Satellite Ephenei s Error This invention relates to
satellite epheneris error, and nore particularly

W@ adovho4gh not exclusively) to its determ nati POT/&BAGGI001039

10

15

20

25

30

conpensation for errors in geolocation neasurenents
arising because of it. A satellite epheneris or
epheneris set is a list of at |east six paraneters
together with an associated tine instant fromwhich it
[ Ssﬁglﬁéll:_tul{é QisGRful ate position and velocity in
space of ‘an Earth-orbiting satellite. It is an

i nportant quantity for a nunber of reasons, but one
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I NnadRing aaiellites and jamming of TV broadcasts. Interference may frequently result from
human error (e.g. a misaligned antenna) or equipment failure, but it may also represent a
deliberate attempt to misappropriate bandwidth or to deny services to legitimate users.

To eradicate satellite interference, it is necessary to locate geographically a ground
station transmitter responsible for it. Such geolocation is well-known, and currently
satellite ephemeris error is an important (usually the most dominant) source of

inaccuracy.

in IEEE Trans. on Aerospace and Electronic Systems, Vol. AES-18, No. 2, March 1982,
P C Chestnut describes the basic technique of locating an unknown signal source: it
involves determining the time difference of arrival (TDOA) and/or frequency difference of
arrival (FDOA) of replicas of signals from the source relayed along two independent
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mThlegabmeﬁth%f@éﬁ@?teﬁ:hﬁﬁuéRﬂﬂﬂ@rpeﬁ RbI 8/018!318SRitigates the effects of
eff decrea{ﬁe as,_the target - reference separation
q?@m%lg §rror: these effects decrease as the target - reference separation is reduced.
Unfortunately, even with a reference transmitter relatively close to a target transmitter,

25  ephemeris errors are still typically the dominant uncertainties in a geolocation result.

The accuracy of prior art geolocation is highly dependent on the accuracy of the two
satellite ephemerides used in the calculation. Satellite ranging measurements and
subsequent ephemeris calculations are normally only made to a precision which is
adequate to enable ground stations to track satellites. More detailed ephemeris data are
30 sometimes produced to enable satellite operators to calculate manoeuvre requirements,
but these normally take 24 hours to calculate and are not supplied to network users as a
matter of course. Acquisition of high precision ephemerides necessary for accurate
geolocation is uncommon, and ephemeris error is often the dominant source of
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in a geolocation result. The accuracy of prior art
geol ocation is highly dependent on the accuracy of the
two satellite ephenerides used in the cal cul ati on.
Satellite rangi ng neasurenents and subsequent
ephancerdcy icalgeolpeationrnesut e nornal ly only nade to a
preci sion which is adequate to enable ground stations

to track satellites. More detailed epheneris data_are
sdirist prechignt i uibisdinventianalel Broyigeed [teghRigiseloatdsieymingtion of sateliite
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hi gh precision ephenerides necessary for accurate
geol ocation is uncompn, and epheneris error i s of
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[ The i.nven [ OV]
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avail able, particularly (but wthout limtation) for

“S§te868§ ?r(n:a%lt Icgr%prolge %e?u%gnlngaso%ﬂw tt n'?en%me'i’él% and frequency difference
associated with the signal replicas. The calibration transmitting means may comprise at

least two calibration transmitters, and preferably at least four.

Step b) may include iteratively using estimates corresponding to satellite ephemeris
elements to obtain subsequent estimates of like kind. It may include calculating an
ephemeris correction vector [A] from a product [M]'[D], where [D] is a vector having
elements which are differences between measured and estimated values of time
difference and frequency difference for a set of measurement/estimation times and M]?
is an inverse of a matrix [M] having elements which are changes to estimated satellite
ephemeris elements for the set of measurement/estimation times, the changes resulting
in [D] being reduced in magnitude compared to its value associated with estimated
satellite ephemeris elements prior to the changes. The elements of [M] may be obtained

by a least mean squares fit. The least mean squares fit may be based on a singular
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frequency difference associated with the signal
replicas. The calibration transgitting neans may
conprise at least two calibration transmtters, and
preferably at |least four. Step b) may include
| tvalugt dacompogitivmg Test ¢lements ofdPt enpddimay be weightdd int proportion to
| I‘%{%@(‘S’(‘Eétb |r‘R}|ef§éEr};Hfshlw%é§luu n C%r@ﬁgﬁﬂﬁ% B?ﬁ@gﬁ?ﬁtgef?eq%fency difference
C@Sr@@fqmﬁte\/ector [A] froma product [M 1[D], where
[D] is a vector having elements which are di fferences
bet ween neasured and estimated val ues of tine )
diivecsabiaeadion i@nsmiiigemennsl Mayesamriseralrieastdwp egfibration transmitters,
ngﬁéfgfa%[ﬁmé&gkbﬁatl on tinmes and [M 1 is an inverse

matrix [ M having el enents which are changes to
estimated satellite epheneris elenments for the set of
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S referabl east f
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at [ t
ehontfiied 1oy SR hE A RHA S SEh e e EhpeBHEiRy aiference
one sasmdatecb'\/\sthesbm‘rempt&m reChigedraiah differant satellites from calibration
alter ap nsatl ng for epheneris
error ﬂ'%%rx' lg%ﬁw? f}?r"?k%?“y’“ &’g?téq and a secondary
s&) el hiskes fordbitdieing astilbetsi mespcmdmgi tot datajliteephemery elements and
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ephemé&résp%h&i% Me%%grre?i%aet diftérence and/or frequency difference.

The means for determining at least one of time difference and frequency difference may
be arranged to determine both time difference and frequency difference associated with
the signal replicas. The calibration transmitting means may comprise at least two
calibration transmitters, and preferably at least four.

The means for obtaining estimates corresponding to satellite ephemeris elements may
be arranged for iteratively using estimates corresponding to satellite ephemeris elements
to obtain subsequent estimates of like kind.

The means for obtaining estimates corresponding to satellite ephemeris elements may
be arranged to calculate an ephemeris correction vector [A] from a product [M][D],
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a) neans for determning at |east one of tine
di fference and frequency difference associated with
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calibration transmtting neans of known | ocation; and
b) means for obtaining estimategs corresponding to
satellite epheneris elenents and for cal cul ating

changes to such estimates giving rise to at |east one
orhare dBl i prEckiaviagPlemeisaMash are difleeaitces between measured and

esshiZBdd Oftuds) & ARRY GiftBIeREEN Big WibBuERY T FRAEHENGor a set of
measured tinme difference and/or frequency difference.

TReAsvERINgNtesHmatiers e iang (M isearsinverse ffa mafix [M] having elements
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dnedsrnent/esimatiomtinss. ihe Khanges sextinng in dbl baing redpged in magnitude

Cadlpaired 10fd Ja@Ns3Ebkibied GyitHER M atERYs HAINE HoRbmatis él@?h%hts prior to the
two calibration transmtters, and preferably at | east

f&@Pgesthe neans for obtai ning estinates correspondi ng
to satellite epheneris el enents may be arranged for

ratlve estimates correspondin atel | i
HReReRTS 1t AT SShnaBe P CSATRR B RGP SR BT elements may
| hek&rraniged. to DheaimeRNSlehOnts W] By Bdefs tnidBrt Rfuares fit, which may itself
corresEondl ng to SE{eeJ“te epheneris el enents nay be

L L R T e e&ﬂm@Bﬂ feri s correction vector
[A] froma product (M 1[D] where [D] is a vector
di fferences b l\ﬁeen neasur

hﬂ\éii ng.. el 'i p t
T Qe el s ftef fredrAREcR Bl PrERaRh e hents may
dief dreamngied o flverghatlﬁeﬁleméntmaﬁm rag oA} /nqabpar&dm tonassbaieted inverses of

dnesitradneioft i Bigtte S Bedetiat lieishte AP appropriate

epheneris elenents for the set of

[%%S%Jg?a%ﬂér {éngg eﬁ@? &%Hsﬁﬁhﬁ%fc‘ Eg ar 5 dgrfor o“?%ugi@al?ggﬁgry satellite
amEldbé aaléhdaﬁnnttraresnttlmmmedns iR cbmpesecgtienst twe calbeationttsansmitters,
gcfr{af%FabﬁyOatlQaest?mnges The neans for obtaining

mat’es corresponding to satellite epheneris
el ements may be arranged to obtain the elenents of [M

gﬁweaaé&zgthf 'H'??;Pbﬁ q&aé&@%érﬁgtgtsmq‘ﬂ Cébhgﬁ%né te?t%lrg PpﬁNé)@ﬁ%ﬁltes in the
aloursiendfnigcatingi antreasmitior caugingn dataljter mtmfiﬂdel the means for obtaining
eé%'ﬂﬁgrérsi g‘on%sﬁmﬁgf td RYtellite ephemeris elements being arranged to determine
ephemeris compensation and apply it to one satellite’s ephemerides. |t may be for
compensating for ephemeris error for both a primary satellite and a secondary satellite

and the calibration transmitting means may comprise at least ten calibration transmitters.

In a further aspect, the present invention provides computer software for use in
compensating for or correcting satellite ephemeris error and comprising program code
instructions recordedl on an appropriate carrier medium for controlling computer
apparatus to execute the steps of:-

a) determining at least one of time difference and frequency difference associated
with signal replicas received via different satellites from calibration transmitting
means of known location; and

b) obtaining estimates corresponding to satellite ephemeris elements and calculating
changes thereto giving rise to at least one of time difference and frequency
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appropriate. The apparatus nay be for conpensating for
epheneris error of a single primary satellite and the
calibration transmtting neans nay conprise at | east

t wo ca{lﬁﬁgrati on transmtters, preferably at |east _
four. SRS &P UPREONS R 5@8&0@@9%%%%mrersa@ndmg measured time

ephenriiffereRis sHdPordleqlicySdiifétbhid. €s in the course of
| ocating a transmtter causing satellite interference,
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determ e neris coppensation and apply it to one )
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f deast phe oaiibratioantrapsmitrs, et réfeRbiyRieassRue! | ite and a
secondary satellite and the calibration transmtting

means nmay conprise at least ten calibration
t r3te i) tmay snclide derbtivdin esingsestiotatest berrgypeading to satellite ephemeris
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coanafe, ol BT REPRNLGE, Peblien: Sroafle, B stiuptsgs values of time
ofdifferer)cecartdeireriuenagdifferdneasdr aset o incasurentbint/estineation times and [M]”
TR T D TR e —
c &phbmatis elerrtentnfonittet set @f measgrenfeniesiimation diaidspthe dafges resulting

2l L8085 DR PR GPRO0 8 el bt win eomated
?isetaﬂ'ge epremners ekmémaptiootoehe thariges. ld‘héfetynﬁm?ofa{wqtmay be obtained
1 [ r s tigns in_closer, conform .
5 BB HBASRARE EShPIhAR e LERER SRR Y on @ sinuter
L Nehpaet_lﬁwmapéi;im.eﬁhe.el&get}ﬁsajf [Dhynd gm?;ﬂwebai%@htﬁ'ahinn@ropomon to
- : r e an requency,. di rence ,

S5 S B ik oER o ichsTiat BES B’ SirBrBlF R discumncy difierence
t ramppidptiatag nmeans may conprise at | east two

calibration transmtters, and preferably at | east

four. Step b) may include iteratively using estimates
c dhe esgfilratiom drangmittimgemeanse mey eamgrise atlleastitvs dabibration transmitters,

O%?EQE@HB'?%@ Bf oSt imates of like kind. It may
i nc e calculating an

The software may be used in compensating for ephemeris errors of two satellites in the
course of locating a transmitter causing satellite interference, ephemeris compensation
being determined and applied to one satellite’s ephemerides.

