DETERM NI NG A GEOLOCATI ON SCLUTI ON OF AN EM TTER ON EARTH BASED ON WEI GHTED
LEAST- SQUARES ESTI MATI ON CROSS- REFERENCE RELATED APPLI CATI ON( S) Thi s
application is related to U S. patent application Ser. No. 11/735, 146,
titled "Determ ning A Geol ocation Solution Of Ani Emtter On Earth Based On
Wi ght ed Least ed- Squares Approxi mation”, filed Apr. 13, 2007, which is

her eby i ncorporated by nefermacanfid s AROIGEATIRA. C. K. GROUND OF THE

I NVENTION. - 1. Field $)‘f)IIIhEI(I)NV9|RADhEMITﬁiER OoventRamIpertains to

det erm ni ng a geol ocd%fi‘%ﬁq@rNHﬁl?ﬁ @ ST B¥Sea surenments of
satellite signals. 2. Descrlptlon of 'YHe f&lated Art FIG 1 shows a

geol ocati on scenari o 100cwtese rFEeRENEE X1 manathe earth's surface 101
can be located using three sat eWHRIEATIONE) and s,. The satellites s,,
52_'1 and S, have n'?ﬁlséﬁ(p@lc\!lﬁggqg E‘élgﬁed\,\ﬂotﬂé%pg&rt 91ct]ngn%rth The unknown
emtter 110 sendstcout /=isgned, tilikd mehﬁlrhﬁgAe@ed)Me Hysbheicsatel lites s"

s", and s". The @éweilﬁw@sr@nEas@Bz&ﬁ Y Wegdlg dthestsdgﬁmﬂaréﬁm to a ground
station 120 or o lé’[io(’? at 'y ﬁ i riltflrzooqf’h‘é‘htﬁho‘ﬁﬁ’d’r%"tya’t“iCBﬁ 120 conput es
the time-difference arriva 1?5563 denot ed as d21, between the signal
112 fromthe em tter 11BANGUYAUTE P ilhEr yNYatNl1PNe s/ to the ground
station 120 and the signal oLl Lromthe emtter 110 through anot her
satellite s, to thengrousaist getrtaihslid0detShAidiag layged1BeatlddXOf0f the signal
112 fromthe em tutﬂemovﬂzli@rrtlh«m@ %‘f’ @dnelebsm@tnesm@ﬂ dai¢lbtesiigpadst he ground

station 120 and t hg SPEt oL d ettt es, 110 through a third
satellite s, to ihe Oglrﬁiéng\;;&;étshQﬁci%ﬁ)l'cSa@b%%;oO@géﬁuﬁﬁgg Bhich i denot ed

as dm Fr om asafEDfes1e aSty; 6RING; -ahde tslaeﬂh@asaall, epSsaond stheateno satellites
used in the TDOAMfRHAS L} seﬁg:b thﬁ riegn Gﬁ’éﬁ ngie shif ace can be
derived that def{memitde ROSSLOLE HHRe lgqgs@ Lt etlfy'e{hello The ground

station 120 doe3s1gnaliqmwapgﬁmnsealtqpctlhm(poﬁomeenssa&n ivmepoeitt i es of the
satellites. A stat “F Fetienc ‘bﬁi’{n&’éfesl% tispig oS & Eﬁ’t?ﬁ)n is known

exactly, is usedylQuh ot eri%‘ﬁ ot g‘fgqﬁhﬁ;%ﬁ“] apd &8l ocity errors
of the satelli te&aﬁﬁntlhe apﬁ!rmlea; eidna 1gr Puithstaah in@n 1iﬂGhj-d‘hghhe estimation

of the emtter 13®thecsaEbie s- to bregigus! tthior di20c Simporli. Thr? this field,

such as 1C. C. I{EZnS f&gj‘gngﬁﬁﬁdfgiﬁéﬁ%ﬁé)ﬁeofr%ﬁﬁf i titude Obj ect

from TOC3A and Fﬁ@e&{mﬁeawﬂeaﬁgmsmlrd ElfniManso the @maaptat hect ron.

vol . 33, pp. 77017835 aljy a]sggeﬁ, (VHHieh anderCriad vy ds)/\thCh IS incorporat ed

herein by referepge m% R td’fiaélt‘ygﬁs‘ﬁi\gguﬁ&/‘ﬁ%mé £d™he | ocation of
Y%

t
the emtter 110 1 AGL B s b AEed APESEGERNLAT dbikes (b Acgbives on t he

earth's surface. lolelemeueofﬂ@mewt 1t echimé quesldtsmatﬁqnndzm heed ac@at i on of the

emtter 110 fro vAgsiiire o i s 'ew0 TDOA si gnal s
e acau 150 51 TR Eh LAy (k- TRLE L8 BT ARCRTA he case or o
even possible. Fay ee)oasmpﬁtee strglitee ohmhepdrt bfmet@buoﬂStmfontllw equi pnent ,

i ncl uding the | |?O{§‘3t€i58ﬁ§‘t1°ﬁ* fitee spuirteut 80 dpehieor ecei vi n antennas of the

ground station 120y Wik, PPeNEiicwe pEASIRIRALS AL QR hEY Hiinacqui red

si mul t aneously. Abs®a i SGD@ASidheak@AsSatstOrzakl 7thieeqsnHbsphe satellites
sl, s", and 53 aF€<gbte Sbe--obePre APhE 79are3.signal ot éfﬁlt’h@demt ter 110 at

the safe (e,  CultCerHALYEL YRR AETn, DY Bl Uik Gor t er 110 can

be found t hr oughbymasiHaRE MiSrsefti b8 HaPPied A lheciientie shi tb in the
recei ved signal SSUl”Ia';eal[ICMW rwn@tstamlaneslﬂﬁﬁnBeh‘ammoheaﬁat ellites s j,

s." and s, have rfni’éflf’ %&1 PPLTES WA T ey jﬁ‘#ﬁ%{ﬁ‘ﬂﬁ -t he

sighals are ac Lured 5Tt 11 tancecu
recei ved signal sadddmal ; -

en not the case or not even possible. For
example, the technical limitations of the equipment, includ-
ing the limitations in the aperture of the receiving antennas of
the ground station 120, may prevent two measurements from
being acquired simultaneously. Also, in some situations, not
all three of the satellites s,, s,, and s; are able to observe the
same signal from the emitter 110 at the same time.
Alternatively, the location of an unknown emitter 110 can
be found through measurements of the Doppler frequency
shift in the received signals 114 at the ground station 120.
IBecause the satellites s,, s,, and s; have non-zero velocities
with respect to the earth, the received signals 114 at the



ground station 120 rel ayed through the satellites s" s," and 53 will be
subj ect to Doppler frequency shill. This causes a frequency difference of
arrival (FDOA.) of the signals 112 relayed through satellite pair s, and
s2, denoted as f21, and an FDOA, of the signals 112 rel ayed through
satellite pair si and 53, denoted as Front an FDOA neasurenent and the

| ocations of thegtwahBahebh i bescius&dui-fudihe.ERXAGBeasw, exrd,, a
t hr ee- di nensi onawituby edbeyr ftadeow@nr eadenéw etlitt. h”ablbd'ee[usﬁes: t he possible

| ocations of thelearerer ITgenay I@gr?;i’t’s‘l‘f (g?%’t%{inoigﬁ ‘#1120 2does not know
precisely the pofiSdAnT BhtivalOGbes -ahnilensatdahld Lhs, Aast at i onary
reference em ttet;3,1($e£hmmgsef3pogmmml |F$)cknomdem&ﬁtdny andstiesed to reduce

the effect of th%‘;‘gz?lét)‘gmﬁlctfrfhaﬁﬁ;%%?g%ﬂ% v Slugfc%z?lfl Ilﬁla;tséiﬁ tes on the
part Of t he groufidasl sailie(e);ghl (ﬁ:ﬂl@?xs 1&91‘ galﬁnhie er 110

| ocation. The | oga&urﬁrbt@uﬁoxamzeab&t.ﬁcstl&wﬁﬁa&l e&tpdmi 4 finding the

i ntersection of thecitie CFED@S@EHVE%AO?T"!@%@@&?WH@ pitfend ao. Furt her

al ternatively, sOfTAVESASSERT.THalor B BEATRI ATl tinknown enitter
110 can be foundomsuengroaﬂas fma&uhemﬁlaaa SPhies & B@ée @sur ement .
However, these sétatioondhedegation ¢iyat emfrgersh b¢ estgemeridte t he TDOA and
FDOA rreasurement? PR HLGH FETCUE” PhE SAfe t e ANT THAC “EHBY come from the

same satellite pal pun‘iﬁbleﬁeerﬁml§Iseﬂase@&;esggggs@emtmfﬂéh.f,édtioeld in practice.
Thus, there is aoﬁeeduﬂmo sto@ier andcwefohd‘égnéfubm ena@@m&t ely

determ ni ng t he solﬁ ions r u?feg{ﬁ < si qls to 24 ne‘f’;% I‘ﬁfﬁ@i tO accurat el y
deternine the | 0CRbANmOka@BmEHist eegci%l%rdeaﬁ € <8k @Nahs huamdi f fer ent
satellites are a ¢C&1dealtorﬁllﬂf1€f eﬁreﬁtsaﬁellne$a115WMWGndltloE$rb®dl ments of the
i nvention provi d& f{%‘l& -for determ ning the geolocation of an
enitter on eart hagéaragﬂ e, Sgﬁrﬁ @é’éfﬁtfg%“m“é% FemgnLs. tased on

wei ght ed | east - squarescisbiarabiadfly deegalidé essioohtivhetr heentitier si gnal s from
di fferent satell Phese dhe sigpdi fedn afifigreft evageltitas) mesaFhdretotr TDOA. and
FDOA neasur enent § 478"t H&Errors in each of the neasurenents are

determ ned. Weights for the errorssumMmraeRIDOA and FDOA neasurenents are

det erm ned, and thE v1\§|dg ht s arfethelglled in a. yghted eCErors function. The

ments @ \YS QW1

wei ghted errors LUnGhI Dol dl 260158, 06T oF fh RlE ohatal] On estimate of
t he unknown em t tigifhg the foronBCehadi BNt vhoeurnehght Hdsea dohe errors in

t he TDOA. and FD@&&ighiaddeetenpsrede ewdﬂwenregheﬂem ¢fwhethgsilitd on. An

estimate of the efiff! rn;‘rim%?@a‘g e for AL B 05hg o TooA FoOA

solution. A -norendelit &l &ShhkMBEteuedmbie Lutiemihacatvei@nd S found by
m ni m zi ng the w&mg meedrrersrmshé fliirtes ol FTMPS mreevessicotnatye iterated

unti | the est| mafig erie “Beibr serpiiea ﬁwlmlnﬁgiﬁ% 2 The present
i nvention has vaiiiAy$heRadLABRtisatd BE Hﬁhlﬁ@lo&&l@rm@MUter | npl enent ed

process, as conputbro aba@m@sgthawdmastsa"on@ute@rorpmguegrﬁ(pﬁoducts t hat

execute on gener &P 8¢ ?fgﬁmulr helil OS§§)P ?@m"F Sfiedr dres and
advant ages descr h%p‘ﬁ‘ ﬁyAal@la,nfiggc wﬁggwﬁg; ald ed description

are not all-incl esiivex 1olvanzynaddhtndmsbakmheaizmgmeawélgﬂwahagﬁs wll be
apparent to one Qrgfgﬁo@é}r r%ﬁiisffi‘ eﬁ%teér“tn“ﬂ A8WIF o HE dr awi ngs,
detai l ed descri ptTol. A aEh Al HEon BR b RRSOR BTN O, R DRAW NGS

