with time and the differential effects of the atmosphere on the uplinks to the two

satellites 14 and 16 from the unknown and reference transmitters 10 and 22. For a
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[err] _

(23) It can be seen froem Equation (23) that the residual phase conponent
which remains after processing in accordance with Equation (21) is a

conbi nation of the residual DFO of the unknown signals relative to that of

t he referencewéwm]@ together with additional phase correc se
phase corrections occur due to the change of DFOwth tinme gncfai?fldggﬁ

~differential effects of the atnobsphere on the uplinks to the two
~satellites 14 and 16 fromthe unknown andi¢ ef erence transmitters 10 and 22.
For a 36 second satellite
16 three degr seondsatyllitenlt theeeateiees dwaynmatsfarbis froma firkst satedlitd 44 e.xp&'rehﬂmi ng

i nterference, .at heric eff.ec stant ally, cancel so that SSI ng
i n accor dance'Hf r?%“%&u%m" e('ﬁf#??ﬂfd@"’t’ﬂ &5 Wbt’ﬁég

si gnal s rel at i@ Equati®it219kieldiehe AkRLA RO %mrea\h&n@\sn klgmﬁeiaiﬁe% uﬂu Er gure
12. Hence processing using reference s;ﬁnal s in_accordance wth

i nventi on conﬁ%?&fﬁefﬁﬁ%kﬁs@“ﬁme@e’n gurecky;. o fencer Premnaylsms@ferenme
former is Par Gigfill # ajcordHHBE Witk th@'inteRifion RbiBensiles 38 labd Flgirs?ranb (rBlidua)

i nclination be ow 0. degr ees, 'S par rrpor ant at
hi gh* val ues ofrewaney Hiifte 'Iihletfomdr is panlcuta'lyl impoetbnt\at 16y 5aldesgomwhte oftitab

phase conpensat on techni iled to. t determ n |on of TO
for the unknoli %ﬁ'@ﬂgfﬂo (gﬁfg%e@ ﬂﬁéﬁg%ﬁﬁﬁnp@f‘ﬁ Y URoriant at

the processi ngy&iferdrbifal lrﬁﬁ&%oﬁi@&e@deg‘?&rs | arge processing gains and
narrow bandw dth signals, the duration™f the waveform exceeds a few

seconds, which is the typlcal coherence tine of the satelllte t ur nround

oscillators I e th|

opl vi ng ¢ he LS oBRISERUER i EORERY Fiflait HOC b AcR BT frots
strength to benkmovhesiguil whemeesignanaandwidmhstshﬁn (oot kI9z) #1id $hb GprodEssimn
transmtter will . OWbeq?ﬁﬁ bed in nore detail. The first stage is to
obtain a so- c&® isfagedpsy By Epr Breeupcrssing gaing andarrgmdbagdiidth signals. dhence

- DTGs are DT gutiniorPOEthP WavE R ek&IBEE Fw Sdcbnds2 Which i€ fHe! thslcd RBherence time

of the satellite turnround oscillators, and consequently the correlation strength is
degraded. Applying the phase compensation technique enables the full correlation

strength to be achieved.

Determination of the location of the unknown transmitter will now be described in
more detail. The first stage is to obtain a so-called global location solution. If the
unknown and reference DTOs are DTO(unk) and DTO(ref) respectively, and treating
the unknown and reference uplink path indicia £,°, 5", £," and ¢, in Figure 1 as vectors
each representing the corresponding transmitter/satellite separation in magnitude and

direction, then by geometry:-
| DTO(unk) - DTO(ref )] = (€3 - 1) - (& - £) = ,,(r) - (4 (x,) (24)

where £, (r) is the DSR from the unknown transmitter, (, (r,) is the DSR from the

reference transmitter and c is the velocity of light. Furthermore r and r, are the
position vectors of the unknown transmitter 10 and the reference transmitter 22 from

the centre of the Earth as origin in each case.
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unknown and reference uplink path indicia I[err], I[err], I[err] and |I[err]
in Eigure 1 as vectars each representing the correspondi ng

transmitter/satellite separation in magnitude and direction, then by

geonetry: - [err] (24) where I[err] (r) is the DSR fromthe
unknown trans ter, I[err] (r[err]) is the DSR fromthe reference
transmtter YIS e e ocity of light. Furthernore r anBCFGBISM22Hr e

t he position vectors of the unknown transmitter 10 and the reference
transmitter 22 fromthe centre of the Earth as origin in each case.

37 The Doppler frequency shift for a signal travelling on a path via a
satellite is due to uplink DSRR at the uplink frequency and downli nk DSRR
at the downlink frequency. The uplink and downlink frequencies differ

because of t h&helapplendieqaéncy wshiftrfor e digneldtrimellink ensapath lvid e shtelliny iswnd to
err]

where 1115 t ABTHCDSRR,d 3 dnink Sienvensy and po ik QSRR i dosplink Seqient o
(25) from (26)The uplitk and ddvailivi Fqbeictes diffte Debvse b The reusticy @8ifr introduced

by the satellite turnround oscillator. Thus:-

o’

DFO(ref)z-{VZI(ro f +[v2(rm2) vi(r, |)](f s )} (26)

DFO(unk) =

(Tm2)— v,(r,,,,)]( )} (25)

~where fT is the satellite turnround oscillator frequency. Subtraction of (25) from (26),

and multiplying both sides by c/fU gives:-

—Vzl(r)—vn(ro)"'(l J["n(ro)""( Iy )= Wi(r, 1)]

@27

where: v21(r) is the DSRR for the unknown transmitter 10;
v21(r,) is the DSRR for the reference transmitter 22;
vi(r_,) is the Slant Range Rate (SRR) from the first satellite 14 to the first
receiver 18A;
va(r_,) is the SRR from the second satellite 16 to the second receiver 18B.
fT is the frequency of the reference signal as originally transmitted, and

fU is the frequency of the unknown signal as originally transmitted

-_—
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[err] | (27)
where: v[err] (r) is the DSRR for the unknown transmtter 10;
vierr](r[err]) is the DSRR for the reference transmtter 22;
vierr](r[err]) is the Slant Range Rate (SRR) fromthe first satellite 14 to
the first recei ver 18A, vierr](r[e ' e SRR
fromthe sec%?:lg-,snalt;gl lite 16 to the second receiver 1 8B; Péhes iiel:ir] S
the frequency of the reference signal as originally transmtted; and
flerr] is the frequency of the unknown signal as originally transmtted.
38 If the receivers 18A and 18B are on the sane site, the last two terns
on the right IRRErezkidersQBARGUIBBIRe 62 The same cine; thehlast DBRIkraks ohhid right thend
* Equations (24). and_(27) relate th?l ﬁesgégr val ues of DTO and DFO of. an
unknown t r ans fife pEEqyaips (37) degqme;the 1} ﬂtg‘ga‘tsit%nsrritter to the DSR and DSRR
- of the unknown transmtter relative to the reference transmtter. The DTO
and DFO are neasurable as previously described and the DSR and DSRR are the

gﬁomat Ir i cal thlmigns (24 apd (2 Daelatesthel measurestyalues ol DTiOh antbRROtof andimknavay |
2 ; ) e . ;
oo oL Ry e S BT T

transmitter | gamniiRé relativd® thoRfaendeltiaankmiten THeDTO dntl ®FO a@ahdasurabléas

simlar expansion is perfornmed for DSRR )
previously described and the DSR and DSRR are the geometrical values that can be

used to locate the unknown transmitter.

The relationship between the DSR and positions is found approximately through a
Taylor type expansion to relate the DSR at the unknown transmitter location to the

DSR at the known transmitter location. A similar expansion is performed for DSRR.

Thus:-
e,(r)=1,,(r,)+(r-r,). V¢, (r,) +higher order terms (28)
v, (r) = vy, (1, )} + (r — 1y ). ¥y, (1, ) + higher order terms. (29)

where Y is the vector gradient operator.

The vector gradient operator .V operating on a scalar field defines the rate of change
of that field. It is a vector pointing along the direction of maximum rate of change.

Explicitly:-

(30)

where e, .e_.&e. are unit vectors along x, y and z orthogonal axes.
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Thus: - ITerr](r) =1[err] (r[err]) + (r - r[err]).[err](r[err]) +higher

~order_terns (28) vierr] (r) = vlerr] (rlerr]) + (r -
rferr]).WfJ[err] (r[err]) +higher order terns. (29) where V is the vector
gradi ent operator. The vector gradi ent operator V operating on a scalar

field defines the rate of change of that field. It is a vector pointing
al ong the dir¥2Y088f maxi mumrate of change. Explicitly:- PCT/GBS{0p311

where e[err], e[err] &e[err] are unit vectors along x, y and z orthogonal
axes. 39 Equations (24) and

(28) can be conbl ned and Equatlons (27) and (29) can be conbined to yield

Egi) fol I ow ng quatlon u?:.;tf) " (28) can[l()ee cl)tnbmed and Equations (27) and (29) can be
combined to yield the following two equations:-

r.Ve,(r)= ll‘l Ivezl(ro)lcos(J’) Ak I(r r0)+r0 Vi, (r) @1
r. Vv, (r,) = [F[¥v,,(r,)|cos(8) = Ak} (r,r,) + 1, Vv, (r,)  (32)

where:-

ARy (r,r,) = [ DTO(unk) — DTO(ref )] = £, (r) - £, (r,) (33)

Ak (r,r,) = ?_—f-[DF O(unk) —~ DFO(ref )] - (1 - %:—)[vn (r) + vy (r) = v (1, )]

= vy (1) — vy (%)

(34)

Refering now to Figure 13, there is shown a geometrical representation of the
determination of the location of the unknown transmitter, the Earth 300 and its centre
304 being illustrated. The vector gradient terms on the left hand side of Equations (32)
and (31) corresponding to DSR and DSRR are shown as vectors 310 and 312
respectively. The reference t'ransmitter site is shown by the vector ry at 314 and the
unknown source is shown by the vector r at 316. A first semi-angle 318 is subtended
at the centre 304 of the Earth by a first circle 320 on the surface of the Earth. A
second semi-angle 322 is subtended at the centre 304 of the Earth by a circle 324 on
the surface of the Earth. The unknown transmitter is located at the intersection of the

circles 320 and 324.

