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scenari o 10owhtre anDemibticdt. A on the earth's
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S, and S3. The satel P518% CsEMUS | and S3 have
non-zero vel ocities whibhJeEPBEHntP the earth. The
unknown emtter 110 sends out signal 112 and it is
received by the satellites S1, S2, and S3. The
satellites S1, ..n e signal 114 to a
ground station ’ Gther—ob" FeHEO oi nt. [ 0003]
1. The96P#Rdwhabhon 120 conputes the tinme-difference of
arrival (TDOA), denoted as 2 1, between the signal 112
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to the tgrgur%q .fet at i pn 120 and the signal 112 fromthe
on meapHreMERtS 04 stelfc g Sanot her satellite S2 to the ground

2. STRLNioADP theRdThedny, the TDOA of the signal 112
fromthe emtter I1I0 through the first satellite Sl to
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‘the two satellites used in the TDOA neasurenent, a
and ittisweeeiveld e fhsisotelitecur wethdsur fTae satelditesse sdenid wertlayhe signal

defines the sible lLocations .of the emtter 110. The
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Stationary reference emtter 130, whose position is

as da1 Kprdweerethe sighgl, 1 i2drams g anaitterebidctbraugh thef pramarysatetlifes: to the
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work in this field, such as K. C. Ho and Y. T. Chan,
first satchhist wdathaogrowid Hatiaioldd aadithe sigeal dBE éiom the smitrmAdd0dgugh a

third s% el e%??ostﬂg %po‘%?ltdsétatiorll %is also measured, which is denoted as ds;.

[0004] From a TDOA measurement and the locations of the two satellites used in the
TDOA measurement, a three-dimensional curved surface can be derived that defines the
possible locations of the emitter 110. The ground station 120 does not know precisely the
positions and velocities of the satellites. A stationary reference emitter 130, whose position
is known exactly, is used to reduce the effect of the position and velocity errors of the
satellites on the part of the ground station 120 in the estimation of the emitter 110 location.
[0005] Previous theoretical work in this field, such as K. C. Ho and Y. T. Chan,
“Geolocation of a known altitude object from TDOA and FDOA measurements,” /[EEE
Trans. Aerosp. Electron. Syst., vol. 33, pp. 770-783, July 1997 (“Ho and Chan’’), which is
incorporated herein by reference in its entirety, shows how to estimate the location of the

emitter 110 by finding the intersection of two TDOA curves on the carth’s surface. However,
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where the signals from different satellites are acquired at different times.

SUMMARY
[0009] Embodiments of the invention provide systems and methods for determining the
geolocation of an emitter on earth using the four TDOA and FDOA measurements based on

weighted least-squares estimation, regardless of whether the signals from different satellites
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[0015] FIG. 3B illustrates an example intersection of two TDOA curves and two FDOA
curves, where each of the curves is without noise, in accordance with one embodiment.
[0016] FIG. 3C illustrates an example that compares the actual emitter location to the
points of intersection of two TDOA curves and two FDOA curves, wherein each curve
includes noise, in accordance with one embodiment.

[0017] FIG. 4 is a flow chart of a method of estimating the location of an unknown

emitter, in accordance with one embodiment.



accordance wi th one enbodi nent. [0015] FIG 3B
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possible locations of the emitter 110 Again, the ground station 120 does not know precisely

the positions and velocities of the satellites. A stationary reference emitter, whose position is
known exactly, is used to reduce the effect of the position and velocity errors of the satellites
in the estimation of the emitter location.

[0022] Within this framework, the TDOA and FDOA measurements can be related to the

location of the unknown emitter. The position of the unknown emitter to be found is denoted

as u=[ux,y, z]T . The true satellite positions and satellite velocities when the signals were



frequency difference of arrival (FDOA) of the signals
112 relayed through satellite pair S1 and S2, denoted
w@gGosi1280and an FDOA of the signals 112 rel ayedP@hios20g$060084
satellite pair S1 and S3, denoted as 1. From an FDOA
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acquitgd atf danoteders BOOAxfeds e Erandts; =l ' hrieé; Hfi respesitivalal where i=1, 2,
curved surface can be derived that defines the
3 reprpeess th eattlbicatindrs. of ahthé; ard tdtdnodi Go thagadund stdien, and only
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inaccyrateishicting pasitonsed; 6ol t /85 =0%;, v e, ] Samndlvieldcais A
stationary ref erence emtter, mhose position is known
—sexaef Ly, i sz Us et dvailageluciers IA@ aid agtreplesétendpatirt iddatellite
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positiesstandatelosriosf Thiyearemadetad dsoudependent [de0R@] didfrithitions (113) with
framework, the TDOA and FDOA neasurengnts can be
covariagramedicenof Ae davelipi onl end phecanakioowr evhiore bis.a b3 identity
position of the unknown emitter to be found i s denoted
matrixgasThe pefsition, of2hg ground sfation iyelesetcdhs gté¢x posi. ti bnsTmBuclidean
satellite velocities when the signals wereacquired are
distande hetivedn the tsofestorsyp and q skadlbesreprefoated/by z, o ¥p —q|, and p, 4 shall
respectively, where i=\, 2, 3 represents the satellite
represauttbe ung vestdr gverr by not known to the ground station
and only inaccurate satellite positions sz-=s +
Ds2-=[xi ,yi ,zi ]t andp Ve L es sz-=s + Ds
=[xi,yi,z ]t are avallab e |mhﬁke Ds and Ds represent
the errors in satellite positions and velocities. They
[0023} e Iﬁw@e@@oa@qnﬁd%m?éﬁ%%ﬁé%fqlﬁci tothe ppknayery spigter 110
s wi th covariance matrices of Ds equal to s | and
pomuégpaaual tos |l , where |l is a 3 by 3 identity matriXx.
The position of the ground station is denoted as g
=[ xg ,VYg % . The Euclidean distance between the
two v KRS and g,.shal |l .be re reseE
w0 vasions thand, SrsfiaLLibe, [enesshied ay B A = b )
by (p - gq) Pp,g p - g [0023] In one enbodi nent, the
two TDOAs are related to the unknown enitter 110
position u a (&here d2\ (ta) is theﬁ;?OA bet ween t he
em tted, i gaallrel ayed through-# he trsatellite 2
S and tﬁ?oggm7th%b P her y %égelf & Slgg%?lnegia , and ®
31 () is the TDOA betmeen the emtted signal rel ayed
by the adjacent satellite S3 and by the primary
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t 4nhces when the signals to generate the

S2 andmﬁfcﬁlgﬁ ed @ahad saDHe bt @rR iRy i§ tci TDOAbeRMalthe
tot . Mre specifically, in one enbodi nent, the time

emittddsighahod @ed tbiyehamadjagot sutelbfe st hed by the pmmuﬂp\aatellﬂue ngt time 7. ¢,
which the emtter signal relayed through

and 7, are the time instances when the signals to generate the two TDOAs were collected,

and in one embodiment ¢, is not equal to 7, . More specifically, in one embodiment, the time

t, denotes the mid-point of the time-window during which the emitter signal relayed through

satellite s; and satellite s, are measured, and time 7, denotes the mid-point of the time-

window during which the emitter signal relayed through satellite s; and satellite s3 are

measured. p is the signal propagation speed, s;(¢,) is the true position of the second satellite

attime ¢,, by »1(t,) and by 3;(¢5) denote the timing offset from the transponders in the



satellite S1 and satellite S are neasured, and tine t
denotes the m d-point of the tinmew ndow during which

w0 b@saeaost er signal relayed through satellite BIT/H82H08/060084
satellite S3 are neasured p is the signal propagation

satell%%tagg pﬂ}eé%éed t)]?].ﬁtgrlggrét e{nu eﬁdpgf a{ L %]31 %qujthﬁ B%urement noise.
denote the t|n1ng of f set fron1the transpond;rs in

ca.21 eRdSapeFH havs differennesters; prd thepietsdeapicd by, candné .2 an
d,3 i are h random neasurenent noise. ed 2 1 and ed 3
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sur C e on e em O Cc a
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fromthe nmeasurenent, and the right side indicates how

equatidd\( 2\ deflinks atﬁ)tlli@h@F@doli@sdrfh@e dn KvhaoMthp @filittdrano s BEatbdi®ased on
emtter 110. Sim | arl uation (2) defines another
anothefy HaQAINpasugmont del (on- \FMC ilbugateng it exaympla of thg shape of a TDOA
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unknown emtter 110 position u by (3) (4) mhere [ 2i
(tc %}IS the FDOA between the enmitted signal relayed
_1 he(, adj t sat eld a e primar g
Bl conird dwibe t‘lﬁﬁé)kds R oo b A ke 0+ s
between the emtted S|gnal 112 rel ayed by t he adj acent
satellite S3 and by the primary satellite Slat tinme td 3)
tc and td are the tinme instances when the signals to
obtain the two FDOAs are collected, and in one
enbodi nent tc is not equal to td . Mre specifically,
|n one enbodi ment, the tlne tc denotes the md-point