FIG. 1 illustrates &(ﬁﬁpg;ee()ﬂnﬁ}ﬂaﬁieﬁfbcﬁﬁﬂﬂ&kk OasNBeRpual ffpdher with an
unknown | ocat i ontwest sn@| nfaﬁrspﬂeratprag@m greflyed thnt axgcmﬂndl station
through three di EEBTBhICsBE L ﬂoflibpﬁk& g TE}[ﬁﬁjE@jﬂé exanpl e of the
shape of a .11 )aémﬁuav&s ﬁbh&sﬁ it ai-ecitidive - diddvenemeenef arrival

bet ween the si gn&imufelsemdtemafaemgte‘wvﬂlﬂbrr@ pigfrebhe pre pepydisatel lite s , to
the ground stati ’g’ﬁlqthfh‘ét w1 yral of P’(ﬁ’nﬁl”t“}‘?’én%ﬁﬂdtefaégdt‘?ﬁbﬁﬂﬁﬁoﬁnot her
satellite s 2 to" t e ground station, in accordance with one enbodi nent.
FIG 3Aillustrates aﬁRIIEEei‘JEéCIRI@ITI@N %megﬁ%n the earth's

surface, in accordp(g th one enbd .FI 3B illustrates an
ustra < geQ ocatlon nario € an emaitter

exanpl e int er seclyi@a, :,[Ji. AU ESs & afs\M}a LWAES,» Where each of

the curves is w ghﬁu:td sn@hs]e;1mmoacﬁmédaﬂvéﬁen\mhi&1m&e enbodi nent . MC. 3C

illustrates an exahpfe thetratormpares tlhel ﬁ?@tb@}abe eht t¥pAlcgeation to the
poi nts of inters8CHTTh oM BRI TDATETries! anty ko SeA e t=V8s, wherein each

curve includes noise, in accordance with one enbodi nent.

2 o



FIG 4 is allow chart ofa nethod of estimating the |ocation of an unknown
emtter, in accordance with one enbodi nent. The figures depict

enbodi ments o r the present invention for purposes of illustration only.
One skilled in the art will readily recognize fromthe follow ng di scussion
that alternative enbodi mrents of the structures and nethods illustrated

herein may he enplRyead Whifoul od %{éilmlgl'lf”% QM hikes Ploidd CEHLL@I%. of the
i nventi on descri badochemeithe sigbh ePﬁhmlgﬁi%nZl;u shtel- ENMBODI MENT

FIG 1 illustratét thie Yeekoeut Ftaﬁosc@nmcprﬂ'&lee Wieree smbeditter 110 with

an unknown | ocat f%élén;AsllﬁgtgA}@é%&&zrsw%n@mcr%%mqn%oqp observer,
referred to herei astits ghadad istaatbRnd Ot htoughotinhes. di  Herei n

satellites. As desEF(ﬁb 1Hp oS h@xgmpéﬁr rjtersgetagn ok "Woérﬁbo have non-zero

velocities with [EaR8 atﬁ Q.3 o e koW e TTEF° T10 sends out

signal 112 and |t FEGr eceﬂmedra etlhexasrabel {hiat esn®aresstie adrdalss. The
satellites s" ssS™HUgr ?CaF@ng PR &oLT e@r?aﬂmﬁﬁfof‘@naoﬁv‘ﬁ%ﬁ(?‘é’ﬁatl on 120.

turve two Wherejn each ¢

The ground statl aelsﬁﬁn NS th BB e tniidhihel ence arrival (TDOA),
denoted as d,,, gﬂﬁéeﬁIStatﬁo\sp mlostQBﬂW@ﬁﬁ%@l@mg@erloqc&@q hr ough t he

pri mary satel lit8 & nuf@;‘@ﬁ@ byele ﬁﬁglbﬁﬁ‘gﬁfﬁﬁl CI2ET aﬁi‘ji}ﬁ‘éﬁ%@&ﬁﬁ; 112 fromthe

emtter 110 throughpapobhess Saildichen8s. Dactshaigr aund stcation 120.
Simlarly, the Trefgglr@ftogweﬁm efPiE"’flPSIﬁ(}%’és mtbeeritgrpad 0 through the

first satellite potS SHETS HUB efﬁ‘l‘ﬁtﬁéfgiﬁa@ﬁ}f sghgstra 12 fromthe
emtter 110 thr ougﬂesaotmerldv@at@ {lesiceibgd Heoeinhe ground station 120 is al so

measur ed, which is denot %ﬁa?mqg’é D]%Q&%IE’%]\{]B% §ﬁ@nal s 114 to obtain d"
and d" are not acquired at the samsdbmersortshat the positions of the

satellites correspandi ng, to d" and ds, are not the sane. As al so

described above, bbEdube) LHE SALRE ERT IR S o0 iﬁi‘éﬁléngﬁ aigihon- zer o

vel ocities with éﬁﬁﬁ&;@iveﬁOattzhﬁoBaéﬂvhr, eherde e headr 131sgngk®n]dl4 at the
ground station 12@tpg| ?fes letﬁr}irgé'uﬁﬁe"f Hefc‘léf&flgH’tFFég* Sos dsseritatd s, will be

ave non-zekd ve

subj ect to Doppl el Feshus AlSes R, hedUsAcyadi f ference of
arrival (FDOA) obighhels2 gm:aitss lietékaelbayadbéthrloagh sakellsitheair s, and ss,
denoted as - 121, SPfi ahsFOoA G rHaY Shghigre! Y rerayed stHtBugh satellite

pairs' and s,, denohe@r&snd gtatloErlchaﬁelExDQeAthéTﬁﬁﬁauﬁﬂf@Qﬁcead%j the | ocations
of the two sat elam‘taésTLPSb‘d) idenpipa emn dperignalgl i2hiree- di nensi onal

curved surface cBif BB AR T ﬂﬂéj@}}%‘%ﬁ%lﬁgﬁ Phkes i ons of the

emtter 110. Agahﬂqrhkheqtgnﬁura;g 18 tAE IgﬁBdShﬁkQthﬁﬁSlZlDTSﬂﬂiBWypﬂ&CI sely the
positions and velrél(ff*lcégh?)?lgtlﬁ’el heemity %‘h‘thr@ﬁ%qkly%}féﬁ*erence emtter,

whose position i & KNOML: §Xatt fﬁ;ﬁﬁﬁ?ﬁ@o dicetiheadident of the
position and vel 8gpt a]@brroezgeu@éd thleichat @bh‘bﬁeésaslda tNetestat Bt i on of the
emtter |ocati Ontslllct:lnasot attf) OS1t1 @? esaﬁl{fgg;@g?reronéﬂg nmeasur ement s
can be rel ated tgnd A 3 Elﬂﬁrﬁ:{ ﬁ@s@?ﬁ nown emtter. ¢ position of

t he unknown em tteAsIa@beiefseuheldﬂlso‘dahe‘t'edealsewelhlt%sgnﬁ@ld Fhe true

satellite positi 5@3&%&3@@3 i 1§H}Z§"Ihﬁa§f’tﬁc§§0‘®ﬁ§@‘ﬁ g{ﬁﬁ were acquir eg

are denoted as zsaknitand,, S, &hdKs, Wwild' 'belbu Fiedt@o Spo@att vehuyneywhere i =1, 2,
represents the s%‘fé‘lﬁ Frqu Fel’a>re fﬁmv%ﬁﬁ%ﬁ)ﬁbﬁ’{ he ground

elﬂ ou ¥ Sin

SCat on, and ont I AdHCLy B8 At B ACE Re L DTS Rl [ X ¥ 21
and vel ocities Sthreug&atemté\sarnsﬁ Modya, Ziejmoﬂadaalfﬁl avanlaalifleOanher e As and

AS, represent t hESEVGRET A LI §P‘f]‘6‘i’l§f‘taﬁﬂei/‘éﬂ§6‘d?fli‘ees They are

T1CIIS101a

mea uremerl QTS &Cl SUr
nodel ed as |ndepe Rt cd dRMNt & eséhstprob Bvid Qﬁs.u &bi)thél\ﬁef teovari ance

matri ces of As, é fafstio. dx2draamd ASicoed aaldOtegnel knod, pigherl | is a 3 by 3

i dentity matrix. &nﬁéi’fﬁéﬁﬁf Q@%’Sﬂ?bt@@%&éﬁ@@@‘iémﬂé’ﬁﬁ%d as yg'zjr.

The EucI i dean di s4caieahbeteeR it eﬂdmlmeeh@r®1®1@n wgrsshakie he represent ed

tellite c
by r"=Mgl, and PyEliltesh f;l fjbé‘ Sfrﬁ’“ }l{é‘#‘@gyﬁ‘i {I‘ ?‘I vbeurllegy (1) P P.e7P
- In one enmbogidiENnta, bHELIEM bl LOAS.AIE: £1et Agidibknown emitter
110 pOSl tion U ashepositionolthe unknown emitler Lo be 1ound is denoted as
u—[x.y,z}*. The true satellite positions and satellite Ve]oc1tles
when the signals were acquired are denoted as s5,7=[x,”,y,”
z,°17 and $,°=[%,°,¥,° rebpectlvely where 1=1, 2 3 repre—

.....