In order to solve Equations (31) and (32) for r. the left and right hand sides are treated
as being exactly equal and a first approximation r, is substituted for r on the left hand

side. The right hand sides of Equations (31) and (32) are dependent on measured
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[err] (32) wher e: - [err]
(33) -

(34) Referring nowto Figure 13, there is shown a geonetrical
representation of the determination of the |ocation of the unknown
transmtter, rth 300 and its centre 304 being illustrated. The vector
gr adi ent ter”é(p@ﬁ%ﬁe | eft hand side of Equations (32) and 'Zqﬁ asmz2I
corresponding to DSR and DSRR are shown as vectors 310 and 312
respectively. The reference.transmtter gote is shown by the vector r[err]
at 314 and the unknown source is shown by the vector r. at 316. A first

seni -angl e 31§ie§ of BIERGEDFOL thegoskions asd védcitids dffike Sadlfides 1Y and fib! e

circle 320 on the surface of the Earth. A second sem-angle 322 is
subt ended at lptatiop @f thecrefyancgftranpmitier 22 [and) thereegivess 84 and J8Bt HBhesvactaice of

~the Earth. Th r of, t he
ciroles 320 detidsEHE o B3R bl sideof BEALER Gl idToaP ¥ RBELLRTRIne' "
left and ri gl"ﬁosinamdaml dmiscxmseoﬁmeaateﬂiteasmtmdn@ mdim?llqcﬁfiqgaf twﬁfaﬁﬁder st "
mat on I S.substituyted for .r on.t eft _han rig
hond i dos onraRTEl e THEHOS Al 1653 76 KoL B ations il s (b kcept for
40 -val ues OfthdN&rare IV6Qubstid@ed Bt (vetiich dufiflesib Girst ‘éktﬁﬁat@fof Eﬂleloéﬁfoﬁldf' tes

14 and 16, the location of the reference transmtter 22 and the receivers
18A and 18B. tighanknovrotragsmiterdnt Ther right dand 1sides of tEqneﬂQIISs{pdibanﬁ (B)uarei ons

(31) and (32)coﬂ£t§m%P§R/g§ M fefecd BFe 314 and satellite positions and velocities, and they
constitute a statement that the vector dot product of the unknown source position
vector 316 with the (respective) DSR and DSRR gradient vectors 310 and 312 is
constant. If the Earth were to have been spherical, the unknown source position
vector 316 would be of constant magnitude, and the locus of points of constant
magnitude would the circle 320 subtending a constant semi-angle 318 at the centre of

the Earth.

Likewise the unknown signal source is constrained to trace out on the surface of the
(spherical) Earth a second circle 324 which subtends a constant semi-angle 322 at the
centre of the Earth 304. The circles 320 and 324 intersect at two positions 326 and
328. For favourable satellite geometry, one of these positions 326 is visible to both
satellites 14 and 16, whereas the other 328 is not and is discounted. The former
position visible to both satellites is the required location of the unknown source 10.
These two location solutions can be determined by simple solution of a pair of
simultaneous equations and does not need explicit determination of the two lines of

position corresponding to the DSR and DSRR measurements.

To obtain further accuracy. the first determined solution r, is used as a new 'reference’

location and Equations (31) and (32) are recast to give:-

rrY.[zl(r]):Akzl'l(r,n)'*'rx'zfzx(r]) (35)
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positions and velocities of the satellites 14 and 16 and the | ocation of
the_reference transmtter 22, Therefore, all terns are kn ' '

(31) and (32) except for the vector r[err] 316 substituted for r (which
defines the first estimate of the |ocation of the unknown transmtter). The
right hand sides of Equations (31) and (32) are constant for given
reference siteWOPAIRI4Y satellite positions and vel ocities, ar&‘i’%’”’z"
constitute a statenent that "'the vector dot product of the unknown source
position vector 316 with the (respective) PSR and DSRR gradi ent vectors 310
and 312 is constant. If the Earth were to have been spherical, the unknown
source position vector 316 would be of constapt nagnitude, and the |ocus of
poi nts of cons@nﬂWDmMzﬂlm)b‘eﬂtﬁé’z iTi¢l e 320 subt endi ng(¥)const ant
sem -angl e 318 at the centre of the Earth. Li kewi se the unknown signa
source is constrained to trace out on the surface of the (spherical) Earth
a second circl8,§%4 whi ch subtends a constant sem -angle 322 at the centre
of the Earth 3 2 The circles 320 and 324 intersect at two positions 326
and 328. For favourable satellite geonetry, one of these positions 326 is
visible to both satellites %? and 16, whereas the other 328 is not and is
di scounted. Th ey yesiA rvies) blf¢ {r ot-tffg lites is t required
| ocati on of tthk Eﬁé Psouréaolb.é%hégé¥ dg Iogaqﬁga sol utions cgn be
determ ned by sinple solution of a pair of sinultaneous equations and does
not need explicit determnation of the two |lines of position correspondi ng

to the DSR and Aj&ﬁl@m@}w Q@Sgégo)lc[y?geﬁpn-rgy’re@gg] accuracy, Qtsge first

determ ned sol ution rlerr] as a nce' locatio nd
Equations (31) and (32) are recast to give:- [err]

(35) 41 [err]

(36) It can be seen that Ak;,(l', ) in Equation (37) is the difference between the

measured uplink DSR and that calculated based on the determined position r.

Likewise it can be seen that Ak, (T,I,) in Equation (38) is the difference between

the measured uplink DSRR and that calculated based on the determined position r,.

The process of recalculating r; from r;., is iterated until the difference |r, - r,_ll is less

than some pre-determined amount (typically 50 km). The number of iterations
required to achieve the 50 km convergence is typically three, but is dependent on the

favourability of the satellite orbits.

Having converged on an initial (or global) location solution, the next stage is to
produce a refined (or local) location solution. In this connection the global location
solution is inaccurate because inter alia of the assumption of a spherical Earth. The
local location solution takes into account small perturbations such as the true shape of
the Earth and is consegently capable of more accuracy. Equations (24) and (27) relate
the DSR and DSRR to the observed DTO and DFO. The initial (or global) Jocation
solution can be substituted into the right hand sides of Equations (24) and (27) to
achieve predictions of the values on the left hand sides of these equations. The

differences between the observed and predicted DTO and DFO are used to derive
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wher e: - [err]

(37) [err] (38) I t

. can be seen that [err]l[err](r,r[err]) in Equation (37) is the difference

- between the nmeasured uplink DSR and that calcul ated based on the determ ned

position r[er%,.,}tt#ﬁ WI se it can be seen that [err] k[err] (rﬂ%'lr'\%"it Rat

- Equation (38) e difference between the neasured uplink

cal cul at ed based on the determ ned position r[err]. The process of
recalculating r[err] fromr[err] is iteraked until the difference |r[err] -
rferr]|] is less than sonme pre-determ ned anmount (typi caIIy 50 km. The
nurber of it erexor QérisrtoGeiatectd the emobs imvposition. SO ckinbe Ghywh 39 gﬁatstﬁﬁilcm ly
three, but is dependent on the favourab|$|ty of the satelllte orbits

Havi ng conver dedementalchangedr 1o r ingquations£#)) and B39 that-sol uti on, the next
stage is to produce a refined (or local) location solution. In this
connection the gl obal | ocati on solution is inaccurate because inter alia of

t he assunption adf E aq Dt'h ﬂ'he | ocal | ocation solution takes
into account stal2l®perturbaty dng suc H& the true shape of the®rth and is
consequent |y capabl e of nore accuracy. Equations (24) and (27) relate the
DSR and DSRR to the observed DTO and DFO. The initial (or global) location
sol ution can S titu into,the,rjght hand sides of Equations (24) and
(27) to achi evi"p Fcti yhﬁ\ﬁzjes on the left hand sides)of these
equations. The differences bet ween the observed and predicted DTO and DFO
are used to derive 42

where the right hand sides of Equations (39) and (40) are the differences between
observed and predicted DSR and DSRR relative to the reference value. The dr term
on the left hand sides of Equations (37) and (38) is the residual error in the unknown
transmitter location. Because of the constraint that the unknown transmitter must lie
on the surface of the Earth, the dr term only has components dE and dN in the azimuth

plane along the East and North directions respectively. Thus:-
r=r,+dr=r,+dEe;+dN e, a1)

Equations (39) and (40) constitute a pair of simultaneous equations which can be

written in terms of components using Equation (41) as:-

dk,, _|qu 4 dE
dky, | |ay a,JaN -2

where

a,=Vi,.e;, a,=Vl.ey, a,=Vv,.e;, a..=Vv, e, and

e, and e,. are unit vectors pointing locally East and North respectively at the point r.
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error ternms to relate to the errors in position. It can be shown by making
a small increnental change dr to r in_equations (31) and (32) that:-

[err] (39) [err] (40) where the right
hand si des of Equations (39) and (40) are the differences between observed
and predicted DSR and DSRR rel ative to the reference value. The dr term on
the | eft hand W Equations (37) and (38) is the resi duaPCEEB¥YO2ZH t he
unknown transmtter |ocation. Because of the constraint that the unknown
transmtter nust lie on the surface of the ﬁEarth, the dr termonly has
conponents dE and dN in the azimuth plane al ong the East and North
directions respecti S ebpmisOdra r r

(41) Equatio §°"( %?L%%nda(}xa)heconé?ﬂ %ﬁtté a alefgt%%tlm nu a%%gggqé%a%\feons
whi ch can be Westinigté of the unkiavrofrarsmitte ieatisn usil'hg pHyides amaw(pb:mwassnmate
[err]

e[err] | are uni £ gk therlecal Jpeation solution | %2y %ﬁ%‘tﬁxﬁ&g@% ﬁ‘g’{’ Eﬂ’%}iﬁa“gg t he

point’ 1. further until a convergent solution is obtained. Because the locdlJocation solution

uses the exact form of equations, the solution obtained will be exact to the extent set

by the measurement, propagation and ephemeris errors.

