
DETERMINING A GEOLOCATION SOLUTION-AN ICIVIEFTE.I2 ON 1-E.AIZTI-1 ITS-INC;
SATELLITE, SIC1N.A.1-S CROSS-REFERENCE TO REI,AFE0 APPLICATION-(S)    This
application is related to U.S. patent application No. 11/735,158, titled
"flown-inning A Ciaolocation Solution Of An Emitter On Earth Based On
Weighted Least-Squares Approximation," filed Apr. 13, 2007, which is hereby
incorporated by reference in its entirety. BACKGROUND OF THE INVENTION 1.
Field of the Invention    'Ibis invention pertains to determining a
geolocation for unknown emitters based on measurements of satellite
signals. 2. Oescription of the Related Art    F10. 1 shows a geolocaticat
scenario 100 where an emitter 110 on the earth's surface 101 can be located
using three satellites s" s,, and ss. The satellites s1, s,, and s" have
non-zero velocities with respect to the earth. The unknown emitter 110
sends out signal 112 and it is received by the satellites sr, s,, and sr
The satellites si, s,, and s, relay the signal 114 to a ground station 120
or other observation point.    The ground station 120 computes the
tinte-difterence of arrival (TOC/A), denoted as d," between the signal 112
from the emitter 110 through the primary satellite s, to the ground station
120 and the signal 112 from the emitter 110 through another satellite s2,
to the ground station 120. Similarly, the '11:DC/A ofthe signal 112 from
the emitter 110 through the first satellite s , to the ground station 120
and the signal 112 from the emitter 110 through a third_ satellite. s, to
the ground station 120 is-so measured, which is denoted as ds,.    Front a
TOC)A. measurement and the locations of the two satellites used in the
'FOC/A. measurement, a three-dimensional curved surface can be derived that
defines the possible locations of the emitter 110. The ground station 120
does not know precisely the positions and velocities of the satellites. A
stationary reference emitter 130, whose position is known exactly, is used
to reduce the effect of the position and velocity errors of satellites on
the part of the ground station 120 in the estimation of the emitter 110
location_    Previous theoretical work in this field, such as IC. C. Ilo
and -Y. T. Chan, "Cleolocation of a known altitude object from TOO/1 and
FOC/A. 111Casurernents," 1E= Thans. A erosp. Electron. Svst., vol. 33, pp.
770-783, July 1997 ("Ho and Chan"), which_ is incorporated herein by
reference in its entirety, shows how to estimate the location ofthe emitter
110 by finding the in of two 'MC/A. curves on the earth' s surface.
However, current techniques to find the location of the emitter 110 front
two TOC/A. measurements asstane that the two TOC/A. signals are acquired
simultaneously. In practice, this is often not the case or not, even
possible. For example, the technical limitations of the equipment,
including the limitations in the aperture o (-the receiving antennas of the
ground station 120, may prevent two measurements front being acquired
simultaneously. Also, in some situations, not all three of the satellites s
" s2, and 53 are able to observe the same signal from the emitter 110 at
the same time.    Alternatively, the location o fan unknown emitter 110 can
be found through measurements of the floppier frequency shift in the
received signals 114 at the ground station 120. 13ecause the satellites s1,
s and s, have non-zero velocities with respect to the earth, the received
signals 114 at the ground station 120 relayed through the satellites s1,
s,, arid s,  will be subject to lloppler frequency shift. This causes a
frequency difference of arrival (FI).)A.) of the signals 112 relayed
through satellite pair si and s." denoted as f21, and an FERDA. of the
signals 112 relayed through satellite pair s, and s", denoted as f From an
FIDOA. measurement and the locations of the two satellites used in the
1700.A measurement, a three-dimensional curved surface can be derived that
defines the possible locations of the emitter 110_ Again, the ground
station 120 does not latow precisely the positions and velocities of the
satellites. A stationary reference emitter 130, whose position is known
exactly, is used to reduce the effect of the position and velocity errors
of the satellites on the part of the ground station 120 in the estimation
of the emitter 110 location. The location of an emitter 11.0 can be
estimated by finding the intersection o f the two FOOA. curves on the
earth's surthce. 



