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Further alternatively, sonme have suggested. that the |location of an unknown
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measur enent s. cAlswehigiet nvahgethfeogeemtsmmf | om argitget ermgardd based on
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513 illustrates the distance between an intersection point of two FII1/OA
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estimation of 1Be Bl Tler J ReRir ot e ot ats an em Ttter 110 can be
estimated by finding the intersection of the two FI DOA curves on the

earth's surface. WLPhllrﬁ%IWl%)h%‘@g@fgﬁ %HeObliHBCDA and FEDCDA
nmeasurenents can be related to ocation of the unknown emtter. The
posi tion of the mwrknewm efiiditerntozdacktaund ssdenotied asdarelaqy, z] 1 r. The
true satelli tem}avsqﬂtlbﬂds’wahdms‘awlio}’;tlgl‘vqibg? F{l}ﬂgsrgyg@flﬂt I‘\é2§ "ghal s were
acqui red are QERGIER A Kl ol AT qirlidedon - dReif 8 PRCT hVET ybeavhere i=1, 2,
3 represents thesatekl :tfttenmbabﬁr S, qna,nd ﬂﬂv&rﬁoﬁ%cr&n@mcﬁﬁci he ground
station, and oml¥ ienaceurate satkl Threnpostthowsisrsi 'e aspdt k1 yi , z, 17- and
vel oci ti es S,---St'i-AS, =EXi,y,,Z | 2-_are available, where As, and AS,
represent the errors in satellite pos&lons and velocities. They are

nodel ed as i ndependent identical distributions (11D) with covari ance
matrices of As, equal to crs2.1 and AS, equal to 0,21, where | is a 3 by 3
identity matri x. The position of the ground station is denoted as g==[ xs"
y.",z. X. The Euclidean di stance between the two vectors p and q shall be
represented by and shall represent the unit vector given by



In one enbodi ment, the two TIDOAs are related to the unknown emtter 110
position u )re, il(ru d21 (to) --F2]J, 2! P -continued -4- = -
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primary sat-ante 5, at tine ta, and d"(tb) is the TOC)A, between the
emt”ad signal rel ﬁ%led b¥1 Ehe adj acgnt ﬂgatelllte s and b %M?l% primary
satellite s, &t B SaE ey © Nl the signals
to generate tt3slatel1tllleb T sz?’igr ‘p}ehceo]l Fect el?i’gé dggﬁﬁon‘\é‘elrr{fodl ment gta i's
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tinme t" d Zw enohient her bi a mgpmfré&ﬁm foom t he
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are not t
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ease of il ustratdarehd; Equabiecmr{iijuddberiast fympes bglqscmsaref atehq)n whi ch t he
emitter 110 i $SPBtAT'CF2" e | eft side of Equation (1 qdi(ta) is

1) (i.
determi ned fromahR) IR R ENEhT o dhdn T Bﬁﬁi‘s’y ol @m@t how d" (t")

is related tosif@aidnknavw ﬁ%lgrbﬁﬂdeta@forI heoemten ﬂﬂrﬁngﬁl mé arly,

equation (2) d;ewlﬂvesg anothemdyp M%bl)?@léﬂ??‘atfermmﬁ tter 110 is
Located, based, o, SHHLS L A BREAE R L TTRY €11 P | ustrates an
exanpl e of theiesiaapa Eva zzhhéegigzﬁdsfrmn L;yec(t ), in
accordance Wi tthrmheﬁtmurqmmr s, andEhe dPpa@desiar €r<P!e1<alP€6>(t)0\ t he unknown
et er 110 POy T e A ot st e o

be derived that deﬁnes the 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. The loca-
tion of an emitter 110 can be estimated by finding the inter-
section of the two FIDOA curves on the earth’s surface.

Within this framework, the TIDOA and FIDOA measure-
ments can be related to the location of the unknown emitter.
The position of the unknown emitter to be found is denoted as
u=[x,y,z]7. The true satellite positions and satellite velocities
when the signals were acquired are denoted as s,”=[%X,",¥,%,
z,°1% and 'siOZ[Xio,y,;o,'zio]Trespectively, where i=1, 2, 3 repre-
sents the satellite number. s,° and $,° are not known to the
ground st'ltlon, and only 111accurate satelllte pOb]thl‘lb 8,775, +

=I|x%,.¥,»2Z;]% and velocities 3,=5,"+A8%,~|X,.V.Z 17 are 'IVall—

ab]e, where As, and AS, represent the errors in S'utellite poOs1-
tions and wvelocities. They are modeled as independent .
identical distributions (IID) with covariance matrices of As,
equal to o 21 and As, equal to oI, where Iis a 3 by 3 identity
matrix. The position of the ground station is denoted as g=[x,
yg,zg]T. The Euclidean distance between the two vectors p
and q shall be rcpresented by r, . ~lp-ql, and p,_, shall repre-
sent the unit vector given by

(p—q)
1p gl

Pp.g =

In one embodiment, the two TIDOAs are related to the
unknown emitter 110 position u as
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-(fs2Pg(rc)7- L., s (,, >7. 317 (TA) -E kr,21(1,) +tr121 f 31 (1- d)-77
Co,,,sg(r")7-Sc (41) - Pa,.));(fe(r"))(4) "C3179)14".7 )7.-S<3 (id )P(Fa))
-F 'f,31 (rd)ni, 31 where f2, (t") is the F002-1 between the emtted signal
rel ayed by the adjacent satellite s-, and by the primary satellite s, at
time t," and 11(tl) is the 11 )0,-' between the emtted signal 112 rel ayed
by the adjacent satellite s, and by the primary satellite si at tinme t"
to and ta are the tine instances whemtttheedkignals to obtain the two
FL/ CY_A-s are col | egt ed,_ afid-#n orietenbqdigrent, 19,i,s not equdf’ to tor Mre
specifically, in one enbod’r mertes 1 et to denot es the md-point of the
ti me-w ndow during which the emtter signal relayed through satellite s,

and satellite §v’heré|a§ld{eﬁ%q{1@¢D@}dbE{\g§eﬁﬁ19@ﬂﬁ{‘t@§ st efeflspei nt - of the
ti me-w ndow dUﬂirnggwmlthdjheelemathrtesqz wreluapedh ough ssatellite s,

and satellite sHitara mbdsuret, 44 % hien ? Hcy of the
Tonal 1 e A0 mffi S T TR LR or 1 r bquency
from satel | it ewsSyent het HEngr-otinge >1$éra1t¢ afs two-HINPCRAs Syere deglddiedsi gnal

pr opagat i on spefe‘élmpa mb ?1{3 ’ahdvnmtﬁla%bt@%l\@fg e ‘fisedr- osci | | ator
(1,0) offsets I‘Lﬁﬁﬁﬁfﬁ tﬂert AN IRETORER I Ty oqigher 50 fixed

bias errors, ultear,gat & emﬁmsuﬁerfemtenm«se c_, a and
eh," , can havelqj}mf»ife‘Pmﬁtol 6we¥1§1b~b‘f1}fldpﬁv flh'lrsw‘exﬁn:p}leﬂwt“ﬁ@ lt‘a‘re assuned to
have the same PERE! SR LW, ﬁ@;_r,e Hed: @ tiafiSfhe Eduati ons (3)

and (4) defi nepaa@ichﬁlsf ﬁmeeuhhh;aeam E;emﬁ 8,3 smceagg agent . s on
whi ch the em t@em0®1t®erlsmli%aﬂeét from tmrmipahéer%lmm sgtelbfet ence enmitter

130, Lot o=rx, oot A7 B T Yud onop eyl BRCE AL er 130

which will be bseth Qs eﬁa B AL G et S aaue et d hevefiesimeipsatel | it e
position and velesl ty cer rigrssasghefl ithetrTEXDAFsivanitb LX) BALgiearae obt ai ned

From e Unknol AP E e 2 AU MR RRES e -11001 s

and FI TMDAs fr Q. eef;lel hatil af: refer ence lemotchesr t, & heisame

i nstances so thdbrédiq the 'h)lkribcﬁﬂ (Hb)jtiopfu of tlé)enendef'irBO( Bimy- gre al so
avai | abl . Thelt Wﬁiég’éfﬁnézﬁﬁgmﬁﬁof’i%ﬁbﬁ BRI eSS U, (th), f2
1(t,.)and fsi (ks cugb V@R I . egyattiensz (i 113(14)% exlce,p& Hhatotiuis repl aced by
c and the randeﬂnampieasT@@A curvdE223 @ftived frampddgt(t,): imrascgirf f erent. The

calibration faéf"é?%"‘é?Fleol;“ﬁe‘rfnPSFHé By om " cf "(th) and T,"
(td) as Cd, 21 gg’nﬁlfl: ea(tz rf:lqt ]gtot LugTé?\Hg e,rgltérrCP%Op*or - 21 (re)
Ca) =(r - (- (re -, 7 S, (Ay))) Wnere cfc, is the upl i nk center frequency
fromthe calibration reference emtter 130. The calibratign factors are

subtract ed fromzxOtche—rfscpe@t)ﬁﬁeﬁrfec}oﬁg%neb FIT.)O, Ass of t he unknown
emtter 110 to uninim ¥ZC2 the effectfof sat,gJI te posrtr on and velocity
errors. The equations thdt?“&i%&’u $6d 16 ‘golve or) e ‘Unknbwn emitter

osition are . (4
p S31 (7)) = — —};'(pu,.sg(rd) 35 (2a) _pu,s‘i’(rd)rsl(rfl)) -

1 R .
;(J§3f7g,sg(r(,)T5§ (Ta) — I5, Pg,sf(rd)TScf G2)) + b p31(Fa) + £531

where 1, (t.) is the FIDOA between the emitted signal relayed
by the adjacent satellite s, and by the primary satellite s, at
time t_., and 15, (t,) is the FIDOA between the emitted signal
112 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 obtain the two FIDOAs are 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 sat-
ellite 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 measured. f is
the uplink center frequency of the signal 114 received at the
satellites, t_ is the downlink center frequency from satellite s,
to the oround station, i=1, 2, 3, p is the signal propagation
speed, b,z,(t ) and b, 5, (6D account for the local oscillator
(LO) offsets from the transponders in the satellites and other

5
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d21 (t, ) d31 (tb) 12131 ( =1 =- P ="'131 (fh) =/2.1 (1c) (la) -= -
(7;1:2)21 (to) -<to)) Gl 31 (li.) - - Gt',31(7") 'cc)) (9) (10) (1 1)

fixed bias errors, and €,,; and €,;, are the random measure-
mentnoise. €,.,, ande,.,, canhave different powers, butin this
example, they are assumed to have the same power equal to
()'fz for ease of illustration. Equations (3) and (4) define
another two surfaces from the FIDOA measurements on which
the emitter 110 is located.