Salla eI ay 3%‘-t5f(h>r Ozg%iﬁ g)gff gall')lﬁ pg) ﬁg ;22@1%? tt} é g;‘sgtr:)agl(td )+bf,31(td)+gf,31

neasured and tine td denotes the m d- p0|nt of the (@)
tinemﬁndOM/during which the emtter signal relayed
t hrough satellite Sland satellite S3 are nmeasured. f O
'S i nk c%nter frequency of the signa
tteg

Wherer Lobivist %atF S Detatcen acaaiion Sighlaclarel OMRIRARRoTS el s
o o} RSHEREY AR S3L ShLt S o 15, BRI SLGLASIe s
signalt ne rlﬂg?@(i b}pﬁl%'aldj a@(t:tﬁ safehid sgogndso?ttﬁe f)lrn‘ﬁg}y satellite s; at time 7, . ¢,
and 7, are the time instances when the signals to obtain the two FDOAs are collected, and in
one embodiment ¢, is not equal to ¢, . More specifically, in one embodiment, the time ¢,
denotes the mid-point of the time-window during which the emitter signal relayed through
satellite s; and satellite s, are measured, and time 7; denotes the mid-point of the time-
window during which the emitter signal relayed through satellite s; and satellite s; are
measured. f, is the uplink center frequency of the signal 114 received at the satellites, f, is
the downlink center frequency from satellite s; to the ground station, i=1, 2, 3, p is the signal

propagation speed, b, 51 (1.) and by 3(14) account for the local oscillator (LO) offsets from

the transponders in the satellites and other fixed bias errors, and ¢ 51 and ¢ 3, are the



the transponders in the satellites and other fixed

bias errors, and ef 2\ and ef 3i are therandom
wore@soezssent noise. 2 1 an / ,31 can have di f fRCEOS2008/060084

pomers and they are denoted by s 2 1 and sf 2 3 1

uat i ons .and (4 efi ne gnot e two surfac fro
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J ocat eq [0025] FIG 1 also shows a reference emtter
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reference emtter 130 which will be used for
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nd city errors, \Wen the T and FDOAs e .
[0025p aﬁvlgeg AOBROYAE r%fﬁt@ﬁ&%ﬁngm%mm [xa Jfreés]u ! Reifbfocation of
the refer?ncg titegﬂ POf t helll-r‘t%gﬁﬁsefi? rdcafg%toié{l t(% ﬁ: u%e tﬁg effect of satellite

positib %@M@cﬁtys&rdr@ aWh@ﬁ‘ He(TRPAs @HSFOONs ard oBlade) fddthe unknown
are al so avail abl e. These expressi ons have the

ermttegdS@ F pegppramsenp isjylso madegfzhg pQqu e(n,dcﬁD@Ag &/ the calibration
refereﬁﬁeu% tt%g 23% lht)tfé 4a)me ﬁxﬁﬁ&g sb %\E czél(iﬁ gg_eEPtQ jeg‘c)]_%%ﬁ {31&1 are also

availa@Qe2lTheye s prestfohs Baxk(the@adnc( f(ﬁl)ns as EZ{l(z‘&) Hngtb) fzf(v;Vhﬁd i (ﬁ;ﬁ%wen in
C i (tc) =cf 21 (tc \ - pcM/ i

equationp(INt(#), Cxepp) $hat BYs igh ed by ¢ ong ﬁletrh@qufbnq)lﬁﬁé &ent éﬂ 31 s €101
frequency fromthe calibration reference emtter

and ¢y 3026 diffprsnt al hesakibfagan fagtars pes themfosmpd framt ‘da (4.) ,oﬁn(th)e Salte)
respective TDOAs and FDOAs of the unknown emitter 110

and fufayisni ni ze the effect of satellite position and
velocity errors. The equations that are used to
det erm ne the unknown em'tter position ared2l (ta)=d2l

(ta) - Cd i (t%)d,m(g ) (9) 1 (1b)=d3l (tb))- cd (th)

(10) y="dn(, ) 5 Vesst,) ~Tes0,) ()
Coanlty) =“dyy(1,) - (cw o) (©)
cf,m(rc)=ffm(tc)—[—%(pc,sz(,fszac)—pc,sl(,c)fsl<tc>)] )
cf,31<rd>=Cf31<rd>—[—%(pc,ss(,jsgad)—pc,sl(,d)Ts1<rd>)] ®)

where © f, is the uplink center frequency from the calibration reference emitter 130.

[0026] The calibration factors are subtracted from the respective TDOAs and FDOASs of
the unknown emitter 110 to minimize the effect of satellite position and velocity errors. The

equations that are used to determine the unknown emitter position are



,S3(4)ru,St (rd4) (O=(032(O0Ff ( TT\ (
12) =-ylPu,s 3) 3() - Pu,sl ) ) where the first

WO 2098428081 t he above four equations are known QREFUB1008660084
from neasurenents, and the second lines relate the
known quantities ta the unknown u to be found.
Equations (9)-(12) drépdedett,) equations (1)-(4) where
the calibration factors qgbtained fromequations (5)- )
(8) have been applied t:@—r(e,gqge;tlpg) ffect of the
errors in satellite positions and velocities. In real
worl d applications, there will be sone error,
i nstrument noi se, or other source of noise in TDOA and
FDOA neasurenents us i kely that sol ving
equations (9)- (125131€§ C{'f{é EI%SdePL position would
yield a single positionl/In one en‘?odi ment of the (10)
present invention, the T deat.hohsesti mates from each
measurenent are conbined to create a nore accurate
| ocation estimate for the unknown emtter 110. [0027]
As di scussed_above, each of the equations (5)-(8)
defines a suf] (a()efgrqty\,hcg (1 he unknown emitter 110 is

| ocated accor di ng t the respectlve measur enent. The (11)
I ntersection of Lh_ rvesT o ea?ggﬁ surface is

the estimte of thepl o0&t oh of t'Hé¢- unkhown enitter

110. FIG 3Aillustrates an exanple of an intersection

of two TDOA curves 221, 231 on the earth's surface, in
accordance with _one epbodinent. FIG 3B illustrates an

exanpl e int drnéadti'off ot Crwd’TDOA curves 221, 231 and
two FDOA curves 421y A31, Where each of the curves is (12)
wi t hout noi se or =ot 0.5 68t I nPagcobdante with one
enbodi ment. As shomﬁln FIG 3B, if the TDOA and FDOA
measurenents were w thout noise or other error,
t hecorrespondi ng curves 221, 231, 421, 431 would all

wherd’ thé €ifs diats @tth® mﬁ)vle (fclateiqumudd@ ate kifovirh@uahtities froaadasirenibnts,

emtter 110. [0028] In . real world appli cat| ons

and tlxew&mdvlmeﬁ rglate éltsrdﬁw@fnr%aanﬂﬁl%st@ lﬂlﬁnlﬁﬂFPOYfélusté eé?urtsit ations
(9)-(1I§ffé§39e‘§erﬁfqua}o%§ (p”(tdt@!@gregg?\cg%drﬂﬁg@g{)sn it tfrJIﬂlééuatlons (5)-

(®) haWB&bnwp@hEcD@%dﬁaﬁhe effesdios that driford intseteti@e boﬁﬁor(snﬁdp@ldattles In
on the earth's surface. FIG 3C illustrates an exanp
real W@rldtaﬁ@hqa&ea% ithse ol b BORY PP INgtruMERIHisSE ff Q}heroﬂpuf%f noise in

DO R P Bt s BBy LB ST R (R for e

emittar@osieon wouRicyd old diasirgde poditiorone careodbodiemnt oflthd prestitanvention,
the lolcar‘glto?lregt?rcr:lgtleg ?rorn cach measurement are combined to create a more accurate
location estimate for the unknown emitter 110.

[0027] As discussed above, each of the equations (5)-(8) defines a surface on which the
unknown emitter 110 is located according to the respective measurement. The intersection of
the curves on the earth’s surface is the estimate of the location of the unknown emitter 110.
FIG. 3A illustrates an example of an intersection of two TDOA curves 221, 231 on the
carth’s surface, in accordance with one embodiment. FIG. 3B illustrates an example
intersection of two TDOA curves 221, 231 and two FDOA curves 421, 431, where each of

the curves is without noise or other error, in accordance with one embodiment. As shown in

FIG. 3B, if the TDOA and FDOA measurements were without noise or other error, the



points of the curves are estimates of the emtter's

110 true location. There are six solutions based on
w@R0osazeoki nati ons of two of the four TDOA and CXDBS2008/060084

maasuremants The possi bl e solutions are denoted as: u

: Iutron fr m2 nd 3 1, usi u
COH@S@@I} 88 awrc?f L3475 45 ChbutieB ised asbae Risfmot 5 e true
locatlﬁbMe%HH@ér'l‘TUs (9) and ( 11) u j : solution obtained

romJ 1 and 3i, using equations (9) and (12) / :

[0028$ ol ulnireal vadytdedppédatfonethdre3vill bamdin enusrlmﬂj;ruaupuanmlmq ®r other