The software may alternatively be used in compensating for ephemeris error for both a
primary satellite and a secondary satellite and the calibration transmitting means may
comprise at least ten calibration transmitters.

In order that the invention might be more fully understood, embodiments thereof will now
be described, by way of example only, with reference to the accompanying drawings, in
which:
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time difference and frequency difference for a set of

measurenment/estimation tines angd [M 1 is an inverse

of a mtrix [M having el enents which are changes to

estimated satellite epheneris elenments for the set of

negdigr e millsiratesiankiior er geplesation systefhanges resulting in

[D] being reduced in magnitude conpared to its val ue

associated with estimated satellite, eEJhemsri s el gment S .

pFigwie 2 o ShAWS KeriRgies antHearasiaterR-ordbratq Rystemy used to define satellite

obt ai ned ébﬁen%eh@ﬁ&bnﬁ‘é@; squares fit. The | east nean

squares fit may be based on a singular val ue

deconposition. The elenents of [D] and [M nay be

VWEigglt 2 d scRerpataRaly ustraté$a gesiocatRhagstenvetisemvertion;

measurenent errors in time difference and frequency

difference as appropriate. The calibration

t Figurerd t tis agflove dizgram\of ctapsrins idralieasiethodoof the invention in which

calibration transm.tter n f er.abl east

Four . ThetBeteeRarBas Buell PhimehfataiiitigBoysed to generate

ephener i Surthersush sedtst wo satellites in the course of

| ocating a transmtter causing satellite interference,

epheneri s conpensation being determ ned and applied to

origuredi eldivese'ap eparopier ioflelocatiine obf moritas, rreference and calibration

alternati : ' 0. for epheneris

error fort?é@%%l‘ﬁt%gs%?lﬁgr%irn;{hégﬁeaﬁ??gétgﬂd a secondary

satellite and the calibration transmtting neans nay

COYRe' € iftfstrh@8S imdr&lntd | iﬁrgéél%étibﬁ agsHErAtb& iR al éimulation of the

order that the invention mght be nore full _

under st odeventiemeemprnseting fee paer ing singlgsaielits erRbesiered,

by way of exanple only, with reference to the

acconmpanying drawings, in which:Figure 1 illustrates a .

prigee far 9§80 RBc SXRBRlEs 6t OATLIOBS g of eMonitgio(ETeRRIAe @G n calibration

and Cart eginaniteds a6diuBatif SHHEHEBLING g6F Ehroftefin Nphemerides of two

satellite epheneris paranmeters; Figure 3 schematically

i || ust rat@¥4S5e0l ocation system of the invention;

Figure 4 is a flow diagramof steps in an iterative

"ﬁéﬂ‘r‘% Ofshgvr\]/se slapeYli Q tglro%rr]\dltpacwlfgrha primary satellite in Figure 3 and derived
from a) initial starting ephemeris, b) true satellite ephemeris and c)
ephemeris calculated in accordance with the invention,

Figure 9 s equivalent to Figure 8 except that it applies to a secondary satellite.

Figure 1 illustrates a prior art geolocation system indicated generally by 10. It uses two
satellites 12 and 14 monitored by respective receive antennas 16 and 18 to find the
location of an unknown transmitter or target 20 causing interference to satellite
communications. The transmitter 20 has a multi-lobed transmit radiation pattern of which
a main lobe 22 and two side lobes 24 are shown. One satellite 12 receives radiation in
the main lobe 22: it is designated the primary satellite and processing electronics (not
shown) associated with its monitoring receive antenna 16 are designated the primary
channel. The other satellite 14 receives radiation in the sidelobe 24: it is designated the

secondary satellite and associated processing electronics at receive antenna 18 are
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successive sets of corrected epheneris paraneters are
used to generate further such sets; Figure 5 gives an

wex@anplr7df | ocations of nonitor, reference anPCT/GB2007/001039

calibration transmitters for use in the Figure 3

system Figure 6 illustrates inpprovenent in

geol ocation generated in a similation of the invention
conpensating for error in a single satellite
eiﬁm*@metddsthel:isgmreia?y ghamsl. aﬂihexra'mﬂr;é afd Isecartdannshatfinels produce
"BHdor L IR B Sr GahhINoRbIESh ] ARSHiA 878 i pro.

use 1 n conpensa

satellites; Figure 8 shows satel I ite ground tracks for

Bdth %gﬁ%ﬁ&éssﬁt éﬂaJ 14 Qﬁé Fbc%lvglérr% e?’erﬁ:%cg %%rl fr?ﬁ'ﬁda {4rR3miffar 26 at a known

I nit eneril s,
dpeaiiep@nd ralay ltdp F@?ﬂ%ﬁ@ arste!msdﬁ @ndsaﬁ |Fhl%t€&@nea@m§lgnal is detected

V)éo'h@retnhf Wltﬂvtﬁgttér%@ 1r§h§h‘i&§r &gheﬁ é%%'ééé%@ﬂr] U% Fétg Wee 618,312: it

eXCGEé |es econd ary sate
FBngh rgmpvalwitsvﬁe@sb@sq@r%h aarlmp@@tﬂeb/dmomﬁreww@mfrequenmes of

| DeHpad & Wéo%bt)&sdﬂbétrﬂ@ anld’ cdiPRRadt¥ne Bir&lid bi Sﬁ‘as%%n%tablhtles in

and 14 nonitor respective receive antennas
1Bogedoeal pgciFers) s ?|ceﬁeléfloranroeﬁ$aqEﬂhtmr%@qﬁeﬁtoéthl%wemﬂcatlon it

Liacefieniit @@Hﬁk@% GéHaﬁhF@fr&ﬂC&aét%estﬁttﬁé bhéreart and treat DTO/DFO as
communi cations. The transmtter - | obed

toiiEarenfiuaptisde it &Q/‘pﬂﬁ'@@ér r hy$ Tm'%qiﬂch“ﬁ@ﬁrﬁrﬁ 69@19252”'6&% by:

two side | obes 24 are shown. One satellite 12 receives

r tion in the main lobe 22: it is designated the
ﬁ?‘brg‘ Ot elpi@l* ear‘éierD%O'd%FsQT T\BF@F ectroni cs (not M

shovvn) associated with its nonitoring receive antenna

el BRE a5 BB e dnd laspars BROTAY REos ARRINE sad QFOx are the

lrefmmm afd DFO measurdd ryesontoake bt elemrnbeaSrs USi RdteNo. 6,018,312.

B8 APCU ke MuEnm sogpeciialiner STorRE cpreitad youiglents of and

&mmeﬂmsyb@th@unethé tprgwm fifgraats OTO/DFSE These TDOA and FDOA
[ el atj.on to deter

#%E%grga‘?e&’@ﬁé%gﬂlgf?é{ha ppsitign:hy lf%qy\gng,g}eapos[%ons ang velocities
reffties eaRbited gRathd saBnivst &EHRMMBIIES! at2hedime ok AdaBurement of these

T DR SE e P

trhsy badgeimihe@nsm tter signal as described in US Pat.

No. 6,018,312: it

It is convenient but not essential for the purposes of this invention to employ TDOA and
FDOA parameters as defined in Equation (1). Time difference and frequency difference
values which are related to these parameters may be used so long as they are used
consistently: e.g. such values might be offset to some extent from TDOA or FDOA if
convenient. In the examples of the invention described below estimated values of TDOA
and FDOA parameters are fitted to measured equivalents, and estimated related
difference values could similarly be fitted to measured equivalents. The relationship to
TDOA and FDOA needs to be taken into account when the related difference values are
used for ephemeris determination or geolocation.

The format of an ephemeris depends on which co-ordinate system is used. Figure 2
shows three co-ordinate systems at (a), (b) and (c). Figure 2(a) shows Keplerian
elements which are most commonly referred to where motion of an orbiting body is
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enabl es renoval of system biases such as inprecisely
known transl ati on frequencies of satellites' on-board

wo omwali1agxi |l | ators, and counteracts the effectBCDEB2007/001039

phase instabilities in those |ocal oscillators on the
correlation process. For the puyrposes of this

specification, it is convenient’”to nake a departure
frompractice in the prior art and treat DTQ DFO as
dildstaibexhtvitig uefeteinte éont theTEXI $DXYin {3 rufixeBDiRNntain pBEAore simply
%rpeyr % e?lgf,'%%%e%g%%lngfbrhségwm it?on?%{r??d-r @ﬁ&%czgrghagg%eg as shown in
t Eiggres ' 2b)Dard a@ll DeCwanmbsDiémRoandieRiFOR fearsed biethis type are Earth

el ol B TR T e e Plnesien pr oo at the

t demikre fod neass e lecEante byt hiasf 2 fienCieedial disxctienl abgyianahendestion of the

[ t 1 th t ar f o
SRR 530 B0 5 BB A LSRG v oo
daCE dtaptd ihtie tho satecorigirbyuk ieofikeugint the Parsh twiitniss afwtis through the
Sl SRt 6, oY It b soace one e
peideaedtdaysin dind withethé d@athisootadibnt Tiee meémtiopnis endpenddre of which co-

I | O t.he t L n r_ 20 . . .
bl R 8 Sl BN, b B ol Beierys, sepsiped herei
pepheosadenWilltbel GartasisarECHIn foonanpl oy TDOA and FDOA

paranmeters as defined in Equation (1). Time difference

and frequency difference values which are related to
tReferinpanewde erigueny, e epbemeris koay cagpensatioar er gewertion (EEC)
[ Ste s . SUC I ] 0 i
280342 v igfor™HElhgtd] SERT VAP e gL ORS00
egreapireJ DSIA Bhe ROQA @si dascalastwith sefetsriceio ddgurast geing a coherent
Y : : er, fi ; ;
R I e NG, BRIETR PR P o B et g0 arects 2
vaiindebe: indicatesii v araatrpwd? &f a pgthatyosateliteudse dvhich relays it at 35 to a
L valk ' i . . ) N
AP At SR ot R JUPERARS B2 arectons o
viggngenittesr mains indhes oor bedrosreare sshane imiviext iabnthgr increased number of

aﬁﬂgﬁ&?etré,q}%: siddBod LR miftdg an epheneris depends on

co-ordinate systemis used. Figure 2 shows three
co-ordinate systens at (a), (b) and (c). Figure 2(a)
shows Kepl erian el ements which are nost commonly .
risTreferasge teanameies 390t KNeWN deralebirrevidpspa dyain beam indicated by a
| $RfSIHe AP GratkddtortRE BHMBRLsHEIRBF4NBr Ry &t 41 1rth8ipAmbf) monitoring
a fixed point in space. Nbore sinply i ) }
antenna 36. Also shown are four ephemeris calibrator transmitters (ephemeris
calibrators) 42a to 42d (collectively 42), two 42a/42b of which provide main beams
indicated by respective lines 44a/44b directed o the primary satellite 34 for relay at 45 to
the primary intercept antenna 36. The other two ephemeris calibrators 42c/42d provide
main beams indicated by respective lines 44c/44d directed to a secondary satellite 46 for
relay at 47 to a secondary monitoring antenna 48. The primary and secondary
monitoring antennas 36 and 48 may be at different geographical sites, but in this
example they are located at a single monitor site. It is noted in passing that it does not
matter for the purposes of the invention whether a main beam of an ephemeris calibrator
is directed to a primary or secondary satellite, as this does not affect ephemeris

correction or compensation.
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however, 3-di nensional Cartesian position and velocity
vectors are used as shown in Figures 2(b) and 2(c).