The previous description has concentrated on the determination of a location using a
combination of a DSR and a DSRR measurement for the purposes of illustration. In
this connection it is noted that Equations (24) and (27) relate DSR to DTO and DSRR
to DFO. It is also possible to locate an unknown source using the following

combinations of observations:-

(a) DSR measurements obtained from a pair of satellites at different times when
satellite positions have chaﬁged significantly;

(b) DSRR measurements obtained from a pair of satellites at different times when
satellite positions have changed significantly;

(c) DSR measurements obtained from a first pair of satellites with DSR measurements
obtained from a second pair of satellites, eg by using different pairings of three
satellites either a1 similar times or at totally different times when satellite positions have
changed significantly;

(d) DSRR measurements obtained from a pair of satellites with DSRR measurements
obtained from a second pair of satellites eg by using different pairings of three satellites
either at similar times or at totally different times when satellite positions have changed
significantly;

(e) DSR measurements obtained from a pair of satellites with DSRR measurements

obtained from the same pair of satellites but at different times when satellite positions

have changed significantly;
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From Equation (42), the dE and dN terns are estimated and are used to
refine the estimate of the unknown transmtter location r. This provides a
new position estimate r, and the |l ocal |ocation solution can be iterated
and the position estimate refined further until a convergent solution is
obt ai ned. Bec | ocal | ocation solution uses the exact

Yehs e,

-equations, the solution obtained will be exact to the extent s

measur enent, propagati on and epheneris errors. The previous description
has concentrated on the determ nation of 4 | ocation using a conbination of
a DSR and a DSRR neasurenent for the purposes of illustration. In this

connection it (Dsm&mﬁsumnﬁmmin&drﬁommgairaoﬂsa(ﬂlﬂys with DSRIOGIeaiiverhthis and
DSRR t o DFO. i S Iso 0SS ate an_unknpown source ing. the

f ol | owi ng COITBFJ EPV&PF%@ tes either at r?ggistﬁ’eq‘ré?ﬁiy G‘%F@Phed
froma pa| r ofum'igwgb,{ gatm&e@bs,dbﬁsf}ﬁweﬁangmm satellite p05| tions have
changed significantly; (b) DSRR measurenents obtained froma pair of
satellites at different tinmes when satellite positions have changed
significantly; (c) DSR neasurements obtained froma first pair of

satel i tes w ik BoafbifiidnoF DIFET ket PO HeAGarh b AcBEF FEl rdiHeoed FRALE!T I L €5
eg by using different pairings of three sat tes elt srmaar tlrres
or at totall ytalilBfiertksymost fexibisheptios chectuse tie lqoosrmﬂlprapplﬁmble icriespegivé of

significantly b ned. air_of ellites

wi th DSRR rreagaﬁél@&rren% §§R"%F'?ds E&gﬁgr 8%‘% @c Sl 5?"?‘] ‘Zﬁcgs(ﬁt’@?x pg @téerﬁé

usi ng di f f er eddespt rélygs differdno lsaelhtbaﬁﬁ-idgs being evdilbﬁé, i ohi thé hﬁinoanH%%apr at
totally different .ti lite posjtions have changed

t
si gni fi cant | yTemamngy, ggl%v‘gg[]ff’g%e B oeush e intesyal stopenableofwas Andependents wi t h
DSRR measur enpglsamfili o $mbdd MAIREaB 4Gk 12)3h [ beld éééa Sy [Hilsa pve

different tinmes when satellite positions ¥ &R
REPLACEMENT Spfomgasurement more than once, additional location mfonnatzon being obta.med by

0 3 MAR 1999

changing the relay satellite pairing or positions. The approach to analysis of data from
options (a) to (f) is easily obtained from that described herein; the latter analysis
provides equations based on DTO and DFO determination. All that is necessary for
options (a) to (f) is to use twice those equations which relate to DTO or DFO (as the
case may be). For example, in Equations (28) and (29), instead of expressions for
£21(r) and va(r), there would be two expressions for either (x(r) or vai(r) at

respective times or for respective pairings.

Equations (42) can also be used to estimate location errors due to the effect of
measurement and other errors, In this case the dk terms express the errors and the dr
term is the location error. As measurement and other errors can often be described as

random, a statistical approach is used and a root mean square position error derived.

Tables 1 and 2 show probable error levels in DTO and DFO measurements contributed
by various error terms with and without the use of a reference signal in accordance

with the invention.
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44  (f) DSR neasurenents obtained froma pair of satellites with DSRR
measurenents obtained froma different pair of satellites either at simlar
times or at totally different tines when satellite positions have changed
significantly; The conbi nati on of DFO and DTO neasurenents descri bed
with reference to Figures 1 to 13 is the nost flexible option because it is
normal |y appl i WOET1383 r espective of satellite positions and F&TfGBI§E221hhi ch
may remain unchanged or may be altered. It does not rely on different
satellite pairings being available, nor on the unknown signal remaining
detectable for a | ong enough tinme interval 4?0 enable two I ndependent

measur enents t made. er ve aption to (f) above enploy the

sanme type of nglé\"g’g’r]enent %"E {]ﬁ%ﬁ FSHE “31883“{‘? | ocation information

_bei ng obt ai neq" Dby Cm@;? QQ € TELRY ¢ E@Wx&@cr@ﬁie&xwg Of  RGhlewith referente
a

approach to arfal ysis ta from( ptlons (a) to (f) iq easily obtalned
fromthat desdribed herein; the lafter analsigiat provi dds equati sigealbased on

DTO and DFO dei-eii-Ratt-oh- 4‘1! -5~ “CW%GW
to use twice those eHEFH’PBQ}F@ whi ch reI abelQ o/@Ikwr DFQ (as IO ol b

be). For exanpe Ha—Egrat-oRs—t2 aRt—(ZS——Asteatef—express] “%%For
I[err](r) and v[err]s(af‘imu?%)’e woul d belxi%xﬁ/‘(‘éﬂi)k@sm orfs for eft Hkm
I [err](r) or eetiy etive Eq..,.i

Equati ons (42) g:;m sﬁ“ﬂ‘b‘%@ﬂﬂg‘gd to] est | A¥K05 YHAkmon er rors T P/QIIS‘?H@'
ffect of g e oot ors—1 se—tife—dk—t
?heegrrgrsn:ﬁc aﬁ J?,ﬁ?,gp ?eé F?‘Pe ocat } ’Eﬂﬁ—ﬁeﬁ&&i"m nmgasur "tss%ﬁ@ E;her

errors can oftjen be dréseiveked as randont a statistical |approach is used and
a root nean den ROSitil-onertrotHaerived. T 2 ]
error levels in DTO and DFO measurenents contri but ed by various error terns
with and without the use of a reference signal in accordance with the

i nventi on.

REPLACENMENT SHHiabie 2 Effect of reference signal on DFO error
| Error term Value without reference Value with reference
Satellite turnround | 10 Hz/11,700 km 0 Hz/0 km
oscillators
Satellite velocity 2 Hz/2340 km 1.4x10% Hz/16.4 km
Frequency Difference | 10 Hz/1 11,700 km 0 Hz/0 km
between Receivers

Table 1 shows that the dominant error in DTO after normalisation is the satellite
position error, and Table 2 shows that the dominant error in DFO after normalisation is
the satellite velocity error. These tables illustrate the very substantial improvements in
“error reduction obtainable by the use of a reference signal in accordance with the
invention, ie better than one order of magnitude as regards satellite position error, and

better than two orders of magnitude as regards satellite velocity error.

The results in Tables 1 and 2 have been obtained using typical values of position and
velocity errors for satellites that are subject to routine stationkeeping of their
geosynchronous orbit to maintain them within a longitude band of + 0.05 deg and a latitude

band of + 0.05 deg. The two satellites were located at longitudes 7 deg East and 10 deg
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45 Table 1 Ef fect of reference signal on DTO error Error term
Val ue wi thout reference - Value with reference

si gnal si gnal - Pr opagati on
+ 5x10[err] s/0.26 km 2x10[err] s/0.1 km Satellite del ay
| 1x10[ err] s/ OwB%7/%{%s3 0 s/0 km Satellite posi
' 2x10[err] s/10.4 km . IxlO[err] s/0.52 km Tine D f%g?}e&rlt’g% Y ween
~IxlO[err] s/0.52 km 5xl1 0[err] s/0.026 km Recei vers
Tabl e 2 Effect of reference signal o DFO error Error term
Val ue without reference Value with reference Satellite turnround
10 Hz/ 11,700 Iggds and the unknovmgl Ivfds loidhted at Paris, FREd ( Jp?lto%&telo depbgkdite
vel ocity 2 Hz/ 2340 ghE 1.4x1 0[err]| Hz/ 16 !?tlg g

Frequency Dif Eelaewde 50 deg N) andme refgrence Figoal msnntter and monitoring Gtatitm ®erie rwo-
bet ween Recei }/%glg? &02/\@ & gtﬁ dé) ant error in DTO after
i i 9 ﬁte Sa éH;kﬁ ot E‘& fat

normal i sation e ‘posi error nd Tabl e 2 shows that the
dom nant error in DFO after norrrallsatlon is the satellite vel ocity error.

These tabl es ustr ate th substanti al i nprovenents in _error
reduction obt i}“h @lestaceprﬂe%w%%wmwm npvabediscussade with

the rnvention, ie better than one order of nmagnitude as regards satellite
position error, and better than two orders of nagnitude as regards
satel | i te vel 8b¢inyention provides fohacquisiion amsl sampliniglolf @ sigdal froml aZeferenee toinsraitteed

using typical of’ ﬁlo%slogaﬁiox? Qilsﬂtﬁ)tgne%ﬂgy Wit o8/ ch¥onously and with phase and frequency
coherence to a signal of unknown location at separate receivers sites 32A and 32B and the
subsequent processing of the signal samples at a single processing site 34. It enables
reduction of effects from satellite and ground station local oscillator phase noise, frequency
offset and drift with time thereby improving the accuracy of DFO measurement relative to
that of the reference transmitter. This cancellation is especially important with narrowband
signals (less than 100 kHz) for which long time samples (tens of seconds) are needed to
realise detection of a very weak signal overspilt by the unknown transmitter into an
adjacent satellite channel and subsequent, satisfactory measurement of DTO and relative
DFO.