(5] II%C

sents the satellite nunlber s, and §,° are not known to the
ground station, and only inaccurate satellite positions s,=s5,”+



d" Th.) =(2) Prg,S?ri, ) Cgdl02, ) where d210") is the TDOA between the
emtted signal relayed through the adjacent satellite s, and through the
primary satellite s, at time 1,, and (131(t,) is the TDOA between the
emtted signal relayed by the adjacent satellite s3 and by the primary
satellite s, at tinme tb. t" and tb are the tinme instances when the signals
to generate the tWao-XIDOA.S17wRHE, L£)ili8ct e AR 4 3, BN ghadi.ment ta is not
equal to tb. MbrebBpedickd eal 4y Abnrepneesntedirnentin shle@itkipei-t a denot es t he
m d- poi nt of t heterpeaw nddvrider-i Agenwhiieh mtdteleshiast erdepegaalt rel ayed
through satel || & AL TN 2 e BRELe s BT LA th denotes the
m d-poi nt of the ,LiR-Whagow: ghﬁllgg\p&ﬁ&gstg 6n BlLEI Sighal, rel ayed

t hrough satellite. .17 amd Satieldaht@s@pcameshidar the two vectors ® t he si gnal
propagat i on speedndsgzhallbejrgpreanted by rposim-iabrprgfrthehadlecord satellite at
tinme t and brb312 Y d8HOIE PHEVET R ng of fset fromthe transponders in the
satellites and other fixed bias errors, and ed,,, and Er,r,3 | are the
random measur ement noi se. 298, and eac" can have different powers, and they
are denoted by o-d,: 297 amd «¢i","312. Equation (1) defines a hyperbolic
surface on which the emtter 110 is |located. The len side of Equation (1)
(i.e., d,, (ta)) is detesribod@ohdntomd heo NBaGINseaRNEgla@Adot the i ght si de

i ndi cat es how d, vpkiiywpenriglkal ¢ rpeiticher gmknown position u of the emtter
110. Simlarly, equation (2) defines another hyperbolic surface on which
the emtter 110 is |ocated,, (baged QB.angt her TDOA neasurenent d31 (tb).

FIG 2 illustrates an"ZéfCéﬁGl[erggr,a,thT(ghgbéd-zoﬁ’a)é‘g"FDOA curve 221 derived from

d," (t,), in accordance with one enmbodi qent. The EDOAs are related to
the unknown enitter 140wpesi(tibh Q:ﬁy)7§‘:2;,£@b0®8131= -L" Pu Pt- )7- STAOD 1
[L2i'3(11-) - PPg, Ti(t) )C'r.2E¥“3)*"*continued fo(P.,,g((d)r4 (id) -

where d, | (t,)is the TDOA between the emitted signal relayed
through the adjacent satellite s, and through the primary sat-
ellite s; at time t,, and d; (1) is the TDOA between the
emitted signal relayed by the adjacent satellite s; and by the
primary satellite s, at time t,. t, and t, are the time instances
when the signals to generate the two TIDOAs were collected,
and in one embodiment t, is not equal to t,. 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 t, denotes
the mid-point of the time-window during which the emitter
signal relayed through satellite s, and satellite s, are mea-
sured. p is the signal propagation speed, s,°(t,) is the true
position of the second satellite at time t,, b, 5, (t,) and b, 5, (t,)
denote the timing offset from the transponders in the satellites
and other fixed bias errors, and €, 5, and €_, 5, are the random
measurement noise. €, ,, and €, 5, can have different powers,
and they are denoted by o©_,,,> and o_,5,>. Equation (1)
defines a hyperbolic surface on which the emitter 110 is
located. The left side of Equation (1) (i.e., d,; (t,)) is deter-
mined from the measurement, and the right side indicates
how d,,; (1) is related to the unknown position u of the emitter
110. Similarly, equation (2) defines another hyperbolic sur-
tace on which the emitter 110 is located, based on another
TDOA measurement d5, (t,). FIG. 2 illustrates an example of
the shape of a TDOA curve 221 derived from d,, (t,), in
accordance with one embodiment.

The FDOASs are related to the unknown emitter 110 posi-
tion u by

S (1) = —

fo { Pugiuer 33Ue) — ] (3
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(40 = -.Pu4d(tdri Sg(rd) - fs3Pg4(rd/rSICd) - Pt Li Piled )1. Si(re) f
,31(1d) e (4) where f21(ta) is the FDOA between the emtted signal relayed
by the adjacent satellite s, and by the primary satellite s, at tine te,
and f3"(ta) is the FDOA between the emtted signal 112 rel ayed by the

adj acent satellite s3 and by the primary satellite s, at tine ta. te. and
-Ea are the tine instances when the signals to obtain the two FDOA. s are
col l ected, and in one enbodi nent _4,,,shsedOt equal to t01l. More specifically,
in one enbodi nent, the t| np)r acdenot es the md-point of ®he tinme-w ndow
during which thecm £t @J,d) ayed through satellite s, and satellite
s2 are neasured, and tlme"?t en tes thgo -point o f the tine-w ndow
during which the emtter si gnal1 é?r’ﬁ?/‘éd ’tFl sgatetdsite s, and satellite
s3 are neasured. fc, is the uplf 2o "frequency of the signal 114
received at the satel lites, f the downlink center frequency fromsatellite
s, to the groung ,Sﬂle—llD&kbgtweinﬂSeérh&teﬁs@@&hr@bmgatI on speed,
ty,,c2,(tc,) a 3‘ ,;3 &Ay}saaemwmmid)byttﬂn@phg@ay S@@Ei“FISaﬁpr (LO offsets
from the transpang @sndﬁsﬁ(MISﬁtﬂm%?eWn dﬁb€F‘"eF (£.0) as errors, and

en21 and e""a, 1dRecty gt ‘EQJ N0k S 8am enafiél can have
di fferent pO\Nerg?enéﬁ{iﬁ?ge ‘1@ @ s&yebbnga&;aa, amjncan Equati ons (3)
and (4) define eﬂuﬂdﬂ&kntws&wtfmestd taom’-[t’#f'es a¥hPBfrent s on which the

p] etm

emtter 110 |selnﬂm!@d=nt theE [t 3 t%e HONSIEL la sgmtter 130, Let
c=fx, "y, .., zi IEgoF I RE QD aafmtag%r a&ﬁ&riﬁetaaiwottetsaheIBO vvhi ch will

be used for calgh 1h96f1h6t1bﬂﬂémefl$€’@l‘°}¥ﬁwgﬁ’tﬂé‘ X}:’é’ posi tion and

vel ocity errorsrelaWwé fhroheh Fehite snep $35, 98! fﬂ’gm SALP&daEr am t he unknown
em tter 110, aj’@’;’ﬁéﬁ’éﬁﬁﬁ ef,‘a,ﬁﬁ 7 vire eyi%laaé@tambd?DO As fromthe
calibration reftgrtggqgeoﬁm ktaebnlaﬂ at,BL In’elss:aﬁéi PRAE aSQ that vd2, (ta),
ad(1,b), cf"(ta ea%db;&fxga &rt?(fa? @88 oBXRr €sSi oNns have t he
sane forns as d b se ,% dni Jagfsvenr i n equations
(1)-(4), exceptmbhdioitt. |e§21 vmtafrarepheo‘rv ¥ses Ca a. ed, 3"
ex,,, and e31 aa‘redénﬁeelr 521 fg’é %q# ’é?ﬁcﬁ g; itk Bichhen for med from
ads, (ta), 'dB I S‘éﬁoc g Cf, as C 421 (ra) C.daiCr.) -

*(rc.sz(,.) - re'FsI olsh(;dvs%keferrbx&:e)exmuermmﬁetc—zrb%xya- roak (tad

/21(-cP (Po -I’lOb&)aﬂ:ia?c oo fﬂneaalf $ stovill bouAl) =

f31(t1). - (- 02crEBGabEepy j’;}%ﬁm B3NS Dahes®iRia i s the uplink
center frequencyiffs eﬁﬁéo&ﬁ h%&&tm@namaﬁxenﬁmemotreadelm The
“calibration fachershors a&ﬂbfb@@tseﬁorilrtbﬂﬂ*h‘efaf Q?f‘g and FDOAs of
t he' unknown emtetéﬁoil Glet%mﬁf ses Sk dalin. o, J#%e position and
vel ocity errors29pl: 8l 315 985 3 ﬁigtl(tgy CATY: D5l e E phiemeirt he unknown

emtter pOSI tio uations (1)<(4), e xcept that u is replaced by © and the ran-
ggm noises €,,2,, €131 Epz1 and €p3L are different. The cali-

bration factors are then formed from “d, ;1 (L,), “da 1 (i), 12 1 ()
and “f,, (t) as

1 5>
Ca,z21(Fa) = “d21 (Fa) — ;'(”'c,sz_(ta), - Fosy(1ar)
1 . ®
Ca31 (b)) = “dz1(lp) — ry Peusa(tp) — Fasy i)

- ey ) : . 7).
Cr218te) = far (1) — (- —‘gz(PcAzcrc)T-"z () — Pesy (¥C>T‘§1'(t°)))

. o @
Cr31(ta) = fa1(a).~ (_ "i? (Powss eg)” 530D — Pesprg” 5102 ))

where “f, is the uplink center frequency from the calibration

reference emitter 130.