10) .and i [ : soluti on bta i.ne 0
sourcd, &P 4808 1RGO A had FIRA gicaSTumpn TRE. St Betisly ot cyes
conc#%hc[lﬁ% EPHARIINNR abd FHO A Hféa&&gr}lentﬂl@ll ﬁﬁ&’s‘éd‘r Qﬂocnefﬁﬂlﬂt on the
into three categories: TDOA-T

carth’ FD@fcEDOIC. Gl uwirstesren rovisplel sé‘diletl@ason rﬁethe @ohltazca‘tle‘gmeytlon of

oo TR 00258 LR SN 5o RIS RRLA BN She 5221
5231, %QQI”M@‘P 1%16865'-:{8@5 f‘nr ac%rdgﬁ‘éetvblt%h@&n%lﬁﬂcﬁﬂ T8us, the intersection
Si gnal s" d April 13, 2007, which has been

points afdhe pmvaSt aafd ektyna’ta‘ fitbncwition’silflg teatioqagoy.. Th¢reser six solutions

based 2R ol g usfiop 8l s ops 6 DA apf DB ity Thcossive
Solutl&%léwvdel{&&g%} FIG 4 is a flowchart of a nethod 400
estimating the | ocation of an unknown emtter, in

accordance vvrth one enbodi ment. In step 402, each of

the four ca t ed measur enen a

O ermt naftibn OB RoRand % ouiss FUREORGRT i fioy,
used to determ ne the calibrated TDOA and FDOA
measurenents. [0030] In step 404, the errors in the

fqur ]fC al isoRabs dodh A rpd % TR ATRARY IR (9f £d (11)

det'®YM ned. Errors from the neasurénent equati ons
(9)-(12) are determ ned according to the follow ng
equations: d2 1 =p d2 \(t a ) - (ru,s2(ta) - r ta) ) (
131) A=pselubyn Gbtnued Bpmedf A)d (L 4¥ink cqudtions (Vamyl ({26)
Equations (13)-(16) are, respectively, the equation
errors for the TDOA neasurenent d2i(ta), the TDOA
nmeasur enent < 3i(4), .the FDOA maasurement/

t W, EDOASHQLPRIAIBRH fromy 2y and e RS RECgRatifng kq)@ﬁé?bﬁ
calibration. Wile we can select any two equations
armng (13)-(16) and set their errors on the left side

%I Zero LQ,q81 ?ﬁtﬁm*e!i" %ofﬂ% L& ], QASAL! G0t R Lfla (123

solution”i's not accur

uyp o solution obtained from f3; and f31, using equations (11) and (12).

The solutions fall into three categories: TDOA-TDOA, TDOA-FDOA, and FDOA-FDOA.
Various methods used to solve each category of solution are described in U.S. Patent
Application No. 11/735,146, titled “Determining A Geolocation Solution Of An Emitter On
Earth Using Satellite Signals”, filed April 13, 2007, which has been incorporated by
reference in its entirety. These solutions can be used as initial estimates of the true location
of the emitter 110 as will be described below.

[0029] FIG. 4 is a flow chart of a method 400 of estimating the location of an unknown

emitter, in accordance with one embodiment. In step 402, each of the four calibrated TDOA



because the equation errors in the two sel ected
equations are in fact not zero due to various sources
WwW@R00R02881 duri ng nmeasurenent. W al so have t hePCT/US2008/060084
difficulty in deciding which two equations to sel ect
The npti vat i in formul ati ng.the er

f f
and PP Beanuitiiney fe EamIeS Beotsoretodtet spten g -(12) e used to

deten&% AdaNGrAN BTDOW £1d HSOALHORyRALhERt € so that the
wei ght ed sum of the squares of the errors of (13)-

[0030] 16)InisgcpriiOdi thic zers ihOBSbur Refbeated W@(bﬁaalkd FOOR Beastiyenants are
ste he wei tsfor the er
determg el o HDisdToTDeR TSRt SACOMUISHLR A S TatiBH] aohiding to the
followiflg OQ\BitieADOdi ment, the wei ghts are determ ned
according to the fol I ow ng equations: dr =2p 2s >S2(fJ
drc,s2(fj dr edsx(pcdzrl(zg%gsg),z S’L(Z())J) s 2(s 20K+ (13)
s1l( (OPu,:s2 ) S (O0OSs1 (T-r .
G. pu, 52) S2( cf odp Mt S2( ,s, 1( CS1 GJ s (
3(f)s;, +Pus

32(f02( sl(/"i( (19) / 1 'c,s

I () ) €4 20)r dahieye s sg,b)lsrutslatq)posul on error (14)

power ands 2 1s the velocity error power of S, i=\,

2, 3, and sd 2 2| is the neasurenent noise pomer of

the 2 1 neasurenent, sd 2 | is the neasurenent noise

power Ofeglﬁ%Bfﬂ(rnﬁa(ﬁusﬁf}ﬁwo )Shug, ) 810 ) (15)

- Pus. o) 8300 ~ pus ) $1(00) 16

f31—f—f31(td) Pus,(r,) $3(La) = Pus () S1(tq) (16)

Equations (13)-(16) are, respectively, the equation errors for the TDOA measurement d»(,), the
TDOA measurement ds(f), the FDOA measurement f5(¢.), and the FDOA measurement f3;(¢,), each
after differential calibration. While we can select any two equations among (13)-(16) and set their
errors on the left side to zero to obtain the emitter location on earth, the solution is not accurate
because the equation errors in the two selected equations are in fact not zero due to various sources of
noise during measurement. We also have the difficulty in deciding which two equations to select out
of four. The motivation in formulating the errors is not to assume them to be zero, but rather by
obtaining an emitter location estimate so that the weighted sum of the squares of the errors of (13)-
(16) is minimized.

[0031] Referring back to FIG. 4, in step 406, the weights for the errors in the four
calibrated TDOA and FDOA measurements are determined. In one embodiment, the weights

are determined according to the following equations:

a, Ues i sy Oes
Vd21 :2p20'5,21 Uaus 2(t) sy, ) | 1(0.) 1(2,) O_SZI} (17)
2 o |aus(t) arcs(t) |aus(t) arcs(t)z )
Vg, =2D° 045+ P - O' 1 — o, (18)
[0s.(t,) as,(t)| 7 [as,(a,) 0,60,

10



2 21is the neasurenent, and s 3 1 is the nmeasurenent
noi se power of the/ji nmeasurenent. Equations

W@ 20034£808) , respectively, are the inverse of tPEI/WEI00$1060084
for the equation error of J 2 1(t ), J 3 1( ) - 2 1(A

) and f i(t<i), each after dlfferentlal i bration.
e that|the weifghts arg dependeny on rue
I Zlé\zbé Fen Jﬂmsz@os' ﬂgﬁnz(@t%a’t Pis:, )HDTLHhQ one
odime , uis’replaced iln the bove four equatlons
(20) by a prelimparyestipate of u as ti |j forp
an 5Pngz )0?2(8) éﬁ;d@p Zz(erSzG )J; n Sg’;@sl@ffﬁddo me it @Pcs@rﬂ)sl o°
ofast @ IDO?FEX)% 9§Ut| by pigal 'y snor e 5
ac uraté ‘t%han TDOA% Di)& D@sol Ufl on, b(dt) |

an estimate of the true emtter 110 position froma

TDOA- TDOA or FDOA- FDOA sol ution can al so be used in (19)
equations (17)-(20). e that if the F asurerrent
svzvefy accur dtfe conpared| t o TDOK, th
ss@)det Brssendlscé pﬁle%)th_steid sn ry
rrate o fin thevlues accor ngto(17 (20).
2] Sev ral 0 2 CON derezd derl t.h
ths(zdedu R onéa%’l? 2 )g2 E uex,a ququﬁt(e )|

deg l(z\/¢d baged o@%tg? gio Ocﬁel @q(lggeorretr the(,) | sl

unt of TDOA and F surenhent noi se, t e amount
of error in satellite positions and velocities, the (20)
positions and velocities of the satellites, and the
position of the reference emtter 130. Al of these

wher Cam 1? ﬁle %glttlg{l %ﬁﬂ%ﬂév‘@ertaga sgtH% %ﬂ%&‘? T otwoerg glg 2,3, and

err rs In ITE&S rerren S”

ance, if the satell osition and,vel g :
ot b ﬁ%ﬁ@aw@n@%ﬂ% Bht o ey 6B SR uEns: ge@wétﬁ it PR robe

that the second conponents on the right of (17)-(20)
powerfdhe g ApGaAGEFTCR /1 ETRPHICBUTEBCRHAGIFIPPYET PR meggirement,

inverse of the weight values will be dom nated by the
and ogpr isrtke ingasutrmant agise pawert of the f21 misesuTa@Nt nEgsaiicamERb€20),

are nore accurate than the FDOA neasurenents such that
respediyelyzafe the inverse of H@m%\gl@cfﬁﬁﬁhﬂ §qeasiop £yipr ()12@32)1 (t9)hés1(ts), f21(2c), and

Futeoy GBS difhreb i AR S RblsaRenghe BREnRlFe Bhigha&Fon the true

emittdral ) pBAtiSn wIhNeCAHKRoWRPOM FRASHERIBBAS u & RpBeaEmaht ¥bove four
nore reliable than the FDOAs. These wei ghts are

cquatigpp(li/ed2Q)dyeaphlivinarhestienatoelu pniy he  TOGMYaNd oFBGMd /=2 or 3.
measurenents to forma weighted error function x(u) of
In sodrembatinkent§, anyeont of thetTRP A+FBOA2sb)utions is typically more accurate than

a TDOA-TDOA or FDOA-FDOA solution, but an estimate of the true emitter 110 position
from a TDOA-TDOA or FDOA-FDOA solution can also be used in equations (17)-(20).
Note that if the FDOA measurement is very inaccurate compared to TDOA, the TDOA-
TDOA solution is a better choice for the preliminary estimate to find the values according to
(17)-(20).