FIG. 1 also shows areference emitter 130. Letc=[x_,v_.z_]7
be the location of the reference emitter 130 which will be used
for calibration to reduce the effect of satellite position and
velocity errors. When the TIDOAs and FIDOAs are obtained
from the unknown emitter 110, a measurement is also made of
the TIDOAs and FIDOAs from the calibration reference emit-
ter 130 at the same instances so that “d,, (t.), “d,, (1), “f,, (1)
and “f;,(t,;) are also available. These expressions have the
same forms as d,, (t)), di, (), £5,(.) and £, () given in
equations (1)-(4), except that u is replaced by ¢ and the ran-
dom noises €51, €4,5:- €42, and €,5, are different. The cali-
bration factors are then formed from “d,, (t), “d., (t,), “f5, (1)
and “15, (1) as

e 1 . (&
Ca21Ta) = “dzy (1a) — ';(rr:,s2(ra) — Pesy i)
c 1 ()]
Ca,31(Is) = “cdzy1 (Tp) — - (Fosarp)y = Fowsy )
c £ lr ‘e . ) 7>
Cro1(2c) = ° f21(Te) ~— ('— o (Poysairert 52(e) ~ Pesy e’ 51 (Tc))]
< (8)

Cra1za) =° f31Ua) — (— £ C (Possirgy” $3Fa) = Pousy oy 51 (rd»]

where “f_ is the uplink center frequency from the calibration
relerence emitter 130.

The calibration factors are subtracted from the respective
TIDOAs and FIDOAs of the unknown emitter 110 to minimize
the effect of satellite position and velocity errors. The equa-
tions that are used to solve for the unknown emitter position
are

d21(7a) = dz21 (7a) — Ca,21 (1a) &>
= ;("u,sz(ra) — Py Ga))

dsy (15) = 3y (.tb) — Cu,31(Ip) 10>
= *p‘ Fresg ) — Feapsy (ag) )

For(ed = fo1(e) — Cr2i(20) i
= — %(Pu.xz(ra?—-?z (Fe) =~ Pusy ey $1(2eDD

F31ta) = Fa1(1q) — Cyr51(7a) (12)

Je

I

% 7. 7. ..
— = (Pusaegy’ 330D — Pausy gy’ 51 Ta))
= 30y 1 G

where the first lines in the above four equations are known
quantities from measurements, 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 fac-
tors obtained from equations (5)-(8) have been applied to
reduce the effect of the errors in satellite positions and veloci-
ties.



=(,Pu sy(e,)7-.3(td)('a)?).) where the first lines in the above four
equations are known quantities front neasurenents, and the second |ines

rel ate the known quantities to the unknown 11 to be found. Equations
(9)-(12) represent equations (1)-(4) where the calibration factors obtained
fromequations (5)-(8) have been applied to reduce the effect of the errors
in satellite positions and velocities. As di scussed above, each ol the

equat  ons (5):( 8} deTeS 4 sur 36 O UAROH- VRGeS e 110 TS
| ocat ed accor §LBG 0.4 heer &%mﬁhyalgeaw{ﬁm% inte#8cdhibarISeatd on of the
curves on the cerafzéhosnsarefwaae’slaslridw@ :@Shlemtnen@fe @ﬁead wreatticonedf t he

unknown eni t t ¢he PRgenopyREmgLo ?%%@jf’ Frranlgnf ersection of

two attc- LA CUlYES22d acdlatict BE e akii: ""stbwl laagﬁ, Sfar ﬁén&amce with one

enbodi ment . 14+ adlScdrhpustirtatestam eﬁaw?IFHWW|m 31T wo TTDO A
curves 221, 23pame g FIyroA - tdedes 421 %ﬁ“%@ﬁ%}g&gﬁvﬁj ‘the curves is
wi t hout noi Selﬁénpbhéliifér\i&ﬂf?m a8 Londansermkb R ol eAt. As shown
in FTC 3H, if stuh@n‘EH@Avaarré FOB&uNBRS B en@mltlsrwer% Wet froutespoide or ot her

error, the corfP&spendin Hé’ﬁguezoch R VAR AARIOUEAFT afI°Phtersect at

cation tion < &1y

one l Ocat [ on t(hai) Aedil txh‘g'léraﬂ%l c‘a&a)tqu{h \L @b&m&ﬁ'lercrm instru- Inr ea|
wor | d appl i catchens polifierer withér beusonmefereigre, in ASPOUEmM ﬁ@@e’x or ot her

source of noi é’éei’sr’r“'einj.})‘qgﬁﬁa | ﬁggg FERE s RS T errped ynl i kel y that

T
the curves COLLESRAGL Ngh L@l Bare | 308 nBas U RMeALSs Woh | i Nt er sect
at one point @lxc-hheleeaf tthésl,osemibbde tHETEoBAS] ¢ userateariaxgnpl e of the

focall on Lo LRI GT <t é%é%t‘géh“ﬁ‘@45@8‘;iqﬁi§iﬁ€cﬁgtv§§ii221 5231 and

two FOO. A CuUr\fSa LithWhek einibeatiRe ot VRub 2 dls ib2ddsctbd2l, 5431,
i ncl udes noi seecipts ed:Gb?dcanc’eswr?he%n@aeqfﬂolethenftmlfrhns 1Pt er secti on

poi nts of the 'BEINOVEIL5 are estiMBEes, Ofubhessfi it 8L liQ.Lrue | ocation.
F10. 4 is a fhLewehahio o aniedhadadbroindetamnmn.at aghadiacatd on of an

emtter, in actor d@Fcea2whitd Wgesismbddiipeatbased st el %G?b“e%tewlt‘)f t he si X

Col ut | ons' DasGll B o] Pr RTINS, b TOMESbL ! LR LB ST BLAl ed THODP A

and FHOA neaswoeABiLAiat e)fdatceﬁmaaademmﬁs nuEberrueé Hpessibl sﬁ)lﬁ(—)| utions from

any conbi nat i orpr@falt%ema%h?@nent S 1| ) SI X. Tge possi bl e soll utions are
denoted as: oF Farocr oo UIORSHN BETGh B AP n8l rom @ aRE 1137, using
equations (9) (O)soﬁﬁlubhh b(bma@ﬁtﬂafraaddtgamudtmaﬁﬁimfg ¢q1usu14agb equati ons
(9) and (1 1) (ﬁamwdd(l 1>sol uti on obtajined from d" and. using equations
(9) arid (12) S “l;gtgiw @Ob‘btf%‘llﬁé’aamrelﬂoﬁoﬂlf R : "‘,1,ule§l|%1eq JuatTons (10) and
(11) n,z3",5 solwt nsemtmﬂwtiﬁMﬂﬂdusmmg neguat hens: ¢d@tiand (1 2)

sol ution obt al(ﬁ@d dfﬂido(rﬁlf)' and f usjng e quatl

ons
., solution obtiained and 1[1 1, Using equations
(10) 2u1d (12)
15, solation obtained from f,; and f;,;. using equations
1 1) 'llld 12).

The solutions fall into three categories: TIDOA-TIDOA,
TDOA-FIDOA, and FDOA-FIDOA.. A method used to solve
each category of solution in accordance with one embodi-
ment is described below.

I. TDOA-TIDOA Solution 0

Traditional techniques to ﬁnd the TIDOA-TIDOA solution
Vg, ,.0q, TEquires that the 51g11als to generate d,, and d;, are
acquired at the same time, i.e. t=t,. In practical applications,
the signals are acquired at different times. The following
TIDOA-TIDOA solution does not require or assume that the
signals are acquired at the same time.

First, a virtual primary satellite location is designated as

= 1 (13)
51 = (5 (Za) + 51 (T

The virtual primary satellite location is used to determine the
closed form TDOA-TDOA emitter 110 position solution
according to the technigue used by K. C. IHo and Y. T. Chan,
“Geolocation of a known altitude object from TIDOA and
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(11) arid ( 12). The solutions hill into three categories: Tfl QA THOA
1700A- FHOA, and FE30A-bl.3C2A. A nethod used to sol ve each category of
solution in accordance with one enbodi nent is described below. T. THOA- THOA
Solution "traditional techniques to find the THO -1--1-00A. sol ution
requires that the signals to generate (121 and d" are acquired at the sane

time, i.e. t"--t". In practical applications the signals are acquired at
different ti HETSDCT‘P’IG“?B‘FIP‘IWW‘FF THIE YR KOs %@ﬁ‘? quﬁls* not require or
assume that t RE spgnAlS, AE A L&%deae e SHI s Eh 8 e Vi rtual

primary sat el ldié:e cheaatd agsdsp Snlng:ﬁ{ sddaSha_(l:IiB)appl(d’d Byrisingd- s 1 (t),
)). The virt uaﬂbxppitmpgté‘,}itﬁ g ghiqse atedihts 8Os vrdetlerfiihe the closed

IDOAsS to obtain an initia 1ma
f or m Tl DOA- THORY, f‘ fhif S 10, O R E g AT e e 1&1 §,18,:Lhe techni que
used by IC Cteblﬁnaﬂ ¥Yiesdrib&han, w.Gaolragat- ff&ﬂslﬂf)naloléﬂﬁm ahut ude obj ect

from TOGA and t?@w By T a30Ar- H/E‘&SEI e‘rmn*ttl 17 V£ =7 CP sp. Electron_
Syn., vol . 330, 17088, UL AR & il Z,é;@%ftﬁﬁ enmiaﬂ &s

i ncorporat ed haﬁle,}cn; 18FiORCastinhh &—nbgz Eeratingeidr flabmlsaL ution net hod
descri bed by Ho and Chan is applied by using (gii,s.,(ta),s,(tz,)) as the
three satellitg qositions and 021 (to, (t0) as the two TILDQ@As to obtain an
initial estimate |VO. Then, _ the initiaI solution ii(P) is used in the

Tayl or - seri es t peHuizgue- §65eri b A4 —~(E<@yzna,"PQ®ls:&rm -I ocat i on

a
sol utions by Ta tco,r“}abe,rl 8s,.6st n," | EEE 7Thans.
5:v.s-t., vol. -5d 2, Ppe 1 13 - 19 d rchi@%’b’g " I’—"é’y“’ 5 V\:hl chis

i ncor porated hetein by fef erence.inlits entErety2"to i npreve the sol ution
estimate by iterating for 1=0,,:ly 240 , apev> (s>

until IAGY | is sufficiently small, for example 0.01 m, and r_
is the earth radius around the location of the emitter 110.
Equation (14) obtains the amount of correction of the emitter
110 location estimate in one embodiment. In practice, one to
three iterations are sufficient in one embodiment. Equation
(15) forms a better emitter 110 location estimate by adding
the correction component computed from equation (14) to the
solution.