Further alternatively, some have suggested. that the location of an unknown
emitter 110 can be found using one "1.00,4 measurement and one F1)0A.
measurement However, these solutions require that the signals to generate
the -17/D0A and F.DCAA. measurements be acquired at the same time and that
they come frona the same satellite pair. These conditions are often not fit
wiled in practice.     Thus, there is a need for systems and methods of
more accurately determining the location of all emitter. There is also a
need to accurately determine the location of an emitter where the signals
front different satellites are acquired at different times. Also, there is
a need for systems and, methods ofaccurately deternainino the location of
an emitter where the .1.130.A measurement and an 171>OA. measurement do not
necessarily come from the same satellite pair. ST JTVITVIATW
Embodiments of the invention provide systems and methods for determining
the aeolocation of an emitter on earth using time-difference of arrival
(TIDO_A.) measurements from signals from three satellites that are not
acquired at the same time. A virtual primal}, satellite location is used to
determine the closed-form TociArroc)A, solution to obtain an initial
estimate of the emitter location. A Taylor-series technique is used to
improve the solution estimata      In another embodiments of the invention,
the location of all emitter can be determined using one TOO.A. inca
surement and one frequency-difference of arrival (Fll0A.) measurement,
wherein the T100A and FOC)A. measurements are not required to come from
signals acquired at the same time and are not necessarily coming from the
same satellite pair. A virtual primary satellite location is used to
determine the closed-form. TE30A-FlinDA solution to obtain an initial
estimate ofthe emitter location A Taylor-series technique is used to
improve the solution estimate.     In another embodiment of the invention,
the location of an emitter can be determined from the conibination of the
six solutions derived from the two =OA measurements and the two Fl.,)0A
measurements_ Frmn each measurement, a three-dimensional curved slArthee
can be defined that represents the possible locations of the emitter The
intersection of any two of the curves at the earth's surface is a solution.
Six solutions are determined based on all combinations of the tem
measurements. A weighting value for each solution is determined based on
the intersection angle of the two curves that formed that solution. Thn one
embodiment, the weighting values follow the general rule that the larger
the intersection angle, the larger is the weighing value. The solutions and
weighting 20  values are combined to determine a cost -function. The cost
function is minimi zed to determine an accurate location of the ernitten
'1 lie present invention has various embodiments, including as a computer
implemented process, as computer apparaMses and as computer proo-rana
products that execute on general or special purpose processors. The
features and advantages described in this summary and the following
detailed description are not all-inclusive Many additional features and
advantages will be apparent to one of ordinary skill in the art in view of
the drawings, detailed description, and claims. 1312.1-EF IIXESCRIPTION" OF
TIM 13112_AW1NOS     FIG. 1 illustrates the cveolocation scenario where an
emitter with an unknown location emits signals that arc received at a
ground station through three different satellites.      FICi. 2 illustrates
an example of the shape of a TT/OA curve derived from the time-difference
of arrival between the signal from the emitter through the prinnry
satellite sl to the ground station and the signal from the emitter through
another satellite sn to the ground station, in accordance with one
erabodimein.             32a1 illustrates an intersection of two T1230_4_
curves on the earth's surface, in accordance with one embodiment_      FTC_
313 illustrates an example intersection of two -rocia, curves and two
FT-30.A curves, where each of the curves is without noise, in accordance
with one embodiment.      VIC. 4 is a flowchart of a method of determining
a location of an erninen in accordance with one embodiment_      FICi. SA
illustrates an example that compares the actual emitter location to the
points of intersection of two WC/A curves and two FE710A. curves, wherein
each curve includes noise, in accordance with one embodiment. 