wab@7tivg@7host comon reference frames of this PgPEeBaree/001039

Earth Centred Inertial (ECI) and Earth Centred Fi xed
(ECF). The ECI frane has its |gin at the centre of
mass of the Earth but has a fiXed inertial direction
along an intersection of the Earth equatorial plane
annd éﬂhmmlbiqanbnetqmst d@ear(dVieferahceEtransmaiiten 88 Fill rhsve Ragicrtately known

CF f oo . '
ARsRton oo o defRapo, or Faeel Pob B8 Ryt plclh bodifacy or haing
Gitibetanaich Idmgi’tludia dete(naihed éom drontiggrt setiede. ThRy hBGF alsodvaen tested to
"5 P SRRT: BRReR o BRSSP 44y Bipth] By seconcary
shtetiifes; adradicrfastaresgfgeptocatorsialagcorddncebwith USrPath@O 6,018,312. They
i P e SERR BB, AERFA R HalF L TR PR EARARD use murpe
Feppemeris calibkdtersegi hikffezent sites; rivis atsonposaibbet hooxsecxme such calibrator and
t EEC based
L R R e T

measure TDOA and FDOA as described with reference to

Fg{ ?su Eﬁ%&n%}s% @iglogﬁsn%g P SRR UppbnRiddd) K5 aé/%nlable the

ore, atarget transmtter
dicceraty of whidmwillobe desetibedtlaler. bJD@A anid FWO#p logation parameters are

%é&@ﬁfé’d %?EQM bftt e%ﬁpeﬁq@h&gﬂﬁ)%@ﬁéﬁﬁ By t"f‘éatr%é dah @f them in turn as a

primary 1 nterc t'o redice
|tangastrammra¢ncbmupﬂ thei mgthod descrivied edth refrsensge to Figure 1 and in US

(BRNRG1 6109k 313 @)ﬁéoe%lrfb%ls¥éfuesbfao?'°f"b@& @nd rlfMﬂi‘A'ﬂS‘r ¥éc§1"\’010fhe ephemeris

the i ncreased n fransmtters, i.e. del obes
auaébretm t4@dare Aheefoalcalates basatsem tthelf k@@Nf&t‘OC@’ilR@foﬁﬂd using a priori

léb‘ﬁ@ﬁw%@@ dé%'ilmékééeﬁ %&%‘o&h@i‘?@%& n\%l&ﬂfe%dop%ea pFiRRN and secondary

primry sate lite 34 for relay
astateﬂltas 3¢ amk 46 (iwathe wolsllites’ ispgenatidena The. difigrepces between the

Ny Snd %UI%Q@ %Wﬁé% Por gﬁﬂdﬁpérﬁi PDOWaﬁ‘Q%@ntJtﬁélﬁed and an estimate
eneris ca rators 42d (collectively 42),
tqf/@rraela/m@bateﬂltaﬁmmﬂwld% ecalpilatebeans i ndi cat ed by

respective lines 44a/44b directed to the primary
satellite 34 for relay at 45 to the primary inter

afeanetiod Bf theniaventine wilt figst b REiged and Henleseidhed in h Fhdre detail later.
4#%? n"'h%ﬂor%tgﬁgg %Ier ec%be %‘?@ 'aF%é%éFse(iéoQﬁ’orf &@@&éél%&/ec’tor elements)

i nes 44 secondaré satellite

r@ltmoe@awﬁaﬁejhta e@b@f@ﬁ@@awhﬁwﬁq ¥ Wiy P aﬁiﬁé‘?fﬁ’&dzl%tegﬁﬁé‘ convenient
PrigiRie ANATAIS RO Ah¥%n adjusted or 'propagated’ to give a respective ephemeris

parameter set at a corresponding time of each TDOA and FDOA measurement
separately: this is to allow for the fact that measurements or 'samples' are made at
different times, and the measurement times correspond to different satellite ephemeris

parameter sets because satellites move with time.

The propagated ephemeris parameter sets are then used to calculate expected values of
TDOA and FDOA which correspond to respective measured values of TDOA and FDOA.
Small changes are then made to the initial or starting set of ephemeris parameters,
which are propagated as before and used to calculate new expected values of TDOA
and FDOA. A “best fit" of parameter changes is produced which minimises differences
between the calculated new expected values of TDOA and FDOA and the corresponding

measured values.



nonitoring antennas 36 and 48 nmay be at different
geographical sites, but in this exanple they are

wo owatied7at a single nonitor site. It is notedPCTGB2007/001039
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passing that it does not matter for the purposes of
the invention whether a main befixin of an epheneris
calibrator is directed to a prinary or secondary
satellite, as this does not affect epheneris
colf ndarge whange iommem@eis isoneqUinesl, dpEhepteniesis parametat ohanges calculated
42 r

m%ﬂ‘é v&as/‘ rB‘é‘?nst . té? rﬁh%%gﬁ%%esgﬂégg?%é fﬁ% Iﬁoérgiluce a corrected
symt exfre(JMrlmumtxa]s for use\asrayfurther stadieg et in @mgdmaumeprocess In
de n T Ve a
teé{%n}t?l%ﬂoﬁ Vog'%%ogwé%ésr e%lﬂ{ ns E@%’n\?ggngrg Peﬁ:%ragﬁﬁln calculated from
r eqriectes! egb@m&@d paramegieismaety aerd/egemonmﬁyﬂve immediately preceding
S e a t [ ;
a?&eﬁ%’é é‘tﬁczt%ﬁ ﬂ ?Jlg%séfsa Lfl‘qgle e@ﬁ%{lgﬁbqgéﬁt gﬁbl‘lg%rsecease to arise or a
prgkeratgeyd itpeatign aphibealimy isvebtheslepar at ed: however, it
is not essential to use nultiple epheneris calibrators

at_different sites; it is also possible to use one
suE¥aeRies B tednveation Wl Aewk bemeasiihesiia ioare sletall Foethenpurposes of an

Ui ipRial 8Ranipit lof M6 GR2RGdDGTis! &sBifned! that §n|9$l§é”é§ﬁerh@t@4 of the primary

initial estimtes of the satellites' epheneri des are
aveateliB| 34, is imerrere Anrepbymeris ficpr satgliite &% 0@ ¥Rt PeBbin time referred to

| afehn “JM')% B:é)%réé%@d' g FB@(’I %@ﬁ@ﬁtscoﬁfn% IB&8Ufs3 ontaining the

for each of the epheneris calibrators 42 treati

e aHY Q%'WE@Q iengEChy noawg@tveﬁfioa@éqmrtt%rx and aJﬁgH@%‘ty vector
t he method described wit rence.to. Fi rela

USBBNENG, 56 Bt 3 BobereSitdobaty i tnde s rcestAfp i respect to
F for Ha f e r 4
cal cul at eag @;éagdp%ﬁgrly hglgtr%m%]oe\%ﬁgﬁlehgt ?%ﬁga?%n %gﬁtrlﬁ ebnemers is
Prieprdseffelleates vecters [SSTatitselomehisex osi ti Qrenda is a column vector of
velocities of the primary and secondary satellites 34
anepreegtions with elemests @l ioias eenuireg lie wenvedieibis, stamiag ephemeris to a better
differ s between the asur ed an al cul gt ed val ue
£ AR oie FBBRTEALY THITe GBS ALt [SHIFN SETFRce B 25 then:
error in the satellites' ephenerides is cal cul at ed.
The nethod of the invention will first be outlined and
then=gesrrjaped in nore detail later. Aninitial or (1)
starting set of epheneris paraneters (position and
vel omty vector elenents) of the or each satellite
eph;n:{e i s . obtai neEcxi‘I (as will be described |ater) at

ICEIRUMEY TSN ®i'e t0. This set is then adjusted

or 'propagated' to give a respective epheneris

Xg Xss a
Vs Vss a,
Z:s |= Z ss | | % @)
Xs Xss a,
Vs Vss as
\ Zs \ Zss ag

The EEC technique of the invention determines (at least as an initial step) the elements

a, to a, of the ephemeris correction vector [A]. In this embodiment of the invention,



paranmeter set at a corresponding tinme of each TDOA and
FDOA neasurenent separately: this is to allow for the

wo awu/113328 neasurenents or 'sanples' are nmade BLT/GB2007/001039
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different tines, and the neasurenent tinmes correspond

to different satellite epheneris, paraneter sets

because satellites nove with tifme. The propagated

epheneris paraneter sets are then used to cal cul ate
expeasuezmerds 0ETDOA SHOGD QA drd-BXDedvbiicdn moltiplegeogdiphizally distributed

crgner PaARHE R AR SRttt Brerc Bep RGN o time separated
ofm%ﬁmmntssapwmmsamme tsha meesnprenpagaﬁ leadh a'@OA and FDOA for a

b%ﬂ(})ﬂr’e: ﬁ% %Bﬁi Cﬂﬁhrﬁéé:’gt? s ¢ ﬁ%‘it%%Ba‘ﬁ %ﬁr?pcile A Hes ul?>fa measurement

ange
prcmhnam mmmdedmtmlprar‘@es &ELCE er@heesarb}desve@n gheerally obtained (for

f ﬁcl,eo% é%c%e) ﬁ%}ggééfgrﬂ?aesgxlr clgg% ﬁ%?clg Qgﬁt (Ime sample for
epﬂr&errmphemless rcehpratoeeiz taken ermlmea‘aﬂer |E1Lpetharteta_lenumb@m§e@ samples is
Cal CLIJ\l @} ?ra%/ ngmﬁahé' %f \Q?Merggﬁ/ Q&lbrﬁgl%f Eé Cfoﬁmdi IS:‘ ur%?: nlid?t?plied by the

nge Gsed duce a corre
ephenr@rpscmsaneters for use as a further starting set
in an iterative process. In each iteration of this

process, epheneris changes are repeatedly cal cul ated

fr-e4m ra9éﬁtﬁ>ﬁt.§%€mmg§rt$ %l@%ﬁ‘gﬁﬁﬁﬁén?s HRlSurShdntedr THOA and FDOA.

respective inmmedi ately preceding iterations. Iteration
pridesssicrments i mayibeha reoslbitipn cirimeliRneges roessesments from different

ar%ﬁ@m&hsgam rEan?c?qw‘lé %ﬁét@@ Héﬁﬁfméht@ fromSthe same or other

es o ent1on now be
degnhemesd dafibratars O%nultaneopgrmeaﬁélrmerﬁgg@%y be efytained using multiple

gﬁéyhéhoﬁ h@lsocf)r E%ﬁ{)lﬁ@ve{i@ﬂ Bbarldlvidts RERIEHRY |5II§]@t to encompass

primary satellite 347is
ermultipleﬂﬁherphmlibgater@r one satellite (at a given
point intinme referred to as an "epoch") can be
represented as a 6x1 el enent columm vector [ S

C Ot s 'drABb difBntP fall "Eafplesah @l ﬁnbéé‘hréd @ﬁﬁtﬁ%ﬁérﬂ‘ﬂmﬁ@':(although that is not
position vector elements Xx, z and vel %%Il &Xe vect o

el eseeRfiad). ¢ The nth sppple 6“§u’f9e?\§d?|'ﬁ?a%%d zf°r 'sach sample,

i Egsltsgg%tgér%ﬁrg#té iﬁgﬁvc]tpbé?p t I-EBQ/% nng&eeéalc{inated from initial start
%te@%gﬁéﬁsﬁfﬁg Sdsc‘?qefé? ahd Qéc%%ﬁgltyes%]teeflﬁeéﬁ %ﬁ{j L Lﬁﬁhe Iocatlons of the

AR
ofrefmerrcxectransnnttem 38h the jenireary sand-secondaap lrrt@'qeptramertrtas 36 and 48, and

co \éeerb eme iS cal‘brét%#‘ 99 a@?&%{@& \Nﬁhttﬁe ﬁﬂP?&rﬁ&E This calculation is carried

out as follows. Initial start ephemerides for satellites are publicly available (as described
later). An ephemeris changes with time due to satellite motion, but having an initial start
ephemeris at an origin time 1, an ephemeris can be calculated for any other time from
satellite orbital dynamics. A respective set of ephemeris parameters is therefore
calculated for each sample measurement time t; to ty for the primary and secondary
satellites 36 and 48. Using these calculated ephemeris parameters, expected

TDOA/FDOA values <TDOA>n and <FDOA>H are calculated for each sample time t,
(n=1to N).