Improved relative DFO measurement accuracy enables DFOs to be measured to an
accuracy of a few milliHertz compared to around 100 milliHertz possible previously due to

the limitations of phase noise of satellite and ground station receiver oscillators.

Similarly relative DFO measurement enables frequency drift effects due to satellite motion
of satellites in inclined geosynchronous orbits to be substantially cancelled. This effect can
be seen from Table 3 where for a given bandwidth of unknown signal and subsequent
integration time T a minimum resolution of a frequency slot for DFO processing Af can be
defined limited by this integration time. Over this integration time, the DFOQ of a signal has
not to drift by a frequency slot. This. in tumn, limits the maximum possible inclination angle
of the geosynchronous satellite orbit to the equatorial plane. From these considerations. a

maximum inclination for a raw DFO measurement can be defined. Likewise 2 maximum
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errors for satellites that are subject to routine stationkeeping of their

geosynchronous_orbit to maintain themwithin a longjitude band of 0.05 deg
and a latitude band of [err] 0.05 deg. The two satellites were | ocated at

| ongi tudes 7 deg East and 10 deg
46 East and the 'unknown' si gnal
approxi mate | oWQ%MIE832 5 deg E, latitude 50 deg N) and t he RGIVEBISHL
signal transmitter and nonitoring station were co-located at Defford, UK
(lon 2.14 deg W lat 52.1 deg N). The advantages are obtainable in
accordance with the invention will now be #fscussed. @ The invention
provides for acquisition and sanpling of a sigpal froma reference

was | ocated at Paris, France (

‘transmitter of mnf%@é?ﬁ%ﬁ‘%%ﬁl%%% TeNcE Hansawries pAandiesistneg. dhig

wi th phase and 5 G fhe1Beafion | ANAE rOibrehRk RNRiNeP GBbA oA Ine
separate receivers si tes 3 B and the subsequent processing of the
si gnal sanpl es uahxomnstmgirmepm&rshelguuposm of ALablet3 ae‘eﬁammestrmnmrcr Qodegom
effects fromsatel]ite,an dstatlon I cil.l hase ,noi se,
frequency offsz‘lﬂ"ﬁ;ﬁ&“ﬁlﬁ?‘f'g ﬂﬂ 9%“%?}%?#5‘?@ ﬁ("ﬁ% AMMcy of DFO
measur enent relative to that of the reference transmtter Thi s

cancel lation is especially inportant with narrowband signals (less than
100 kHz) for wiablg3| ong %@Mﬁewmowg?éemwrdwemded to

realise detection of a V%WQ gnal overspilt by the unknown
transmtter into an adjacent satellite channel and subseguent,

sati sfactory I € paRw ) DIO a OAf (hBizRt | V¢ X O. mchﬂafm{ ot I ehdinatieh IDFO
measur enent ag¢curacy enables DFGCs jto be neasyured to an curacy of a few
milliHertz co d to around 100 {nilliHertz ms!,%fpbwlamv yory fglativey
‘the limtatiofis of phas¢ noise of [satellite & pround st af p@g%zei ver
oscillators. Simlarly relativeg DFO neasul t enabl es eéu cy drifft
effects due tpS@atel lite78 12.8 0.006 0.237

100 39 256 0.027 0.948

200 19.8 512 0.086 3.710

400 98 102.4 0.348 15.058

Table 3 illustrates that typical prior art systems are unable to work effectively with satellites
with orbits having an inclination angle of more than 0.1 deg to the Earth’s equator.

The example of the invention described with reference to Figures 1 to 13 employs a
common timing, frequency and phase reference. This enables the unknown signal to be
acquired at geographically separate sites that are not themselves coordinated to a common
timing, frequency and phase réference, and degradation of subsequent DTO and relative
DFQO measurements is avoided. This enables receiving sites to be located within the
downlink coverage areas of satellites 14 and 16 which need not cover common territory
and therefore need not be monitorable at a single ground station site, unlike the prior art.
The unknown signal must be receivable by both satellites 14 and 16 as does the reference
signal, but this is not a serious Limitation because there are many practical circumstances
where this is the case. However, the prior art criterion of monitoring both satellites from a
_single ground station site is a serious limitation because satellite downlinks do not

necessarily have common coverage areas.
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notion of satellites in inclined geosynchronous orbits to be substantially
- cancelled. This effect can be seen from Table 3 where for a given
bandw dt h of unknown signal and subsequent integration tine T a m ni num
resolution of a frequency sl ot f or DFO processi ng Af can be defined

linited by this ration tine. Overthis integration ti of a
signal has no tgg'? ft by a frequency slot. This, in turgﬁu{éﬁgs&ﬂ

" maxi mum possible inclination angle of the geosynchronous satellite orb| t
to the equatorial plane. From these cong{der ations, a maxi muminclination

for a raw DFO neasurenent can be defined. Likew se a maxi num

47 inclination for a DFO neasurenent relative to a reference transmtter

can be defined. This latter inclination depends on the |ocation of the

reference tranEa tmmplerd‘lthe inyentipp descabednivith veference e Miguresr 1 &nd3 falsp endhles

B Unknown t @ ot B “EeBuBOTE kbR Phrheh o dne uu oy 140 ilpTOF"
Maxi mum al | owedatettit é;mem&est exﬁns #wl zelat'gb extent edsrﬂnmebatvweurmlﬁam and reference

measurenents Signal S) crH_leri) i nclination angle  max
i nclination antgqngmnem(q@ﬁil)erefore substanua] can on is possnble For example; 45, sik5wD indeq)

for relative airsk chronbfis satellites located #4ogitude 7 deg E and 10 ég006
0. 237 1OODFaQIe§§%Ha%,9ap geosynchron satellites loca 0(.’%7‘3 eg E and 10 dbg

0. 948 200 E, have typigalSitationkeepifig erpors that introduce egoB®f 2 Hz into a measurement3of710
400

Table 3 ill ustlsg?&dlzh’ést m?‘i/ﬁl'ﬁegf’wfﬁ’%r”f?rﬁ) @Fe‘mﬂ%fﬂémﬁ‘ﬁ%df’%a"?‘b eﬂB‘isk‘%
effectively W drbundaosin intr@stionitd DTY £id12340R i @adéh fo/IEO NBkd 6k wddGhePdt NOIr €

than 0.1 deg to the Earth's equator.
a known location enable substantial correction of ephemeris errors. For example, for an
‘unknown’ transmitter located at Paris (lon 2.5 deg E, lat 50 deg N), the subtraction of
DTO and DFO for a reference signal located 10 deg due West of the unknown site, reduces
relative DTO error due to ephemeris errors to 0.29 ps and relative DFO error due to
ephemeris errors to 35 mHz. This corresponds to a DTO location error of 1.5 km and

DFO location errbr of 42 km.

The subtraction of DTO and DFO for a reference signal located 10 deg due South of the
unknown site reduces relative DTO error due to ephemeris errors to 0.065 us and relative
DFO error due to ephemeris errors to 50 mHz. These errors correspond to location errors
of 0.3 km and 60 km for DTO and DFO respectively.

If a reference transmitter is available closer to the unknown signal then the impact of
ephemeris errors is reduced pro rata. Thus for a reference transmitter 1 deg West of the
unknown location the DTO error due to ephemeris errors is 0.03 p s corresponding to a
location error of 0.15 km and the DFO error due to ephemeris errors is 3.6 mHz
corresponding to a location error of 4.3 km. ie 0.1 of the errors achieved with the reference

signal 10 deg away in longitude.

Subsidiary advantages of the invention include the following:-
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The exanpl e of the invention described with reference to Figures 1 to 13
enploys a commpn timng, frequency and phase reference. This enables the
unknown signal to be acquired at geographically separate sites that are not
t hensel ves coordinated to a conmon tim ng, frequency and phase reference,
and degradation of subsequent DTO and rel ati ve DFO neasurenents i s avoi ded.
Thi s enabl es r@ETABREY sites to be located within the downl i RET(ERIENRRYE
‘areas of satellites 14 and 16 which need not cover conmon territory and

t herefore need not be nonitorable at a si nfrlyle ground station site, unlike
the prior art. The unknown signal nust be T%eceivable by both satellites 14
and 16 as does the reference si&nal. but this ils noé\ a serious %eim'tation
‘because there e m}ﬁ?“ﬁr 7 TRYPT efits Prpansion cobles Tanid copyiegence 1o nkogwn
However, the pihfée Witioufthe nééd forconiputiBon sl O Pasiforsat el l i tes from a
single ground station site is a serious limtation because satellite
downl i nks do not necessarily have comon coverage areas.