513 illustrates the distance between an intersection point of two FII/OA
curves with noise and the actual emitter location, in accordance with one
embodiment.      FI0. 6 illustrates an example of an angle of intersection
of two curves on the earth's surface, in accordance with one embodiment.
Fl (3-. 7A illustrates an example of the deviation of an estimated location
of an emitter front the true emitter location in the presence of Meat;
men-lent noise and satellite error for two curves, in accordance with one
einbodiment.      FTC-. 713 illustrates another example of the deviation of
an estimated location o fan emitter from the true emitter location in the
presence of measurement noise and satellite error for two curves, in
accordance with one embodiment.      'Hie figures depict embodiments of the
present invention for purposes of illustration only. One skilled in the art
will readily recognize from the following discussion that alternative
embodiments of the structures and methods illustrated herein may be
employed without departing from the principles of the invention described
herein. OEST-212_113.110N OF THE EM1300IMENTS      FIG. 1 illustrates the
geolocation scenario 100 where an emitter 110 with an unknown location
emits signals 112 that are received at an observer, referred to herein as a
ground station 120, through three different satellites. As described above,
the satellites s", s2, and s, have non-zero velocities with respect to the
earth. The unknown emitter 110 sends out  signal 112 and it is received by
the satellites s, ,and s". The satellites s" s" and s, relay the signal 114
to a ground station 120_    The ground station 120 determines the time-di
flerence of arrival cam:3A), denoted as d", between the signal 112 from the
emitter 110 through the primary satellite s, to the ground station 120 and
the signal 112 from the emitter 110 through another satelliteto the ground
station :120. Similarly, the -an:AA_ of the signal 112 from the emitter 110
through the first satellite s, to the ground station 120 and the signal 112
from the emitter 110 through a third satellite s3 to the ground station 120
is also measured, which is denoted as d,,. Note that the signals 114 to
obtain d," and d" are not acquired at the same time so that the positions
of the satellites corresponding to and (lnot the same. Because the unknown
emitter 110 is on earth, the intersection point of the two curves defined
by d" and d,, on the earth surface 101 forms an estimate of the emitter
location.    As also described above, because the satellites 5,, s.,, and
s, have non-zero velocities with respect to the earth, the received signals
114 at the ground station 120 relayed through the satellites s, , s,, and
ss will be subject to floppler frequency shift. This causes a frequency
difference of arrival (FT-DOA) of the signals 112 relayed through satellite
pair s, and s, denoted as f," and an FOC:TA of the signals 112 relayed
through satellite pair s, and s,, denoted as f" . From an FTDOA measurement
and the locations ofthe two satellites used in the FIDOA measurement, a
three-dimensional curved surface can 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 location of an emitter 110 can be
estimated by finding the intersection of the two FIDOA curves on the
earth's surface.     Within this framework, the -11_DCDA. and FEDCDA
measurements can be related to the location of the unknown emitter. The
position of the unknown emitter to be found is denoted as u-lx,y,z]lr. The
true satellite positions and satellite velocities when the signals were
acquired are denoted as Xr] 7 and Sr, [X,c"-12- respectively, where i=1, 2,
3 represents the satellite number si" and Sr are not known to the ground
station, and only inaccurate satellite positions srs,"tAsi-lx,,yi,z,17- and
velocities S,---St'i-AS,=EXi,y,,Zil 2- are available, where As, and AS,
represent the errors in satellite positions and velocities. They are
modeled as independent identical distributions (11D) with covariance
matrices of As, equal to crs2.1 and AS, equal to o,21, where I is a 3 by 3
identity matrix. The position of the ground station is denoted as g==[xs"
y.",z.X. The Euclidean distance between the two vectors p and q shall be
represented by and shall represent the unit vector given by 



In one embodiment, the two TIDOAs are related to the unknown emitter 110
position u )re, il(ru d21 (to) --F2]J, 2! P  -continued -4-  = -
rg.sq(r..))) r.s..70b) (2)   where d-,,(ta) is the TE.XDA_ between the
emitted signal relayed through the adjacent satellite s and through the
primary sat-ante 5, at time ta, and d"(tb) is the TOC)A, between the
emitted signal relayed by the adjacent satellite s and by the primary
satellite s, at time tb. t" and tb are the time instances when the signals
to generate the -two Tir_3(1-Ns were collected, and in one embodiment ta is
not equal to tb. More specifically, in one embodiment, the time lc, denotes
the mid-point of the time-window during which the emitter signal relayed
through satellite s" and satellite s-, are measured, and time th denotes
the mid-point of the time-window during which the emitter signal relayed
through satellite si and satellite s; are measured- p is the signal
propagation speed, s20(t") is the true position of -the second satellite at
time t", b, (t") and b,e,.31(t-z,) denote the timing offset from the
transponders in the satellites and other fixed bias errors, and and ,fl the
random measurement noise. e1,2 and E ay" can have different powers, but in
this example, they are assumed to have the same power equal to cirj for
ease of illustration. Equation (1) defines hyperbolic surface on which the
emitter 110 is located_ The left side of Equation (1) (i.e., d,i(ta)) is
determined from the measurement, and the right side indicates how d" (t")
is related to the unknown position LI of the emitter 110. Similarly,
equation (2) defines another hyperbolic surface on which the emitter 110 is
located, based on another Tr/OA measurement d-,i(tb). FIG. 2 illustrates an
example of the shape of a T/DCDA. curve 221 derived from (1,, (t"), in
accordance with one embodiment     The FiaC)A_s are related to the unknown
emitter 110 position u by  3) (3)  