II. TDOA-FDOA Solutions O, » > Ou,,.h,0 Ouay,.n, and O, .,

Traditional techniques to find TIDOA-FIDOA solutions
require that the signals to obtain TIDOA and IFDOA are
acquired at the same time, and that the TIDOA and FIDOA are
from the same pair of satellites. That means, Tor example, to
use the techniques of Ho and Ch'nl, it is required that t_=t_
when solving for the solution i, ., and t,=t, when solving
for the solution 0, 4, - In practical applications, the TIDOA
and FDOA are often not able to be measured at the same
instance in the three satellite system. Furthermore, the tech-
niques of Ho and Chan do not disclose a method to obtain the
solutions O, ,, and G, . because the TDOA and FIDOA for
these solutions come from two different pairs of satellites.
The following TIDOA-FDOA solution does not require or
assume that the signals are acquired at the same time, and it
can be used to solve for all four of the solutions Qi 5,- O, .4,
T n,and O, -

In one embodiment of the present invention, the method of
solving for the TIDOA-FIDOA solutions f'o]]owe a similar
approach as in the TIDOA-TIDOA solution discussed above.
To find the solution from the pairs (&4, ,.%, ;), where i,j=2 or 3.
The first step is to form the virtual primary satellite location

- (16)

1 . .
3y = 501 (r) + 5007,

where ©,~t_ if i=2 and ©,—, il i=3, and © =, il j=2 and ©v,=t; il
j=3. The virtual primary satellite 100'111011 is used to deternllne
the closed-form TIDOA-I'DOA emitter 110 position solution
according to the technique used by Ho and Chan. The closed-
form solution from Ho and Chan is applied by using
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(14) 2121 (la) -(rp(1),,, aai((k. ) -(1-11"1s3(ib)(t")) =0 + Art
(1+1 21(15) until | Aficz-"1 )l is suiliciently small, for exanple 0.01 in,
and is the earth radius around the |location of the emtter 110. Equation
(14) obtains the anobunt of correction of the emtter 110 |ocation estimate
in one enbodinment. In practice, one to three iterations are sufficient in
one enbodinment _ Piga/llion (15) forns a better emtter 110 | ocation
estimate by adﬁhmggthg(gﬁraedbkoﬂn@e;wﬁeﬂap prentoroppdt €. € bm equati on
(14) to the sdkggi s the TPORADRFERCA tSebtrinoHs Mitg3 £smalfd ri a, 310. - 3,
Tradi ti onal te%hﬂlifefiﬁt Ol ?(%E %02&7 Fsl{%QédEg'tﬁgi NALEdpLe that the
spye |k '

signal s to obtaif, s A8 12EaULEaTcablihE, S8 kbme, and that
t heTULDO. A.  ansk, dnareri+omibe. same pair of satellites. That neans, for

exanpl e, to use the techniques of Ho and Chan, it is required that ta=twhen
solving for the«salution d2jf and ta-td when solving for the <ol utionln
practicaIZappIicatiog-yMthaILXQﬁ andFl i%aL@@QLpgg“nog able to be

neasured at th _STUEf}QgﬁgﬁcgriDy§h§>t re ;éateigghg@§ySIM) Furt her nore,
t he techni ques |of* = F6and oA t | di sti‘osera -method-bg|obtai n the

sol utions and Udt because theTLXDA and!-F f orzt4tese sol ut'i ons cone from
two different pai+s of«~zatellites. The follow ng TIDOA-171. 30A”sol ution
does not, require or assune that the signals are acquired at the sane tine,
and it can be used to solve for all four of the solutions ficimi" and "3

until IAGY+ 1| is sufficiently small, for example 0.01 m, and r,

is the earth radius around the location of the emitter 110.

Equation (17) obtains the amount of correction of the emitter

110 location estimate in one embodiment. In practice, one to

three iterations are sufficient in one embodiment. Equation

(18) forms a better emitter 110 location estimate by adding

the correction component computed from equation (17) to the

solution.

III. FDOA-FDOA Solution iy .,

The FIDOA-FIDOA solution follows the Taylor-series tech-

nique described by Foy, with initial solution guess selected

from any one of the four: O, .. U4, 4> O, and LEA

Then, the initial solution guess selected 1s used as 0 in the

Taylor-series technique described by Foy to improve the solu-

tion estimate by iterating for 1=0, 1, 2, . . .

A = (19

T3200) = Pbr g, 10y S1(D)

du du

r p p 7ot
— S (@ Puspir’ $20) _ B Pusyier S10e)
spc}

= Jo
Foyte) + —;(P,-,(n,

T Ty
sty S3U) — P S0

7
. r - r - P
—,/o[(’/-?u,c_;ud) 3300) D Prupyteg) 51(&1)] FarCrad + ,_j(piz“’ Lo

F23 Su Du

., P2 g7

“ PO

P RPN X (aa b 20)

until IAGY ] is sufficiently small, for example 0.01 m, and r,
is the earth radius around the location of the emitter 110.
Equation (19) obtains the amount of correction of the emitter
110 location estimate in one embodiment. In practice, one to
three iterations are sufficient in one embodiment. Equation
(20) forms a better emitter 110 location estimate by adding
the correction component computed from equation (19) to the
solution.

~

Any one of the six solutions O, 4> Us a5 Uy, sy ﬁthf}l,_
GO, 5, and G, . canbe used as an estimate of the location of
the unknown emitter 110. Because of errors in measurement,
any one of the solutions may not be a perfectly accurate
predictor of the unknown emitter’s 110 true location, but it
may be accurate enough for various applications of the inven-
tion. In other embodiments, a more accurate estimate of the
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I n one enbodi ment of the present invention, the nmethod of solving for the

TE. 30A-Ff ) (DA solutions follows a sim|lar approach as in thel700A- TI DCDA.

sol ution di scussed above. To find the solution fromthe pairs (a",r".,),

where i,j-2 or 3. The first stepis to formthe virtual primary satellite

| ocation 1(1.6) where f,-t" if i=2 and -t, tz, if 1=3, andf,---=tc, if jJ =2

and -ri=tc, i Ithe virtual primary satellite location is used to

det er mi ne t he @hoseds florlnic DGAFESOA teniewed bYlgopddhinrssol uti on

accordi ng to theteeéimndghe %@@Ow fl'cvzl @3 aﬁd ,;Ghaml,ﬁThéldglstéalnfaor m sol uti on

front Ho and CH¥hlizs.sapp|deed 1 st (t O sj ?@a hr ee
ernnn(" a

satellite posu{% hgeré gllflné‘i 1e 1, eacu 1‘(; bb obtain an
initial esti 11§]§ %@ 5 OQ?!/ 11"51 I%P|§I AWso 1ﬁ1cﬁ§ed in the

. rsegtion axr

Tayl or-seri es teehni que escrljbgeg i nprove’ the so ution estimte
by iterating for 1-0, 1, 2, . A11"—(17) unt| | I Afi(i+1)1 is sufficiently
smal |, for exanple 0.01 m_ and re is the earth radius around the |ocation
of the emitteriglo, Equat ion.17)..0b % ns - Phes JIFBUAICHP teePréet i on of the
emtter 110 | cehin@nsediommictye onece fioh-netdl. FA2dr &d8lcd/obne to three
iterations areeaf $f dieerik indivddvablodionsnthe mplgtatorhichghefvins a better
emtter 110 | ceatviesringstseanbr thy eadth mgsurheca oy deervncdofenént conput ed
from equat i on i(lBfrates téhe exeypicon! FDOMAPCA SotasegnonidR two  The
FDOA- FDOA sol utioesfedill, o2 aintheleytlpis-ssefdasl @ bohricgaedaestwithed by Foy,
with initial sohetamhoduesst.s€hecingedrsectpnamyeoneloin vherd gaea- fia3llr21
and ' Then, thesuneintdrats Achnd iBnsgdesstedehrect £d. baduged @s aidle i n t he
‘| ayl or - ser i esb¢tyedEm quendeS0Or dbedesy THoy weightmepwveludhdosotashi on esti mat e
by iterating ferlutiof, wihich are denoted w_, ,, are derived as a function of

the angles a4 5. In one embodiment, the function relationship

is such that the larger the intersection angle, the larger is the

weighing value. In one embodiment, the weights also fulfill

the condition that the sum of all six weights equals unity.