Measured TDOA/FDOA values TDOA, and FFDOA, are obtained at each of the times



estimate [S] of a true primary satellite epheneris,
[S] having elenments xs to zs , then: [S] =[SS] - [A]

w@ oenimri ernatively if witten in full: (2) Ther/EBE®07/001039
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techni que of the invention determ nes (at |east as an
initial step) the elenents (X1 to a6 of the epheneris
correction vector [A]. In this ddbodi ment of the

i nvention, measurenments of TDOA and FDOA are carried

out, WtN"&Hlﬁd meerr@ﬁ@lﬂ{aﬁ'fém ?&thbdug'o%tsér‘iﬂé\dit &fh Q‘Qfé?éﬁ’c@'t% Flgure 3. The

calibrators 42, each known 1 ocation, over a nunb
N ekpédteueose:pnzumeeidvaiaas (DO  sarmp E%DOHz)cfbr%lrrplfa)m 1 to N are
i s a nmeasurenent of both TDOA a’ﬁd F for & single

epkepressesl g hiVechr and drbitserc slbtectadoinorofa Kectanpl #ie measured values
ma up a rement canpaign re uired to perform
EE@%% %\Qma@@'@%e@w@%f ]Héé'ffF'FG@PgS given by:

conveni ence) in a nunber of measurenent cycles, each
cycl e contai ning one sanple for each epheneris
calibrator 42, taken in order,, Thu {he total nunber N
of sanpl ef TIRBOH, Ve B OHe nLn’{f@OAf ephemeri s
calibrators 42, fpp r in Fi gurle 3, mulitiplied by the

nunber of S. ent i not l[imted to this
enmpoi=nAn Zﬁb&% wrle (gsN af- %{%bﬁ d FDOA. (3)

Measur emen nat {/&94pf |si nul t aneous
nmeasur engnt s from i fferent epheﬁeri $ calibrators and
ti me- sepay ALKOARgasuFEeAL Y i u)w sanme or ot her
epheneris calibrators. Sinilta neo 5V freasur ement s may
be obtained using nmultiple acquisition channels or
sanpling over a bandw dth sufficiently I arge to

e%ﬂg% as n'cﬂél qsptbgtnigng @nﬁﬁtée% ngggd%l e%t Z'{ﬁ P Qt;géggnthesis immediately
t( 'nm%wfn@'hg rl\?é*mféra?ées' STﬂQtE@S’cSmdlcﬁkz of e |H%Htlc§tﬁHWIse to calculate

is neasured at tinme tn each s

as §AN0&E del elegmpsts Bdnifial saiellite EDhAeHiRs wlmghw)a ntge [D] vector as close
cahg Bbadiéltd theMuil DbdtbAhish fEd aFRBREREI ARSI Bfzetd1e

primary and secondary satellites 36 and 48, and the
| ocations of the reference transmitter 38, the prlnary
and secondary |nterce5£ ant ennas 36 and 48, and

o ReHer e VA Efvafon (B suibuer aearing RSt Ris IAL ves Sxpected location
S apRfatheteliwhisiRlclodbigt nafkhi Pesdlréd §tation parameters, in this example the

approach is to use small changes in the ephemeris elements in [SS] and determine their

effect on values predicted for TDOA and FDOA. This is performed by calculating
changes ox, Oy, 0z, ox, &y and 0z to respective ephemeris elements

X, ¥, z, % yandz. Here as before a superscript dot indicates a derivative with respect

to time. The changes in the expected values of <TDOA>n and (FDOA>’z associated

with introducing ox to &z are calculated for each sample at time t, (n=1to N)

respectively. This gives six changes of the form ge%dﬁ”—) for each of the N values of

(T DOA)n’ and six changes of the form i952607CA(,i)for each of the N values of (FDOA>n :

where k is x, y,z, %, yorz. The changes are arrived at using a fitting process which
results in estimated values of TDOA and FDOA being a best fit to measured values of

TDOA and FDOA. They are used as respective elements of a 2Nx6 element matrix [M]
of partial differentials. [M] is related to the differences matrix [D] in Equation (3) and the
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out as fo

[lows. Initial start ephenerides f

or

satellites are publicly available (as described
WO a10en)347An epheneri s changes with tinme due t oPCT/GB2007/001039

satellite
epheneris
cal cul ate
dynami cs.

expect ed
cal cul ate

notion, but having an initial
at an origin tinme to,
d for any other tine f

start
An epheneri s can be
}mhsatMIlte orbi t al

A respective set of epheneris paraneters is

t Hequiregrapheriess Flgmedt ¢hangeachlusametior MAjds Breations (1)iand (2) by:
tt to tNfor the primary and secondary satellites 36

and 48. Using these cal cul ated epheneris paraneters,
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A

va IV

t dot

BT HReEREES 51 Rl méigiured)

gb@%a EDQ% Qaﬁ%ﬂeters for each
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d for each sanple at
“fhls gi ves six
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each of t

| ues of
7 1°81D0 "1 8TDOA(t,)
__TDOA,
O, Oy On %
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he N v

values respectively for the nth sample.

(n=1 to N) are uncertainties in the measured TDOA and FDOA



where k is c, ¥y, z, X, y ot z. The changes are
arrived at using a fitting process which results in

wesdaomed4etl val ues of TDOA and FDOA bei ng a bespCT/iGB2G06/001039

10

15

20

25

30

nmeasur ed val ues of TDOA and FDOA. They are used as
respective elenents of a 2Nx6 e]Jement matrix [M of
partial differentials. [M is related to the

di fferences matrix [D] in Equation (3) and therequued

e [Reimang g qation (6) Ibarpgaﬁulumymmboﬂ'esdm by Il "iand replacing the product

SO bW P e Ao e

transmtter 38 and the epheneris calibrators 42 differ
I NaRGWeES, uncertainties in the measured TDOA and FDOA 7
pgAg_iwéD]s for each sanple are power dependent and )

will therefore differ. Equation (5) is weighted to
r -h thad b [ I
r SlHeE fmf NRSA WAREE Mg ! P%ﬁ{dé% d&eFeh@c%\cl)f Ik BRERIT QR Ferdse R, 1955,

urfreeeesingsi et then Gambridea siritogontixah %@@Ietm@&\ #RpuYd3, "A generalized

r i
g?&gi& fg))\r’g%r?fun{elgp E&‘@a’c% Q?ﬁ@@ﬂin@aﬁ%@iﬂﬁﬁ%&ﬁ&nﬁﬂé‘@Frb:o%ctor [A], small

reqb]aawan@ mn@pber@amﬁlemwtqm TBQ @ cﬁstlmﬁgﬁdfm@&ﬁuwd differences.
U hhe® §i&ﬁev§z‘ﬁ%ﬁ’1¥f Vf ﬁ]ag HbV\Fe'G@r 5& H Er’r&gbﬁgﬁ‘ %ﬂﬁuhﬁsnbﬁuﬁcantly different to

gi ven where | the unig

Mibe & ﬁh@a@sg@%rtalrm@élatq MieprEthe "{em rel@mrqfs@tmon (7) may no
19§r$ger%e°§£%$cﬁ9y$ ‘?Ifﬂ"ﬁé"% tﬁ@@séd&? |t8fyt|\/é’%9[§ma§ﬁ|may be used to find

Society, eneral | zed inverse for

medPheaess | erEtﬁ%JatA dqﬁst(qgmptgatg)m P risrrapeg iagd wadwiBeRauation (1) to
I S

e, 5 L 0 TS PP s o

THie sawestimate Sheéthererhemeyis res starting enfiegieris: Ty changes used to

3%‘]&@ Fglgﬂ"%rbc%]?ﬁd %Jtﬁﬁéﬁ%ﬂ){ IuQ {0 semtibn QBaB&ﬁa%pond better to

opu near relation of
Eqﬁﬁhusi’ﬂﬁﬁn’i@?maﬁﬁ)lon | ignther raseeativei Bregedipg yiteratior; hjForj well-behaved

cRARR tHA rdstfd FhalY SHRRPHARS No BRYVEGe UsAB iy Bﬁer three to five

ep eneris errors. Afirst conputation of [A] is nmade
ariterafiodd. i n Equation (1) to generate a new estimate
[S] of the epheneris. This conput at| on is then

iterated using the new estimte of the epheneris

adf {l‘ﬁ@pgta@pflqiqggof@ﬁﬁbs;ﬁ;@lmgs 34-@@%4 BR8P 51er|s error correction for

Poi’ﬁin?feesa&é{ﬁte% Bc@ftiadeitPtHeOARNie Al da¥indtnee@iBd on to solve for both

iteration to correspond better to
satellites' positions and velocities. However, it has been found that single satellite
ephemeris error correction in accordance with the invention can in many circumstances
provide a change in the ephemeris of one satellite that counteracts geolocation error
attributable to errors in both satellites' ephemerides. Strictly speaking this is ephemeris
compensation to reduce geolocation error as opposed to correction of ephemeris error
per se. Consequently, and despite corrected ephemerides for both satellites not being
obtained, greatly improved geolocation accuracy for a ground based transmitter causing
satellite interference is normally obtained by this technique, which is an important result

in its own right.