48 "~ The exanpl,e of ' -] i By - E . 1 to
13 al 5o enabl o eqf Frpdghiabs b HECAE ol iich Wb pRICEIRE cbthidefHERTng 11
i npact on DFO #me/fidquency dermdie idansfermetidns repabiles uawvamed sigsal tamponents ¢e beeasiint
common bet ween unknown ar{g‘?:%eference taansm’ ers and therefore substanti al
cancel | ation | £G4 1) qither the-fxequency or ime domar, Hingt exqised, fheseunyranted, camponents;;

of geosynchr ongascatgd @iniﬁéaﬁﬁ dégradtiGif (P the| resulthrit UCEF So 4R® signdld) bre idt Ge@crbd
have typical stationkeeping errors that introduce errors of 2 Hz into a
measur enent of amie DF(Y al DEOmessurement accumapigredueadt of DTQ This woul d

i ntroduce location errors of around 10 kmin relation to DTO and 2340 kmin
relation to DFO. Use of a transmtter at a known | ocation enabl es

subst anti al co(d)ect The sighal epiysting rand digitalsighal processingnanpraach Enables nnambigioasn'
transmtter located at Paris (l.on 2.5 deqg.E, lat 5Q.d , the subtraction
of "DTO and. DGO THCIOB OB SRRAL SO gt ot it isad i B looHion (gpoy crRng
unknown site, LOEHGRS 4 GaRichite sighdP ' dsSiciatldC with £ RRFERAT focRionO" Ihis0jsOar9
[err]s and relative DFO'error due to epheneris errors to 35 nHz. This
corresponds t oimpréyE@ehtoovst therprior amwhefe datsbark desnogledIRCpriocassieg and wheroothef 42

km The subtraction of O for. A i gnal .l ocated 10 deg
. due Sout h of twﬁﬁfﬁaﬁ?@ﬁ?@%&%@?ﬁf‘gﬁﬂgﬁ%&ﬁ@ﬁ@%@‘ & o epheneri s
errors to 0.065 [err]s and relative DFO error due to epheneris errors to 50

- nmHz. These errors ,corresp%nd to Iocatisgn erré)frs of 0.3 kmand 60 km for DTO
and DFO respec?‘?f?@W now to Figure 14, there is shown a reference transmitter indicated generally by

400. The reference transmitter 400 incorporates a modulated waveform generator 402

providing a modulation signal to each of two mixers 404X and 404Y. These mixers
receive local oscillator signals with nominally equal frequencies of 14.015GHz from
respective oscillators 406X and 406Y which are both phase locked to a signal from a
reference oscillator 408. Qutput signals from the mixers 404X and 404Y pass to respective
amplifiers 410X and 410Y, arld thence to first and second transmit antennas 412X and
412Y respectively.

The reference transmitter 400 operates as follows. The mixers 404X and 404Y produce
output signals consisting of modulated signal centred on 14.015 GHz both phase locked to
the reference oscillator signal. The resulting signals are amplified at 410X and 410Y and
then transmitted from respective antennas 412X and 412Y. The first antenna 412X has a
main transmission lobe directed to the first satellite 14. and the second antenna 412Y has a
main transmission lobe directed to the second satellite 16. The antenna transmission signals

are set to amplitudes substantially lower than that of a typical communications signal. in
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If a reference transmtter is available closer to the unknown signal then
the i npact of epheneris errors is reduced pro rata. Thus for a reference
transmtter 1 deg West of the unknown | ocation the DTO error due to
epheneris errors is 0.03 [err]s corresponding to a |location error of 0.15

- km and the DRgof%k due to epheneris errors is 3.6 nmHz corr, | to a
" location error o ) km ie 0.1 of the errors achi eved Wtﬁﬁ@gﬁ# ence

signal 10 deg away in |ongitude. Subsi di ary advant ages of the invention

i ncl ude the foll ow ng: - 50
49 (a) The use. of a Tayl or series expansion enabl es.rapid convergence to

Eh;a un_krﬂown Slewéﬂeovivbiﬂowlfichﬁdmeeﬂn!ﬁﬂrﬁcaﬁmuﬁﬁé:L@iﬂ_goﬁle llshﬂémfesq4 Bepi16i on.
] a e 1np enentati on of the . USI.N lglta S| gnal processi ng

~ techni ques iH@WﬁYﬁ'ﬁ@eP‘F‘%‘/‘q"’Féﬁﬁgﬁﬂ?_"EJﬂ& '%_fa?tem{emmmwémbns&md
unwant ed si gngle HHEPARR MeSintphnide of 8 ComhufitsHons tarsthitidr sIaBbbLE h?ﬁégretﬁ&%&cy or

time domain. If not excised, these unwanted conponents can ca

si gni fi cant dpiyvide &nprovedisignalite noise mdtionas canpargitotthe sidelotpreghivalent elesvribed

detected and/ gr,.DFO and DTO neasurenent accuracy is reduced. (c) The

si gnal sanpl i%ﬁhe&nd di gital signal processing approach enabl es unanbi guous

reconstruction of a signal fromthe data that is used to provide the

| ocati on therfg%l enabl i %ﬁt roof, that a particular signal is associated with
|

a particul ar apvrspges phités ranfigyratiqnyre fusfeld: Firviy the ieapanry of thetrefarensee dat a
are destroyedgfi) binde aadito SHpYa felluenby ile dTEARSGh Bithe? HIlIfE 94 b1 £ 350C! at @

a signal with a particular determne erring now gure
14, there is eiample ahthesfige efithetranspondern whese the ohinnel perforgemerinidagceptablé @r. The

reference tr ' r 400.i ncorpor at.es nodyl at.ed vef or m gener at 402
providing a ?Eogﬁ%{a{%u"@boﬂﬁﬁg?%s ctﬁerfﬁretm“q 93&"5’"% ° %gog?.m“%[){ese
m xers recei vihe leveladf thesteferdnod signab caiind eduded o 8 W Rtlliy berf Ualellife’ RCUHANGI €S Of
14.015CGHz fromrespective, oscillatgrs 406X and 406Y which are both phase

| ocked to a s§ s sp thatths impackon-satelite channe] loading ignegligible: put si gnal's from the
m xers 404X and 404Y pass to respective anplifiers 410X and 410Y, and
thence to first and second transmt antennas

Referring now to Figure 15, there is shown a reference transmitter indicated generally by

500. The reference transmitter 500 incorporates a pseudo-random binary sequence
(PRBS) generator 502 providing a modulation signal to each of two mixers 504X and
504Y. These mixers receive local oscillator signals with nominally equal frequencies of
14.015 GHz from respective oscillators 506X and 506Y which are both phase locked to a
signal from a reference oscillator 508. They also provide carrier wave signals via variable
attenuators 510X and 510Y to power combiners 512X and 512Y respectively, to which
signals from the mixers 504X and 504Y are aiso fed. Output signals from the péwer
combiners 512X and 512Y pass to respective amplifiers 514X and 514Y, and thence to

first and second transmit antennas 516X and 516Y respectively.

The reference transmitter 500 operates as follows. The mixers 504X and 504Y produce
output signals consisting of Pseudo-Random Binary Sequence (PRBS)-modulated 14 015
GHz carrier waves both phase locked to the reference oscillator signal. The mixer output
signals receive additional carrier wave components at the power combiners 512X and
512Y, the components being adjusted to a convenient amplitude by means of the variable
attenuators 510X and 510Y. The resulting combined signals are amplified at 514X and
514Y and then transmitted from respectivé antennas 516X and 516Y. The first antenna
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412X and 412Y respectively. The reference transmtter 400 operates as

f ol _ . A

nodul at ed signals centred on 14.015 GHz both phase | ocked to the reference
oscillator signal. The resulting signals are anplified at 410X and 410Y and
then, transmtted fromrespective antennas 412X and 412Y. The first antenna
412X has a maiWP?¥HA®ni ssion | obe directed to the first satePFIGES®R2115(

t he second antenna 412Y has a nmain transm ssion | obe directed to the second
satellite 16. The antenna transni ssion signals are set to anplitudes
substantially |l ower than that of a typicaP!communications signal, in

50 order to avoid conflict with co nicatjons traffic using th

satel |1 tes 14 SIGF haea mapspapissiqngbe dhiseied faitve aci seielte 14, and e ipeqnd gptemmsy
detection at regQl MRIs mhi traiiRlisiSB Iobd iredte® 16)ith Sdcod) Stellith €162 "Thé latidna0f 2
conmmuni cations transmtter sidel obe. T_he§ therefore provide inproved signal

t 0 noi se rati craasmission signals are s¢ielos substantially clewer] ghap r thate ¢f @anpicalr .

tially
The advant ages_qf th] [,gur at.i O 0, '! bl e of
the reference ?W‘i%’%%s}eﬁl %Ig%retg at%éﬁoéggﬁéy@ f'fE equelﬁ%?;'{]ﬁ’éééé Sg}{égﬁsses
in either sat eatelliteg 14 4nd16. Towdver, thamplitudesate sufficiemtictghtfor ddiextibi srregeivesier
where the channel performance jis ungccept.ahl e for nornmal conmmuni catjons
signals and thé ﬂ@vﬁ?ﬂ@“m%ﬁ“ﬁ’ °8€%W“E@Eéﬁﬂﬂ“?qf¥fel°g9el of
the ref er ence pisgakeGRNpRRIE SHYRRE sind HONSieoHED dscdiafbas flel ihonkd and
16 channel s so tegat t he | rrpac_tqmgn sat;eglnl ite éhannel I%a ing 1s r?egl I gi bl e.
Ref erri ng now equivaieny desribiegl eatliser e i s shown a reference transnitter

i ndi cated generally by 500. The reference transmitter 500 incorporates a
pseudo-random bi nary sequence (PRBS) generator 502 providing a nodul ation

signal to eactrhefadditiondl cefrid vt XconiPdn@d4Y . eall @F heViaehsa Hransgision! dgmls
oscillator signals with nom nall Eg}g&yal frequencies of 14,015 G4z from

respective osédlitaiesshe deemninatian o REh pEthe seferenss signgifinse it (car Re detergningd
signal from a4 ehCTHRAF fhe GDSdrvdtich OF the LW s@ﬂﬁ%gﬁ:bé&npfe%ﬂéé% Egd'ei"vkﬁrl sgﬁ%ﬂ
S co 12X and

signals via varitable attenuators 510X an 10Y to power I ners
512Y respect i \8By, Furthemhorehit Sacijtaséssthé pmeess fof phisg @ose Shtdllationd sib@tie phaseal so

o Ot Bl L 0 St O AL AR St i

transmt ant eppaé degkidation tanbeGbtrfR el Hohi t4h8 eteived signal in each channel prior to CAF
processing. The effect of the subsequent CAF processing is to derive DFO of the unknown
signal relative to the reference signal since the received downlink reference signal contains
the DFO shift of the reference signal.

The PRBS component of the signal provides a well-defined time domain CAF with a single
peak at the reference DTO. This is an improvement over the use of an arbitrary reference
waveform which may contain ‘hidden periodicity and therefore produce more than one

correlation peak in the time domain CAF causing confusion as to the true value of DTO.