The function relationship such that the larger the intersec-
tion angle, the larger the weighting value is explained with
reference to FIGS. 7A and 7B. FIG. 7A shows an example of
two curves 8771, 5772 that intersect at a small angle. F1G. 7B
shows an example of two curves 5771, 5772 that intersect at
a larger angle. The errors in the measurements as well as
satellite positions and velocities perturb the curves 771 and
7772 onthe earth’s surface such that they are measured as 5771
and 5772. Thus, whereas the true emitter location is at emitter
110, the estimate of the emitter location from the curves
distorted by error is at location 710. This is due to the devia-
tion caused by measurement and satellite error that can be
depicted as the distance 770 between the curve 771 and curve
5771, and the distance 770 between the curve 772 and 5772.
In the examples shown in FIGS. 7A and 7B, the deviation
caused by measurement and satellite error 770 is the same for
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.30 - until | AuC)I is sufficiently small, for exanple 0.01 in,
and r, is the earth radius around the |ocation of the emtter 110. Equation
(19) obtains the anpunt of correction of the emtter 110 location estinate
in one enbodinent In practice, one to three iterations are sufficient in
one enbodi nent. Equation (20) forns a better emtter 110 | ocation estinmate
by adding the correction conponent conputed fromequation (19) to the

sol uti on. Any tort ofrvieke? Bt xnglol Ui bmsiﬂltlllaaqm'r@?&, th) devieriamd. can be

used as an estx}'lﬁﬁtnejtéla tﬁﬁé?ﬁéﬁfg that a}tllcﬁllg b t]’lL;) amount of devia-
tion dtie Sie 1 1& satile for both FIGS. 7A and 78, the
effect on how far the emitter location estimate 710 is from the
true emitter location 110 is much different between F1GS. 7A
and 7I3. As shown by these figures, the emitter location esti-
mate 710 made by the two curves 5771 and 5772 that intersect
at a large angle is closer to the true emitter location 110 than
the emitter location estimate 710 made by two curves 5771
and 5772 that intersect at a small angle. As a result, more
weight w_, » is given to solutions where angle o, 5 is larger to
put more emphasis on the distances whose individual solu-
tions have larger intersection angles.

There are many possible choices for weighting schemes
that satisfy the general rule of function relationship being that
the larger the intersection angle, the larger is the weighing
value. For example, in one embodiment, let i, 5 be the indi-
vidual emitter location estimate using measurements A and B,
and let o, 5 be the intersection angle of the two curves created
by measurements A and B on the earth surface. In various
embodiments, possible choices of the weighting w_, 5 are

WA,BzaA,B
M:A’B:sin(a,,vg)
Wy p=sin? (g »)

Wy m=sSqri(sin(cy £))

The choice of the weighting w_, » can depend upon the
geolocation geometry, the noise powers in the TDOA and
FIDOA measurements, the amount of errors in the satellite
positions and velocities in the measurements, and other fac-
tors.

Referring again to FIG. 4, after the weighting value for
each solution based on the intersection angle is determined in
step 404 of the method 400, the solutions and weighting
values are combined in step 406 to determine the cost func-
tion. The solutions and weighting values can be combined to
determine the cost J from the cost function as follows:

B L TN e O Ll 1Ztvrgy sy 2

Tnr sy o Was 1 [ Bersy 3, Zr Wiy ay M By sy 1T

Wi B8 sy 2 1)
where the weights w_,_z are derived as a function of the angles
<z, as described above. The squared absolute value terms
are representative of the error between the solution found by
two of the four TDOA and FIDOA measurements. For
example, FIG. 5B illustrates the distance between an inter-
section point G, s, of two FIDOA curves with noise 5431,
5421 and the actual emitter location 110, in accordance with
one embodiment. The expression la—0,5, 41 17 is representa-
tive of the error between the solution of the two FIDOA curves
and the true emitter 110 location. Each of the weights for the
solutions determined in step 404 are applied to the errors in
the measurements of the solutions to determine the cost func-
tion in step 406.

In step 408, the cost function is minimized to determine the
location ofthe unknown emitter 110. In other words, the value
of u that minimizes the cost function is determined to be the
location of the emitter 110. The determined location repre-
sents an estimate informed by all of the TIDOA and I'IDOA
measurements from the combinations of the three satellites
5., Sy, and s;. Thus, in one embodiment, a more accurate
emitter position estimate is obtained from the six individual
emitter position solutions from the four TIDOA and FIDOA
measurements than would be achieved by considering a
smaller subset of solutions.
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c-311/21d31,f3J the unknown emtter 110. :Because of errors in nmeasurenent,
any one of the solutions nmay not be a perfectly accurate predictor of the
unknown emtter's 110 true location, but it may be accurate enough for
various applications of the invention. In other enbodinents, a nore
accurate estimate of the 90 emtter's 110 true |l ocation can be found by
conbining estimates fromthe solutions ftn eir>j,C1l3i"' JJI

t1lcl21, 31 0121 Bhe 'rhoc'ﬁ%%@l)tan@asndbstﬂqTt?eélhbetmwthe opRefteriri ng back to

FIG 4, in thalfiseandinim® apirna et iud 4on 5 WerETRG Yal ue for each

solution is depessanhed hasediion an thBtzeIeSveﬁitlfﬁﬂtﬁdShg Leuldsyshesan in FI G 5A
each sol uti onehg¢gprbagSdd fpy, e b‘me Pasiestops bt rlmelz}me nteesecti on of two

Curves 5221, Shdyil by et aipsbPRl t;mél; 2 IRHHEALS sol uti ons,

the angle at B 6h bR d B E LIE NSS4 li BA €65 Ot teBin e%ﬁhfri’ﬂ?ht&sstifface is
determ ned. F@<@rp] |agppratiesean e aptofanidntlee secti on of

(Vo curves OB T s g%ﬁ%ﬁi@&b FCAEESITRHES wih'one

enbodi nent . haenhﬂi.janﬁee,hp&mnaﬂgldev aoﬂﬂjlﬁgtlﬁﬁ&Sﬂlﬁz&ﬁEﬁiﬁ: aind B i s
denoted as cxﬁ?{t‘,"{aaﬂér?tmrslw Pyéﬁerbﬁg‘f it rWﬁ G’*léﬁdﬂW%l"e‘ Has. The

vigion of function he various systery oY
wei ghti ng val 8 F gk ARt F AL 0 WA G Noh 6 1RO BE N ndiha. deri ved as a

functi on of thﬁ'yaﬂ@nll@&olh:ﬂpe%rﬁm a&mbgletdf}estémm@numkam}onshl p is such
that the |argert ahébF swerd by migliele epeHoagEr: 3% e phi ng val ue.
In one enbodiBEN 1 nﬁ,ﬁ‘fﬁgnafon Ui FIT I Re (?oena fron*t'hat the sum of
all six weight sce Sasuamct of tthﬁe:sfcundiwe:nnbal Jantqloﬁgh:npcgaeh that the

| arger the int'€pse m % élgb%mii%t%% Pger llﬁﬁéggé;ﬁ%?:all‘gfg aPlie’i s expl ai ned

With referencéohoa Aand+. ul %ro QWS i er two curves
5771, 5772 thatnmr@rcse@trda«hra snaMhangix @ocﬁb@m%Bfts*mmcenlcexarrpl e of two
curves 5771, B7FRYRadNtEr §%?;fleaﬁné‘t‘vﬂ%l@é)rp?ﬁ@de&‘;mgdﬁerﬁ% in the

time e ng s ms

TBASUT ENBNL S ASTWOljlrcoSnE BhaIddrb nRoSid h QRS AR nhShERiuL 8% er turb t he
curves 771 anﬁar?ﬂizlg)rhet h)@eeatrl@hé Slesanf ateissgehatdtas thheybasesneasur ed as

5771 and 5772 ThUS RS AT B USRI R e tter 110,

the estimate @fcd otlh%l%atﬁ.ﬁrq eﬁaglnran rHERhiNerGBaVE@S adeshhied by error is
at location 713?@1da13h¢ 91¢®1@m@1%@4mbeéeVFﬁeI(Uw’Glaftlsed’m ergaselr enent and

satellite er rz)tr‘“oj.% (%{("ﬁi@%@ ?@é’@’g§rfﬁ§;‘iﬁd§toéﬁﬁggzﬁoﬁﬁf@en the curve

771 and curveirlal mganl dikst apeeat dsibetaperdies. Gihyaehé2 and 5772, In
t he exanpl es shown FiskEL @Ead#\ﬂa'ndle?ﬂorltche(fﬁéw%)t |r6nd€’alm§€dteb measur enent

and satel | ite”5rPaEe ?ﬁﬁgﬁggl’@%ﬁ”‘f 9&5@@ BarRIEieEs 1f[“gtnd 772. In

ot her exanpl esny e dEVihadinORStaAY MAoktdient ke anRic iNetreict Rats .al though the
anmount of devivad Péﬂlld:G’E‘Pﬂ?jé‘PFlﬁlollmt QEYFFfénéDaWEFPSTh ?FGFF@ 7A and 713,

the effect onﬁbeéﬂfsﬁgct’ﬁféoéﬁgsfgréfﬁpec e AN IR CLSHTomthe true
emtter Iocat¢w1&i&g &mu@tnedr&&&rqemdengwe&wHc%qehﬁc@ﬁdnﬂﬁ As shown

by these fi gu’riﬁ;dl? te(; | ocati on esti X the two curves

5771 md 5772311; hf;-ﬁlliho q]ferat on rcscn tgrh';%riétl ﬁg@glllil)o jle true emtter

| ocation 110 Vhamﬁsmenmt—bwpbmaiz:st@mseahmatse ﬂdﬁsmdeﬂbybrbvxo curves 5771
and 5772 that2fHrerisegecatdancsnait dhgl'€2cp g beserr O &9%i ght W', s is

ve C o pvenient to cons tru(,,; oreEaf ecia thc, paratu

gi ven to sol ubLans, Wier e anglfmclibod stdrS boiLe repphasi s on the
di st ances V\hosezahmhf Wfduaske ss@étatnsomllhm/aoﬂzan@elto ithder s€ekildm angl es.