The calibration factors are subtracted froin the respectlve
TDOAs and FDOAs of the unknown emitter 110 to minimize
the effect of satellite posﬂxon and velocity errors. The equa-
tions that are used to determine the unknown emitter position

are

5 oo



are = c¢121 (G - 0,21(4.) a, (rb.) ="131 (rb) - CQ 31 (1-b) I. =1f1
at(r.,) =- Cf,2103,) =(P.312 (Ic ) T3C2 (11:3/12,,s1 131(4d) = 1.31(4a) -
Cf,31 Re) =- - (P, ,,t,- where the first lines in the above four equations
are known quantities from neasurenments, and the second lines relate the
known quantities to the unknown u to be found. Equations (9)-(12) represent
equations (1)-(4) where the calibration 1l-actors obtained from equations
(5)-(8) have been apphLied-t9cheduce.t he effect of the error®s in satellite
positions and velocities._lImn, real ,world applications, there will be sone
error, instrunent noise, or other Solrce of noise in TDOA and FDOA

measur enents. Thus, id4,, d.s=unkbkely 4hat sol ving equations ¢9®)-(12) for the
emtter position would yield_ a single position. In one enbodinent of the
present invention, the |oca&ion estifates fromeach neasurenent are
conbined to create a npte-ageyrai.ed.pcation estimate for tde unknown
emtter 110. As di scusggqugbove,j (p)a_ch ofT_tn% equations (5)-(8) defines a
surface on which the unknowy éfift et “110-1"¢ 1'0cat ed according to the
respective measurenent, . Jhe, .ntersection of the curves on dabhe earth's
surface is the estimate of the location of the unknown emtter 110. FIG 3A
illustrates an exanpl e of ~ar i“fieer SEEL T 6n of {0 TDOA curves 221, 231 on
the earth's surface, in accordance with one enbodinent. FIG 313
illustrates an ex |l e intersection of t TDOA curves 221, 231 and two
FIDOA Cur ves. 421 Al b S haE S LR ot Vet s Se ol se o1 o her
error, in accor dansen wubhtiope tedisodhkeatn VAR adwnnd nEqhEio3B, if the TDOA
and FDOA neasureg?éﬁtlizvﬁéﬁrgsﬁtf‘ﬁ‘&}toﬂﬁdilk? Je %ﬁf%ll“?réflio.nff?@ cor r espondi ng
curves 221, 231, A28, AT Ut Al o.L Al BISREL palicoie shabaton that is the
true | ocation ofti¢hanerdal tvesrid Lpplicatibhs,r thale warnl de sappd kaati ons, there
will be sone erri@gruiq‘?%far;}mgmtoinejl?e,S%C%Pﬁgroiszdvc@@fz% rodse in TDOA and
FDoA measur ement g PSS B LR Yo el LHRE OGS S kespondi ng 1o
the TDOA and FDQRodiBas Uit BBBLSH ¥bdimdo AT §:@CHreddntOR RQLRAL tHIN the earth's
surface. FI G 3Q0ochlius erdtessaitoexal @eafurtiient agatemhirted the poi nts of

i ntersection of Tr\‘ﬁbtﬁ'rzgﬁo’f?u?%ga§212’f?“5‘2ﬁ“§f?detfﬂbﬂF‘DBRkBBY“\?es 5421, 5431,

wher ei n each curVe,odgl,.823bovB42htn A48 eqhE)H485 @BPiShhesln accor dance
wi th one enbodi neftace BishidhnBe uak86-SRGIHhi@Rr RO I Bcafed RoeUr VEs are

estimat es of t heingntot thertespddtdy o mgesiugositohhe Thiereecgire <f shesol uti ons based

on al |l conbi nat i gHYHE™ 3OSBI EREFOYE IREIR AL TP 3oz efsur enent s.  The
possi bl e sol Ut | OlISiALEcAeRObEaS oA Sakil bR, 9P 8hRBA LR dn, and da
usi ng equati ons {@acanth {&Prdance with one ersbbdiinion. Bitadmedud—+ om d”, and f,

H H S >4 lg mt ectio i : ,@Iéﬁl _
vl using equat IS tvfong% E(J?'lvg' 421, %Q{wageg?eacﬁ o t%e%gjrtes 130121 and 1-31,
usi ng equat I ons f(/ Og'ln[goi &ther error, in accordance with one embodi-

ment. As shown in FIG. 3B, if the TIDOA and FDOA mea-

surements were without noise or other error, the correspond-

ing curves 221, 231, 421, 431 would all intersect at one

location that is the true location of the emitter 110.

In real world applications, there will be some error, instru-
ment noise, or other source of noise in TIDOA and FDOA
measurements. Thus, itis unlikely that the curves correspond-
ing to the TDOA and FDOA measurements will intersect at
one point on the earth’s surface. FIG. 3C illustrates an
example of the location to the points of intersection of two
TDOA curves 5221, 5231 and two FIDOA curves 5421, 5431,
wherein each curve 5221, 5231, 5421, 5431, includes noise,
in accordance with one embodiment. Thus, the intersection
points of the curves are estimates of the emitter’s 110 true
location. There are six solutions based on all combinations of
two of the four TIDOA and FDOA measurements. The pos-
sible solutions are denoted as: :

U, >z, solution obtained from d,, and d,,, using equations
(9) and (10)

f1,,,,5,: solution obtained from d,, and {;,, using equations
(®)and (11)

U, .5, sOlution obtained from d,, and {5, using equations
(9) and (12)




solution obtained fromd3, and f21, using equations (10) and (11)
solution obtained fromd,, and f,, , using equations (10) and (12)
solution obtained fromf21 and f," using equations ( 1) and (12). The
solutions 11,111 into three categories: TDOA- TDOA , TDOA- EDOA., and El
>0A- EDC>4. Various nethods used to solve each category of solution are

described in U S ipdajgfenLoI@QBh'o%@eLhQ@ﬁ%%’i d, l[\Qld Ilzjl-l g@ﬁg kéﬁatigrni‘lst | ed

3 2

"Deternmining A Geobeedtdon Solution Of An Emitter On Earth Using Satellite
Si gnal s", which @bgéﬁg‘HEEPﬁﬁﬁaﬁ%ﬁxﬁwc%fﬁ%#%mc%ﬁpﬁeHP%“%ﬁﬁirety. These
sol utions can be' ' Gsel As lais balaiest LRl 85 fla £he.lihbeqlogatd on of the
emtter 110 as vmllbfaﬁé @escri bed bel ow. FIG 4 is aflowchart of a

met hod 400 of esthdvddiigobdemtiocabi anof cansynknowmheRLFHRA, i N accordance
wi th one enbodi MEPQAIRDSVE pd(ZDCatiPOA . Masohomictiadis bsated TDOA. and

EDOA neasur enent¥'u¢ aderglicabned! s ti@@%‘gﬁ’& diirehis equettahs (9)-(12) are

used to deterni & tien68h ot ataio JSmasULeReilise In step

404, the errors signhhe, faieh aalsi beat etohbQAtandy BldBAcreaSUEeNENt S are

det ermi ned. Err c?irfpombesrsqiedsay usegigtiiied cgiopa(et 2f thg e det er mi ned
accor i g 0.t e TEL AN AT A LA, O eI P 1 a)) ect3t o
P331(rb)- (rre. Scshtidn) rar ho (JIi@ncldd 2n2ded2{d ac¢Irdabe? i 1}1%@& ss(r.,)1l.sj
(tc)) Cifiat (" aﬁ)t@b.oc,ii.nsq}t,tr?:} FteBHU2%a piclE ﬁtaltém%al@}atéqe)l?(?ﬁe,

respect vely, {HECEAEILaL g@ﬁgngpﬁzeﬁémigé@am?ﬁé@i@ (t".), the
TDOA. neasur emenipeha bhd, HHO! &eﬁﬁ&eﬁl&masurerrent f", (tc), and the FL30, 4
measurement f" (I d‘,él),tﬁsrteraeﬁmafth‘epn@iri ﬁletrjt%qat_fb% cﬁ&@b}{cﬁﬁ% allll | e we can

Sel eCt any tV\D S (S enteslaa 10 ?— > ar leerm;nePthccgr in r.IOFL1 ?_S On the |eft
side to zero to - g%iﬁgteﬁag%: ﬁiggcé%l%n on gartﬁ?t%é g?ﬁ ution i s not
accurate because the equation errors in the two selected equations are in
fact not zero due to various sources of noise during neasurgment. W also
have the difficulty i‘ff d€€Pdrhg wHich™“t#’ equati ons to sel ect out of four.
The notivation in fornul-atdng the,er¥ars,,i s not to assune tthemto be zero,
but rather by obtaining ap emitter logcation esfinmte so thagt, the weighted

sum of the squares of”t RemérOrs”of = ¥8Y-(18)= i*s“M ni m zed. Referring
back to FIG 4, in step_4_9_§él(tg)he wei g@}(g)jﬁqr thg(tdgrors i nathe four

calibrated "MCA and Ef*)OA’Aeasuf €hEnt’s “aredeterfi ned. in one enbodi ment,
the weights are determ ned according to the follow ng equations: 1
al . :1:CZ/ 3: aar s:ifPiakiond 13)-k1& sRL rdeplélively; theBgiatibh,errors for

the TDOA measurement d,,(t,), the TDOA measurement
d,, (t,), the FDOA measurement 1, (t_), and the FIDOA mea-
surement 5, (t), 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 dit-
ficulty 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.

Referring back to FIG. 4, in step 406, the weights for the
errors in the four calibrated TDOA and FIDOA measurements
are determined. In one embodiment, the weights are deter-
mined according to the following equations:

6r11,52(ra) arc,:z(ra) 2 (17)

— o? +
> Ds52(ta) O.52({1a) 2
Va,, =2p TG21 +
E } a.. 2
a'u,sl (e ) d’C,Sl (1)
G5y (1e) sy (Fa) =1
, , N
dru,.v3(rb) drc,s3(tb) = (18)
— oz, +
> o Ds53(1p) 8.53(1p) 3
Vay, = 2pfoga; +
31 & 5 or 2
Prsy (1) CRTRIIS 2
— 2

Is1(1) 851 (2p)



P, *2(" .)T 32 (1Qe Pc..20,171S 2. (lc) 12 sS2fC97.2 (t, ).2 1
Pu.vorfr,P.-(2,.. )7- 1 (1,)12 2 7-2 asl (re)f,asi(r,) - "It Pc's3 ' ..f,
K".." (' a) ri"-"1(G) P-.3(rcir.k3(rd)foP.s30. ,,7 ss(r,i) 2
@j(ta)aSB(ret) (ta)fo Pc.31(td)r 1(1,1) 2 2 ft,as, (rd) where (5.,,s2is
the position error power and ct: is the velocity error power of s" i=1, 2,
3, and cr a" 2 is the neasurenent noi se power of the d" neasurenent, cac" 2
is the measurenent noi se power of thendhudaeasurenent, 0-).;132 is the
measur enent noi se power of tne f") _measur erent , and cr,f "2ups the

nmeasur enent noi se, pawer . of .t T “nas i enent . LEquations (17)-(20),
respectively, are “The F nver elpoj,,hthe]{_\w <gl11to—2 r the equation error of
d'(ta), f2i(tc), and f31 (1d), each after differential calibration. Note
that the weights are depende fapaquct%arctrue e, tlefe.11Q ppsition u that is
not known. In one enbodi nent|lu Ps@epl aced i tr:the abdve|four equations
(17)- (20) by a prelimnary Phaal€sgb urragedon” ﬁﬁé}’ll i.2|or 3, and J=2 or
3. In sone enbodi nents, any bre of%he TDFAFDGA &bl utions is typically nore
accurate than a TDOA. - TDCAronr F1- 30A-F ;o:iutl on, hut anocestimte of the

true emtter 110 positfon fim & “TDOA-TOOA oF "HQOA- FDOA sol ution can al so be
used in equations (17)f 1 e, Lhé:tpgl(dﬁohe FDOA neasurenent is very

i naccurate conpared to TDOA, he TDOA- T sol’ution is a better choice for
the prelimnary estimate to fibagd,dhewal uescacgording ,t 0y(17)-(20).