The invention may be used to improve geolocation performance using two satellites in
three scenarios:
 single satellite ephemeris correction where the other satellite ephemeris is

accurate,



adjustnents made to [S] in the respective preceding

iteration. For well-behaved scenarios the results have
wheen/1ixmehd to converge satisfactorily after tPCEEBR@®7/001039

five iterations. If the ephenerides of both satellites

34 and 46 are in error, ephenerls error correction for

a single satellite in accordance 1&i th the invention

cannot be relied on to solve for both satellites’

positi O%Q(I’é"éjaté(lﬁ’t‘e%'hyn@ﬁs chIRNEYR Whetd thB 8thd? SERIITL L HEmeris is

that singl’e satellite epheneris error correction In

accor dareccyiata(i.ehephemasistcoBwensaionh arginy

ci rcunst ances provide a change in the epheneris of one

sat el ? itwe seiglite ep@mess gefrectigeol ocat i on error

attributable to errors in both satellites’

ephenerides. Strictly speaking this is epheneris

confPe RYERG &Rh%erﬂ%eﬂéor@efer S srisiites Bérangds4®pib b pasgille to expand

SCOVEqQ@fld)rD(B) e eRiMe tHRES %rrﬁfsrt@ heR@lcuffed E8BHEAUTRE |a}{®ws both satellites'
and despite corrected ephenerides for both satelli

te
notepB%mﬁEjd‘%?ofoal ﬁe‘éeter@‘?'%%ﬁ I @xnanﬂmav'é%uag@m@éé?r gHors '” two satellites’
accéxph@mymﬂ@rg,\@sgr ound based transnitter causing
satellite interference is normally obtained by this
techni que, which is an inportant result in its own

right. onvwention may be used to inprove 4
geol ocati on berfoam,q:(e )u5| ngam(ls)itaqbuq(te)s in tainpgg(t) !
scenari 0s: si|ngl e—s?t—er eﬁge-rm

where the other |sateflite epheméfis is gccura{]e ?
single satellite gphé isc eyt he

satel li ?, (g)ohems 4—8—@[1 M‘m 9}75]8‘5(2‘ )
compensat LGAYy, | an &xv%) satel |i & ephen@’i s | %
correct if g4 g co?ﬂé@ aphe_rqu PO bor two . a,
satellifes 34 |arjd 465 it i's posgible togexpand '
Equation (5) tl|o|enabte these errors to bhe cal cul at ed .
toget her. Thi s glarnes(hot (i%gsFDe@(agyrerl dezsom(z I
be det efm ned. Eb‘a—r‘%;ﬁg )—f—%(r]—e-r

two sat |F|D'O;4§§' i hetrer i des giv % (8) ere srmll al
changes in epheneris elenments of the primary and

se%))ndary satellites 34

10  where small changes in ephemeris elements of the primary and secondary satellites 34
and 46 are denoted by (0x,0y,0z,0x,0y,0z ) and primed equivalents (&x',0y',0z',0x",0y",0z")
respectively. Likewise, corrections to be calculated for the ephemeris elements of the
primary and secondary satellites 34 and 46 are denoted by (a,toa,) and (g to a;)

respectively. If weights are included in Equation (8) as described in connection with
15  Equations (5) and (6), then:

1
U—TITDOA1 1 amodly) 1 aodly) 1 arpoaly) 1 arpod(y) .
orq ox oty oz or] o' or] oz
1 Tco ay 1 orpoa(iy) 1 ampoaley) 1 orpoaley) 1 arpod(iy)
A 9TN _| 7N ox oT N o oty ox' ory o' | 96
1 1 aFpo4(t ) 1 amod(n) 1 oFpoA(y) _ &
—— FDOA — . Nkt P4 Kl ¥ DA :
o 1 ovy ox ovy oz oV ox'
E 1 arpod(ty) 1 erpoa(ry) 1 orpod(y) 1 arpodiy)
——FDO4 o y e
ovy ovy ox ovy oz oV Ox ovy oz 6




and 46 are denoted by (dx, 3y, dz, 3x, 8y, 3z) and prined
equi valents {3x',3y',dz',dx"',dy',dz' ) respectively.
whedemmEe; corrections to be cal culated for theCT/GB2007/001039
epheneris elenments of the primary and secondary
satellites 34 and 46 are denoted by (aj to a6) and (af
to a6 ' ) respectively. If melgh¥s are included in
Equation (8) as described in connection with Equations
(5) @nd (6), then:(9) Equation (9) is nore likely to
reflect the true dynamcs of two satellites 34 and 46
than the single satellite equival ent described
. eartquation ftis moreidkaly o teflectethe mmatmjmamws afftwerslamm 84 and 46 than

Caltlﬁé)r g'@%r Saidi %gﬂ%lgﬁt HEsFins $ f_f‘e‘r’rl,gbyt tnlll giarger number (N) of

€ NOwW no aranmeters
Reﬁ@hﬁmﬁ@s n@JWratorSFargiJsamplestlhea eahbssatmhowmmalgﬂ ewthere are now more

s di %gpﬂgt&fstgpgdg{e%ﬁggre descri bed above which is

conput er - i emented. At 60, an iteration nunber p is
def i ned and set initially to 1, and then a starting

seRefrrifP ReWBb ! Iﬁgtﬂér@qﬁér@ré 3410\% ﬁovﬂ&lﬂ}g)r?rﬂo({f th&Brocedure described

starting sets of ephéneris paranre ers
epﬁ‘@ﬁ‘@r Vhiek ioeomputar-igiementeds ALpe, arvitdratioonumbérenis defined and set

| Siritialy t6ad Mg ﬁ’n%nfef Q@dﬁwlgséé':lr L PnERRA g'racmeters (‘Start Eph"), or two

mai Nt enance sta conveni ence
" selgrtinangpte she ?mgns Parameiters dhthedephemer sihaldf Hoth satellites are to be

10 deedmstiéd bR WElR aNS200orh WP BTy ggh&ﬂ%@ﬁ{dnﬁen%ﬁe stage 64. For

parameters as appropriate to conte
anCPHenieare heapirrefgionp Reringi ephamers’ inghis hambfodms&nt shall be deemed to

t d
gﬂﬂcggté @%g{rtt\rvg%e%p&gér@r%@n??a%ﬁd%%& dats %%J %lat@[b cq?‘:?&? The stage
f oPthasan daitigl S@J?m%ﬁ@h%m%lstwm@ @ﬁh@lﬁ@t |cgrremt<ﬂhartmgrephemens at origin
ti fife S aMé bécrp&r%?%ltﬁ’@%ph%@ﬁs lsﬁgtpdgédtlg?atﬁégrté fJi@ the next current

ephenerls fo IS convert
15 st sieft 'i“ﬁgeFé’lﬁﬁ'@‘i'é fnr@ﬂ fttsme datiplec ap ik be Qesoobeq later. t |/3rln566 the starting

t 4
Pl 098 S SIS FERAIIE A0 AhefeiSgpoten o=
(FM gt timg tgpnd §lgﬁm¢%gtlngnephe1nqr@iem)aremeg as a basis for calculating
CAb S Ao ge%@% (205, L BOAG o il Soroies 0= 110 )
ff’E"sﬁg\%'?ﬁ'a@rP%@ s LA T ler 1B ek TPlIESHigeth eaecton case.
20 atAf iGBE the définBtbst 'QTU@@}L”'&‘M‘E <¢§§9A’>’?eﬁnr"\firﬁg t, are subtracted from

respective TDOA/FDOA values measured at time t, using the technique described with
reference to Figure 3. Weighting with reciprocals of uncertainties is then applied to give
the left hand side of Equation (6).

An ephemeris element iteration number q is defined at 70 and set initially to 1. At 72 a

25 small change oparam, is made to the gth ephemeris parameter, where param is

x,0y,0z,0%,8y or 0z for one satellite and for two satellites ax, 8y, dz,%,8y or 8 together

with primed equivalents (ax’,8y",0z',0%",8y",8z' ). For the first of these parameters, i.e. x,

q =1 and the small change is dx. The effect of the small change 8 param, ON <TDOA>n

6<TDOA>n

and <FDOA>n is then calculated at 74 for all N samples; i.e. differentials
aparamq



reference to Figure 3. Weighting with reci procal s of
uncertainties is then applied to give the |eft hand

wak@e/1of47Equat i on (6). An epheneris el enent i tRPCHGBV7/001039
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nunber q is defined at 70 and set initially to 1. At
72 a smal|l change dparang is nade to the gqth epheneris
par aneter, where parang is dx, dyl8z, dx, dy or dz for
one satelllte and for two satellites dx dy, 8, dx, dy or

dz tog W|th primed equival ents
(dxng de?f‘e ’cgli‘,ula%rfi) all EDL td Ne hI r ecﬂ\fle shtgsfﬁ‘\d a set of values
par anetaeksm & shal ange

The effect %f.t.he srrall change dpar any on (TDOA

d(to ep)ara‘;’}znd gﬁmanpésn :@%?Qﬂ?n né'rbaa 4?‘2)(?613 éde%\r keglﬁllaem as nearly as
ar E}ggé'?lglg Uéq%%leg) { rm@éé r&g vaﬂaegq%fw'dDJ,&]ea @ﬁ@%vr%ﬁggctlbgly at time t,,

a set ues ar ani ara
( Tmakmgath@l d(ffE[Br@ewector EEHIee strmwlmsa@salb@r leamaﬂmtlbalqorocess is well
5€q wval. F
54 BFSBALEC A 3, B R Ry o e s
[ D}/alag @emmwaiﬁorp»owrebl wom Thiusemigalh Beeipes dh @)rf)cﬁ'@s Arts of Scientific

We'don?ﬂﬁa e ?SW'd md?fa b@nﬁ@éﬁ%@r%gs \/\tlHI SPr%sé e%SFt Flannery, S.A.

nmean - for exahpl e Singular val u
ded éH‘ﬁ%%h)'telnérV)/ T é(l@ﬁf?f“m cﬂhﬁptﬁuﬂérpagal52aecﬂq@’@rltms ﬁI are incorporated in

Th@nﬁetctd?f Dﬁ&drﬁﬁ“s‘n{g‘l@f&%@égb&%eg: ﬂr%ggureg:%ﬂpr éﬁ%ﬁted values of TDOA

Uni versi t anner
TeaR®IFRGA afdmads! lS\fé@eW'ﬂ'P'th giyrafyed 01412 erigeeBisparameter partial

DaHﬁfeFéPﬁlalts,hé\?a L?étéd af @adl'get m@ﬁl%qd A %[ﬂ EBrﬂfam[aE n,of changes to

conpri si ng{ er ences en ITE'ngUT e
valhfe sugent TeEming nephemENs parametsrs iis qbtalm@tj whighc inirgises (in a least

gi ¥§l§br@§ s@nfég &ﬁer‘%ﬁ@%%eﬂ%ﬁﬁ%&&f aﬁé‘rr%\égéur?d valyes of TDOA and

differenti eval uated at eac anpl e

opFP@4m conbi nati on of changes to the current starting
ephemsrl S paraneters is obtained which mnimses (in a
| east squares sense) differences between estimted and

e {&ighting Jatheaanstie e giferemiais, apahgwniimgaratianh@h (one sateliite) or
apEHUﬁﬁBnt(g? (t\k}S)s@tefllftees') eMd RkSes @SR 48 Js84 3k 78T hBpulate the gth

(one sat el
column of the matrix [M].

An ephemeris element iteration count is now made at 78, where (1) indicates
consideration of one satellite ephemeris and (2) indicates two such. For one satellite, [M]
has six columns and q goes from 1 to 6; for two satellites, [M] has twelve columns and q
goes from 1 to 12. For the one satellite case, if q < 6, or for the two satellite case, if
q < 12, the sequence 72 to 78 iterates via a Iodp 80 with the ephemeris element iteration
number g being incremented by one at 82 for each iteration. If g = 6 (one satellite) or 12
(two satellites), processing passes to a stage 84.