I Ther e ar e rra f F $ ‘lV(.,llthl‘l 1s Il CSCI’:@ Q\Vf'ﬁlﬁ fgé.ﬁleﬂgfoltt]ih]é’t 1%%1 I Sf y t he
general rule @ g@&ﬂﬁh@éi%@g@ BEioNb D3 a b hen ket GF ke
i ntersecti on angiresrdainenivgr rerzvazdsheraseibgh P val wepldEoenexiaapl e, in one

enbodi ment, | EEchiSBROf fes PRETST IR LR 11 87 ToR el DGFCEsLi e usi rig

TBASUT EMBNE S Ao Edne BRG] SfeiD8: it AL ALASEE i.9b1aRGE VOlathe tWo curves
created by rreasar@frielnttbekcar@gtl®t0m el ezartdrssuehacd, lakge vaatt ous

enbodi ment's, HOSKE BREIRAT GECHE N TRiAPELINACE A UTEELL (. 4. 25))

d(,VlC(,b 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 1nvention is
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The choice of the weightino w4 can depend upon the geol ocati on geonetry,
the noise powers in the nocl A and FT-JOA neasurenents, the anmount of errors
in the satellite positions and velocities in the neasurenents, and ot her
factors. Referring again to FIG 4, after the weighting value for each
solution based on the intersection angle is determned in step 404 of the
nmet hod 400, the solutions and wei ghting val ues are conbined in step 406 to
det er mi ne t he iaosidddirebeé diustthtree smhtuidtdnmniting, wEilyghs¢ope ohthes can be
conbi ned t o daheentibe, tHachdstsed forthnnt the tdsdwingclaions.as f ol | ows:
'1.7-a<12 ,e(31 | '1-1ve,?21,/11 ;12.-1.21.11 121-"1,121 .13 | | "-
+W731./5, Zl-ndai,,,, 112 -1-Wanm (21) where the weights w 4,25. are
derived as a ful tenon of the angles as descri bed above_ The
squared absolute value terns are representative of the error between the
solution found by two of the four -1-00..A and F173ClA neasurenents. For
exanple, FIG 5E3 illustrates the distance between an intersection point
tir 1d" of two FEICJA curves with noise 5431, 5421 and the actual emtter
| ocation 110, in accordance with one enbodi ment. The expression

| u-0/21, 73112- is representative of the error between the solution of the
two FT")0. A curves and the true emtter 110 |ocation. Each of the weights
for the solutions determned in step 404 are applied to the errors in the
measurenents of the solutions to determne the cost function in step 406.
in step 408, the cost function is mnimzed to determne the | ocation

of -t he unknown emtter 110. in other words, the value of u that m nim zes
the cost function is determned to be the location of the emtter 110. The
determ ned | ocation represents an estimate inforned by all of the '1"1--)0A
and Il L30A neasurenents fromthe conbinations of the three satellites si,
s-" and s c¢. Thus, in one enbodinent, a nore accurate emtter position
estimate is obtained fromthe six individual emtter position solutions
fromthe four Th)CDA. and FL) C3A neasurenents than woul d be achi eved by
considering a smaller subset of solutions. 110 The above description
is included to illustrate the operation of the enbodi nents and is not neant
tolimt the scope of the invention. Fromthe above di scussi on, many
variations wll be apparent to one skilled in the relevant art that, would
yet be enconpassed by the spirit and scope of the invention. Those of skil
inthe art will also appreciate that the invention nmay be practiced in

ot her enbodi nents. First, the particular nam ng of the conponents,
capitalization of terns, the attributes, or structural aspect is not
mandatory or significant:, and the nechanisns that inplenment the invention
or its features nmay have different names, formats, or protocols. Further,
the systemrnay be inplenmented via a conbinati on of hardware and software
or entirely in hardware elenents. Al so, the particular division of
functionality between the various system conponents described herein is
nerely. exenplary, and not mandatory; functions pert-tw ned by a single

syst em conponent may i nstead be performed by nultiple conponents, and
functions pertbrmed by nmultiple conponents nay instead perforned by a

si ngl e conponent . Certain aspects of the present invention include
process steps and instructions described herein in the formof a nethod. It
shoul d be noted that the process steps and instructions of the present

i nvention could be enbodied in software, firmmare or hardware, and when
enbodied in software, could be downl oaded to reside on and be operated from
different platforns used by real tine network operating systens. The
present invention also relates to an apparatus for performng the
operations herein. This apparatus nay be specially constructed for the
requi red purposes, or it may coin--prise a general-purpose conputer

sel ectively activated or reconfigured by a conputer program stored, on a
conput er readabl e medi umthat can be accessed by the conputer. Such a
conput er program may be stored in a conputer readabl e storage medi um such
as, but is not limted to, any type of _disk including floppy disks, optical
di sks, CY.3-RA' W s, nagnetic-opticalléisﬁ%, read-only nenories (120Ms),
random access nenories (12"AMs). El al-20Ms, 1/.12.P.12 01\as, nmgnetic or
optical cards, application specific integrated circuits hASICS), or any
type of nedia suitable for storing electronic instructions, and each
coupled to a conputer system bus. Furthernore, the nmethods described in the
specification nmay be inplenmented by a single processor or be inplenmented in
architectures enploying nultiple processor designs for increased conputing
capability. The net hods and operations presented herein are not



intended to he illustrative, but not limting, of the scope of the
i nvention, which is set forth in the following clains, 130 Wat is clained
is: :1. A nethod of determ ning a geolocation of an emtter fromtwo
time-difference of arrival nmeasurenents fromdifferent tinmes, the nethod
conprising: determning a first tine-difference of arrival at an observer
between a first silgrla_l fromthe emtter relayed by a first satellite and
the first signal "rE'dyéd®By<a’Second .satellite, wherein the.first
ot 11 o eoca b e MGA 1 SR e AaSeptan g Bl MRl 1
determ ni ng a ee&ondnidsiendivhé@icencengirianet val at the observer between a
second si gnal frdareanienmsg ¢ rsrehwyddifbyetdeect frstalagpaldhteevand t he second
signal relaved by S SALLTRTYE, ISR ILAHE SRR, Bimidl fference of
arrival is obserVegy,aloecaRs el BiredesECORdnt L iBs Jihers&gand time being
di fferent from thenkisisierterat aginat deber m ni ng the g, eol ocation of the
emtter based omqggiﬁgféhﬁcgféig%%ﬁ%ﬁ{zr rﬁ%?r?ﬁlfmt%? s, wherein
the first satellit&13; AN o0 At he Bt siot 08 dhd the first
satellite is at a r@é%%;ﬂrc%@%@%w] Ahelh6 SCoNGD 1 ﬁéléraﬂlﬂw;?gm@i n said
determ ni ng t he geofotatalgnobfertvieel @tht b chased aorcbhel fipesthand second
time-difference (Qfse&PPi‘?v‘ane B P%?%f?ﬁ}m%‘hfﬁtﬁgﬂlﬁ; adigh gllite position
olocation ol the emitger, d or e

as an average of THEIIIEE 2Nd SaRORdHEASdd OPanataiie idLal usat el i te and
appl yi ng a cl osed-fiak Rheoliut i0a: 4 Girbhpobitsi aand: seaonthetaieadt f f er ence of

arrival s using theﬁvitriglugﬂ;'saz etlth;iﬁ‘empcféifﬁsmoe;anﬁggggifﬁomisﬁgiet he second
and t hl r.d sat el l : tf—:érr?iiﬂ r1 flse?d o@?emﬂﬁdﬁfeélﬁﬁﬁl e—%%ﬁe@%ﬁe ﬁ)rrprl sing.
deternining a firstcahiBbalpQfed A6tiRlnd h ARl Bhldlild PBsiidd 8¢ ence of
arrival at the observweerist weehe ikt pstl saldpt absoiprsi ghaherfebsayed by the
oot satell] te amnriEriStnch ot o s Il ey e R AP second
satellite, wherei i kbE LR Dhne: difdSEence ofn ALLIYAl ahs @hserved at the
observer at the fidagénites®e; determning a second calibration factor froma
fourth time-diffarEncenefhaat ot vilinafl. thehgbsemyerishet:ween a_ second
calibration sigriifiorpfiape ahfirtheafibraton deet e feorang Phe Seesnd
calibration signalpfSlayem by e, Ehit o saReld Lhen et éiie ihe: f out h
time-di fference ofcarsdavialn | Sgobseramageat Hsheugbseraserd atattheesecond ti ne;
subtracting the fiwbereal Uy dtifdmohgctidferPremaiiarival 3¢ obispevdi f f er ence of
arrival and the setdhf TAATBrArt O {481 BF % om the second, time-difference
of arrival to redUERrabheClar Hinsal & Iid SnRestdd pBnaads weladdy errors on

t he determ ned gecdl:0oatitem efgiidiereesy éd efy the firsB.saldl@itgreichbcheof claim 1,
wher ei n det er mi ni myceie gebbuesr: ofewt! rlavedity ehe BavddBa!'tRe first and
second ti me-di 1 f er SHEECAY D EF VAR oI RERSS HoBIYid™ S TERIE - seri es
estimation to an,jdi-dd@lg e8tidBE eanbrifiendaclocalionnemdsheig8i tter based
on a cl osed form swiffiireaneter bhevii nall @edssesomd-alitnatidiof f-ertence of

arrival s. 4. TpE rBEheRF »F‘df%?ier,ﬁl.ij_f?elfeei‘gt:h%if zz,fﬁﬁg'ﬁi@i ﬁ@f‘%‘é‘?i brating the
first and second t§HESdiF1&FET % S S AV RIS BRES 197 bpIVI g t he ¢l osed
formsolution. 3 Thémdiedelbrdnoh, chaltud dctahbiighsGa8RIE35Ng appl ying a
Tayl or - seri es @stdmaitl ore tegnarerd hhabtédloeshentts ohdtsreccgebltooafi rm of the
em tter based HifAcRFOSEPTIVRINFSBIRIEFDT to the first. and second
time-difference zzﬁpléiiic\?%gtlor—serles estimation to an initial estimate of

th ion of the emitter based on a closed form
solution to the first and sccond time-difference of arriv-
als.