In the foregoing example, measurement of the reference DTO and DFO was described for
the purposes of determining the unknown DTO and DFO. It is not in fact essential to
measure the reference DTO, although this leads to the greatest accuracy. It is possible and
adequate for some purposes to measure the unknown DTO directly by CAF processing.
Alternatively the reference DTO may be determined by geometry from the locations of the
reference transmitter 22 and the relay satellites 14 and 16. However, for all practical
purposes it is necessary to measure the reference DFO to determine the unknown DFO,
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- 516X and 516Y. The first antenna

The reference transmtter 500 operates as follows. The m xers 504X and 504Y
produce out put signals consisting of Pseudo- Random Bi nary Sequence
(PRBS) - nodul ated 14. 015 GHz carrier waves both phase | ocked to the
reference oscillator signal. The m xer output signals receive additional
carrier wave gopponents at the power combiners 512X and 512,&,#&@,02211
conponents belng adjusted to a convenient anplitude by neans of the
- variable attenuators 510X and 510Y. The resulting conbined signals are
anplified at 514X and 514Y and then trang%itted fromrespecti ve ant ennas
516X has a main transm ssion
| obe directedyt E?ﬁ! L i eyl i & ol has a
mai n transm Sglﬁﬁ?] 0 %mm%?ggé+?bfﬂgﬁg%condFégggijlgﬁﬁﬁgoﬁg The g)nf gﬁna
transm ssi on sasegfahesmeasared atfenencedPD icompensatesUfor amemroran ithis measarementan thehat  of
a typical communications, signal ,.in order Qi onflict with
conmmuni cat i ongrdﬁ"gfsﬂe&a]%i %q't‘?'fgbggheéflﬂTaéeihqefj%gﬂ%@& However, the
anplitudes are sufficiently high for detection at receivers 18A and 18B,
and are higher than the anplitude of a conmmunications transmtter sidel obe.
They therefore provide inproved signal- to noise ratio as conpared to the
si del obe equi val ent described earlier. The additional carrier wave
conponent in each of the antenna transmi ssion signals facilitates the
determ nation of the DFO of the reference signal since it can be determ ned
. directly fromthe observation of the CWsignal conmponent received in
- receivers 18A and 18B. Furthernore, it facilitates the process of phase
noi se cancel |l ati on since the phase degradati on can be directly observed on
the CWsignal received in each channel. This phase degradati on can be
subtracted fromthe received signal in each channel prior to CAF
processi ng. The effect of the subsequent CAF processing is to derive DFO of
t he unknown signal relative to the reference signal since the received
downl i nk reference signal contains the DFO shift of the reference signal.
The PRBS conponent of the signal provides a well-defined tine domain CAF
with a single peak at the reference DTO This is an inprovenent over the
use of an arbitrary reference waveform which may contain hidden periodicity
and therefore produce nore than one correlation peak in the tinme domain CAF
causing confusion as to the true value of DTO In the foregoing exanpl e,
measurenent of the reference DTO and DFO was descri bed for
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t he purposes of deternining the O It is not in fact
essential to neasure the refereng_mnﬂml,ﬁﬁmnlmﬁrmﬁ_' leads to the greatest
accuracy. It is possible and adequaté fer sone purposes to nmeasure the
unknown DTO directly by CAF processing. Alternatively the reference DTO may
be determ ned by geonetry fromthe | ocations of the reference. transmtter
22 and the reM9HHB® | ites 14 and 16. However, for all pracPFEEBI22Hoses
‘it is necessary to neasure the reference DFO to determ ne the unknown DFG,
52 this is because the required accuracy of DFO neasurenent is in the
order of Hz x 10[err], and wuse of the mas§5ed ref erence DFO conpensat es
for an error in this nmeasurenent in the order of several Hz introduced by
the relay satellites 14 and 16.

53 Caine  dgims A NMethod of locating the source of an unknown signal
received by a pl urg1ity of signal relays, the nmethod including the steps
of:- (a) arranging for a plurality of receivers to receive the unknown

et omect ! U nPhARB Bl pbls FLDDRR SBin OB RER YR O
reference si gnalsfﬁngli{eia@g, teh&dod RBlubiag $hedteps ofL N9l € signal or bei nb
a

replicas of signals |ocked in frequency, tinme and phase to a single signal
and t he (a) arranging for a plurality of receivers to receive the unknown signal from respective

signal relays;
(b) arranging for each of the receivers to receive respective reference signals from

respective signal relays, the reference signals either being replicas of a single signal or
being replicas of signals locked in frequency, time and phase to a single signal and the
reference signals being transmitted to the signal relays from reference transmitting
means of known location;
(c) processing the respective unknown signal and reference signal received by each
receiver coherently such that these signals preserve their timing and phase information
relative to one another independently of signals received elsewhere;
(d) performing cross ambiguity function processing of the processed reference signals
and the processed unknown signals and employing the processed reference signals to
counteract phase noise and frequency drift effects in the unknown signals in order to
determine at least one of the following:-
(i) values of the Differential Time Offset (DTO) and Differential Frequency
Offset (DFO) of the unknown signals,
(ii) values of the DTO of the unknown signals corresponding to different signal
relay positions,
(iii) values of the DFO of the unknown signals corresponding to different signal
relay positions,
(iv) values of the DTO of the unknown signals corresponding to different
combinations of signal relays,
(v) values of the DFO of the unknown signals corresponding to different

combinations of signal relays,
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reference signals being transmt rel ays fromreference
transmtting neans of known Iocaamglmuﬂmﬂ llmﬂ“ ng the respective unknown
. signal and reference signal receiwedcbyteaech ¥ ecei ver coherently such that
these signals preserve their timng and phase information relative to one
anot her; (d) %J m;psng cross anmbiguity function processing é?:tr/élg 2211
processed reference Signal s and the processed unknown signal's an npl oyi ng
the processed reference signals to counteract phase noise and frequency
drift effects in the unknown signals in order to determine at |east one of

the foll ow ng: - (i) wvalues of the Difgerential Time Ofset (DTO and
Differential Frequency O fset (DFO of the unknown signals,

(ii) values of the DTO of the unknown signals corresponding to di fferent

si gnal (e)rcalcaltipp shiet pasition of the upkiawn sighaliseurcé frome tHor@luss of HeTO
unknown signals correspondjng to d ff.erent rel ay

posi ti ons, 95Di" é“'%ﬁe mae f)?ﬁe%?’ ﬁdﬁgg%ﬁkﬂo\m signal s correspondi ng
to different corrbl nations of signal relays, (v) values of

t he DFO of the unknown signals corresponding to dlffereng ) ) .
conbi nati ons of 2si gnd} mp@pgygcordmg to Claim 1 wherein processing tn Step (c) is carried out in

54 “(e) cal cul 31400 driEnRRcEA O bach Aoetik 5PNy AAng YB iichiniErkl g

val ues of DTO he case may be “det er m ned |n Step(d).
A net hod accor dithg referenitei signil wheintérmegintec éequency |(H’)Sisxgpa1$ cyith sprcétmmmbdout

n respect of signal rec d. b ch.receiver onverting.the
:Jnknownpsi gnal &:ﬁgﬁ‘“fi IV %rﬁ ital lsﬂnf!r"%/ﬁ etrhﬁ'éﬁfi fP’\éERI%'né‘g“ Fjnd
signals with pr %%%d%ﬂﬁﬂ co%&@@xﬂﬁ&b‘ér&ﬂ&k With & pricRE dc?lﬁzhéyaénd&ﬁﬂﬂé Q@ndard

thereof with sanple timng and downconversion contro ed i n accordance
with a precise frequency and ti m ng standard. . A rret hod accordi ng

not oreat er  hat 4 P MR iofd {0 CRER fndtd .r*ﬁ%%rf% o R T

DTO of the unkngdre F ndwiitishot greater than 4 Mhz,

4 A method according to Claim 3 wherein the DTO of the unknown signals is
determined and the unknown signal has an IF bandwidth which is at least close to its

bandwidth prior to downconversion.

5. A method according to Claim 2 or 3 wherein the DFO of the unknown signals is
determined and the unknown signal bandwidth is matched to the reference signal

bandwidth.

6. A method according to Claim 2 or 3 wherein the DFO of the unknown signals

is determined and the unknown signal IF has a bandwidth of less than 100 kHz.

7. A method according to Claim 6 wherein the unknown signal IF has a

bandwidth substantially equal to 10 kHz.

8. A method according to any preceding claim wherein cross ambiguity function
processing in Step (d) of Claim 1 includes the step of producing complex data from real

data by a Hilbert transform procedure.
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determ ned and the unknown si gnal t dth which is at |east
close to its bandwidth prior to maﬁ & “l 2 A_rnet hod
according to Claim2 or 3 wherein c »unknown signals is

determ ned and the unknown signal bandwi dth is nmatched to the reference
signal bandw dt h. 6. A nmet hod according to Claim2 or_3 wherein the
DFO of the unM@%H1Bgnals is deternined and the unknown si §FRCBPPAYs 4
bandw dt h of | ess than 100 kHz. 7. A nmet hod according to Claimé6
wherein the unknown signal |IF has a bandwi dth substantially equal to 10
kHz. 8. A nmet hod according to any pre(‘sgdi ng cl ai mwherein cross
anbiguity function processing in Step (d) of"Claim1 includes the step of
produci ng conpl ex data fromreal data by a Hilbert transform procedure.