Several factors were considdried dsaderi vizng t%@fa\helggt“ equations (17)-(20).

For exanple, the weights ar etk based. on-tne.gefl ocation geonetry, the
amotm 1 o | TDOA and FDOA ur émémt noi e, Phé=anolnt of error in
satellite positions and velocities, the positions and velocities of the
satellites, and tt;le Epos;tl n OSItI§nh§m£Pf erence. en;tt eve§0 Al l of these
can be factored &qupgf;\gr\@ ASS g@l%dO ozelgctﬁe %St&gergg prs in the four

TDOA and FDOA. nNRaSUHRARIMNS WEQf, | ihSlsaRGRent, ’Bdgtpelssaqte LidReposi tion and
vel ocity errors aretsasklpcand dfibe kor aldagatcntmtigeQTetis yhd mesuch that the
second conponent srgmepiaoiseghtveo P (g l(n?@%uralrr@nrelnét%veﬂlytmll conpar ed
to the first ter aS%‘ﬁg:ﬁrﬁV@f?é’oﬁ‘fer éh?;g%gb ‘H‘é%t Fﬂ FUHR doni nated by

el
the errors in th SR At he TBasir g qu@,r more accurate

than the FDOA rreaﬁwremt@uﬁ,u&ﬁbi hat.Cia zélze‘fw @1@2&" ’&n@g@n@ggpr ding to
(17)-(20) the webglhhs tduererhiter TROA @GtiéhL LORatTs/ @FtSkeeywn. amdoga: 2 W | | be
| ar ger than that erﬁﬁbpdtrhemFLJXS BArleredistheetP} 2 tognd catdtPonsTHE)Tational e i s
because TDOA. nef¥l N E?é‘le 1T @apel 8 ¥irhah’the FDOAs.

S ents, any one of the T
These wei ght S ar %D@b éi irllbs ?s%lg'pl ally more accurate than a TD()A—

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

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 ot the
errors in the four TDOA and FDOA measurements. For
instance, if the satellite position and velocity errors are small
and the localization geometry is such that the second compo-
nents on the right of (17)-(20) are relatively small compared
to the first terms, the inverse of the weight values will be
dominated by the errors in the measurements. If the TDOA
measurements are more accurate than the FIDOA measure-
ments such that o /<o /{7, then according to (17)-(20) the
weights for the TDOA equation errors e,,2 2 and e, 12 will be
larger than that for the FDOA errors, e, 2 and e, 12 The ratio-
nale is because TDOA measurements are generally more
reliable than the FIDOAs. These weights are applied to each of



the errors in the TDOA and FDOA neasurenents to forma weighted error
function (1.1) of the form e((() =(21) where the error function is shown
explicitly to be dependent on the emtter |ocation u. In step 408, the
wei ghted errors hinction is mnimzed to determ ne the |ocation estimte of
t he unknown emtter 110. In other words, the value of u that mnimzes the
error function ig§ dgternngd Ho-Re. Ihepkocald.on.Qf 108, egitter 110. In one
enbodi nent, a Taweinsekhes heahi gue orsheiseech:t 0 | i nearize the en-ors in
the I bur TDOA and 1: DOA neasurenents, i.e., equations (13)-(16). Then,

wei ghted linear |east-squares mnimzatjon is applied to obtain the emtter
| ocati on estinmate that“m nifzes | e WweLght ed.greor function E, (1 0 in
(21). The determ ned |ocation represents an estimate informed by all of the
TDOA and FDOA neasurenents front the conbinations of the three satellites,
s1, s2, and 53. S Neeranelierhoai Y £MoTEYAE ATr drE et ter position
estimate is obtaingd,dhrast [V LLAMLhe. £ ok, TROA ang:FEROAMeasur ement st han
woul d be achi evedelhymaonsicdetamig &tshmklanns uhsetwalenitBasuienent s. In an
al ternat e enbodi freatheryords, thetvaheceSs Hray npigimgseesghd POk FDEA, TDOA- TDO. A,

o | FDOA- FDOA sol UERATEI S, ae ro gRrer i HE IOt Sulor the errors
in the four TDOAcaB6: kAR ASHDANRREIE>OlmeRa eRkadl, eNtqui-he i nverse of

t he wei ght val uesoy® (13)-(1¢g1Theén, 58dighwddingag lesgt-easas gingmty and equati on
(21) i's sol ved t g 5 RIS 40 81 SrSeer [ORUK PO THES i i al emitter
location is then,lisedidi0atapiLhe Melghise babhgea@yalii ongd 17) - (20) .
Then, a nore accurEba =eni FPEIA hogatronegardre ths chmitiedidns ofi ni m zi ng t he

wei ght ed errors MFIEESOIITRLP: S The s ProcBes-can fetekarat duntil the
enitter 110 | ocahloahaesh LR 0083 HiRba ChANIE miDalLekohtiidd al estimate of
the emtter 110 hacavédby wbhbidusuglalsymaigaisoesdtheg mewdpeesmohtsi t er ati ons
needed to reach a I palalestitgmieoddmizat.tigris jogt teadssest teorate amay al so give a
more accurate | ol5 AL BT R AL Ao BRI CA R A AOSPIE ases.  The
above descri pti ofDSAl AHNFHEA hBadurdMsShisalf dnbe-apsdiatdnaRf the

enbodi nents and isenstoimbanteizbt Malwet vihev.gcope @k vhewemvewt i on. Fromt he
above di scussi oniHHAYEANTHDR AL T bl adhidibnt Tgehig Sk | ed in the

d

rel evant art thalvanib oyt o8 @HEOIPBSG0N. BUCLNE 18Bid bicddl scope of the
i nvention. Thoseemxﬁtt@rkbbdtyidrrbéxlagteaﬁegspitrnamédiby aiis%gﬁ;@m&%v&@%gﬁgmt t he
i nventi on rray beg Tim&‘é:r ocr:lll 1o f.t: 1ntlsa s o@iﬁnw an'l'eEFP- [<3 ]2:1:1 1 1aeparti CUl ar
nam ng. of 1ho CoRRER S AT A AT RAr TEF e Rat Erbur o5, o1
structural aspectuidenofitemandat 0eqd@rtostgm 4 ficanisrinaned A hetterechani sns t hat
i npl enent t he i nyahe] eitiverteirpay pbgtgires may mawadilPreienesti-Tames, fornats,
or protocol s. FuPtlipt’, THESYSE el sy BE 1l arent ed,.via, 8, 5onbi nati on of
hardware and Sof bNaIce-rObo@Rd Ehyd Ishl dhMREE1 8l ERNES pe AF8Q, t he
particul ar divi siivengbnfEmeet ibendbivt fisbetweemamevydrtiosvightst em conmponent s
descri bed herei na?@rﬁ%trﬁgf;)%ﬁgg#@%wheaﬁ’av thariat or\t Y gilifct i ons

encqmpasse ¢ spirit‘dnd scope O the inyention! Those .
performed by a shAdlifiShsEMcOHREAERIeABRY (hNsheRd cREoREILATed by mul tiple
conponents, and puretbons opes feormrunRy tsWhidst.phe poopoaemisinany i nst ead
performed by a sPﬁQ?eeCQ?B?g@éﬁrt?aplmh@g‘?%Pﬁt% e atpribyigs Ereesent

strictura t 1S NnoOt man to Or significant, . - -
rein in the

i nvention i ncl udgBROGESS ik eRG AR nT Bl heGHEATS: MERGRHEE thell
form of a net hodnhatd disheehtthadnges) Gb@ehts hatprbhedds.oaessrsihepss-and

i nstructions of.Fﬁ@ngfé@%hvpﬁﬁVEﬁwibﬁ2t%ﬂ?ﬁ“b§°é@ﬁé?ﬁ@ﬂaFﬁﬁ§bftmare,
firmeare or har dyp s aHd RN, BT ML T At el o Calli o be downl oaded to
resi de on and benéper@atadbds nepedi T aeeny cpéablogmnusedmbyaseal tinme

net wor k operatingmsyémeﬁppspeﬂbﬂhedpye§gn¥eFnWEWHQQNm§HF§G¥Pe1ates to an
apparatus for pefLAHLIGCTRATRCACLANS T BT IS dlighails may be
specially constrggt 18lcolfl@de@gui red purposés, or it may conprise a
gener al - pur pose coapuher agekechi el yrachi valegdoarinkeeRnbicgused by a

conput er progranf??@fg@tGWUaWéGﬁEuféfﬁPe%ﬁ&ﬁﬁ@;ﬁ?dﬂgﬁ*?ﬁgp{g?n be accessed
by the conput er . mSYEH A SHBNILELH g ATHY SBE ST R e conput er
readabl e st or agenmRAauddr BAGR, 288, ,anbUt hdSeBbailcbth tedwhes, catya t ype of di sk

i ncl udi ng fl oppybdideksilomptd watesdissks an@-ROMyatavagret Adfopti cal di sks,
read- only menor i BEORONVE)C PAnEaht Bt S RE MBI TS E(RAMEY}S: EPROMs, EEPROM,
magnetic or optical cards, application specific integrated circuits
(ASICs), or any type of media suitable for storing electronic instructions,
and each coupled to a conputer systemdus. Furthernore, the nethods
described in the specification may be inplenented by a single processor or
be inplenmented in architectures enploying multiple processor designs for

i ncreased conputing capability. "t he net hods and operations presented
herein are not inherently related to any particular conmputer or other
apparatus. Various general - purpose systens may al so be used with prograns



detemiining a first tine-difference of arrival between a first signal from
the emtter relayed by a first satellite and the first signal relayed by a
second satellite, wherein the first signal is received at a first tine;
determning a second tinme-difference of arrival between a second signal
froman emtter relayed by the first satellite and the second signal