4. The method of claim 1, further comprising calibrating
the first and second time difference of arrivals prior to apply-
ing the closed form solution.

5. The method of claim 4, further comprising applying a
Taylor-series estimation to an initial estimate of the geoloca-
tion of the emitter based on a closed form solution to the first
and second time-difference of arrivals.

6. A method of determining a geolocation of an emitter, the
method comprising:

determining a first time-difference of arrival at an observer

between a first signal from the emitter relayed by a first
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6. A nethod of determ ning a geoloc.ation of an emtter, the nethod
conprising: deterrnining a first tine-difference of arrival at an observer
between a first signal fromthe emtter relayed by a first 140 satellite
and the first signal relayed by a second satellite, wherein the first
time-difference o [arrival is observed at the observer at a first tine;
determning a first frequency-difierence of arrival at an observer between
a_second signal frOfELiie WAL IR THEASE ASatiIdTe and the
second signal rel ayed,bieract At LduSat@hed t e, erein the first
frequency-di f f ereneemohirar ni Gadt frieqobseyvdidtatnthecDbseralept a2 a second
time, the second LIg el dU OLITREAC ERALTL TR SLNSI. LT (A determini ng
t he geol ocation ofy et qeénzié,s h ek gﬁe ﬂixrsstfr&chlﬁm‘lcéj— fifgeence of

arrival and the figste breguentys dibbterehee ¢ cdrerveal 2t whereid the first
satellite is at a fPYsttpositronrat eHe FTTSIeY e dhg TR st satellite
is at a second pasthhORiI@ thdeSa60MELLI SR nANENRREebassabd det ermining the
geol ocati on of thefentiberdifdsedcernrt herival stdtthpefditffreqence of arri val

and the first fredilfigaohriaranie M aRivAC BIIISRS. Of [fitng a virtua
satellite positio ~e@%1@1pagﬁﬁ@gelto{hetlbec&ila stmangdnsescand-iposaiti ons of the
first satellite arrébf&ppiliyin'@ftle@: stokegricor nf Sot ett;iiﬁﬁrﬁ)ei?%gmf‘ﬂ?est time-di
flerence of arrivali it ENELENE (L RAMRRYCRLLLBLTe Pt Biival using the
virtual satellite ROStbHAE - POslldrans Mkt 4k sSeaondoadthdshif d
satellites. TtheThest ratdibde ebdoiralmi@e afqle t¢réilo ‘IlﬁPSiP@g.o det er m ni ng
a first cal i brati Qi AEF e srPaN ETS B IR0 194 SROR B B val at an
observer between apisuﬁs)tn &ad pbeatdnosugnadcdl ayaednbya dhetfies st satellite
and the first cdlibratnerhcsi ghalaipePajedghpy cohedeieend satel lite, wherein
the second ti mo-TiCTRr Blie oA P CAT T &, HHSH, TS AR HSATver at t he
first tinme;, deternmiiigh aissLacathcal bhrald ansdaséonefsaomia second
frequency- di f f er enediloftiany | sigiabt rdAYels épy e herresd eF?é%lléié‘hﬁ cal i bration
signal relayed by YRE T st sal@ldddes ShEd hE secand cafi'BFation signal

rel ayed by the tddwdrsaig] histeonuhengiratibheraseoomndm frsequenaye-di f f erence of
arrival is observe@P%}tﬁCBt-h’éf{;Gb%’Heve’F"“ i‘t‘;ﬁé‘tﬁt%\ﬁﬁjﬁﬁeg’@??%cti ng the
first calibration FACHRS T BRERE Sl Calnl e did tereucesel catil val and the
second cal i brat i onifcastwerdinometshechi-seqhiceguentyrdidd efendeabdf arrival to
reduce effects of isateidrvee PELF LIRFITARE VIO BlFYTSs on the determi ned
geol ocation of tHEIEHANRL S Eantls HEHNGE GlcdildiciBraMBEN Sl det er mi ni ng
the geol o- cation ©bni hee st terqRaseddometdiecf of sirivalme didfer ence of
arrival and the flzgﬁiﬂlggé@jﬁ@ﬁiﬁ?ﬁﬁﬁéﬁ%ﬁj%l?ﬁﬁﬁ P&ed© applying a
Tayl or-series esgiPBELOBIIRI B cINb balvieSEiBLE afinthe reeekaeat i on of the
emtter based ©nRidan cl1osed chartarsbhitd @n tige tthet frivmstdifferendefder ence

of an-ival and vhe-tprerpienbnopgiy(HENERSOLCOLBAIIT AN, The met hod

of claim6, furtHe ?,;élé 1d Sl S#lchBrabiig: bhéed idisth Abdesacond time
di fference of arrisabsioprdoohetosappledigetdrecccdOsed fl enthtbeltuti on. 10.

i £ en ikterepeaodiaariygl - ; ;
The method of ol gl H 0 ALY RT 0P, "R MEoappLyl na.8 AN Qiser | es
estimation t0 @ ik bhal sceShiaBhi Gfrrdlda s, mgrie(i tbhepeyti tter based
on a cl osed f o@m 9@ ¢livisen foont i:rehft_icrxsgt ft| rlne- dilleretice 1of_ arrival and the
i _ £ el o la , Tarther comprising applying a
first fr equen%aﬁoﬂigeﬁléeﬁegsﬁlaégﬂl i@azlll initial estimate of the geoloca-
tion of the emitter based on a closed form solution to the first
time-difference of arrival and the first frequency-diflference of
arrival.
11. A method of determining a geolocation of an emitter,
the method comprising:
determining, a first time-difference of arrival at an observer
between a first signal from the emitter relayed by a first
satellite and the first signal relayed by a second satellite,
wherein the first time-difference of arrival is observed at
the observer at a first time;
determining a first frequency-difference of arrival at an
observer between a second signal from the emitter
relayed by the first satellite and the second signal relayed
by the second satellite, wherein the first frequency-dif-
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11. A method of determ ning a geolocation of an emtter, the method
conprising: determning a first time-difference of arrival at an observer
between a first signal fromthe emtter relayed by a first satellite and
the first signal relayed by a second satellite, wherein the first
time-difference of arrival is observed at the observer at a first tine;
determining a first frequency-difference of arrival at an observer between
a second signal fr8&mebhe cdnirtitvet iy ebayeddb: thhebppratr gatetdane and t he
second signal rel aJ8Y-BY°tre 8EBRE “sarert 'EEViRarelty THE ‘Fi¥st

frequency-dif- 130ierhBLEREELOfzILLYAbNI SF OhS @NREAbaddie cObaRY Ver at a
second tinme, the sBeondnta- net‘rbemmg di #evehtnflrdmm filkg frpaseneyme, and

deternining the gegiegrret Brithe E‘@fiﬁg PepaseH” ‘§ﬂl:§eﬁg‘tfﬁ§fl

Obl 1012

time-difference of Sarddey Hosahon LhGHtd Ltond M eqUenay- diitenensst of arrival,
wherein the first dateehlipies tise geobod4tiagt opose ?Pvﬂteatb"tShé fifst tine and

the first satelli tgllicrel (,e% géﬁ@ﬁﬁc@ﬁl% 1L$ﬁ111ﬁ1]§e1ﬁ\§ éﬁadlﬁjlﬁﬁt and wherein

sai d det erm ni ng tpes@rA acak hobrfe & e eﬂbtaﬂabg peantchescﬁfrst
tinme-difference of ﬂmﬁr#aﬁatfalhdbtalwé Efrmlgﬂnéﬁlae‘deé‘ﬁ‘é ot feugigeeto f arrival

conpri ses def i ni ngi UL BE SALEET LT8 PESY i‘h‘i‘m‘i%m@ﬁiér% SGR,;0f the first
and second positi oasd@osthient brshe satehlishe=1aind aappt yirngaad ekosed-fl yrn

solution to the fiPs¢ ome-cui . fference ofarrival and the first frequency

difference of arfZyabauseHy e VYT A m‘ﬁ‘é.?@ I eBos1.an and posi ti ons” of

h)
t he second satel lgaéﬂnéi;@a) e aladtthrs 6608€ driB®S.cch2a rikhecamt hod of claim
ill, .ffirdier con’pratsqnn igghdt erlay r‘Pg the ﬁF%‘tS%a‘G&F‘Ieb?l?fi iYen hrfS‘act or froma

second tine-di ffe@h&aﬁ Al PEVAL T A, dRsel Vers Bekiegh g 11 st

cal i bration signal obedayedadyn. etmefﬂvbshtﬂaéﬁké;ﬂﬁﬁmand the first calibration
signal relayed byetdqellgere@ﬁd;esatﬁéqult@atmefaerw trl%*n seconddtiirae- di ff erence

of arrival is obsefVER-XIC HEHESELVET AL LR Al b T’Lﬁém@‘éﬁﬁfm ning a

second cal i brati onﬂ{eaeé&fn Gﬁﬁbaats&ﬁ@ﬂﬂklhewyy hEfsecenaesa0f arrival at
an observer betweenllgtes eedirderal 1113? ateicon i ﬂavur%myérer g el first

satel lite and the SEEOGHG AT BIET 0N, SEgH: e A LT Second

satellite, wherei Natfiercsaeond ai-riegueney il Eéejlecmcbe.lmraabrﬂ ftakod s observed
at the observer at fiche thecrrd fremesnsibi fartiasget herivit st r%%H“FEbr ation