[0032] Several factors were considered in deriving the weight equations (17) — (20). For
example, the weights are derived based on the geolocation geometry, the amount of TDOA
and FDOA measurement noise, the amount of error in satellite positions and velocities, the
positions and velocities of the satellites, and the position of the reference emitter 130. All of

these can be factored into the weights assigned to each of the errors in the four TDOA and

11



11f alwhere the error function is shown explicitly
to be dependent on the emtter location u . [0033] In
wWeL@p/12808;, t he wei ghted errors function i s m nPEI/E82008/060084
determ ne the location estinmate of the unknown emtter
In other words, the vaIfJe of. u that mnimzes th

10.
FDO% PICBTUreERS | Bor ipstangsy Hthg sasglite popitiop ad peIRSHY GFOTS fret %ﬁ‘&‘” and
the lo@emzﬁttl(ﬁf éH‘&’try i s&rﬁech@crm@%cgﬁé‘ Eomﬁ)n-gﬁﬁéloﬂrtﬁ@flgﬁsof (17)-(20) are
tech nlque is’used to linearize the errors i our
relativEROAn @ hcorfmid@d toeths Girse temis sthe inverse of Melgh@adlmwlﬂ bﬁ)

domings v HE pors it ﬁ%@?ﬁéﬁ'&%ﬁﬁ 37 e 50 chevse it e accurat
than t%ﬁb?ﬁzfﬁ%aﬁl OC ab ht GrOL2 f n C[fléno&cét{d:h}%tg (T7)(-€2b the weights

emn |onrerfe énts a
all of,the

for th? ﬁ@%ﬁwaﬁﬁ{l SHRE 6. %ffﬂe'er@mvﬂﬁbedlgfggr MepaR 1GGERDOA LRI,

Thus, in.aone enbodi pent, a nore accurate emtt
and eposTli‘q r&ﬁméaé% }Sds&e@sp JTH P8 RE %ﬁnﬁw@bﬁwé rﬁfhagfe than the
urenent s han woul ve
FDO%n“éhea%Wie tsaﬁr% Shesrtog th$roFe Hy 3

rneasdr@m@rﬁs ﬁ; fo%%%& %@D%Ab%%mo[l)i()%(dr—) Sof L fcgglcessar y to use

DOA solution in step
406 to determ ng the weightsifor the errors in the
f our TDOA?QHCF’FDC@ rfegsurefent s, 1T ohe enbodi ment, 21
the inverse of "the weidght values Vs, vd , vf , and vf

e set.to.unity and n S S ed t tain
wher3}S it fuicii hafh Pt miifbls Yo dplqenor B g daition
[0033] OC i s 40%, {hlé%lgﬁ&geﬁr&s PR RR id MAthiMBiecd RS Sctti$hiA the location

equatlons 17 - en a nore accurate emtter

estimite ofithicamkoawn bmltm; tl ﬂ@rahle@htrywcmdmlth@ vilngof méapmiightizd the error

erro functi 1 be iterate
functfy iy 4Ttk B ¢ iR RTEET | oM SEUSHBRETE. a Taylor-
serlesQMﬂgﬁle ifudRgtd ﬁﬁea‘rﬁb tHeadrrR$ Inl tHIBESIraDO A @&n8 FDG L nckdBements,

| ocation will usually reduce thenunber of iterations
Le., emqw(lﬁbr(l(éaahela wWigltbd Batar hestesquards eninierizitivintip applied to
obtainfBp e 19Hiof kil ffe PrilRces RS hh 5807 i Ban pwhia 1
I

The dg@g%r{gltec‘ij g%ﬁﬁérpxtehpe@erhg aﬂa Qérﬂtre nnlﬂﬂg ﬂlf&%édsﬂynuﬁoli 6%@ gtb@?&o aI”Ilc} FDOA
rneasdrblﬁeﬁis Gipen tht combinativiendfitnthrder satallithe sabaaad di. SThussinamne

many variations will be apparent to one skilled in the

embogigeg, 4pors PECHHACTISIINGSIER cHEMYR sphiaaetdrayly g the four
TDOARBKA Fb(ﬁﬁpfh F&l?r?rgetﬂi thafy %Jdum’l%udﬁge{%g Eg 981?81@1‘?]% ki gn{all'ep%ubset of

the art 0 appreclate t I nvent fon nma
measyperaedts.ced in other enbodi ments. First, the parti cuI ar
am ng of the caonponents, capitali zation .of ter

[0034£t t ringgraligrnaggyenaqdipagniy i 1s Nt BeCaSSary the anbRdar rr?)Ao it DOA-
TDOA, ' (grplj(b&afrﬁOA%BHlt #)H‘?n SE Q@@{OS erhfAd the Wlfﬁﬂ?ﬂ)tr th\Grors in the

invention or its eatur S nay ave
four TDOA and FDOA measurements. In one embodiment, the inverse of the weight values

Vs Va,» Vy, »and v, are set to unity and equation (21) is solved to obtain an initial emitter
location. This initial emitter location is then used to obtain the weights using equations (17)-
(20). Then, a more accurate emitter location can be estimated by minimizing the weighted

errors function (21). This process can be iterated until the emitter 110 location estimate does

not change. A better initial estimate of the emitter 110 location will usually reduce the

12



di fferent nanes, formats, or protocols. Further, the
system may be inplenented via a conbination of
whaoodmzaoel and software or entirely in hardwar ePCT/US2008/060084
el enents. Al so, the particular division of
fu ctlonallt etween the variou ten1co onent s
numbey, d}eraélé)&s e %ﬁggﬁo fegclhgltf I)PSEQ]@FFpIAaB%jner %Halﬁ‘é imate may also give
a morgﬁwa%@ [aeau&y&qﬁﬁa@mr%&%@ﬂhm s%m%Icange system
conmponent may | nstead be perfornmed by nultiple
[0035]: 0 n’pTimsmoscz desedpfiomstindndedperfwtraedhbdyperatidn g the embodiments

and isBRBEAGHP 1mDUS6fOrEaT E A SepBe T sher R pgsion. many

Var1atioﬂ¥ %nﬂ 'b@ Bp 1?1 H&l g 8nep§1<9ﬁ&§§1 tfd Fe@éfaﬁf‘gt ihﬁﬁ@vf)ﬁ'lﬁtfepﬂéencompassed by
describ erein in the formof a nethod. It should be

the spirgttaed stcbmtofttllrﬁempﬁmoas Shesepsskahuh thasit rvulitalsorasp@matdthat the

resent inventj.on _coul e enbadi ed in software
invenBOF A P DB RS <G SmERG A Teibdis BT THEBPE hpEihe
comps&wtsd chfitatl M QG ths! Be raﬁﬁb&@s %9 st@nGuiBa sar@h&qniﬂdgmry or
ferent platforms used by real tine network

agnﬁbpamamim@ngyhmaﬂnsﬂﬁO@@i@nmnehmn@smnmxnnméhﬂw@mna&éﬁve
ates to an a erformn erations
aifferizl g, e sp RPN Tien SRS pRlrby bE SPERRRELg e
combin@fiort Shdr@RktBE sORAK RO EntirRly ihthafRYarC OIFRIChEE Adso, the particular
gener al - pur pose conputer sel éctively activated or

lelSlmecf)fnmctgumbdf yyweenctbapertiars smte@ree)mpgnmte desoribed herem is merely

r eadapl e iumt n cce sed b
exem@?a% Ot ROy ’SP%P“E‘?% %an%@g Hevs %‘%F%IB ‘?I}?n may
instea@ %@r@@ﬁsﬁndde@d@mﬁ?1%@@@nt§%u%ctﬁ>ﬁ§Be@&mea%fy rhltipRt

limted to e of disk i ncludi ng fl oppy di sks,

comp@mltscmay distskd per@mmw a seglaeornpent.cal  di sks,

10036 Fap T ESRERR O Bttt RBC T Btr GG Ef gructions

descn@@cphétéﬁhtlh% RRAGT hintethdif. S8 EIRIuBHbENStEM tHaS the HROLESY stepfdfand
any type of media suitable for storlng el ectronic

instruptigs jof diei pyessnt @N@lntmmubblmﬁr@@dn@ ia se wpm armwyrstas fpardware,

and w2 tanbid i IR Goe, b0 TR QAR B 88 o Bnd B operated from

differ&t p@@fdrﬁphmw@gl tirfle ﬁét%m @Ifetratr@ssyget@ﬁﬂsoyl ng multiple
rocessor designs for increased conputing