rel ayed by a thirdpgalllldgy el 8isB LNeSRCANG, S GRRl ol ef-€Cei ved at a
second time, thersecondhd bPerdiendhedéihl amentpfdramst hayfvd sge-t | Me;
det erm ni ng a fi9¢istly fereguesiey fdr fieercanoed ofurpesssyat itbeeyvweem-a t hird si gnal

rel ayed by the fRYEt 2sEEBIPIPePRAY IRePHRT rsalsH a?té‘fiéj?;é “by the second
I T )
ti me being diffefeatnplhkanpioheathimsy vl ftercdnich 4 hengecondatibmie; determ ning a
second frequencystdidefaretiom. sfclapsy: bybis noelimaed ta. foufvrhoSiltghal rel ayed by
the first satel IE{&%’fﬁlﬁ%ﬁZﬁﬁi@?ﬁ%&@i@?&g&%@g@%ﬁ%ﬁiﬁg d satellite,
wherei n the fourtlnSi-gRaAR A SIS e0k®RE:, alE RO, thad AR, odd}Rifourth tine

bei ng different ¢alomdshepplicsiont inreifid gemecddrduivgEAHad . tdre third tine,
determning a fi?f%ttyé 1o P2 %tFWéaWIFIf%:tSTPPQ%PEEEGF By eHEE V6T o8Er i val ;

et o M1 1 1g 2 SCEBHEB DR TH e RS VAR L O R ocar 11 val

determ ning a thby G €heds prdcdshe bi st idhprguensy -idi Stbrrenasssof arrival;

det erm ni ng a f owrbleyvang oruliiplamecsecoddasifnefuenespaged fe@wente of arrival

determning a fi capaPUWY: for, the first error. deternni a second wei ght
hem ods and .operatior ipre ente }bre are npt1i -

for the second egnpfrafelh&hM R Bl R WeLobt bk Jieddird error,
determ ni ng a f ousididuingdGhil-Hapobd ey fioniktthaslsobe w@Bd Wit bid-zi Ng a wei ght ed
errors function sasedirorcerdentd math @1?@ efadhiyezsf hestin.wed ghimagpplied to a

; e hwenie T e a
square of the f1 1Sk RTUTLSE SR RTOIE SN TROPE I Shuare of the
second error, thg, %&F_ AARLGNE < AR Bl bE GpBasatal @rlk o Beidai rd error, and
the fourth wei ghthecappl akthet vith squidaendfv ions. In addition, the

present invention is not described with reference to any par-

ticular programming language. It is appreciated that a variety

of programming languages may be used to implement the

teachings of the present invention as described herein.

The present invention is well suited to a wide variety of

computer network systems over numerous topologies. Within

this field, the configuration and management of large net-

works comprise storage devices and computers that are com-

municatively coupled to dissimilar computers and storage

devices over a network, such as the Internet.

Finally, it should be noted that the language used in the

specification has been principally selected for readability and

instructional purposes, and may not have been selected to

delineate or circumscribe the inventive subject matter.

Accordingly, the disclosure of the present invention is

intended to be illustrative, but not limiting, of the scope of the

invention, which is set forth in the following claims.



Iburth error to determ ne the geol ocation of the emtter. 2. The

nmet hod of claim1, wherein minimzing a weighted errors function conprises
mnimzing 11 Vdzi 221vd3 -d31vf23 61121 wherein yd.21 is an inverse of the
first weight, v",n is an inverse of the second weight, vi, is an inverse of
the third weight, is an inverse of the fourth weight, edn is the first
error, ed", is theysgearlaghe®ls: €3i is the third error, and edn is the
fourth error. 8. A Theat odci0fmGliak M deolWbaEGE Brv@nahian inverse of
the first weightfrandiis dhes-aifitreade aceerithingebaupm@ntus2d 4wp) a r, 52(t 12
0-2 + a s2au)a sROdwrcg-didRicrcc2i4r7BaR measuhaneits, padlsfivhe asi gnal

propagati on speediffedeni2ipe; heanéthpdcompasupgnent noi se power of the first
time-di fference cﬁetwmlmmaﬁrﬂﬁz(eté Yigrenge qfistigpldetyyeeneditstan esti mat e of
a geol ocanon of t he S&A fm E‘?r§%‘é‘l>5F% ﬁéF‘lﬁafeéh&taI% &efirst tine,

(ta) is a position ﬁsﬁsﬁ%n‘%lé&?ﬁ %f‘g?ﬁrf ?%?ﬁ?r?]éltth rc",s2(ta) is

al i recelve
a distance between % %no a econdatlme c?%f%nc}'le(:eeo atrlt‘ﬂe/el;l baer%\%eteg'% second

satellite at the fi rgﬁlﬁ E%nafiﬁoniéngﬂﬁl@é[l BREL Ble MQVELe1-0f the second
satellite, ) is a digtanaenlelsssn st ﬁll%fa'y@atley gftmrlaeseg@mk@catl on of the
emitter and the firsthaateihkisceond stdial fd fedbivine a Seoh@)inhs, a posi tion of
the first satellit e tht s¢hendftimstbeing@iffareny &pm hedirdi 8trance bet ween t he
| ocati on of a ref eteeermengny 4 fisrt fizzgdetdpe diffgrshesaf @iriviat betateenhe first time,
and cts.,2 is a posiathomn fégn@rreiﬂ)wérbbofhetﬁ@tﬁﬂﬁeﬁﬂte%de‘lhleltbe’d 4. The

met hod of claimi1, v%t%’rf\&ifﬁ‘aéiﬁd?’ Hhes Iidnsaéeli‘lfer’ Hsibedhidt noi se power
inthe first tinme- dlcﬁ;ﬁ éﬁ(if%ced dgg?f‘%ﬁrdcf gjﬁ %%H“f‘e s in a dgcrease

in the first wei gh etenm ren erfel n.an increase in a

SC g‘ uenc
first position errom.pe aqff)mtﬂﬁgl il 1a§ ﬁﬁﬁéﬁrswsa@nlﬂe%aease in a
second position errQhc POWRE shal REa$&E BYUNS vl shicfliteeSMldSini N @ decrease
in the first weight.the fouh sidial et iizedfat@li@lumhlnmmb&reeﬂom@t | east one of

the first, second, ttiie®eimnd ffeaetttfforeh@htss tidepenssaondttitheast one of an

and the third time;

determining a first error in the first time-difference 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-differ-
ence 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 combi-
nation 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.

nd 1me,
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anount of neasurenent noise, a position or velocity of a satellite, and an

error in position or velocity of a satellite. 7. The nethod of claim1,
wherein the first, second, third, and fourth weights depend cm an estinate
of the geolocation of the emtter. 8. The method of claim7, further

conprising determining a prelimnary estimte of the emtter |ocation based

on at |east one Seieﬁﬁ&%eﬁﬂo@ﬁf&l@ﬁn@%@r&ﬁ%h%ﬁi}ﬁ afwdiBfiedd r st and second
time-di fference @ngrﬁlhgagﬁcaﬁgrt;@w@ngﬁmagg east one sel'ected fromthe
group consisting of the first and second frequency-di fference of arrivals,

wherein the prelimnary estimate is used as the estimate of the geol ocati
on of the emtter on whjgmtjje J,ghles arpi_lg sed. 9. A nethod of
determ ni ng a geol ocat4:on’ of“dsan enttt &F fiom ’tvvo time-difference of arrival
measurenents and two frequency-difference of arrival neasurenents, each
froma differentwhier@n v, hes aeidvees <GP ifsdtReeigHERG! M b NYesd | 1 St
time-difference oftharsecmalwb@hne@g 1aammses¢ighatth$¢imlgllﬁevglm tter rel ayed
by a first sat el isigreingagetdighe feowth sicgaial epelsapedirbyersosegond satel lite,
wherein the firsthesicgaas T eedisvhe tard grigry 31d et heelod¥ W ni ng a second
tirrie-di Iferen‘élé"0 arrlvaci%Ibetween second 5| nal fro an emtter
relayed by the fhré . acé%l ncl’21 AVFET 8VRF by a third
satellite, wherelin th"le secon SI

P $Fecer ed at a second tine the
second time being different fromthe first -tinme; dcdermning a first
frequency-di fference of arrivalg neen aac,sg(h;rrq signal relayed by -the

first satellite and the thlz(fﬂ Rak.r €l ayed |5y: the second satellite,
wherein the third sidral™ 1"s77ed¢i ved, at a-thi, rd t| me, the third tine being
different fromthe first tine and &hed>sexend) determ ning a second
frequency-di fference of arri vaI between a fourth signal relayed by the

first satellite d.&h SR dahayed Ry Lhe 4 hind;satellite,
wherein the fourgagug t|1§015 %\,ggo"o urdhefF Fer % fpurth time
being different fixamthe fhwalsttm&b&heeﬁaﬁammhté@fa asaslothe third time;
determ ning a fitish of&i’d%ﬁatamdftaetse&oﬁdmlméhﬂﬁhé ﬁrstnﬁmé; §ference of
arrival between @.fispgtosgtadn bf dicisorond eptallite ot dpddsbymehe. fd.y st satellite
and the first caislatﬁla‘tapéﬁbgﬁw %Pﬁ?’ééf pycfernoseepitigraad i ite, wherein
the first cali br%?io S§F atjtae t‘sf‘ﬁ’@Schf%‘f“? I?f?ewerdet ermning a
second calibratiQ hfe Efﬁlﬂtﬁ’f lahs?