‘factor fromthe fEHEE S oS U EratRE B AL el End Phe “gelthd

calibration factgs, FQmhba,3d et fdigquencyadi-tferensenafingr ival to reduce
effects of sat gbdaldc@tpv@@ﬂﬂ%xander\mimﬂ@ thay g singgr diferdeterhi ned
neol ocati on of *THE* F\ﬂgg ﬁrSt“eq‘ '[}‘un Pﬁ‘SH’ﬁf’“Eiﬁl’aﬁﬁ‘l T'S<gher ei n
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A erjes, a te
det ermining the geRL Yo o N BHLE bRLoDASEd, cIOBel NS ki I St

time-difference of saniticvato @rdiest h@ncﬁﬂlstichce«qgteamyu«dmfrﬁetbenUet of arrival
conpri ses: appl yi n§ a6y - “s"é?‘?r&“@sct *?ﬁ’c"l‘”‘énti% ial estimate of the
0

geol ocati on of réltﬁ?e?fnt LeT oS €d, Ghes, ot 038, S Lot T oot he first

time-differ enCﬂleﬁloard’dﬂﬂﬁhsﬁﬁﬁt the first frequency-difference of arrival.
14. A. nethod of ddetreriming R geot- e‘e%tt‘ﬂr%?‘r‘ec;fff Frvehet ’e,froli'f%quy’ed to an

= S sateljite an
bserver t hrough abolERST. St BEae AT FITIYEL o b HerHoH. COt P4 ng.
det er mi ni ng a fi Eléierhhﬁeng :f:fsf‘e&%’iﬁﬁ R cadiiiiarahcat of heriohsefvate bet ween a
first signal rel ayetisbyaa hervetersat eddatd sahltfydayed 3ty shgrastrel ayed by a
satellite and the second signal relayed by a third sat&llite;
second satellite;
determining a first frequency-difference of arrival at the
observer between a third signal relayed by the first sat-
ellite and the third signal relayed by the second satellite;
determining a second frequency-diflerence ol arrival at the
observer between a fourth signal relayed by the first
satellite and the fourth signal relayed by the third satel-
lite;
determining a first solution from the first time-difference of
arrival and the second time difference of arrival;
determining a second solution from the first time-differ-
ence of arrival and the first frequency-difference of
arrival;
determining a third solution from the first time-difference
ol arrival and the second (requency-diflerence of arrival;
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determ ning a second tine-difference of arrival at the observer between a
second signal relayed by the first satellite and the second signal relayed
by a third satellite; determining a first frequency-difference of arrival
at the observer between a third signal relayed by the first satellite and
the third signal relayed by the second satellite; determ ning a second
frequency-difference o farrival at tile observer between a fourth signal
rel ayed by the fddetmssitgl 4 iiberandlbfienfioot thesiqgnall tielcaystieby the third
satel lite; deternaiime! adyrisendothst ifoRt firemiene Hitsreti9medi f f er ence of
ani val and the S&&ﬁﬁiﬁ@a%ﬁﬁ&,@Qﬁ@nOﬁmm LY alooofat €h8.Aidg-a second
solution fromthe dddesbrtikiRadhhfiahence ool akehuvaby andirdraacé iarst
frequency-differermeeival: arrival ; determni g hi rd sol uti on.. fromthe
(1St U e £ eRaCE e e B il er ence o
farrival; 160 detc&rgmrmcngqad ourth sol ution fromthe second

tinme-di fference Bfcaninivel tanccbhecdtiegtoff v eyyr drastlepende of arrival ;
determining a |1 P SaGERor T eM £A"S8R ?@ﬁo@ﬁiﬂe@ﬁ%ﬁ& of arrival
and the second fregueRGysdir &ﬁ@matlotoarlrdx Lsesdet@nminhnigna si Xt h

sol ution fromthe o ot the egmeney fqueewcefnééﬁ%rfen&ﬂqun%ﬂ“tﬁe second
frequency- di ff er entb it odfh Ualon A AR ARG LB L SGULARAL  on of the
em tter based on tk@eldihsdais 4».54 N detBBOINEnS @ utﬁreﬂunblmgnﬂﬁﬁal ution,
fourth solution, fiflehoseleathonand b@%fﬁlms(’i@lfu‘ﬂ 19\%@#@?1?; ach of t he
first through sixthOSaEARIDIA HEES o Lo HATT GHool ST R ilis time- or
frequency-di ff erense @ban savalise @a,dn ebﬁi:lrbdishﬁofllsl’c&tthsasteebbﬁte has a
first position and:u&islee@ﬁéteﬁbs@u on con-es ondl ng to each conbi nati on and
fur ther wher i .k 428y aitoatt b g FHE RS HEBBR, 1T h sol ut ons
each conpri sesmefe bMNRG Bratl ictlulalonsact drd eojp@Sbh) @nlrasqajdncaver age of the
first and secordrpgosphitons Bfthitsedufipnstnd gy Wleltla)rm applying a

cl osed-fornl sol @eryt nEM A8 DeaErt i }e 19T d positions
of the second @id. uiﬁ e fslla:g@ ﬁﬁ’s{}-ﬁildlﬁgf ZGfﬁé %ra%fueelk@fl m 14,

wher ei n det er ndififen nt«h@fmm@ppbrﬂqﬁnq heccem:smce?dlee; qveegngi ni m zi ng a

cost functi on ‘?ff‘{ﬁ;ﬁ?f&%ﬁﬁifédiﬁﬁ@ﬂi St P AREUCRE i on,

fourth sol uti Qhlon @l noﬂne +iShXd ﬁh@l’borrespoxﬂcﬁng-rhe met hod of
cl ai m 15, wher®inyethead istrets ﬁcecldwlfuemméﬂwfﬁ’e?rt ISP’JL&FOD tSh@eOSJécond tinme

i1 erence of SRR, LT SUPIUATIAN T GLRCE I £1Val, and the

second frequenﬁlylcdi &f BRGRe0f o AddtbMakrieachr %thﬂﬁcl&ﬂ@ﬁ@l’d’t@ﬁlﬁl&hdl ng curve,
and wherei n eatlk %véhuppoﬁ 1gfatdqetcf iqﬂ@tl thelcgist dmuctdeeond sol ut| on, third

sol ution, fourt hléo"ﬂ’l‘t’lljﬁgl I pL e di ¢ e;;’gﬁgreesﬁnd% I‘E(QDQ “is |ocated at
an intersecti ok ok B2 GOLILS PABANDga il MeS, raBdshenaln each

sol uti on of thevd pns?essm‘]tnugo:nlargecendlfsgf Utteprectidy erdaszmrwg!a@n fourth

Ny & O 11, 11 QL
sol uti on, i f UhtesMEBERON A SIRER SERRLT b 18 NBTARERIERY. & i ght val ue
determ ned as @.hunction of an angle of |ntersect|on of the two curves at
whi ch t he sol utioh Tise hogavadtaform. tthebeostnfpdigiok @iibrating] 7. The

rethod of ol al gty Mg BN Rar A ST B SEELTOR LS Ween zer o and
ni nety degrees € MELGNE LY aklie, Q& LeRPRTI NI O AnSolykion | ocated at
an intersecti mteflaﬁmguhwersrslﬁa%kﬁgga sikoeslarighe Bfrthat epsection is

| arger than thesised hgiwat#@ Teonoespondiatpetiandel e i'btid'otdted, at an

i ntersection of Ago. UL NS DAVING A SHRLNET 7 ANl e nindl £LSERLJ ON. .18,
' The net hod ofgcﬁk@imkﬁ erflill[&rh&bnﬁWprlﬁﬁiengllwdjblaﬂlcﬁgl\@aﬁheco-f the tine-

and frequency:ditkFferendecof ddFeiopalkiy ’g‘?? dhbtcﬁ’“tlhé‘%’t g@?‘pm ternining the

first through ¥ixEfrSeldlt Sof mputen FRadyhg MSERST 87 TG 18 wherei n each
of the steps of @&Eelﬁlmﬂng\g elrberifd - SIH&I‘Hi%g*Tf&iri(/Ta}]l qsahu{usea&lf urt her

conpri ses applyi ngb‘avq?aﬂ-sﬂ orfirseriges ! s @nltlt@' a2y il ivag ﬁé%‘tl mat e of the
geol ocation of the ﬁ%ﬁig.f ad the first signal relayed by a second satellite

he first time-difference of arrival is observed 'JT

the observer at a first time;
determining a second time-difference of arrival at the
observer between a second signal from an emitter
relayed by the first satellite and the second signal relayed
by a third satellite, wherein the second time-difference
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20_ A conputer program product for determining a geolocation of an emtter
fromtwo tune-difference ol an-ival nmeasurenents fromdifferent tines, the
conput er pro grainproduct stored on a conputer readabl e nedium and adapted
to performthe operations of: determning a firstfference of arrival at an
observer between a first signal fromthe emtter relayed by a first
satellite and the first signal relayed by a second satellite, wherein the
first tinme-differenterofalas pbyaltvedsitohs ebved <atatblyecohbdemvuertat a first
Lime; deter m ni ng, 2 SBERHI PRELLARERMCE AT G EINAL L Pile, gbser ver

bet ween a second” ShEHalnd 1AM B1E. U 85rdiRleay St Bya1t e Hkest asat el | i te and
t he second signal fieltapedlitys at £ firsdrssitield ¢ @ e rrera adethsecond

ti me-di f1erence of VAL S: ABSHETEILAE I ISRISKCAY o ifcond ¢ e
the second tine betRgudt bhetesh thiaibst Aaafddcsidl tifR-aane-detas i ni ng t he
geol ocation of theaem:lt eprirsed driithes £ Vigbabrd cHec ‘wpmendi fference of
arrival's, wherein PRENEFTE] C4APRINEL 850 O, PUPA oS (hofi3l the first
time and the firstasatebbhli@imhs-d@trfaesee @tthrpisid hetheathd hatsseicond ti me and
wherein said deterwmitallitg thretigeotod atisghont hbeetmcrrer @pdset<on the first
and second time- g VRENEAER Of LAl Mak S0 SN SRS ARE 1NN L3 ¥l I t ual
satellite positi@hnasaareanesagee obnihact prstr-angrsgoonskopesion ons of the
first satellite emdrappl yiatytae clhesedsf opth stritott e thienf st and second
time-differenc® GE ahELYA § d4si Rehd Beradididdals sateh Lt Le fRsitdon and