55 9. A nmet hod according to any preceding claimwherein cross anbiguity
function processing in Step (d) of daim1l is perforned to determ ne

ref erence signalg DTOA meflibd accérdingt tocaby sprecedutg retpir ovierein orods ambliguity fpction

steps of:- (a) finding a re{d'b l.nacty .val ug of .the reference si.gn O by
eval uating the d?‘%%%“%i%ﬂ? &Eﬁﬁildﬁp?"&mﬁd%a QETge @feé‘f:ef'g’é%?g?cy
offsets until a function maxi mumis obtained indicating that the rel evant

trial frequency offset is the required prelininary value; (b) transforning
first and secondO ef & mathed acepsding toyClaire P ancluding theysteps9fect i ve receivers to

L gavency dore, TuP UGN P e o APUETRRaDED b S e
domai n, the frecinbigujty fimdiionfons iratgeraf witl fréqpemycdffseisnumtiy a\fahation ghaximan i§ d) -
s)e(]? ;f ie 2 g e ag ly g lrjl 2| %r?eg iL&iga%%egnt%Xt t%g r;rglg\rr]a?nrt] ttgali é'eq%gn%y fohfpsgug e ré%)%ﬂ‘g& I3reliminary
value;
(b) transforming first and second reference signals associated with respective receivers
to frequency domain equivalents thereof;
(c) frequency shifting the first reference signal relative to the second reference signal in’
the frequency domain, the frequency shift consisting of the preliminary value of DFO;
(d) excising any unwanted frequency components in the frequency domain reference
signals;
(e) in the frequency domain, multipiying the complex conjugate of each frequency
component of the first reference signal by the corresponding frequency component of
the second reference signal to produce frequency component products;
(f) transforming the frequency component products to the time domain and producing a
respective value of the cross ambiguity function for each of a range of values of relative
time offset between the first and second reference signals;
(g) selecting a set of the largest magnitude values of the cross ambiguity function,
obtaining 2 maximum value of the magnitude of the cross ambiguity function by
interpolation therebetween, and deriving the reference signal DTO as the relative time

offset between the first and second reference signals which corresponds to that

maximum value.

11. A method according to any preceding claim wherein processing in Step (d) of

Claim 1 is carried out to obtain the reference signal DFO and includes the steps of'-
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(e) in the frequency domain, npl ex conjugate of each
frequency conponent of the fi rnE!mEE “i Img al by the correspondi ng
~frequency conponent of the sec lereunce Skgnal to produce frequency
conponent products; (f) transform ng the frequency conponent products to

- the time doneiype3ffhgpr oduci ng a respective value of the croggq ﬁ;?ﬂ%/gﬂ
“function for each of a range of values of relative tinme offset ween t he
first and second reference signals; (g) selecting a set of the |argest
magni t ude val ues of the cross anbiguity function, obtaining a maxi num val ue
of the magnitude of the cross ambiguity fsgnction by interpolation

t herebet ween, and deriving the reference signal DTO as the relative tine
of fset between the first and second reference signals which corresponds to
t hat maxi num (@hdetermining the DTO /betweon fisst and decoydtrefecamge sigaale disogiatsdavith
wherein proc Iin Step (d) of Gaiml is carried out to obtain the
reference si gr%%: C%E(Se‘é d’rgncl udes the steps of:

56 (-a) det er(b) hrogudifiea FT4Dive eimesshift Betwedn the frss Q@Moﬁ@f&r&ﬂ:@%xg%hlg BdilaP
associated w th regpective receivers; (b) introducing a relative time shift
bet ween the Pt refrrence sigBHPI@f er ence signals equal to the reference
signal DTO ( Sl the relative tine
shift; (d) mu t| plyi ngm??l{gﬁggé %@)i( conﬁég?@eo@%ﬁ first reference signal
sanpl e by a dd) msdypyiog rthe comples coinjughte sfe eachdfinse freferencee sighg nsimpl® bprduce
time conponent prodycts; rier sform the tjne conponent
products to tR 'FW@&%#@V"’E%HE? é‘?‘ﬁ?n{) g@fﬁ’?ﬁj‘ E‘E{“F?/émfalc%!’?ﬂemc he
cross anbi guigryddewsact i on for each of a range of vaI ues of relative

frequency offset between the first and second reference signals; (f)
sel ecting a dek Foyrier feansformiag itheviimei qompensns ipneductsftot the fmqogs:yaimmguancy

function, ré\;{géi:'t function b

i nterpol ati oh%‘ﬁjeﬂgbet lw%g‘g(?g?tlle\%rﬁwﬁﬁggﬁésg?gﬁ%%y eéﬁ ?ISF@‘%FS° he

rel ative freoaleecgf ml’atlseﬁeqneh@ye:dﬁet erméenrtﬁé fisnshdsecoddefertnté Spads; Si gnal s

whi ch correspgpnd value nmet hod according to any

preceding cl gﬁrﬁe%ﬁé‘?%f“rf’ebf’gaé%% magaifuds v Pﬁ’f GfA)ES sfoss embiguity fupctignout t o

obtain the unbtnig < GhaimbMhOvalisl o Ghe!dessst BRLISLIBP SfuRdtion by . interpolation
therebetween, and deriving the reference signal DFO as the relative frequency offset

between the first and second reference signals which corresponds to that maximum

value.

12. A method according to any preceding claim wherein processing in Step (d) of
Claim 1 is carried out to obtain the unknown signal DTO and includes the steps of'-

(a) introducing relative time and frequency shifts between first and second unknown
signals associated with respective receivers, the time and frequency shifts being equal to
the reference signal DTO and DFO respectively;

(b) sampling the unknown signals after the relative time and frequency shifts;

(c) transforming the first and second unknown signals to their frequency domain
equivalents;

(d) applying a trial frequency offset to the transformed second unknown signal;

(e) excising any unwanted frequency components in the transformed unknown signals;
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(a) introducing relative time and fre ween first and second
unkn signal ted with res mﬂmmn ,m, the tine and

frequency shifts being equal to the refterence o gnal *DTO and DFO
respectively; (b) sanpling the unknown signals after the relative tinme and
frequency shifts; 3 transform ng the first and second unknown signals to
their frequency wee 33 equival ents; (d) applying a trial freqRERGBISPIAkL
to the transfornmed second unknown S|gnal; (e) excising any unwant ed
frequency conponents in the transfornmed unknown signals;

57 (f) multiplying the conpl ex conjugate of each frequency conponent of
the first unknown signal by the correspondi ng% requency conponent of the
second unknown signal to produce frequency conponent products; (Q)

transform ng the frequency conponent prqducts to t time domain to.produce
a respective val ud @“Fﬂ!‘“& '8 g‘i’ %ﬁ&*‘rﬂ&‘h%@@&ﬂ%ﬂ&n % %f
val ues of relativgn, Ptﬁ@w@&ﬁoﬁaﬁ‘g freffency? BSmie NS thekseoHd unknown

signals; (h) repeatl ng steps for a'range of trial frequency
of fsets to obt ai nsignal uewodﬂcetﬂ'nguencwgmqmgnmdycts,unct ion; (i) selecting a

set of the larges v a f 0]

obt ai ni ng a maxi n{g}{%ﬁ&aﬁgﬁ L‘f%éé%%g%s 'ﬁbonél&tl ﬁgd‘%ﬁ{@%ﬁék%ﬁ &Pﬁ% ‘88f°a R
t her ebet ween, andregysuctive Vidue &fﬁhummmbxg.uqrmhctﬁﬂ' forafch bfta faﬁgabﬂ' “afuek offeelative
of fset bet ween the fi rst and Sﬁi&'fﬂd unknown si gnal s ich corresponds to
that maxi mum val u@me offses betwesn thefirs and secopd PRIOWE SIgRR!SIHr ecedi ng cl ai m
wherein processi )'r ealirgPstépd) (49 to )%ffhlmig% &‘%&!'fﬁeﬂu&i& ofBet®Ré Bbidin Viffues of
unknown signal DF d includes a stage conprising processing reference
signals and i ncorqbgcmss ambighity Bwnetion; of : - (a) introducing relative tine and

respocti ve recei VoI SIEEHE i %ﬁﬂgé‘r’ﬁés?é'g‘tﬁgﬁ“‘f LS T eSO Fan
and DFO respecti visbtalain bi maiftuin raluge of efher eee amibijuntl S filkctied  ByhanteploRtibive
time and frequencg shi (¢), multipltying the co | ex conj.ugate Qf each
first reference stgﬁhthsmfédwrtmeemwla m&ﬂrsl Yet"neogaeé&ﬁfaveen
reference signal $opRk OAEROAd Bknb G}gﬂ%ﬂﬁ?%&h% ?slfpﬁnds(tglha't: binfifm value.
transform ng the tinme conponent producCts to the frequency mal n to produce
a respective value of the cross anmbiguity function for each range of val ues

g}c 9:1:: 2t hve fr equl%ncy lg ! fe%hotd ,2,%},, m%ntotart]ls Jréceaxtng%agm S%%l%pndprroggsg{ng ri‘n %tep (d) of

Claim 1 is carried out to obtain the unknown signal DFO and includes a stage
comprising processing reference signéls and incorporating the steps of'-

(a) introducing relative time and frequency shifts between first and second reference
signals associated with respective receivers, the shifts being equal to the reference
signal DTO and DFO respectively;

(b) sampling the reference signals after the relative time and frequency shifts;

(c) multiplying the compléx conjugate of each first reference signal sample by the
corresponding sample of the second reference signal to produce time component
products;

(d) Fourier transforming the time component products to the frequency domain to
produce a respective value of the cross ambiguity function for each range of values of
relative frequency offset between the first and second reference signals;