[0037iapaﬂie| 1resent poggjonmHse W@qu 4n appRrefpe fcaitnetfﬁgmﬁg élgfecmeéqilons
herem efhls AN snr%t nhpeer ) c%énstruc% or{ r Ea{}plos r 1t may
Ut oY Uther aﬁ ra r|ou§ %é &

cornpﬁyesat @mrdﬁ:@mpais@ GorRutbiSRetcyit ¢l a@ﬂi@ﬁé’cﬁﬁ’f’&%dﬁﬁ%ﬁfe@f@@d’k&%puter
with the teachings herein, or it may prove conveni ent

prograrg sy @@Qmmﬁererew&&q mrdigedhaisen baecessscd hyehe gompyteie Such
a comgﬁf%%J glt[ %9 h%g stsorcecp 1?1 a cotﬁ? ultef%qga{c{agf% s‘?orgééjefﬁl?&%}{r% guch%s but is

not lirgked do, bty fype oﬁﬂf@k 1@'1@11@ MoFPY Esk4 Npﬂo@hdlslysa UDiRwllﬁ rnalgﬁetlc-
addltlon the present invention is not described wth

optical dfsksy. prsonly Hb?ﬁ}f’fﬁé ROV rngamd grcapnmAgoriangurys). EPROMs,
EEPRO%VI?,%Jg%gﬁg&e(gptwgfaéarc?s, Xﬁ;l cgﬁéfn ﬁ)fecfffcqg{eg{%dn&rcuits (ASICs), or any

type of media suitable for storing electronic instructions, and each coupled to a computer
system bus. Furthermore, the methods described in the specification may be implemented by
a single processor or be implemented in architectures employing multiple processor designs

for increased computing capability.
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| anguages may be used to inplenment the teachings of
the present invention as described herein. [0039] The
w@e@saero8i nvention is well suited to a w de vaPCBEU$200$/060084
conputer net wor k systens over nunerous t opol ogi es.
s fiel the confi at.ion and nmanagenent
10038 5 g %@WW&WIP%%P@%F Tejf e l%aen?@mﬁ@{eéﬁe any
rtichRAEoRHE ﬁ&fﬁmﬁ" Lie! Vaf ailral - SSiy U Iso be used
P ANt St Gl e ey, Coa Buar TaT g DI e e
with p;rhgainﬂ ureawetdanpé)Wﬁﬁ]thd:heméilmgs h_ergm sinqiuhdy peva od)IBCéntehato

sed in the eci fication has been )
consty i Rt Rrils feperT b 60 Bt Py b BsAired
structitd rf@Pe?‘@@aet@Bﬂth@Wsy@@hls Rau ®e k&ﬁﬁﬂeﬁeﬁb Bds€ Bt 511 HetHen@h®ng with
or circunscribe the inventive subject matter.
equlvwlcmtmadancgisy In tadl@tldm sthd: p@&lfme nozfentubtmspnoe dextibé¢chwehtdforence to
intended to rat ive,

any P?‘Tsfé lgrclbrﬁgraHFmPﬁ I}gh‘%en WPPW% fatgq ﬁi‘gt Wlefyo?émogrﬁmflﬂ%g

langu%g%| S InQWI Jads64 &Y 1%1%-{ tFehdrMMEP theFredent AvERIdICH Rbcribed
eterm ning a geolocation of an emtter fromtwo

hereint.i me- di f f erence of arrival measurenents and two

[00395 re n;g%%ept{n&%tleq%clgrgf% Sﬁ]réé a%‘gani%%gﬁ%tgr%%ﬂ@puter nfp[work

systerﬁiﬁbsee& U @oﬂo‘ldg?és twnﬁmdhﬂ‘s frRIE Rt Rfigaliby allld RehyRARNt of

first signal fromthe emtter relayeg by a first
large sﬁweﬂisuopmpaﬂ@l storage fdeyises aidgoaiputeed tylede bgmeanugetively coupled to

he first signal is r ived at a
dissirfey SompiFis ISHEidh divig: &Y S aoBhioR: sl a FRkdtefies”of
[0040fr I'i Fﬁﬁ!ﬂl;b Bt NBEIA R nDREQRS tBé BiRghagk QA ANtheBpdctRiation has been

rel ayed the first satellite and the second signa
prmclpellmﬁé@tﬁbizfoarqaﬁamuty@@demstmlt:@onahmlrpeses, uemepnerigve been

recei ved a sec nd ti eco ti
selectil gty BF SROARPIRY R4 TRARSE ST St KR g valhe
dlsclofsﬁﬂé%‘ftlfd}ﬁ*@ééﬁﬂﬁ])&eﬂl(fnf@ LROERI 8 ballfusiatveDBhtWRE Tmitidd) of the scope
gnal relayed by the first satellite and the third
Ofthesn‘gmapn,r\’éhlla socbiprthte thdlotawingaalaimsi t e, wherein the
third signal is received at a third tinme, the third
time being different fromthe first tine and the
second tinme; determ ning a second frequency-difference
of arrival between a fourth signal relayed by the
first satellite and the fourth signal relayed by the
third satellite, wherein the fourth signal is received
at a fourth time, the fourth tinme being different from
the first time, the second tine, and the third tine;
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determining a first error in the first tinme-different
of arrival; determning a second error in the second

W p0v8AZKOBf er ence of arrival; determ ning a thiPCI/E82008/060084
in the first frequency-difference of arrival;

det er m_ni n ourth error in the second
freque L kD carrival; determning a first

1. 8] @Bhof OF dliinihinkS!acBldcBion SISEAIHBI Ay SERRGfrercnce of

wei ght for the second error; determining a thir
arrivalvmiegthrerhants drvetwiohirequierey-differatie¢ ef avimblngeaufementsheach from a

.~ Weight for the fourth error; and mnimzing a weighted
differeggt g esﬂi‘edﬂ%r‘k‘?(gﬁorﬁ%résé%g'on a conbination of the first

VR @RhindRR! FiR0ine- RSO & fivdl Berwekh 8ifir& Il fbR&he emitter
second wel ght applied to a square of the second error,

t he t hirelayeddiyghiirsapydliiedint cheafistsignad rdfyadiey 4 swicountd satellite,
error, and.the fourth weight applied.to a square of

The T obER L PGt ar s T RE i Scat | an of ¢ he
eQbebRining a sEoEndBhBRNFGEn&! Flafivhl LYRARES b Red®nBisBnl AGman
wei ghted errors function conprises mnimzing erein

vd i s amitiarvelngml yf the fiestatcBite sl thhsgcovd signalanlayed by g ¢hird
of the second.wei.ght, vf is ap.inverse of the third

el ght S AETEP sspebndsferphis oSG Rt PR iy Hegecond
the figigde RidAiffeRdt frdmithefiieaaRd error, ef is the

third error, and ed is the fourth error. 3. The nethod

ofletetminmgla fisshEeqioncy-diffasersn of axrsakbeteben mthifd sigal relayed by

2 o Rl SRS ASGRUT T & HORE LR e i
nmeasur efsRird 9ghslEs RQWREd af a 1@ tfrhé, She thirdRmst ddies @iffefont from
of arrival, , ru ( is a distance between an estimate

of a gdul fusttimeandthetspeondrtinder and t he second

satellite at the.first ti S2(ta) |s.a position.of

¢ Re St BF e BT PLp A e B Sy ighit laye
di st ange thefieeie] Rtcla06 Md POrtRkiglall 8laQEEPE helRird tAEIAN G herein
the second satellite at the first tine, s 2 is a

posi t i 8 feprtbpigpdlvierecotved hea Buietbridng sheefopith émerbging different
of the B CEarame: ReerETheRRaR b e Firet
t ideRrmididg o fifsberforiAShd fi@ntiMt-diffi@ehd oratriveat el l i te at
the first tinme, rc s ( is a distance between
determining a second error in the second time-difference of arrival;
determining a third error in the first frequency-difference of arrival;
determining a fourth error in the second frequency-difference of arrival;
determining a first weight for the first error;
determining a second weight for the second error;
determining a third weight for the third error;
determining a fourth weight for the fourth error; and
minimizing a weighted errors function based on a combination of the first weight
applied to a square of the first error, the second weight applied to a square of
the second error, the third weight applied to a square of the third error, and the

fourth weight applied to a square of the fourth error to determine the

geolocation of the emitter.
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the location of a reference emtter and the first

satellite at the first time, and s 2 is a position
w@eoosn2808iver of the first satellite. 4. The nek¢ibUuS29D8/060084

claim1l, wherein an increase in a first measurenent

n the first tine-difference of _arr.ival
2. dﬁih qu&:l@mels tiheein pinjmiging g ycighiq qrpes fynckipn comprises
wei ghti. 3. The nethqd gf chaim 1, wherein an increase
mininjiping et +pUs1€QZ| on—ereror 1. whereiney £ iip 8n inygrse|of theefirst
or andncredde in d/second“position error povver of the