posi tions of the seeﬁﬂablaadax%hisirgﬂms_at@hﬂﬂlatg‘e@mtl;;r rela}led,ﬁzy%%:?p%ﬂt er program
product | br deter nfFEHg e <ot FoEna ke Frer L Le Sl input er program
product stored on %ﬁégﬁfﬁ%ﬁ%ﬁ%ﬁﬁ%ﬁéﬁ?éﬁe?ﬁeﬁzﬁ laﬁaf')t ed %Ajpe%)form t he
operations of: de«t:@;-ﬁﬁhniglg airfd f@tqtkhmé@iffére%le?@ef efrigalk 'pytalln at an
observer between a®Pi¥sEtrs ¥ romrRe FRr “r¥la YT irst

arel [Te and & he T F e bR e e herei n e
first tinme-differemees off arnmavaé odbscobstpyede atbsihecpbsersaaongt a first
time; deternining 875 r8F SPrRYBEmRy aitF HeRTd droar VA Bt en obser ver
between a secondasicghahifd oAt the188htibaror alayadidhy thed bhsihesatel lite and
the second signal figltayed-Biffercpivieral satied] ppd, thehrsefieqhendy 1 st
frequency-difi erong!GE SEANGATCTS BRSEPAUs AT ARSI 0RF AT, a second
time, the second tidmehRgitbhfarent séconm tdee anatwhieb@n amed det er m ni ng
t he geol ocati on of de¢tveeming dre baskwagivit AE Y pgtitier fresdil fofretence of

arrival and the fiBSy FPRGURTESHTI TRPEIE B alri Wl FBBESTA the first
satellite is at a pobfiSiorraShibh hOdragle B frick shnd saBmangdothofdsst satellite
is at a second posfitd @nst&F;Feell*ﬁéei@éfmgwlvgrﬁjir&]i?ﬁ?g%%ﬁggfg?gg erm ning the
geol ocation of the Bt Ter Basad OF e hi Tahatallts didf et anetof arrival

and the first frequesieydhhd @oenten0bs ai¢ syahcoapaiteest gekilnieng a - virtual

satel lite positi®f assanrayer > predsr iy daigrseeiond® §gsiti ons of the
R e e g N L

' Terence of arsef:val and the first :frequency-difference of arrival using
the virtual sateffirenyst Giun AME dBSTYUNT oI S SEQMEENT thi rd
satel lites. 22 tobiconiin el 1k agham pradlcty halecdatabnenidy a

geol ocati on of an emedcrberthelfe: tifierprogeamstdriedbeprastar nput er
readabl e medi um gnth adAETREr €0 PRI BIREY he, oneratiops, detpLpining a first
time-difference Of oBLodwal batwadh ODSRIVEE REIWRER-Anf thelesighal from the
emtter rel ayed byrda¥yedst thedirel dateBitgmadithe sbEpsd sshgriaklaaldayed by a
second satel i te, WHAPECSORE 1T I Gl LA ST 6 aP TIVALS | s observed
at the observer atiigad thSkebbAR i A8 A Qi igran s st ufd @guency- di | | erence
of arrival at an o@s@r.verjbet‘ween a s_ecpnd si)gn?,l_ frgmthe en‘ietter rel ayed
by the first satSPITTE=AN A SUEoRAC 8L uhAl: fElaVad L 8. Scond

satel lite, wherei naifhe-dhnicksir frriequenayrdhftherraceohians bvalarss observed at
the observer at a segiwh B tbe fitve Sexconddt iave el ref <Hfifs er ents from t he
first time, and deREIIhifa e Mellogary i B AR eRLLIEY, bakkd on the
first time-differenea ehanitvanandr bhevhii hsll diceguencyqdehéer ence of
arrival, wherein tfgf$ionst Sareivpl ¢enirsisgs detfiipse \josiad Foirldte t he first
time and the first satellite is at a slgcond position at the second tine and
wherein said determ ning the oeolocatirdn of the emtter based on the first
time-difference of arrival and the first frequency-difference of arrival
conprises defining a virtual satellite



position as an average of the first and second positions of the first
satellite and applying- a closed-formsolution to the first tine-difference
(31-arrival and the first frequency di fference of arrival using the
virtual satellite position and positions of the second satellite at the
first and second tines. 23. _A conputer program product for

determ ning a geolocation of an emtter relayed to an observer through at

| east three sat el | bbesiont drecacanputeercphodgiranipd edeetd sborted=orf a conput er
readabl e niedi urnfEErAEAHTBA FOCTETSENE SR ORdP AT G o8 et ermi ning a
firstfference of apifV@hcalot BB CDSEEVES tRELWeeR anbikal pst@ghal rel ayed by
a first satellite amg%d;gicﬁﬂl: fslt"ﬂsi:gﬁabnqieh&yéde by tlze Sestomd satel Ibi te;
determning a se tinesdifference of arrival_at. the obseryer between a
second si gnal wéyﬁg@ifi&l ¢ rirg’slyétté?fi’ {,gsgni%%t&éggg%%%e\ggnal rel ayed
by a third sate@irketeiedater mmiccgglraufeirrrsrpgfrwequen@ycmsforreﬂeﬂweel of at-rival
at the observefoRetger b rrErghard Feraled By ThE I T'rsP<83tel lite and
the third signalaf@kayacby mbeisecantsakelddtayatet @erivicagea second
frequency- di f f er engetve¢erapriinakistaltiggsobs by ve firpetakeBiteafoure h si gnal
relayed by the TipSCsaR IR At nECTERCH SRl el pvsdyhy the third
satellite; determ gbfig~arfbdtslecsOh Wdcomd B heldysstost ke ads€ f er ence of
arrival and the seeonrlitciare! dicfererdcésof! it by adbteranicailijar a second

sol ution from theFFPREIS RN FERARE Bh AhLVAN APt HE S LASt

frequency- di f f er enggitefanardhieilra daher mialag b3 thl ded onal Wl ditef rom t he
first tunic-différemeennd asrrvat fonadve -delé 1qer§§w@?¥hq ference of
arrival; deternini REEHEORT TSR M LWL RLBAIEDES SEcondTt i e it f erence of
arrival and the finsd; frequency-difference of arrival; determning a fifth
sol ution from t hdeseeynibs i fesdiqttrerdeerpicdiet valeantir e setond
frequency- di f f er gpRd it ALt VAl odf&l SRS A1 D0nA o5k ¥hAc sohlldieR horn the

first frequency-di&hes elfmerﬂ{zaaraﬁid/aheaﬁfbtt heqseeopediifiteagueacyt di f f erence
of arrival; and deteryglni n he, geol ocat.ion of the emt 8L gaseed on the
Firet sol ution, SCERRHTCH M AL éfg@@;&éﬁ@ﬁiﬁiﬁﬁlpn, fifth

sol ution and si xabtesolivin®n, fowher erlmteachiool tidecddiid tivhdrpogh- Si xt h

sol utions uses a cendf it Porivet b Bf trd fiemrerey -FifEgaeRty2ti f f erence of
arrivals and whepefdi fihe.d if sErsal@lddd ediasar fddsia 1pesidiben- and a second
posi ti on corresponéhsy ofcareaeh @i atdont angdiidiidieditirengicnosai d st eps of
determiningthe firstxhtough £ifth, solutions each compriges defining a
virtual satellite ROShELON Asnal AKEIRIeOhnlingtbEsty ankacand positions
of the first satel bfteriaad aappl yi ng a cl osed-form sol ution using the
virtual satel |itecirosieiom BRcUSTRions bE e e Surhighd it d

satel lites. 240 10ThS, GORTUDSF 1: Dh OGL-ANNDY, QEUCE o 8] whedkin 2ah Wher ei n

det erm ni ng t he geofosafironhofuginei>aghistiericogeompes sesuppmariczi a a cost
function of the fi LSrsdfirpr, Secpit sor il AL GBI TR, fourth

sol uti on, fifth SOI;VHjLithh c bﬁbﬁafhé U&ll@ﬁonlbinali&. euil'chﬁlﬁﬁaput er program
product of clai m 24hesher erid tthes Pifrdttetipeing] fifefenicerofslafdilval , the
second time di 1 er HiE 0T, AL ERRETARE LOCHIBE i Etince of
arrival, and the s8candthRGUERCYpSishher-eacRcalrah k¥alnaachixef i ne a
correspondi ng curvee a?ﬁuavmtellﬁ?&a@ntisel atd pasigfortshet fli s¢caw! uti on,
second sol ution, ., ARGACEOL EBHENE ourth, SOl ianaLif £5, salution, and sixth
solution is | ogaiedidin@hnt Hensestiban Ofhoéntiher commpspandhitg- curves, and
wher ei n each soligitip ofsttthecfippse! ot litilomvseeerdespiintgleniont hird

sol uti on, f Ourﬁﬁ;% 6Pmtll%]ﬁ’, fﬂ}g@]‘l solution, fifth solution, and sixth solu-

25. The computer program product of claim 24, wherein
the first time-difference of arrival, the second time difference
of arrival, the first frequency difference of arrival, and the
second frequency difference of arrival each define a corre-
sponding curve, and wherein each solution of the first solu-
tion, second solution, third solution, fourth solution, ffth
solution, and sixth solution is located at an intersection oftwo
of the corresponding curves, and wherein each solution of the
first solution, second solution, third solution, fourth solution,
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fifth solution, and sixth solution is weighted by a wei ght val ue determ ned
as a function of an angle of intersection of the two curves at which the
solution is located to formthe cost function. 26. The conputer program
product of claim25, wherein each angle of intersection is between zero and
ni nety degrees and the wei ght val ue corresponding to a solution |ocated at
an intersection of two curves having a larger angle of intersection is
| arger than t Wgtiwedghionv.alndbsicon seBpondisng cighigddot aricosht velateed at an
i ntersection eftempiasd ves fivaviing of agrtdlercanggrecofiopstéhs et on. 20

curves at which the solution is located to form the cost func-

tion.

26. The computer program product of claim 25, wherein
each angle of intersection is between zero and ninety degrees

and the weight value corresponding to a solution located at an
intersection of two curves having a larger angle of intersec-
tion is larger than the weight value corresponding to a solu-
tion located at an intersection of two curves having a smaller
angle of intersection.