At 84, the Moore-Penrose inverse [M]" of the weighted matrix [M] is calculated and used
to multiply [D] to obtain the ephemeris correction vector [A] as in Equation (7). [A] is
passed to the starting ephemeris maintenance stage 64, where the current starting
ephemeris is updated or corrected to convert it to a better estimate of a true primary
satellite ephemeris in accordance with Equations (1) and (2). This better estimate is then
available to be read in stage 62 for use in a subsequent iteration (if any). At 86 a test is
made to see if the starting ephemeris has converged, the criterion in this regard being



Equation (9) (two satellites), and the resulting
val ues are used at 76 to populate the gth col um of

wo b@7met4ri x [M . An epheneris el enent iterati oPCT/GBRGIO7/001039
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is now nmade at 78, where (1) indicates consideration

of one satellite epheneris and (2) indicates two such.
For one satellite, [M has six  ums and q goes from
1to6; for two satellites, [M has twelve colums and

q tQ:S’tecﬁe fc[n‘?@’r‘lt]stérﬂné'gphé:rﬁérlé ’Prﬁnémﬁeﬁqir@ kd te restaecérit update and the
, or for the two satellite case §8t< 12

se{pggtqegeeq\qulg’\bgﬁpg & ap aws.égr]lf};aat anf-1 h'fe ‘S?és criterion is met,

eFH?Sé@Ei'n? éh'd@'ﬁ?BB i het, Hdro é"dg&ﬁfd @db}ﬁﬂllﬁtg:ritdrmherrertheuthe iteration
by one af for each iteratjon

s diusiber pds efa#a' {02 pragyangeimit Pray, fﬁg%@s‘% rﬁaae&gegggs met, iteration
t GoRtimicdgfa §‘?oop/§2 Bt itdritRnMuediser Bas messndntatelsys € af 94, ahd processing

h
AP 5 1) R CHR Pt oo g B TRtk oosted or

[ Rlorragtelinvdrslblof @ik talt: edh%}ndr@ l@&é@dﬁﬂotnom led sitagesi 68) onwards are
pheneri s nmai nt enance st age, 64,

StigraphoABpRIERAS o LR LAt 4pe  SETUEL (G 1b ConbeRd FOOA had

| trebiGoed th@htaREe RakIE BVEE eQf. le3stiiarempasuranyntsatoel | ite
epheneris in accordance w th Equations (1) and (2).
This better estimate is then available to be read in

St'&géxeﬁﬁné Qe aﬁ@ctivm@ssafhls@qwenmm inescashiection(with gegigcation accuracy,

test is de to r
i bobs e el hBubfy by P SIDELF e o0 o
t hHD@Alm&&anﬁmstérmgmﬂdmhmmg; sataiiiediphieaieyides ihet had)been defined as
d| f”f‘%r p&'lﬁ{‘r&%% s gq%qﬁ%atgﬁbq?}g% tggﬁ}eug g@ g?ng da{Q N% 68&n said one cycle of
Cfdiétﬁfref@fs loSa P&stpecthaO'CIGAI measenetsersdtar@8a rédpectote, Fl't)qaém;easurement
int criter

Pl R SRS Pl i bR b . The smuat
pnmtéasdréme@tstuhﬁuderf rddﬂeﬁxEGausslm ietrorss rimitial starenatapbﬁmerldes which
conti nues v

i NMeEHR&F l’gajfrgg,‘l%e g?]p rgﬂiz 'c’rl.é1 Irr&e‘? 3& 'V\%Pe {HéWQEEd %s'asi%rhon estimates of

SSI ng returns
Reiad sStefiités' Groitansynamicet dtiguré B.is atma@2oft Frgope Northodfdea ayd the Middle

updat ed or corrected

B st Seouay 16 By b B by P SIUgfos cepcte o
al t@ﬁﬁ&éﬂhﬁ@s%w?hemﬁms s?ﬂdnatbrst(&ehem@ad’um 4)eatQnlo,iNprway, a location

a {

S e P e R o SeRE LB Pl o rrronce
eftfr'iéwﬁdrmtt«@ﬂme@ﬁcé ) et Bmanifﬂnkay,i a targehansoitteni Target) near Worgl in
ge cat i ac .

SFRLGER S ASlEn St (AR BRSPS Bt R Tro showr a

Defford, England.

The calibration campaign consisted of simulating samples from the four ephemeris
calibrators shown in Figure 5. Three measurement cycles with respective start times
separated by 1 minute were simulated. For the purposes of the simulations, each
measurement within any given cycle was assumed for convenience to occur at the same
time, as calculating ephemerides for different measurement times adds nothing. Errors
in the initial starting ephemerides were then corrected using the one-satellite EEC
technique of the invention described previously to give a correction to the primary

satellite's ephemeris.

To determine the invention's effect on geolocation accuracy, the TDOA and FDOA of a



FDOA paraneters) were sinulated using satellite
ephenerides that had been defined as 'true'

weplemenrtles for the purposes of the simnulati oPST/GB2007/001039
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has been said one cycle of data refers to a respective
TDOA neasurenent and a respectiye FDOA neasurenent
(simul ated or actual) for each t he epheneris
calibrators 42 in turn. The sinul ated neasurenents

i %ﬁh@@%gh@ﬁ{%@hihﬁorﬁamsmgeem mf@s,podmﬂnt shdwistiarRigurg 5 were also
epheneri des i C re.in error fromthe defin true :
eﬁﬁ@ﬁgﬁep dp@ée%p the ﬁweg dvg e ge@eﬁqqso r‘\[hlsegt)rp%tozgneo al’ljfget transmitter
t hss ahlidtbd 658 havikg tisdendiarani @ nfinger aftds the andvap tbé calibration
Europe, North Africa and the ddl e East

. he M howi o ,
gé@mpéﬁﬁi JAyo 9reURd RPSIHY) eqtipiales Were M offtﬁ? 9%’Mﬁ%gposmon, one derived
i'L{QHgaﬂ'\iteOiﬂﬁiaﬂ gﬂhﬁfgegbtéﬁliteit @rmfﬁneridbsos Sélfnﬁ\AMef ather bpdeaimen itse corrected

alj brators e , t Nor. ) .
G RO S R0 h%lb?ﬂﬁ@?wqqg%%nfiﬂ@ﬁ%hﬁﬁ‘srg%f,yﬂﬁ%ﬁé%C&“P” estimates

| sir@ehovh HigwB@n, Portugal, a reference transmtter
(Ref erence) at Bursa, Turkey, a target transmtter

(Target) near Worgl in Austria and a nonitor station

( M]Q?nst peAtidnoallipsg tOBwastabrutzied framttbe imitil tacingsyatality eghemerides: it
Def f ord, . Engl The, cal i brat ' ' o i
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In a further embodiment of the invention, two satellites’ ephemerides are calculated
simultaneously. Figure 7 shows locations of satellite ground stations used for this
embodiment: Monitor, Reference and Target transmitters and ephemeris calibrators
EphemCal 1 to 4 were located as described earlier with reference to Figure 5. Because
two satellites’ ephemerides were involved, an additional six ephemeris calibrators
EphemCal 5 to EphemCal 10 were employed at locations given in Table 1 below. Five of
the ephemeris calibrators EphemCal 1 to 5 were directed to the primary satellite 34 in
Figure 3, and the other five EphemCal 6 to 10 were directed to the secondary satellite 46
(although it does not matter which satellite is designated primary and which secondary).
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N is any integer in the range 1 to 12: i.e. any combination of spatially and temporally
separated measurements may be used, including all of either and none of the other.
However, results are affected by scenario, noise and reliability of initial or starting
ephemeris: here “scenarioc” means satellite positions and velocities, geographical
locations of relevant transmitters and receivers, and strength of correlations between
signal replicas received via primary and secondary satellites in the technique described
with reference to Figure 1. In practical circumstances therefore, more measurements
may be required, e.g. several cycles of four or five EphemCals: moreover, using more

cycles makes results more constrained and robust.

Referring now to Figure 8, there are shown satellite ground tracks 110a, 110b (dotted
line) and 110c (solid line) for the primary satellite (propagated over four days) derived
from a) initial starting ephemeris (i.e. a priori or pre-correction), b) true satellite
ephemeris and c) ephemeris calculated from the initial starting ephemeris in accordance
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track is a series of points on the Earth's surface
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cocﬂlcluld@dtm acnoideatd wih ttreainvemtivanand Erue:tephenémsjeiements Also shown

acgRy %&gﬁ? %%FB@%E? bétmégﬂt | %Ulagé.d;/ %Iﬁief?lé% g&geﬁ%rfﬁ %H %nts for which the

true sat eneris. ese
t r dataswas simulated. In ephemeris element x, the difference is less than 1 part in a

million. Ephemeris elements calculated in accordance with the invention were in error by
less than 200m in any one position co-ordinate and less than 230m rms in the resultant
of position coordinates. Moreover, the velocity error is no more than 0.04m/s: these
errors were for a satellite at an orbital altitude of approximately 35,800 km above the
Earth's surface (42,164 km from the centre of the Earth to geosynchronous orbit). The
satellite velocity was up to 3-m/s (in the ECF co-ordinate system or up to 3 km/s in tHe
ECI co-ordinate system). A difference position vector between the true and calculated
ephemerides had a magnitude which was never more than 600m for both the primary
and secondary satellites over 24 hours for which the ephemerides were propagated and
remained less than 900m over a subsequent 48-hour period. These values were typical
of those obtained over a number of measurement campaigns.
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in the EEC technique of the invention, the physical number of EphemCal stations is less
important than the number of EphemCal measurements. EEC could be performed using
only one EphemCal station, and sampling every 10 mins for e.g. 6 hours to give thirty-six
TDOA and FDOA measurements. This is not ideal but it could still give useable
ephemeris parameter results in sufficiently good measurement circumstances. Use of
more than one EphemCal station is likely fo improve results compared to use of one
such station. Moreover, if an initial or starting ephemeris is used which is very accurate,
then the EEC technique of the invention is less likely either to fail to converge or to
converge upon an incorrect solution. An incorrect solution may be indicated by TDOA
and/or FDOA residuals being obtained which are outside expected error bounds.

Moreover, with a very accurate starting ephemeris, only a few measurements may be
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Simulations of the invention have been carried out using a combination of TDOA and

FDOA. Results were obtained as follows:

a) Ephemeris error compensation (i.e. single satellite correction). 72
measurement sets of TDOA and FDOA on two ephemeris calibrators with each
measurement set separated by 5 mins (i.e. 6 hours in total) give an rms position
error of 56m and an rms velocity error of 4x10° m/s for a TDOA measurement error

of 107 s and an FDOA measurement error of 10° Hz.

b) Ephemeris error correction (i.e. two satellite correction): 72 measurements of
TDOA and FDOA on four ephemeris calibrators with each measurement set
separated by 10 mins (i.e. 12 hours in total) give rms position errors of about 700m
and rms velocity errors of about 0.50 m/s for a TDOA measurement error of 107 s

and an FDOA measurement error of 10° Hz.

Simulations of the invention were also carried out for one satellite compensation and two
satellite correction using one type of measurement data only, i.e. either TDOA data or
FDOA data but not both: the purpose was to determine the viability of these two
alternative approaches. The performance of these compensation and correction
functions using TDOA-only or FDOA-only data depends on a number of factors, data
accuracy, number of calibrators or EphemCal stations and number of measurements in

addition to scenario.
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Two satellite correction simulation was performed using very accurate “TDOA-only” data
with results set out below in Table 4.