econd satelli resul a decrease in )
weighhl o 2% g Ol FsFea el P B ottt 0 e Tk, s
. of the first, second, third, and fourth wei ghts depend
an invgrpe f theefuith Bieighds c.ars thdivieror. aredsthesrend sirse, gthe third
position or velocity of a satellite, and an error in
error, god i 4,j anthefowdl rdrty of a satellite. 7. The nethod of
claim1, wherein the first, second, third, and fourth
3. wdhg meﬁlqsﬂe}feiﬂiimdn VWAIRTOBS V), mastae inferschef the 6tsd e@igho andis
the emtter.8. The nethod of claim7, further
deterrgionpr¢idigg et ernining a preliminary estimte of the
emtter |ocation based on at | east one sel ected from

the gr oyp2 co @ruet(,l)n rpsf(,t e f|&7§t(, andr, se on
t Voe=dP i er € g—?‘rrs a@Ts1 east one
sel ect ed fro ro& fa onS| 1 h st and

second frequency dlfference of arrlvals mhereln t he

wherepr plis thit nigngl reepdgatiorspesdused ias first encastmabigaife fofer of the
geol ocation of the emtter on which the weights are

first tipgsdifferc@ce & aravblodr,Qf, | thet distaned egweengaodstoatd e geblogation of
emtter fromtwo tinme-difference of arrival

the enmiaisandethe sdcond patelliveoat ftiicefitsetimy - <li(f f) & epas@ioaf ofahe socahd satellite
measurenents, each froma different tine, the nethod

at the diostpmicsirng; detchxtmdelhegwanfaj lpsdttiohioffe refiefchee emdter afid the second
arrival between a first signal fromthe enitter

satellifedtalersbyima, & rigt poaitieh irbep@nd dffie Jeedist sasdligeal,
rel ayed by a sécond satellite, wherein the first

distansé B&tleeh theregimtéad tiad gadldchatisi of theeniteeta@d MdfirgOsatellite at the
second time-difference of arrival between a second

first tignog S, ) fis B pPsiHoRA the dirstsaticHijedt thy firshant vy, , Set @btangabetween
and the second signal relayed by a third satellite,

the lowhieneifa refeensecoittr sidjthalfirstsatetide bivihd fiat times endmg is a position
time, the second tine being different fromthe first

errorpowmofdmtﬁnsmamlmg a first frequency-difference of

arrival between a third signal rel
4. l:l"lile method ofw?alrn I, wherein an crease 1n a fa %t rneas){lrernent noise power in the

sisa

first time-difference of arrival determination results in a decrease in the first weight.

5. The method of claim 1, wherein an increase in a first position error power of the first
satellite or an increase in a second position error power of the second satellite results in a
decrease in the first weight.

6. The method of claim 1, wherein at least one of the first, second, third, and fourth
weights depend on at least one of an amount of measurement noise, a position or velocity of a
satellite, and an error in position or velocity of a satellite.

7. The method of claim 1, wherein the first, second, third, and fourth weights depend on

an estimate of the geolocation of the emitter.
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the first satellite and the third signal relayed by
the second satellite, wherein the third signal is

WO ewsiizee8l at a third tine, the third time bei nBCT/US2008/060084
different fromthe first tine and the second tineg;

ern1n|n .secand frequency-difference of .arri val
8. p ﬁ* &?ﬂ@% ?@fgwa 311%9% deteimin g a preldpinaty estimateof the
ernltte‘”i‘ MSkatibe bIm%H rohrét fe'a&rlﬁ'e sEl%&t@é( &dnPie LR tcl&h&gtmcga&feché fit®and
wherein the fourth s gn IS recelve at a fourt

second nm diffaentooff etrhvals aeed bBIGdI gndi fehgoanteltctedirbmehé gr(mp
second tj e third tine;, dete

onsmém\glo‘f gtehfgréq angd sgeq Gf(]élgli_lcélr d#ég@%c%o zmrlyals wherein the prehmgnary

estimdt 'EEEuSQH f§ ﬁfe%gt%ﬁ‘lat@fof ﬁ{er %e\’)ﬁicatl?&{ M@ chitfer 'bﬁtwlﬁéﬁ ﬂh@ LRk are
signal relayed b irst satellite and the first

basedcal i brati on S|gnal relayed by the second satellite,

o, RGO et St Crehiier iy o Sl el BP i iSrence of

amvaf AchQferhéPMA dUkdfuchdy Bifkidite Bfeﬂﬁ%al%ea@ﬁfehié%{s each from a
between a second calibration signal relayed by fhe

differ¢rittisne, dutratthpd eorapmlsmgm second cal i bration signal
wher ei

C SRR ai f i R bRRE «dist o the emiter

det er m&id R d fist ShtARdelaRE Ad ﬁ’r@t §ig&dl @aa;téd%a @setcaﬂld ghtellite,
frequency-di fference of arrival between a th

cal i br athersmn thiedivsti signel ayew\wlatheﬁrﬁltm sat eI I | te and
t third calibration rel ayed by the secon

& Afiaiinir  FatrChe AR b B aery o SeRgR SR Strom an
recei veghitdr rélBRed By thel fitdt RBxcl B4R ik Béddad 8igh@Uetaled by a third
calibration factor froma fourth frequency-difference

of ar r patallitd; ethgresm the SﬁmdtSIth@hiswbcrea‘ta as¢qpnd Itingeg Fheysegond
by thetflrst F% ﬁF h§ fourth calibration

si gnal Pgl ﬁ;fP op g“% P& 1ite, wherein the

f qbteirhinga 4 Rfsefrb@Rn&y-8ITRrerics of @G RIaVB&dwatn 4 Berd PxHal Felayed by
time; subtracting the first calibration factor from

the fi thetfimsi setcllitcrane thertbisd sfgnalelayed by &e@emxd@@ellae, wherein
galblt ?; c tﬁlrgi Hgégl 1% Eer{:ﬁlafeg g{ e%#rrac]i & Ofﬂ%e t:?%rg\{m]; beriﬁl% %iéferent from
second tfd ﬁfgﬁ(ﬁhé hed eRGecHld tafid;i val to generate a

calibrated second tinme-difference of arrival;

s dpfermietngrigseepid frpdueacxdiffasense i06 ﬁrr'fvabbqswem ourtheignal relayed
first for glg:utﬁrg{: & tecﬂrl c a%d R lgfl pren e enc e ogy gl%qgﬁ‘g %aﬁelﬁte wherein

cal i brat eq uency
subt r agid fagrth bigndlayrdcBive@bi dfcatth@iind, et i@’ﬁrtﬁ hﬁ{@ Helify different

second frequency-difference of

from the first'time, the second time, and the third time;

determining a first calibration factor from a third time-difference of arrival between a
first calibration signal relayed by the first satellite and the first calibration
signal relayed by the second satellite, wherein the first calibration signal is
received at the first time;

determining a second calibration factor from a fourth time-difference of arrival
between a second calibration signal relayed by the first satellite and the second

calibration signal relayed by the third satellite, wherein the second calibration

signal is received at the second time;
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arrival to generate a calibrated second

frequency-difference of arrival; determning a first
W@eedn28081 t he calibrated first tinme-different BPET/US2008/060084

arrival; determ ning a second error in the calibrated

sgcond. time-difference_of ?rriv l.;, determ

e

' ird
plgrminme phiird gpityptien fctar from ¢ é%@nw-&?%?e@?% tep %%Wal

ar 11 Vabgydeh SOl ich Ak roRik@by kit fewfalilcbhadtROnird

second frequency-difference of arrival; determning a

first wdityhtonf ogna hadayedrbytthesacond sadeltiey, mharengtha tisied calbration
wei ght for1 the se ontfl1 ekg.%fr.; determning a third

wei ght SB8f 1B R ALOE BT U™§et er mi ning a fourth
Wﬁbt@ﬂﬁinﬁr@ a folifth QMR fAb Rk Frof N fouikRi ff@qﬁbﬁ@'-&lf%ﬁh%@)%ival
errors function based on a conbination of the first

wei ght batwpkn edourth eliboptian signfil tekayed by ghte fanst satelliteaed the fourth

second i ght applied t square of the second erroyr, .
the ¢ net B rgneddteddyte Brauueor ferg Eough cShibraton
error, saRd it kRefvedht fhe WoIAimappl i ed to a square of

the fourth error to determ ne the geol ocation of the

enulittasting e firftaliatiho dhoofr fodnathn st wheddfaetchof firrvst o
second, third, and fqurth caljbration signals are

om t t oS el S i Py R Rnown

| 9e@tdcRg thbkecobld®aBlallofl fRfordodh MekBeontBh&tMd-dRe of arrival to
first, second, third, and fourth weights are based on

t he knegoweritoeaplilatedfscednd timef-difteranse efrurvel, . 12. The

t.hod..of cl Ai . wherein.the, fi do third, .
CRPRG e BTk Drat S hEnbmint B hren B Ry sy Parival to
geonet pynpat weehbardgatt FRudnQLdiffelacabl Anval the
emtter, the known | ocation of the reference emtter,

anebtpseting therfeurtinehlibedtoni fa¢tesirom thhgecping Sequeser-ditkrerogdf

hi rd [ A3, A d f
det er i b o Geaieohen PACTRUR R RARF R RERI R Rl

t idB@rrilin{dges BREGT@Tin Ad daViBlatEPRSLII RERIM S AU abiNAl;
frequency-difference of arrival neasurenents, each

f deteraingigf o secemd crrorre tha ¢adibeatedpigeend tnegtirenesdaatval;

st.ored. on a.c¢ ut er.,.r eadabl ium and,.adapted. to .
ORGP E R e SERERE AT A G I AR ST dfha
t ideRrrHlinfriges RAAR cBbr Artht ¥albred WeAd &rchiidndy-dsifgoade Jffadial;
the emtter relayed by a first satellite and the first

s dgfeeminng afpstiwpightfos decofgt gesarel 1 ite, wherein the
N T T L
S de@ahinidgaMmhad weight for the third error;
determining a fourth weight for the fourth error; and
minimizing a weighted errors function based on a combination of the first weight
applied to a square of the first error, the second weight applied to a square of
the second error, the third weight applied to a square of the third error, and the
fourth weight applied to a square of the fourth error to determine the
geolocation of the emitter.
10. The method of claim 9, wherein the first, second, third, and fourth calibration signals
are emitted by a reference emitter having a known location.