4 rs 1te rival between
a second calibr aflﬂeqﬂstsgugl ({ ga!isaylg l@@ hfs? atg tgtl g.and the second
cal i bration signahel el ayef abals&hl%eﬁynrv@e§&i okbilémowﬁa%féranééﬁe second
cal i bration si gnahits REC iy atkt atatding seaendrst idme, get el filiang a third
cal i bration factpesitibnemoa polweardiftheuaneyltid f er ence of arrival between a
third calibration 4ighametebayddlyn tiheviidrest ais atelhsd & arfdst he third
cal i bration si gnaleapede yis¢ meverc ondhs diet [timediffheaneenct he third
calibration si gn%ﬁﬂvaéd? E@F%wna&%tlh%nf ﬁﬁ?ﬂre?isw th&éirémﬁerﬁm , a fourth
calibration factor>ffamaethe Ptf%f dz# ‘Flfé‘?%fﬁéﬁa Bt 2diPi val between a
fourth calibrati B%Slqu)ﬁéforrpeqvé Iﬁjés te t? AEIR T RNA ﬁl[cfht he fourth
calibration signglet |te erern the fourth
calibration signal ﬁ'ﬁhéﬁl%@ddéﬁ agumeJ}@;él&lmttlée{@onéwtﬁ@ﬁutng the first
calibration factwcohaomlﬁdﬂanams@&hw&@ltdld%{o&ﬁ&aﬁatwas%ﬂéaﬁlnto generate a
calibrated first time-difference of arrival; subtracting the second

calibration factor fromthe second tine-difference of arrival to generate a
calibrated second tinme-difference o f- arrival; subtracting the third
calibration -factor fromthe first frequency-difference of arrival to
generate a calibrated first frequency-difference of arrival; 13
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subtracting the :fourth calibra lion factor fromthe second
frequency-difference of arrival to generate a calibrated second
frequency-di fference of arrival; determning a first error in the
calibrated first tine-difference of arrival; determ ning a second error in
the calibrated second tine-difference of arrival; determning a third error
in the calibrateg, fLhstbrihAUENEY OhoisIELENGE N RVhYaly odeterm ning a
fourth error in ghelgalddirat egosacpndiibneguensydilld errenge of arrival;
determ ning a firs{ Weigisthdbe! elhentl psherery e, firge sertichithgda second wei ght
for the second ef} jg;&gg%ﬁﬁthfiﬁﬁe‘bd?ﬂf‘?(ﬁ’sﬂﬁ’laé?\? PSRN Y d error;
determ ni ng a fourshrveinghiod orcihhie A Gurhdr @h@hsing Ridtdfiihizigzi Ng a wei ght ed
errors function basesédn@qr@e%mewéﬁlmfelﬂh@tﬁnr‘?sﬂtseg\eilgh(ﬁaatppI ied to a
square of the 1 EAL80 00, INASRENAESRLONE AL IR Rare of the

second error, t hﬁohhﬂfed;m AAht Girét SQPUALEnOrdlent i rd error, and

b Elsﬁﬂﬂ |
t he | burth wei ghtlitpphdedf taprignlsqudreeciof thieherefimingty estimopte & det erm ne t he
geol ocation of t %gweéﬁs‘éfrmﬁ‘;:e 2© gAMb BP R ARV Mfer ei n t he
first, second, thisda RBGIONF Bt @lihibLal bopicshgpals ar engridtted by a
reference em tt efrohawangiraeki@urenicoget 410ival measdibmdnThenytetvood of cl ai m 10,
wherein the firsEelsdandTearidor afd T JuriR - wergtit s2et &ased on the known

ifferent timée, the metho

| ocation of the TeiQEERGENE N time.ditforbace d RS BE Bad af, «¢l-8d M 10, wherein
the first, second, tshedd fraandhd omitdr apiyghts afiet dependend tign a
| ocal i zati on geonetr Sbg%ﬂ%‘éﬁ‘aé(ﬁdésft}%?&f’éd%teHItFOE]a‘EfFUhﬂ’@fhrﬁhe emtter, the

gnalds receive atzil rst tume

known |ocation of §he ehel GREe, 1M ElhirraBePISIA AN @\ el oci ties of
the first, second, awrdobdiighas&ioal hirte@Sitter relasldl bAtiEOAPHsatelPr ogr am pr oduct

for deternning a géokoest tonsesbugreienid 1y <d bmat Word batelldef f er ence of

arrival measur ement sy % W T8RN SRR AT ETGE. RICCER{I VAP measur enent s,
each front a diffel@aimidiiEsa athareipud efitpfege ampiedustwstor ed on a
conput er readabl e nedthard ﬁmahd%w%ﬁbrai?@r#tmamlﬁwea Breathiighs  of :

. } 'ob
s H I ! t SLeE0 tey 3 H
deternining a first 3E3M-GIPFECRTEE 6E0 ﬁﬁ%ﬁg@%ﬁ@?@ﬁ%ﬁﬁt signal from
the emtter rel ayed Q¥retedtitfsh tBakedddhe ABAGNE Ecdid eS| gnagl rel ayed by a
second satel lite, ddtemeining he fqcostl digmghcysliffeceryedt atrrigaf i rst ti ne;
deternining a second¥TAE2Ai'PTERSHpw! af “HpY Pydbe betiial) '@ Akkond si gnal
: ¢ fourth s al relayed b e. third satellife, wherein .
froman emtter rel ajedolin L i Shcsalend klrandmbhtoptond si gnal
relayed by a third s&hel}b;leiﬂ%secgmh@{tekmttheﬁssecmd ts¢ grralnditgmeecei ved. at a
second lime, the sectMdielieiieraig different fromthe first -time;
difference of arrival between a first calibration signal
relayed by the first satellite and the first calibration sig-
nal 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;
determining a third calibration factor from a third fre-
quency-ditference of arrival between a third calibration
signal relayed by the first satellite and the third calibra-
tion signal relayed by the second satellite, wherein the
third calibration signal is received at the third time;
determining a fourth calibration factor from a fourth fre-
quency-difference of arrival between a fourth calibra-
tion signal relayed by the first satellite and the fourth
calibration signal relayed by the third satellite, wherein
the fourth calibration signal is received at the fourth
time;
subtracting the first calibration factor from the first time-
difference of arrival to generate a calibrated first time-
difference of arrival,
subtracting the second calibration factor from the second
time-~difference of arrival to generate a calibrated second
time-difference of arrival;
subtracting the third calibration factor from the first fre-
quency-difference of arrival to generate a calibrated first
frequency-difference of arrival;
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determining a first frequency-difference of arrival between a third signal
rel ayed by the first satellite and the third signal relayed by the second
satellite, wherein the third signal is received at a third tinme, the third
time being different fromthe first tine and the second tine; determning a
second frequency-difference of arrival between a fourth signal relayed by
the first satellite and the fourth si L r the third satellite,

n | ayed b

wherei n the fourth' Sn Gl Erree At E bt M iha s our th 11 mo

bei ng different fromechedffiambntyaitfedchee s€aondltine, and the third time;

determining a firsteerPorrenr PHeePy St i srebar'ef érereacotiarri val ;

determning a Secoﬂﬁ%fﬁhgla%etbﬁd seeond uid mndhiderencg fe-arrival ;

determ ning a third @&rfeendepitdreivhi;r st frequency-di fference of arrival;
a

determining a fourfHsErrEre pribtHersacaite Friegaenti-diftterente of arrival;
determining a fit-§tWaLONE d Qbort el ibSthe ERMea debeimai ng a second
wei ght for the seconghesichodiffedatcerdniantingl;a third weight for the third
error; detern ni ngdeefvurpg avgp Wfi%hérfot e firbherrety error; and mininmzing a
wei ghted errors fﬁ?ﬁiﬁﬁﬁiiﬁéé@ﬁﬁ%&ﬁﬁ‘ et PTchor, the first weight
applied to a squar&swfmthaghi hatmerdighy fdrhte Secandwel ght applied to a

square of the secopdnigpizorg 2 threshitnf Fﬁrqmg‘gjmﬁoalﬁfﬁsrfé@nt%%tl@quar e of the

third error, and the:;i(biﬁilffjge\ﬁ%@h%f’gﬁﬁﬁg efob;’sél;gg%@;ﬁgfc&ﬁe fourth error

to determ ne the geoddeath®mied tdighempdiicear to a squdid. o ®aRpuUt er program
product of claim 13,ervwferaeiinhmfﬂinrﬂlz?ﬂ'\%flaaMiifgmced sgrpier st fhgnct i on

conpri ses i ni m zi gk U OOV ISF The 29 eChn 8 UMY an i nverse of
the first wei ght and @il SaldtafiBN s @sire bG&EEPR RGN, | S an
i nverse of the ttridvive ghhoww lgeatigr.an inverse of the titurth wei ght,

g : >
et",, is the firgt brilf magod ‘gh@slzg‘g%g‘grgg’ EFOP hed s SRt hird error,

) rd; Wei the kncWwh
and €431 is the {RUARREE Ohitter

12. The method of claim 10, wherein the first, second,
third, and fourth weights are dependent on a localization
geometry between an estimate of a location of the emitter, the
known location of the reference emitter, and positions and
velocities of the first, second, and third satellites.

13. A computer program product for determining a geolo-
cation of an emitter from two time-difference of arrival mea-
surements and two frequency-difference of arrival measure-
ments, each from a different time, the computer program
product stored on a computer readable medium and adapted
to perform the operations of:

determining a first time-difference of arrival between a first

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

determining a first frequency-difference of arrival between
a third signal relayed by the first satellite and the third
signal relayed by the second satellite, wherein the third
signal is received at 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 error in the first time-difference of

arrival;

determining a second error in the second time-difference ot

arrival,

determining a third error in the first frequency-difference

of arrival;

determining a fourth error in the second trequency-ditfer-

ence of arrival;

determining a first weight for the first error;
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15. The conputer program product of claim 13, wherein van is an inverse of
the first weight and is determ ned according to [la)a r.,,,e2( ra)l M 2/
1S2 (in)0S 2 ( 47) | Vein = 2p220A21 rc.s10'.)12,2 a SI (t.),9s1 (r.)
wherein p is the signal propagation speed, cr4,2, 2 is a first measurenent
noi se power of the first tinme-difference of arrival, rl12 a distance between
an estimate of a %QLQ&%EA@Q sgic’l;(h@e%ﬂttfgle{lleaslegoL(@%n%gcOnd satellite at the
first tine, s-, (tddehSinandOshidonight thensacandrsatellite at the first
tinme, rc,.,2(5) igaenhisianedoyah weeahator deaftwth efroa avef erence em tter and
the second sat el | Ty hW@ﬁ%ji}FﬁFgr%ﬁm?ﬂ?‘g j)@é‘l‘itﬁ[‘g@irgrror power O r
the second satellit&erdr thbse@nd Soh@hShIBNLE el uRaN hie-@ski mate of the
geol ocation of the emidrt areancﬂmlftlermheslabeé bataeat! thieghisdr st tinme, (c)
is a position of thé;ﬁﬂt{l ’f‘doéf]aﬁ)é‘?‘rrﬂt‘évea h‘tﬂ‘igﬁjicat‘;é;t CRHES 2 i%s") is a

di stance between the df:rgglragi CRGR AT LAeh 3a0h i be f| r st

satellite at th%ﬁmlhﬁbxdgMe@mdeccaso ﬂlﬁct&bxpﬁﬁhi)h@ék emigfizipgwer of the

first satellite. 16. The compu ter program product of claim 13, wherein
an increase in a first, neasurenent poise power in the first tine-difference
of arrival determ natngﬁdzr esul ts T m,ddécrgsse in the first wei ght. 17.