Table 4
Inc_min = 20, N_count = 72, TDOA error = 107'? s, FDOA error = 1 Hz

N_Sites | Rms position error (m) | Rms velocity error (m/s)

1 88,600 5.85
2 167,000 71.3
3 4,680 0.00966
4 1.56 2x10°

5 1.64 2x10°
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| | Pp$ikoryprreemal be. highwdus Heeyaloaity efer mayt heo@pcseptrﬁmeat {f depr calibrators

VV"J‘%reoﬁs‘“efdo ?Bﬁ%d"%dmeléﬁl@le'rr%ﬁ’é &e@@&&ﬁe@% MMM ordidfsBof magnitude

(error with results set out "below in Table 5 _

) %.'BP@GQ tP@@PW?ﬁ“Ee'IQT,S f‘NI_tBEﬂ?rﬁa"l&raWZ? Todingea fiffhr calibgagor makes little

7 Qiffefdp@d error = 1 Hz The sinmulation data in Table 5

was obt ai ned using realistic accuracy TDQOA-only

measurenents with ten calibrators, and resulted in

hi gh position and velocity errors. Hence, if ten

carerratejlite doﬁ'ebt&ma.fimalﬂltlm weigegforfied asige réaldticraeturady ‘TDOA-only”
o, use that correction

g%\/\qﬁ"ﬂr ég BhAi} '@Split tgQ“U?el%"l"llrb aRI2& not obt ai ned
u5| ng realistic accuracy TDOA-only neasurenents. Two
saflebleist e correcti on simnul ation was performed using
very accurate ' FDOA-only" data vvlth results set out
belrmv\mlm-’ﬂabNeccﬁmt F3B| TDGAleno Ri10 s, EDOANrowEnt Hz 72,

T A—ettorT=10——7s—FboAerror—316 b—HzFable 6 shows
t halN_®itash hRgis mﬁmnemryor(-?ﬁ)pﬂ Rmé yelnen&serrcm(mfst)s
epheneri+s—¢ortrector—wthr+easorabty—tow-ertors was

obf &) ned uskRBgO0bour or nore |[Ar3%Hrators. Two satellite
correction sinutatton—was—perforfed—ustngReal{ stic
accuracy 'FDOA-only" data with results set out bel ow
in Table 7. Table 7

The simulation data in Table 5 was obtained using realistic accuracy TDOA-only

measurements with ten calibrators, and resulted in high position and velocity errors.
Hence, if ten calibrators is regarded as being as large a number as one would wish to
use, Table 5 shows that correction to within reasonable limits of error was not obtained
using realistic accuracy TDOA-only measurements.

Two satellite correction simulation was performed using very accurate ‘FDOA-only” data
with results set out below in Table 6.

Table 6

Inc_min = 20, N_count = 72, TDOA error = 102 s, FDOA error = 10° Hz

N_Sites Rms position error (m) | Rms  velocity  error
(m/s)
6.71 x 10° 490
10.1 7.32 x10™*
13.4 9.75 x10™




Incjnin = 20, N count = 72, TDOA error = 1Cr s, FDOA
error = 1Cr Hz Table 7 shows that with realistic

waecwansys FDOA- onl y neasurenents, epheneri s coPCEGBR@M/001039
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with reasonably | ow errors was obtained using ten or
nore calibrators. The data in Tables 3 to 7 show that
it is feasible with currently avdi | able technol ogy to
correct or conpensate for satellite epheneris error

#_E@QI&%&%&@%@%E%@%@%F?@?&% Fﬂg\%§@%g% %; eBR&Meris correction

me adth reasdnably o eders wasdohtaingrk using foclalot Pkt ealibratere.
adequate. The equations given in the foregoing
description can clearly be evaluated by appropriate

conput er softvvare conprising program code_instructions .
r edWPRAL!IER Caﬁe%fb’ﬁr%'ﬁk'iaﬁ?'@aW@&Wﬁ@ﬂ%‘éﬁ”ﬁﬂ"fﬁﬁﬁ'&“? @SAiragy FDOA-only
ON (ataGRtVRBLIRAbUCKIBW i ETasly 3t em  The carrier nedium

may be a commercial product such as a nenory, a

magneti_c tape, a floppy or conpact or optical disc, or

ot @P'eﬁardware recordal nmedium it may alternatively

be an electrical or optical signal. Such software is
straightforward for a skilled progranrer to inplenent

f r bmo_trive= L0y Ngeiuny=dasTDOPtdr@n =vio’sp BEDORegrtor= 10)° Hz

i npentof

copNuBitds on&mypasitederes (0) ai Rms Lelodityn@tdrgoh/)f

(0] :pensau e for—er—cor+reetn 6 sateH-+te eﬁhen’e'i S
errer inco Bd]SQtl ng the steps0.658 - a) determ ni hg at

| epst—ore—pi—ti+re—difference—and—freguency—ei-fFerence
assm:i ated| w230 signal repli ca8941ecei ved via dif{ferent
satettites-fromecaibration—transmtt+ g—Reans f

known | ocation; and b) obtaining estinmates
coifaklepdnshiavs thatsattel ﬂeiatiséicepthmmyi ED&lAcorint measiwements, ephemeris

caL:g %cehtoh Whggﬁbﬂgﬁl tk;W ér%fv% db@ﬁnéd %ﬁr}g# %naotr nLoerQ%Elhbrators

fce” an requency erenc
estlnatlons in closer conformty with correspondln
meabeu dath inj Tablesi 3 e 7ahow thatlit dr fehsné@u&ﬁtyurmrﬂwgweme technology to

c&ré@tmgetﬁr@éﬂééié”%r %t%ﬂxttéz & dr?i{%}g &hdr Sis d@nly TDOA or FDOA

conpri ses rmnin erence a
f r egaewements, ﬂrmt@d:ef aethotPafeandDRA ke desgited earlier, provided that

r emeiagfi’r%ment accuracy and number of calibrators are adequate.

The equations given in the foregoing description can clearly be evaluated by appropriate
computer software comprising program code instructions recorded on an appropriate
carrier medium and running on a conventional computer system. The carrier medium
may be a commercial product such as a memory, a magnetic tape, a floppy or compact
or optical disc, or other hardware recordal medium; it may alternatively be an electrical or
optical signal. Such software is straightforward for a skilled programmer to implement
from the foregoing description without requiring invention, because it involves well known

computational procedures.



3 . Anethod according to Caim1l for conpensating for

epheneris error wherein the calibration transmtting
wore@nd1xehpri ses at | east two calibration tranBoi/GBerS/001039

4 . A nethod according to Caim3 for correcting

satellite epheneris error wherein the at |east two

calibration transmtters conpri g® at | east four

calibration transmtters. 5. A nethod according to

Caim1l wherein step b) includes iteratively using

es(tgi nﬁ%es corresponding to satellite epheneris

el Jﬁé s to obtain subsequent estimtes of |ike kind.

6. A nethod according to Claim1l including the step of

cal cul ating an epheneris correction vector [A] froma

prqduct SA[ m%clatinh@] of V‘%tlﬁu;u?er{sgmd Sfog1 XPCE&Fechlg%'urQ&gllite ephemeris error

el enent are erences between ne ed and

esti mat Bgorperating thg stepsrefdi f f er ence and frequency
differegee foLieAnmml of Iéﬁ%@%ﬁ:@ﬁﬂwe[eﬁ}ffé@% (r)]eg‘\dt krH&Sency difference

and [M 1 is an inverse of a matrix ) ng _
el ement s whi 8$sogiaéec Wiy signgb rediceeraieeeivedt\é | different satellites  from

ephereri s el gampitonfiRhshithgBba of known location: and. _
measurenent/estimation tinmes, the changes resulting in

[ D] bei Ry reBRigising pstiragias catesrapripar edsateliiter ephameils elements and
associ at ed Wby I8y éﬁ%tr@%\s ﬁrﬁﬂgggi\t/iﬁg FROgHRE ?e%s% bﬁ@%ﬂgﬁ\e difference

prior to thechaﬂges. 7. A accordi ng alm _ _
wherei n the anenigauensy [diferanee opstimatiens byn aclosgist conformity  with

nmean squar escérdspofiding Bl GinRCHRdrdhdartdPor@eRuBhcy difference.
wherein the | east nean squares fit is based on a

si ngul ar val ue deconposition. 9 . A nethod according

t 02C ai Mnfethbe betdidihg o SieniBerein {t6) apbsmpridesalegermining both time
wei ghted._in proportion to associated |nverses
AienE? b &

.of .
measur e &F A fyenay e&@?ésé%%e%w&{‘ﬁﬁeeﬂ%%6‘§P“Cas-
di fference as appropriate. 10. A nmethod according to
Cgim1,for. c ensat i ng for epheneris.error of a. .
i flgl ¢ BITFHPS SESHaNS 19 Biad el ForohRnsaitg BF sphespetis error wherein the
transm talibrafioner@ns mittrgomearescartprisea at lehstawo ahlibbaiin teansmitters.
transmtters.

4, A method according to Claim 3 for correcting satellite ephemeris error wherein
the at least two calibration transmitiers comprise at least four calibration

transmitters.

5. A method according to Claim 1 wherein step b) includes iteratively using
estimates corresponding to satellite ephemeris elements to obtain subsequent
estimates of like kind.

6. A method according to Claim 1 including the step of calculating an ephemeris
correction vector [A] from a product [M]'[D], where [D] is a vector having
elements which are differences between measured and estimated values of time
difference and frequency difference for a set of measurement/estimation times
and [M]"is an inverse of a matrix [M] having elements which are changes to
estimated satellite ephemeris elements for the set of measurement/estimation
times, the changes resulting in [D] being reduced in magnitude compared to its

value associated with estimated satellite ephemeris elements prior to the



11. A nmethod according to Caim 10 for conpensati ng

for epheneris error of a single satellite wherein the
w@roorasmUstwo calibration transmtters conpri SBCHGB2007/001039

| east four calibration transmtters. 12. A nethod

according to Claim1 for conpensating for epheneris

errors of two satellites in the mpurse of locating a

transmitter causing satellite interference wherein

ephemariﬁ rgsaloenpensati on is determ ned and applied to

one sat &'t e s ephenerides. 13. A nethod according to

Claiml1l for conpensating for epheneris error for both

a i mar, (PR - t Lte ein ,

e car {Lrarelseeb @it Gl SAdeh BR kb o L 8 ovtained by o

ten cal leashmeansquaresfii.tters. 14. Apparatus for

conpensating for or correcting satellite epheneris

error incorporating:- a) neans for determ ning at

| e8st oﬁemg{*)‘otj iageordinpfte (Cdaite’ wherein tgueast ynedinf Jopreasdit is based on a

associ agpdumt H]uéh?é@ﬁpcfsﬁﬂhi cas received via different

satellites fromcalibration transmtting neans of

known | ocation; and b) neans for obtaining estinmtes

conr espAndehed kBcaraingltd CidmePRRSTBIN the BlcRIEY & [B9nd V1] are weighted
calculatin changes 0. such estimates giving risSe to

at | east MoRf@Ption fhessgrietasipyrreesofdneasutaiesiv grrors in time difference and

differ eﬁégu&}%yidﬂﬂrér%@%sie{bp%p%@ conformty wth
correspondi ng neasured tinme difference and/ or
frequency difference. 15. Apparatus according to Caim

14 10her Aimethbe aﬁaﬁﬂi&?ft@ It £FdhcBhipandtdting S@sépriterferror of a single
time differenc I nd requen(‘g(i@%hg erence i s arranged

Lo det cPFAR ERIE MheEeTRier HARPItiag Marpy comprises at least two

di ff er ecalibrétps®@aname@rsM th the signal replicas. 16.
Appar atus according to Claim 14 for conpensating for

epheneris error wherein the calibration transmtting

medhs cAnmethseacairdihg &s Clainma oded ddﬁﬁﬁnbﬂmgﬁbﬁéﬁﬁ'@:rﬁér@&ror of a single
or correcti

17. Appar.at.us according to aim.16 ng .

satel | i?%te@%h\g F|nst%8r$ol?a @’Pqu}i%ﬁaﬂ%" Lgnsraliefs W{gpnse at least four

cal i br atalibration aragsinfttees.s conprise at | east four

calibration

12. A method according to Claim 1 for compensating for ephemeris errors of two

satellites in the course of locating a transmitter causing satellite interference
wherein ephemeris compensation is determined and applied to one satellite’s
ephemerides.

13. A method according to Claim 1 for compensating for ephemeris error for both a
primary satellite and a secondary satellite wherein the calibration transmitting

means comprises at least ten calibration transmitters.