11. The method of claim 10, wherein the first, second, third, and fourth weights are based

on the known location of the reference emitter.
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emtter relayed by the first satellite and the second

signal relayed by a third satellite, wherein the
weeeweneBogi gnal is received at a second tinme, tPE/ER2081060084

time being different fromthe first tine; determ ning

a first fr ency-di fference of arrival between a
12 ﬁ;ﬁ*? aleél}og*réﬁ&%l@ 0y Bhets)h BRETH oo hiek m? ﬁouafﬁml&%té are
depenldBitof a?lb%ﬁhti&@%&%%#?rh%t&z% SEEERESALbddtR of MREIAHEY, the
t he [ d t he

third signal is received at a third tine,
knowi ncatlont oftbe beerrgeaiérhitter,and pbsivonstdnd vielacgtes off the fasigl s¢ced, and
. se(iond time; determ ning a second frequency-difference
third fellifes.i yal between a fourth signal relayed by the

13. PN Impadiglkbdhs 208t & Je%h?ngc'é g@l%ﬁl)carti%h AY 86 eR¥tel B®m two

third satellite, wherein the four signal is received
time-dffemnéoofr arhivalimesurements and two flicqecniogidnfferdidefod memtal f r om

the first tine, the second tinme, and the third tine;
meas e Rt o'y ﬁh?fgfen_ipwsrt%r: KOReF rogten producliyare] e
comp@br REA4N@Mmed &t SldMdapRd t@F&ﬁﬁﬁMe 8p&@liodsibft he second

time-difference of arrival; determining a third error

i deteheinfrigrasfirsf nmqulefioynai dffaeren betvabn afistsagdnal from the emitter
determ ning.a fourth error in.the secgnd :
fr eque LB rehahuete B B ! Sl S o4 g secpnd el
wei ght whefeid iR flrkt'sidnablsreéeivedal 8 FRttiny a second

wei ght for the second error; determning a third

wdetghminingra sclhend tyine-lifderemae; of dei el hitmicag 2 sedond signal from an
wei ght for the fqurth_.error.. and mnimzing a i ght ed .
er o s PR CT G e o St Tt Festn g el by & thina
wei ght sapipkd, @hekdn theSetbHISi@fal LsheccivddSd a 8EdoRH timtd) €he second
second wei ght applied to a square ofthe second error,

t he t hiimg begigghtferpplrpmdhe trsatisguare of the third

error,. and the.fourth i ght | i to a are of
CHERIhinf G Eh Bl ERth o PRl o f sl Safs A fhopfolayed by
em tt ekhe fidt saldlifrc GAABHH tBird RigASINBNNy Bd B Hetse@indGarlIe, Wdherein
wherein mnimzing a weighted errors functi.o.n

conpr i dwsthivl gigrilzp regeived apa thirg ten@ the third timetbeingedifferent from

whuer eithne frst tiring ald! th\e/dsecltlo% thneq ‘1

determining a second frequency-difference of arrival between a fourth signal relayed
by the first satellite and the fourth signal relayed by the third satellite, wherein
the fourth signal is received at a fourth time, the fourth time being different
from the first time, the second time, and the third time;

determining a first error in the first time-different of arrival;

determining a second error in the second time-difference of arrival;

determining a third error in the first frequency-difference of arrival;

determining a fourth error in the second frequency-difference of arrival;

determining a first weight for the first error;

determining a second weight for the second error;

determining a third weight for the third error;

determining a fourth weight for the fourth error; and

minimizing a weighted errors function based on a combination of the first weight

applied to a square of the first error, the second weight applied to a square of
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di1iv/ f21f VAL1Il "' 21 inverse of the first

wei ght, vd is an inverse of the second weight, vf is
wa@roosnsesse of the third weight, vf is an invePGEUS$008/060084

the fourth weight, ed is the first error, ed is the

second error, e /f21 is the thihg error, and eral3 1

i st he HoGFeH! AFoe tHE! Weight yipphict sitodhy Priddor and the
of cl a%ﬁ&%a@ﬁﬁr@néﬁ ¥ {Ra @b RuR® cBlor I tdrhfid the

wei ght and 1 s determ ned according to wherein/? ist
si gnal gpologagatof tdre epéed, sd 2 2 1 is a first

surenment noi se wer of .t first tine-differenc
14, o hE FPmpuer prozyag Bogrcor leity 1y whéRioasiigis ShENed errors
estimate of a geol ocatjon pf the emtter; agd the .
functige eompriscameininiz@gat—t ¢je st time;eS2(tae,| swherein v,, is an
position of the seclond sat®ellite/at thed9hirst tine, rc
. S is.a distance.between a.locatiqn of a reference
invers o (e b B & SO St 8] P Se R NS Y £ o 5 igrsef the
.. 2 1s a position error power of the secqond satellite,
third weight, py, s qnsinyersg ok f§ﬁ EQrhiey GigRln ep,nis the 3r%trﬁ1fr@n &, 11Be second
geol ocation of the emtter and the first satellite at
error, tehe 15 the ghird ¢rpas, and1 ¢, ) isitke upbsimor.on of the first
satellite at the first time, rc ( is a distance
15, bdhweemputheplogrsat produgfof glaimnflér whereinew tis en inyedsetdi¢he first
first satellite at the first tine, and s 2 is a
weighpesd tsidstermmedracgodme tof the first satellite. 16. The
conput er program product of claim 13, wherein an
i ncrease jn HofiLst 84M0”| , |8r or

v, =3piol, + usi(t)  Vesm)| 2
P 08yt 0s,(t)| 7 |0s,(e,)  as(r)] "

he

wherein p is the signal propagation speed, 0'3,21 is a first measurement noise power of the
first time-difference of arrival, , 7, , |18 a distance between an estimate of a geolocation of
the emitter and the second satellite at the first time, s, (¢, ) 1s a position of the second satellite

at the first time, » 1s a distance between a location of a reference emitter and the second

> Tesy(t,)

satellite at the first time, o

,, 1s a position error power of the second satellite, 7, , ,1s a
distance between the estimate of the geolocation of the emitter and the first satellite at the

first time, s, (2,) is a position of the first satellite at the first time, 7, , 18 a distance between
the location of a reference emitter and the first satellite at the first time, and 0'521 is a position

error power of the first satellite.

16. The computer program product of claim 13, wherein an increase in a first
measurement noise power in the first time-difference of arrival determination results in a
decrease in the first weight.

17. The computer program product of claim 13, wherein an increase in a first position
error power of the first satellite or an increase in a second position error power of the second

satellite results in a decrease in the first weight.
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measur enent noi se power in the first tinme-difference
of arrival determnation results in a decrease in the
WO peogti288@i ght . 17. The conput er program produckCDiS2008/060084
claim 13, wherein an increase in a first position
e ower of the first satellite or an incr e.in
sdbgf PBIST PIOBHTEPIOGRC S REIM OP> et deagt @l ffsts seeond,
third, BEE BB Wdlgts g@ﬁe‘iﬁ%ﬁ%‘c lerdsttdﬁ% offlaﬁ ﬁﬁloﬁﬁ' I cad@emtBEhoise, a
conput er program product of claim 13, wherein at | east
positiomer oflodityeoffai sa‘s:ihte,saadcan@rrot 1) pcmtl(mrmf Vﬁ:hmrty of weitglhites
depend on at | east qne f an asu
19. hdihg gomButsHRIoRFAgHPIPAUGHA akaml %{egla% %ttséw%ﬂ% and
fourth&&iBhts 'd@pé?l‘a%nt dncélguﬁlﬁtevcﬁltl%%éo‘fodaﬁo@oﬁtﬁg ehlikedre. 19. The

conput er” program product claim 13, wherein the
20. f iThs tompetcoprgranhprodyctardlafimudt furthet gimmlsd@@wmmngn