The conputer program product o Fclaim 13, wherein an increase in a first
position error pawefeiOh, ! headidhstscsatnt bidtevaghar j ncseaserden a second
position error poee sefortdre csBt.ond lsmmﬂerieeafﬁbsmlr@weﬁgf& decrease in the

first veight. G oteTRe wdipltel: bottalepPdlnct™dFi aiph1s, wherein at
| east one of thee bt St second th|r our t b Wel ghts depend on at

| east one of an armurﬁhd)éorﬁeawrrenentnm@&t < Pagh tldowviereiwel ocity of a
satellite, and aheefrar YHspesHtd &t VEiRREd it JeerminsAEPIt e 19. The

conput er program ﬁroduct of claim 13, wherein the first, second, third, and
fourth wei ghts depend on an estinate of the geol ocation of the emtter.

20. 'the conputer program produ [MLM —2FUi ther conpri sing
determining a prelinnaryeestimt 876 t h&*Eritt'er |1 ocation based on at

| east one selected fromthe gro dﬁpﬁﬁs’ Wb e first and second
time-difference of arrivals and based on at Ieast one selected fromthe
group consisting.af, &he, ;f {ﬂesgloﬁgldpﬁcﬁa%gaqoysggy@ng di {fergpce of arrivals,
wherein the prel nFufaehddstidmd @ovserusednasakhe i fratcacefot he geol ocation
of the emtter oqrrrv\oIqLefl:LsZtthesM}sé#n®‘mtwe%sedstlmatmfa%@e%ut er program

product for det el EHIE SHESFHEAET S Ur Al M 2l r e

time-difference pfa EEhVAbRBASUT IBEBALS o 8RNt b aguensya tid f er ence of

arrival neasurenmembad seaa@lhtefat@m arsdiibfe e itis bipweitiqrhargurmpuser progr am
pr oduct stored Oﬁf%‘eciﬁ@ﬂ?eg oc L@glé{?ﬂlt%e en’lﬂ!jltf @f%ﬁ@%&gﬁl btltper form the
operations of: q{rmrﬁkn&g(ﬁ) Jdd }Sésdlbﬂef #.eF enceiOhe @lraval between a

first signal frotimie, the, e ﬁ:@tanrcelbayxedcrb 1calof:flmnsm ofatrefdreéte and the first
signal relayed g‘né”%re%}%ﬂlesﬁ’fsélsla} T %@f«?ﬁ‘ﬁ" fHeef3rkPsilgial is received

1tion error power of the first
at a first ti me; 16. The computer program product ofclaim 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 sat-
ellite results in a decrease in the first weight.

18. The computer program product of claim 13, 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.

19. The computer program product of claim 13, wherein
the first, second, third, and fourth weights depend on an
estimate of the geolocation of the emitter.

20. The computer program product of claim 19, further
comprising determining a preliminary estimate of the emitter
location based on at least one selected from the group con-
sisting of the first and second time-difference of arrivals and
based on at least one selected from the group consisting ofthe



determning a second tinme-difference of arrival between a second signal
froman emtter relayed by the first satellite and the second signal
relayed by a third satellite, wherein the second signal is received at a
second time, the second tine being different fromthe first tineg;
determning a first frequency-difference of arrival between a third signal
rel ayed by the frrst,gal Ad SRR LN EIE A rSENAL, KRl BYeabY the second

satel lite, wherephihiga a&bm edlqgtﬁee&%hyzﬁggvaiheageb dadiohi me, the third
time being di ffEdSBﬂie eﬁﬁﬂfékbhﬁv]ﬁich&hetwdi@na@de bhedasecond tinme; determining a

second frequency- d2¥. fﬁepemet@fpragmnwatocbe:ttﬁseecﬂrtarmmwgh @pgnal rel ayed by

the first satel I?%t@%%%@%?f@ltf%lff?fﬁt‘éf Hap- drlgP Yféncl‘Fﬂ rd satellite,
wherein the four?‘ﬁ?ﬁ " bw? ]E? e’lée ﬁg@fe “l{llt STHE fourth time
bei ng different goql%; rgdg jfgeldggféqg nd%g& geﬁ third tine;

determning a fi{sSperEaoh eablb&ana‘aﬂ@bﬂr froma th| rd time-difference of

arrival between a ddtesthingag & Gratinondsfgrate oBlrayalbdiwethe fifrstr st satellite
and the first cali brsaglilzdlfrcsﬁglmqnnrtéﬂra?]@de‘é pyrdosseedhite sat Biel i te, wherein
the first calibrati dH*5Tigl Iyl by gy El‘gf‘%iat?lﬁ‘ée’fvi’li‘?ﬁn‘ttpﬁl?r“det entining a

second calibrati ondgtgglﬁglm%ecewe 51 ouEh e diffavencawrbq,ar ri val bet ween
a second cal i brati oncsb@algnhehranedn Bihitberdidy&iv e alehitsk k&eand the second
calibration signal rigkayedysdechadtdigii«d eatyell by e, thiddesseenité.he second

cal i bration signal ﬂsh@@eethﬁe@candtsmlam%m‘rélweﬁmé a medmrm :Nng a third
calibration factor f‘P‘éﬁF"aort%‘?’& ‘ﬁffﬁ* Géfﬁf‘cr nbl 11 i val between a

third calibration '?t Egg%g ?Vgld %fffl %éﬂw‘ %&fnt he third

calibration signal rg @Mq oY &a&m JBere8lc8hi-4t he third
calibration signal isgkfacGeirvedvad at taethtrlal tisghef ﬂfHEthldEhediéTbBin@g a fourth
calibration factor fdibereatifountthe ﬁr%gmeyddlné $aoadcenegf arrival between a
fourth calibrati orﬂ%‘?’gﬂ@P%eal‘a SASEIPy ﬁéeﬁwéttﬁ%r&?g | 9% é’i’aﬁﬂ the fourth

. . - 30 1
cal i bration signal r'ﬁ ‘%f N S? thelaii %‘%}ﬁl d‘fsatel #%he fourth

calibration signal ig§croGcst @A‘al{e]eﬁ UE E i S eﬁﬁﬁéﬁhng the first
calibration factor fuyebkig it S trdTR 16k fifetiens endfccanticdak, t 0 generate a
calibrated first tinmmddihtfieiréngee;of arrival, subtracting the second

cal i bration fact orddtpmntiig as@@@mllbrfrfﬁfﬂdif#ﬁ@ré‘rﬁ?@e 2o fhigd Mm%rl to generate a
calibrated second ti efﬁnlcFe‘%%‘p%@’abPe Fiva third

calibration factor ff %ef%? ‘Eye-ll}ﬁe &éﬁ?ttlg?%%trl val to
generate a calibrat hfbgg ;lggglui@r}gcyel enkne:st Alnearrival ; subtracting
the fourth cal i braddtesminacs @ﬁecforrﬂm:iullbem&ﬁﬁmndarfﬂ@qu&nﬁythdinﬁé-er ence of

arrival to generate caffeaéncbroaherdvesl@@mdeﬂme@fup@dcyllbrdticeiaegpel of arrival,;
determning a first &l Pntheniars ga?ﬁeﬂrtataeﬂgl rord salibfafodr ence of
arrival; deternini ngf%f‘aééﬁlé‘ﬁﬂdé’?’r F Upind 8 ?’V Fajed) %é%%)ﬁ’dl

tine-difference of aLhhVa °‘”§i§§i‘%§ﬁi‘i@glo@l Eeiytsﬁﬁeﬁﬁog Hinathe calibrated

first frequency-dif fcﬁfeﬁﬂ?ﬂilﬂgr@béb\f&kmval between a third calibration
signal relayed by the first satellite and the third calibra-
tion signal relayed by the second satellite, wherein the
third calibration signal is received at the third time;
determining a fourth calibration factor from a fourth fre-
quency-difference of arrival between a fourth calibra-
tion signal relayed by the first satellite and the fourth

16 °



determning a fourth error in the calibrated second frequency-difference of
arrival; determning a first weight for the first error; determning a
second wei ght for the second error; determning a third weight for the
third error; determning a fourth weight for the fourth error; and

m nimzing a weighted errors function based on a conmbi nation of the first

wei ght applied to a Sﬂ%?‘zll’tleonoifta it el?%cg gergxl%l ght applicd to
h

a square ofthe secoq eEiEGPcB C py-Yele) Y Ordrgduare of the
third error, and the;fheurth weig t app |ed to a square of the fourth error

to determ ne the g@m:ltmcahgone Gifrstt dagibeaidii Grctor fronPfhe Titwe tomerput er program
product of clai m 21 diflreaneierrfiareve] toseonasaiconglitigredlirangn¢our t h

calibration signals daféreé"ﬁe C’tfé‘dnﬁ a heference e [ havipg a known
| ocati on. 23. “tgmconhy éﬁiﬁf&%ﬁﬁga@ i OQ?;lll% Bergs nerein the
first, second, thirdimanrdrtauctiraeiights are based on the known | ocation of

the reference eni tduwtracting2he tiind bivpatier fgatogfram probiugtiref cl ai m 22,
wherein the first, sBESAY; dlfcﬁ@n&eoéﬁqﬂradmgﬁﬂ%}‘?@h@él%‘@d&gb’endent on a
%l

; : nce, o 1va
| ocal i zat i on geone B St 6P FacRod 8GR Q0 sOfodde emitter, the
known | ocation of t %&Qﬂﬁf@r&i@e tdfQfrrivand PasirhicanNsa@nciael oci ti es Of
the first, second, aﬁdoﬁdﬁlﬁl’edusﬁ}ehiﬁfélesce of arrival;

determining a first error in the calibrated first time-differ-

ence 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 fre-

quency-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 combi-
nation 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.

22. The computer program product of claim 21, wherein
the first, second, third, and fourth calibration signals are emit-
ted by a reference emitter having a known location.

23. The computer program product of claim 22, wherein
the first, second, third, and fourth weights are based on the
known location of the reference emitter.

24. The computer program product of claim 22, wherein
the first, second, third, and fourth weights are dependent on a
localization geometry between an estimate of alocation ofthe
emitter, the known location of the reference emitter, and
positions and velocities of the first, second, and third satel-
lites.