14.  Apparatus for compensating for or correcting satellite ephemeris error
incorporating:-

a) means for détermining at least one of time difference and frequency
difference associated with sighal replicas received via different satellites
from calibration transmitting means of known location; and

b) means for obtaining estimates corresponding to satellite ephemeris
elements and for calculating changes to such estimates giving rise to at



transmtters. 18. Apparatus according to Caim 14
wherein the neans for obtaining estinates

w@orrasaendi ng to satellite epheneris el ement SPCEGB2007/001039
arranged for iterative use of estimates correspondi ng
to satellite epheneris elenents to obtain subsequent
estimates of |like kind. 19. Appaiatus according to
Cl aim 14 wherein the neans for obtaining estimtes

corresponding tp satellite epheneris elenents is .. . .
arranged to %ﬁ‘r"gai‘%&@"% dﬁfﬁﬁ%ﬁﬁﬁi”g f@SP?récgt‘ﬁ%?{eQ/Ceec?%'Fnat'ons in closer
[A] from a prodfoohity] Wkh épridspondiing endaBliredginge dlifetepte and/or frequency
havi ng el ene tﬂ\s‘? which are di fferences between neasured

and estimted Val I€s of time difference and frequency
difference for a set of neasurenent/estimation tines

and <[ M : : . Ci : >
or M bk EISHIEE Onf (O B AP s ot s on
ephener ok tiveediferescd end tileguamty difference is arranged to determine both time

) : : |1 .
(01 ber nrererS e Hefthey diffende s C0RRH G A3 Hohatialcds.
associated with estimated satellite epheneris el enents

prijgr t prgl%tt%hé’é&?oﬁn% @Cld@ﬁp@rfa génégi&fs%gﬁ%?g dhefdeRk Brror wherein

19 wherern the neans Tor obtainin

cor r es p8iosatigration Fansnittingenessiscoemprisesatdeasitwo calibration transmitters.
arranged to obtain the elements of [M by a | east mean

squares fit. 21. Apparatus according to C aim 20 _ _
Whé?ei nAPR&ajus /gco tosglgm 48 for goriestingy satgliitgrgphemeris error wherein

si ngul aghev &k Ugaste BATTRANHbatio - trahdmittR® A RipHse2 € %4t "Bur calibration
to Caim?20 wherein the neans for obtaining estinmtes

corr espHABSMESTo satel lite ephemeris el ements is
arranged to weight the elements of [D] and [M in

prqoportion to associ.ated jnverses of neasurenent . ,
erﬁgrs ARPEA ﬂ?cpf‘ﬁé?%ﬁ%él'lﬁ'ﬂh1f‘r‘%’&‘ﬂ%’|‘?c§/edﬁ'ﬂf3f"é? é9Tcebtgiping estimates

appr opr caréspording Ab Raatelitd Sephefefisli dmérds G airiandéd ¥& iterative use of
rimry

conpensat,ing for epheneris error of a single .
satol | | ERIAIES GPREARIT) PnsaieliereRNeRIRaR SIemaS Hp-aiain subsequent
conpr i sestingdted 6@AKe Kino cal i bration transmtters.

19.  Apparatus according to Claim 14 wherein the means for obtaining estimates
corresponding to satellite ephemeris elements is arranged to calculate an
ephemeris correction vector [A] from a product [M]'[D], where [D] is a vector
having elements which are differences between measured and estimated values
of time difference and frequency difference for a set of measurement/estimation
times and [M]" is an inverse of a matrix [M] having elements which are changes
to estimated satellite ephemeris elements for the set of measurement/estimation
times, the changes resulting in [D] being reduced in magnitude compared to its
value associated with estimated satellite ephemeris elements prior to the
changes.

20.  Apparatus according to Claim 19 wherein the means for obtaining estimates
corresponding to satellite ephemeris elements is arranged to obtain the elements

of [M] by a least mean squares fit.

21.  Apparatus according to Claim 20 wherein the least mean squares fit is based on



24. Apparatus according to Claim 23 for conpensating
for epheneris error of a single satellite wherein the
w@roorasmUstwo calibration transmtters conpri SBCHGB2007/001039
| east four calibration transmtters. 25. Apparatus
according to Claim 14 for conpensating for epheneris
errors of two satellites in the ppourse of locating a
transmtter causing satellite interference wherein the
means for_ obt ai nbgg estimates corresponding to

satel | i PSR NP JCEPBRAFIY i s arranged to deternine

epheneri s conpensation and apply it to one satellite's

oDt 5 Apo B3 o 5L 0 BB Bfinng estmates

sat el | i terrespnding éc satdititeyerseheris icleenertie isaarranghe to weight the elements

cal i brat tr mttin ans. _coppr.ises a e
cal i b apt B PR £rbhPRoN B ARERIR hPeiSet b P aTghEM errors n time
use i n diffiepsres @nd figgbarcyalifferencecast appgosiates! 1 i t e

epheneris error and conprising program code

instructions recorded on an appropriate carrier medi um _
f 023conApparatuscpacordingt te iClaippt tor aempensafieg far @phéreris error of a single

steps o firhag)nsda‘#%ﬁtgWﬂe@iﬁ'%ﬁa{ih%ﬂéﬁ trg%iﬂfnggnbéﬁs V%om?rises at least two

di fferehce requency erence assoc

si gnal relpratioadranseétevsed via different satellites from
calibration transmtting neans of known | ocation; and

b) obtaining estimtes corresponding to satellite .
epRéner AePaRRIFEeCrdigdo CdpiB\AHior agmeenaated for ieghemeris error of a single

gi ving chafitd Qhéleid B8RS4t RA& Qo LdiBRtigh fRERRERs BBfprise at least four

frequency difference estimations 1n closer conformty
wi t h cofrlibsgtigndrangmitessured tine di fference and/ or
frequency difference. 28. Conputer software according

to Caim27 wherein step_a) conprises determ ning both
ti AB di FPRREHISAAING tonGiae ! dior cempprsating Jeiceritamepr's errors of two

Wi th t hgasilitaain fHRPEIFSS -of I&katifg B taREmBEF 8Bsify satellite interference
according to Claim 27 for use in_conpensati

C IS . ng. for ) ,
ephener WEeis Hie fgarefon obirinieg estrates SATPSRARSIOL o) $fielite ephemeris

means CeRRdnteR @fang8dsd dbipmpaldppbrieti® Rofbansalibh teRtSapply it to one
30. Computer software according to Claim?29 for use in

cor r ect PRIt @phemesidgphemeri s

26.  Apparatus according to Claim 14 for compensating for ephemeris error for both a
primary satellite and a secondary satellite wherein the calibration transmitting

means comprises at least ten calibration transmitters.

27.  Computer software for use in compensating for or correcting satellite ephemeris
error and comprising program code instructions recorded on an appropriate
carrier medium for controlling computer apparatus to execute the steps of:-

a) determining at least one of time difference and frequency difference
associated with signal replicas received via different satellites from
calibration transmitting means of known location; and

b) obtaining estimates corresponding to satellite ephemeris elements and
calculating changes thereto giving rise to at least one of time difference
and frequency difference estimations in closer conformity with
corresponding measured time difference and/or frequency difference.



error wherein the at | east two calibration
transmtters conprise at |east four calibration
wo e@nan4ri ers. 31. Conputer software accor di ngP€DGBR@N7/001039
27 wherein step b) includes iteratively using
estimates corresponding to satellite epheneris
el ements to obtain subsequent esgimtes of |ike kind.
32 Comput er software according to Claim 27 for

con o I SOTRI T, SBOREL oL, SYSULS, BLE0NE s cecrminn

vect or [bé}h fime differeyce dimatirely Mency[ dblerendtedse odiblledivithahe signal replicas.
vector having el enents which are differences between
nmeasured and estimated val ues of tine difference and
f r fuenSpnopUtéresofinees Bctording et Clafm 27 for use in compensating for ephemeris

of o mach oL iRt B o EaRNihg trehnh SoRuHGLA 6 two calibraton

esti nat d@nsattield. i t e epheneris elenents for the set of
measurenent/estimation tinmes, the changes resulting in

[D] being reduced in rmgnltude conpared to its val ue

ass¥ci atCompitertsodwaraagcetingtocllhint 29 éphweein carastingreatelite ephemeris

prior t‘érr%h‘?/ﬁfetﬁé}ﬁ@ﬁé atBQastCmUJUglﬁ)Fat%ﬁf {r%n%ttggcg&%rfé% at least four

to daim3 aving i1nstructions tor obtain

el enent §almralpqqtrm3snatt¢r§ast mean squares fit. 34.

Comput er software according to C aim33 having

instructjons for obtaining the [ east mean squares fit

basdd offORReRAMMAre Acoer lﬂ‘éc’@nﬁ'@@’ t47owhered stepnipuineludes iteratively

sof t war @srﬂ?c%ﬁhé‘@st eor%s?)bmjlﬁ& a‘gfhténébﬁéfﬁéﬁsorb?erﬁ&ﬁs to obtain

wei ghtin he el enents In proportion t
associ afeeFqayoelrastimatgs Qféb%lﬁ'f‘énent errors in tine
di fference and frequency difference as appropri ate.

36...Conput er sof tware accqrdin%to Claim?27 for use in
cor?‘ﬁenrsrgpmpé‘ § TR ABTITYRY o Ll %Y tor egnisoling epmpyter apparatus to

wher ei nekdwits alsobthatfufRert été@%'ﬂcbkhlﬁﬂn@%ﬁ"@ph%ﬁ@ﬁ&'o%?r%ctlon vector [A]
at least two cal| brftl pon transmtters. 37. Conp

sof t war 8°3¢ GoPHdHE! (M1 &l Whese EDJ)r'Su%quCWrc'@ﬁi*ﬁlﬂw@&m%’@S which are

for epheiferdresdediedt nfeasuft@l Bnddsimaieds 24104 idf&ime difference and
wherein_the at | east tvvo calibration transmtters

conpri s&eayency fifferencs far A oot measUremaeRifpstimatian fimes and M is an

inverse of a matrix [M] having elements which are changes to estimated satellite
ephemeris elements for the set of measurement/estimation times, the changes
resulting in [D] being reduced in magnitude compared to its value associated with
estimated satellite ephemeris elements prior to the changes.

33. Computer software according to Claim 32 having instructions for obtaining the
elements of [M] by a least mean squares fit.

34, Computer software according to Claim 33 having instructions for obtaining the
least mean squares fit based on a singular value decomposition.

35. Computer software according to Claim 33 having instructions for weighting the
elements of [D] and [M] in proportion to associated inverses of measurement

errors in time difference and frequency difference as appropriate.

36.  Computer software according to Claim 27 for use in compensating for ephemeris



38. Conputer software according to Claim27 for use in
conpensating for epheneris errors of two satellites in

wWo b@7ac4rse of | ocating a transmitter causi ng BEL/€BRo07©01039
interference, the software having instructions for
determ ni ng epheneris conpensation and applying it to
one satellite's ephenerides. 39.3{£onputer software
according to Claim27 for use in conpensating for

and a
2D omem]EBL LR o R Y ERBb o Seane comprs
t r ansmi taashyvoedibsmtiontrandraiersat | east ten cal i bration
transmtters.

37. Computer software according to Claim 36 for use in compensating for ephemeris
error of a single primary satellite wherein the at least two calibration transmitters

comprise at least four calibration transmitters.

38. Computer software according to Claim 27 for use in compensating for ephemeris
errors of two satellites in the course of locating a transmitter causing satellite
interference, the software having instructions for determining ephemeris

compensation and applying it to one satellite’s ephemerides.

39. Computer software according to Claim 27 for use in compensating for ephemeris
error for both a primary satellite and a secondary satellite wherein the calibration
transmitting means comprises at least ten calibration transmitters.