esti mate of oloc n o emtter. 20. The
prehnbua% lﬁ:tstétpatﬁ roéékl,eaﬁm%g tong?a 4 %ﬁi@t oqqﬁeﬁqqée% from I'he group
consi SRR kR MGt HRALLRESHINMY dATRERL FhRRkM a%ﬁtb'agﬁtc% Aeakhhe
emtter |ocation based on at |east one selected from
selectehBogrtbe grouip m:gns;@tmgg)f@]ﬁe fitsearfd sesondafreluweceddierence of arrivals,
ti di.fferenc arriyva and bas on.at |ea one
Whereé%ﬂ’gé’tr féHmPPIé/rﬁsfﬂ]é odr Bi aééﬁf‘s?%l?}aﬁeg"fetge %ﬁ‘éo‘fﬁtlr"gt0§§}‘?oemltter on
whichSB6 QRébhkd feueRay- di fference of arrivals, wherein the
prelimnary estimate is used as the estimte of the
21.  géotampartérgogrmtedustiartdstermminghi géplodasionef gintmiter érom two
ram.product eterm |ng
time- GGG ST TSR LR PoT f BA <iFSRRn G o BT eah
meastEmaits,| et FroRaSHrRIRNEime RE cb uttef BROURNE roduétfsﬁfrswsﬁa
of arrival neasurenents, each froma different tinme,
computhere@mmdlupr orasapied @dn@forgt tbe epleratons Qfonput er
ﬁat%abj T ot apdgﬁfardaé%t 1V IE t eor m 1r|1 1 Ffr tﬁg Smitter
detEent ﬁ PSRRI RECH PSR %fS%’P VA
bet wee el ddity set fisst g@Ralitcfan@nnd MGt ﬁgﬂleﬂtr@ﬁ ddedyay @domY satellite,
first satelllte and the first signal %/ayed by a
second wharea thetfst signat sirpcaitrg at ia gt tlslililfgnal i s received
oGl PR u eI o RPN ehi Dl plefaf o an
rel ayeembtyertra@ye‘d Bysthe $iadt Shtbilt@arNtle koond 8pARCcRiyBNBY a third
rel ayed ﬁ/¢a third satellite, wherein the second

si gnal satellite pdieeinithgtseepndestanabiistriepivedian a secand tign, theesecond

bei ng differen f tinme;, determning a
first 1Pnéeqbuecla &lﬂfgreﬁ éEr)rélﬁlée hlr?harrlval between a third

Sidg@ahiniey eﬁﬁﬁdfr@(}’uehb}&dﬁfd’ré{ce abelval b&wadtla thiel digval eblayed by
signal relayed by the second satellite, wherein the

third gefia sai@sl,htﬁ@aé thechird sigaakmiayed by Hs, sceand seteilfte, wherein
time b?ﬂentgur&i Is nglr1g nécefveg M a third time, the third time being different from

the first time and the second time;

determining a second frequency-difference of arrival between a fourth signal relayed
by the first satellite and the fourth signal relayed by the third satellite, wherein
the fourth signal is received at a fourth time, the fourth time being different
from the first time, the second time, and the third time;

determining a first calibration factor from a third time-difference of arrival between a

first calibration signal relayed by the first satellite and the first calibration
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the first tinme and the second tine; determning a
second frequency-difference of arrival between a

wo ouest12808i gnal rel ayed by the first satellite BCHUS1088/060084
fourth signal relayed by the third satel lite, wherein

the fourth s i.s received.at a f.o
f our t h SR %%?%y therspeqndipat rtwl%eﬁ@nﬁ er st f%qﬁéatmﬁégnal is

second ddefRd 1RfHE ffrgqmtlgn rd time; determning a first
calibration factor froma third tine-difference of

adetexmainirngst seeend ealibraten feadi fooratai fomrtls hg]nahffcreh@aj@“dmbyal
the first satellite dthefléglt C tions

r el ayeBSB{FCR Aécad GRBPraten igr b B SRR S Ed the second

cal i br giific GH3 rdiSydd@sahy Bfrd@atdiRe, \le'lcrréﬁl thd ﬂ?%ond calibration
determ ning a second cal i'bration factor froma fourth

t i me- dsighelrie naceivedl atthe ise@ind histopeen a second

i bration, si.gn rst s lite and.
¢ RereChButec i EEPbrelioh FERG i ¢ e iy S et o Hval
sat el | bhuecHBekifd fulfbhRioRREMAPrERkH B @id ﬁ’[@t §a'té]ﬂ@|anti $he third
recei ved at the second tine; determning

cal i br atlitpatidrasgrod rdlayshty thésecdnd sasclliam &V;héthlrf ﬂlertmnd: ealibration

of arriyval, .bet wee third.calibration signal relayed
by t heSEPPldt rc:?ﬁ‘tvgfila'fatthghkgﬁgt”?lﬁ’e third calibration

S dedAhini AbRth l@%hﬁrﬁﬁ’orfﬁ@fw GrofPd RIukthtR ué\ﬂt%lt(ﬁff@reha@of arrival
third call bration si is received at thé th

time; detveenndourth @ahﬂ%mmpn ignal ickyad by |thef farst f@tellﬂne @mi ghe fourth

fourth frequenc i fferenc f. bet

fourt ettt KD e i S ey, S HES foleh calibration
sat el | kfoBa@Bebcbived home thurfpdimPr ati on signal rel ayed by
the third satellite, wherein the fourth calibration

s byfrirdcting thedsti aakibiragion faseorffeum the fitstnteme-diffrensetof Agiviehe®

first calibrati t he rst .

e ot Al fim SRR bEA ML 11 or at e

f kiisitactihgBredbédn@rcanb@tion fRtdrifenh theSeSndathd-amfd&Re of arrival to
second calibration factor fromthe second

time- dgﬁrteéattéﬂ@elﬂaﬁtedrspfrqnéltmtlfbdlé@mcapéa@welal i brat ed
tracti

ts E‘]ﬁ&%‘%tlt%é {%;tgll{é &% lb{%éqn fgct{é)l(;jl %%tﬁ% ﬁ{gs? ?erguency d1§erence of arrival to

f r equegenerstt hicerinagd bt fdqubivgldifforcaener atieala
calibrated first frequency-difference of arrival ;

s HEhtragEng Hg préh ﬁeénmtwncfadztpbfrgmu tkmsefca@d frﬁqlfqnemdtffﬁéence of
second fr %ﬂ gl a]: LSHENGEd (f fr&éﬁé cffqu{l ro?%lr%lv%l

cal i br &t'e re quency- arri
da&tefrmnmglwﬁﬁt éﬂrcﬁt&h tiey Eadibrdted ﬁﬂaﬁtlﬁaidhﬂﬂéraﬁt&d afrliva$t

tinme-djifferent of arrival;
determining a second error in the calibrated second time-difference of arrival;
determining a third error in the calibrated first frequency-difference of arrival,
determining a fourth error in the calibrated second frequency-difference of arrival;
determining a first weight for the first error;
determining a second weight for the second error;
determining a third weight for the third error;
determining a fourth weight for the fourth error; and
minimizing a weighted errors function based on a combination of the first weight

applied to a square of the first error, the second weight applied to a square of

the second error, the third weight applied to a square of the third error, and the
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determining a second error in the calibrated second
time-difference of arrival; determning a third error
W0 pooshzsosrl i brated first frequency-difference BPET/US2008/060084
arrival; determning a fourth error in the calibrated
second uen erence of r val ; determnin
first &%}f@hqwelg% Yarplied f & bt gtghe b bor in R TII e ng
vei ght o£Qhcdifdf of BRaRiey, T or ; detern1ning a third
wei ght for the third error; determning a fourth
22. wdhghompuater pﬂmgrafrropmotihcte]f rcbmm Zanvs#hmem th ﬁrsm,gseaomb ﬂght end

s. functjion base a. conbi nat i
fourthy el BFion S s e DL C fUA e GTor BT Paying pwh fdtion.
23. S§GP egmi@@t'egﬁtbg@a?rpf)ﬂoﬁgctt& chhirf 2925 Ber@in thg' ﬁr§ %Q&fa ﬁﬁfcp bnd
the third weight applied to a square of the th
ﬁmﬂkﬂ@@h$aahw%tmeﬁdm&mhwméogmmnaﬁﬂmwe&nm@eamQQmare of t he

furth error to det e th ge
4 o bPBUsEbros et BORHL 4 ogr AR O St oroI i 4nd
fourth“@&@@ﬂs Ard fpchddnd Bn a mﬁﬁﬁihontéébﬁlgtry %%e&ﬁ’ WA b&limate of a location of
calrbration signals are enmtted by a reference emtter
the engter, ﬁg: lalomdmtioocoéttheanfer@@e eithiger cordmasaionp padyveagities of the
f tEgrod ? ﬁuzz wherein the first, second, third,
s 8%4 3»?% are based on the known | ocation of
the reference emtter. 24. The conputer program
product of claim 22, wherein the first, second, third,
and fourth weights are dependent on a | ocalization
geonetry between an estimate of a |ocation of the
emtter, the known |ocation of the reference emtter,
and positions and velocities of the first, second, and
third satellites.
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