(e) excising unwanted frequency domain components from the cross ambiguity

function,
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(e) excising unwanted frequency dongi omthe cross anbiguity
UGN ™ 5
transform ng the excised cross anbi gultey fwneti en vack to the time domain
to produce a set of filtered tinme domain products between the first and
second refere | | s contai ning phase noi se perturbation_j I.on.
14. - A nmetho gg?%)lrg%?ng to any preceding clai mwherein procgé-is:}l&ﬁ;gsr@%"St ep
(d) of daimlis carried out to obtain the unknown signal DFO and incl udes
a further stage conprising processing the unknown signal and incorporating
the steps of:- (a) introducing relative timggand frequency shifts between
first and second unknown signals equal to the reference signal DTO and DFO
respectively; (b) sanpling the unknown signals after the relative tine and
fr Eq uency shi }‘ (3] l(dlia)'ieil‘)ftthﬁs'ﬁdﬁm ignthe eRetsedcorpdseambiguity figrtion bickerothe timesdomain
unknown signal sanple by the correspqndi ng sanpl e of the second unknown
signal to produde E'Pﬁ%“ecbrﬁﬁbl?g ‘efﬁdoﬂﬁ‘&‘!‘g“‘t‘ﬂ;{’e 5 WVF%“&A@FFH second
conponent produGhglsct Bgnm{a%ﬁng:gﬁwﬂaaeepﬁmﬁahsn fnkdrir@figsl time conponent
ef er

product of the first and second r ence signals; (e) Fourier transform ng

the tinme conponent products to the frequency domai n and producing a

ecti | ft i qui funeti on. f h of .a ¢
Valbes of relat et /Adutiedpeedthtedb shy plethiibs B PherSB plosule i SRR Blaf
signals; (f) selcigi ng cars&t oftfiotobtaid thedkhowmgighdl DFO W&l mcladey a filier st0ges

anbiguity function, obtaining a maxi num yval ue of the crqoss anbiguity
function by i nt SPRBrisipg precessivgdbrynkaenn sighal and McoiPAEpting thei#aPS &k si gnal DFO

relative to the (a)efnﬁgemsg fl ﬂelﬁn{écgda'ﬁe&deﬁc,r QhifY betfredn HiSH SR YecBhd Hiknown

between the first” an i

D¢

second unknown signhals which corresponds to that
maxi mum val ue. sighBls equaltothe neferenascsignal INGOtand BRD respectivilng cl ai m wherein

cal eul 219t he b S BB et TSR e St o 0
signal DTO an exgy pahiphing theotompléx thgughtd bereatl figt uakivwn Eighg eampleSh) tinf
the reference transmtter and . .
corresponding sample of the second unknown signal to produce time component
products;
(d) multiplying each time component product by the complex conjugate of the filtered
time component product of the first and second reference signals;
(e) Fourier transforming the time cdmponent products to the frequency domain and
producing a respective value of the cross ambiguity function for each of a range of
values of relative frequency offset between the first and second unknown signals;
(f) selecting a set of the largest magnitude values of the cross ambiguity function,
obtaining a maximum value of the cross ambiguity function by interpolation
therebetween, and deriving the unknown signal DFO relative to the reference signal
DFO as the relative frequency offset between the first and second unknown signals

which corresponds to that maximum value.

15. A method according to any preceding claim wherein calculating the position of
the unknown transmitter in Step (e) of Claim 1 is based on:-
(a) obtaining from the unknown signal DTO and the reference signal DTO an

expression involving the differential slant ranges (DSR) of the reference transmitter and
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59 the unknown transmtter, g the difference in
length of the paihs fromthe res m@;lmmﬂmm rto the signal relays:
(b) obtaining fromthe unknown si gna O andsthe reference signal DFO an
‘expression involving the differential slant range rates (DSRR) of the
reference transmtter and the unknown transmtter, DSRR in each case being
‘the rate of cH¥QgE1P3 t he respective DSR; and (c) perforni ng PATARRF@211
expansi on anal ysis of the DSR and DSRR expressions to derive the |ocation
of the unknown transmitter fromthe unknown and reference DTCs and DFGCs,
the positions and velocities of the rel ays nd the | ocations of the
reference transmtter and the receivers. A net hod according to
Claim 15 wherein the |l ocation derived in Step (c) of that claimis a first
val ue thereof, gw’ s I ed
by back substitlg%]ﬁ%wao t he ek gltbsggl? Eaedhlnar%gfﬁgﬁhfg? dci?&gé%gém g‘rﬁﬁgg?éﬁhg
and iteration d?omﬁ&rdlpebt@\mttmmmfertmﬂaelsxgodtreleys, of the unknown transmtter.
17. "Amathod rd| aim15 or .16, i ud|n r |n|ngth

der i vat i on of - (BE QPORRIRE JFPTR g MR FPe e g DEP. an

prodyci ng cal Cl&xﬁie@ﬂoﬂ/ah\h&ﬁn@fthé hefifFer@leiud Velarfs i ﬁﬂg& rals@ Mﬁl"frh@rﬁe&rence
derived value of the location of the unknown transnmitter, the posi tions and

vel ocities of ttraasmittegpad theqinkpewn tranyeers SRR Meeacly case peing: th ¢ FAte OFf GhATEE ng
a correction fQJfﬁxQ?esﬁ@& P%I*gﬁ tlon of the unknown transnmitter fromthe

di fferences between t ated val ues of the unknown signal DTO and DFO
and t hose neas {c)mkriormingtaliFaykir éxpension esdysisndfitbpIDER apd DSERsexpeessionsl®. derivé\.

i gnal s and pr oRleRRR ARG AR o eSee Eot, e wfrch B8 B eee TEOD At

function proceypFQ@Y) the positions and velocities of the relays and the locations of the reference

(D

transmitter and the receivers.

16. A method according to Claim 15 wherein the location derived in Step (c) of that
claim is a first value thereof, and wherein one or more improved values thereof are
derived by back substitution of the first value in the Taylor expansion analysis and

iteration of the derivation of the location of the unknown transmitter.

17. A method according to Claim 15 or 16 including refining the derivation of the
location of the unknown transmitter by the steps of:-

(a) producing calculated values of the unknown signal DTO and DFO from a derived
value of the location of the unknown transmitter, the positions and velocities of the
relays and the locations of the receivers;

(b) producing a correction for the derived location of the unknown transmitter from the
differences between the calculated values of the unknown signal DTO and DFO and

those measured with the aid of cross ambiguity processing.

18. A method according to any preceding claim wherein the processed reference
signals and processed unknown signals are stored prior to cross ambiguity function

processing.
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60 19. Apparatus for |ocating unknown signal received
by a plurality of signal relays, ﬂm"BMHﬂthllﬁmudl ng:- (a) a plurality
- of receivers to receive the unknowls ' srespective reference signals
~fromrespective signal relays, the reference signals either being replicas
of a single saywhiss being replicas of signals |ocked in frﬁ?ﬁﬁﬂﬁﬁbz{irna
and phase to a single signal and the reference signals being transmtted to
the signal relays fromreference transmtting nmeans of known | ocation; (b)
means for processing the respective unknown signal and reference signal
recei ved by each receiver coherently suched hat these signals preserve their
timng and phase information relative to one another; (c) neans for:

(i) perform ng cross anbiguity function processing of the processed
reference signals and the processed unknown signals and enpl oyi ng

the reference,gi gn e noi and f,requency drift
effects in thég'unk%‘%aﬁa?lsé‘%ralf)gén?lﬁquggu%eag%arng%rﬁ ki géﬁérr?ﬁeﬂvgd («5’%’ C],1 pg?;@%yone
of the foll owofisignal relays, the appardtdy inolatlings of the Differential Time Ofset
(DTO and Differentigl Fr.eguenc . O fset (DFO of the unknown
si gnal s, 23 ap “r?% of & r%f" ferEveths ypknogm § IEFRgRUYes reference

corr espondi ngsigalélfrohPfedpdctive signal relays, the réfei@A@ sifrds2¥itHaP Deink FOSI;
(3) val ues of tb?lhé DFO ofpét he ur%knovvnyii nal s cor?ée'ga?)onldi ng tg dlﬁ%c?serogﬁt

si gnal rel ay fiBglesigaslor being replicas of signplsJegked in fodquency, tmoand pbase taiasinglen

signals corre ' Lffer . . conbi.nations of .signal
relays, and SipAH ahl nd ?%%E’\L/Ja‘ﬁ %}so?gl%gmﬁmegfmttﬂﬁgﬁﬁyn? P&h&ﬁf%'e&e

cor r espondi ngtramsmititihg eteans of known location; conmbi nations of signal relays,
and (ii)(béal cul ating the position of the unknown signal source from

the val ues of (Dpyfesans for processipg Hie fepRecHYE ynkBown signgtapd Jefetrace signal gecaivedcr oss

anbi gui ty fungy esth receiver cobRFenflf SAEH that these i ir timi
61 20. Apf)}ar at ursecgggo?odi ng fo Cq] g}am 1336 as;gg)%‘l?]é)éﬁerivg t(l)lﬁ s"g%l g gr(‘:deipeaes
si gnal s in tinforamtigrorelative tpuenecanother independeritly o sigmalsyecevealbelee/heiet h val ues

obt ai ned for e;‘ge%\sdflogr
(i) performing cross ambiguity function processing of the processed reference
signals and the processed unknown signals and employing the reference signals
to counteract phase noise and frequency drift effects in the unknown signals in
order to determine at least one of the following:~
(1) values of the Differential Time Offset (DTO) and Differential Frequency
Offset (DFO) of the unknown signals,
(2) values of the DTO of the unknown signals corresponding to different
signal relay positions,
(3) values of the DFO of the unknown signals corresponding to different
signal relay positions,
(4) values of the DTO of the unknown signals corresponding to different
combinations of signal relays, and
(5) values of the DFO of the unknown signals corresponding to different
combinations of signal relays, and '
(ii) calculating the position of the unknown signal source from the values of DTQ
and/or DFO as the case may be determined in cross ambiguity function

processing.
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DFO as the case may be and to o es thereof from such
of fget signals 21 Appar at mmnHm(“ﬂB!mﬁ"r ncl udin
reference signal transmitting nmeans @rnangedstortransmt to the signal
rel ays reference signals of substantially equal intensity. 22.
Apparatus according to Claim19 or 20 including reference signal
transmtting n¥@¥R1E8Banged to transmit to the signal rel ays RCIIGRISHDE!
signal s incorporating nodul ated and unnodul ated carrier wave conponents.

23. Apparatus according to Claim 19 or 20 including nmeans for storing
the processed reference signals and processed unknown signals prior to
cross anbiguity function processing. 61

20.  Apparatus according to Claim 19 arranged to offset received signals in time
and/or frequency as appropriate in accordance with values obtained for DTO and/or
DFO as the case may be and to obtain further values thereof from such offset signals.

2]1.  Apparatus according to Claim 19 or 20 including reference signal transmitting
means arranged to transmit to the signal relays reference signals of substantially equal

intensity.

22.  Apparatus according to Claim 19 or 20 including reference signal transmitting
means arranged to transmit to the signal relays reference signals incorporating

modulated and unmodulated carrier wave components.

23.  Apparatus according to Claim 19 or 20 including means for storing the
processed reference signals and processed unknown signals prior to cross ambiguity

function processing.
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