1 -(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) "C317g)14".7 )7.-S<3 (id )P(Fa))
-F 'f,31 (rd)ni,31 where f2, (t") is the F002-1 between the emitted signal
relayed by the adjacent satellite s-, and by the primary satellite s,at
time t," and i1(t1) is the 11 )0,-' between the emitted signal 112 relayed
by the adjacent satellite s, and by the primary satellite si at time t",.
to and ta are the time instances when the signals to obtain the two
FL/CY_A-s are collected, and in one embodiment to is not equal to tor More
specifically, in one embodiment, the time to denotes the mid-point of the
time-window during which the emitter signal relayed through satellite s,
and satellite s-, are measured, and time ta denotes the mid-point of the
time-window during which the emitter signal relayed through satellite s,
and satellite ss are measured, fa is the uplink center frequency of the
signal 114 received at the satellites, IT, is the downlink center frequency
from satellite s, to the ground station, i -1, 2, 3, p is the signal
propagation speed, lafy,, (to) and (tn.) account for the local oscillator
(1,0) offsets from -the transponders in the satellites and other 50  fixed
bias errors, and eh; , and ed., are the random measurement noise. c_, a and
eh," , can have di fferent powers, but in this example, they are assumed to
have the same power equal to cyy for ease of illustration. Equations (3)
and (4) define another two surth ces from theta:30A_ nieast,rcment.s on
which the emitter 110 is located.     MCI_ 1 also shows a reference emitter
130. Let c=rx,y",:".".17- 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 TEXDA.s and FLX.DA.s are obtained
from the unknown emitter 110, a measurement is also made of the -11D0/1s
and FITMDAs from the calibration reference emitter 130 at the same
instances so that "d-,,(t"), "c1"(tb), cf,,,(t") and "f3,(t".) are also
available. These expressions have the same forms as d2,(t"), ds,(th), f2
1(t,.)and fsi(th,) given in equations (1)-(4), except that u is replaced by
c and the random noises erh.,, , E.43 ef".-,, and Et;," are different. The
calibration factors are then formed from cd"(t"), "d"(tb), cf"(th) and T,"
(td) as Cd,21 (1.2) = cd2, ((,)- 7-  1 Ca,31(tb)("3 0rc,s, frk, i,21 (re)
Ca) =(r - (- (re -, a 7-S, (Ay))) where cfc, is the uplink center frequency
from the calibration reference emitter 130.     The calibration factors are
subtracted froni the respective TE30.As and. FIT.)0,Ass of the unknown
emitter 110 to uninimi ZC2 the effect of satellite position and velocity
errors. The equations that are used to solve for the unknown emitter
position are 



d21 (t, ) d31 (tb) 121 31 ( = 1 = - P = '131 (fh) = /2.1 (1c) (la) -= -
7a.21 (to) -<to))      Cil 31 (Ii.) - - Cit',31(7") 'cc)) (9)   (10)  (1 1)
(12) 



=(,Pu sy(e,)7-.3(td)('a)?).) where the first lines in the above four
equations are known quantities front measurements, and the second lines
relate the known quantities to the unknown 11 to be found. Equations
(9)-(12) represent equations (1)-(4) where the calibration factors obtained
from equations (5)-(8) have been applied to reduce the effect of the errors
in satellite positions and velocities.      As discussed above, each ol the
equations (5)-(8) defines a surface on which the unknown emitter 110 is
located according to the respective measurement. The intersection of the
curves on the earth's surface is the estimate of the location of the
unknown emitter 110_ 1710. 3.A illustrates an example of an intersection of
two attc-LA curves 221, 231 on the earth's surface, in accordance with one
embodiment. 1-'1O. 313 illustrates an example intersection of two TTDO_A
curves 221, 231 and two F1)0A. curves 421, 431, where each of the curves is
without noise or other error, in accordance with one embodiment. As shown
in FTC 3H, if the THOA and FOOA measurements were without noise or other
error, the corresponding 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, instrument noise, or other
source of noise in "1-1)0A and FHOA measurements. Thus, it is unlikely that
the curves corresponding to the THOA and FIJOA measurements will intersect
at one point on the earth's surfbce. FTC SA illustrates an example of the
location to the points of intersection of two 1700-4, curves 5221, 5231 and
two FOO.A curves 5421, 5431, wherein each curve 5221, 5231, 5421, 5431,
includes noise, in accordance with one embodiment. Thus, the intersection
points of the cill-VC115 are estimates of the emitter's 110 true location.
F10. 4 is a flowchart of a method 400 of determining a location ofan
emitter, in accordance with one embodiment. In step 402, each of the six
solutions based on all combinations o r two of the four calibrated THCDP A
and FHOA measurements are determined. The number of possible solutions from
any combination of two measurements is six. The possible solutions are
denoted as:               : solution obtained from a" and (13, , using
equations (9) and 1 0) solution obtained from d, and f", using equations
(9) and (1 1) namtid : solution obtained from d" and ra 1, using equations
(9) arid (12) solution obtained. from d,1 and f-,, using equations (10) and
(11) n,z3",5 solution obtained from.andusing equations (10) and ( 1 2)
solution obtained from f" and f," using equations 



(11) arid ( 12). The solutions hill into three categories: TflOA-THOA,
1700A-FHOA, and FE30A-b1.3C2A. _A. method used to solve each category of
solution in accordance with one embodiment is described below. T. THOA-THOA
Solution 'traditional techniques to find the THO--1--1-00A. solution
requires that the signals to generate (121 and d" are acquired at the same
time, i.e. t"--t". In practical applications, the signals are acquired at
different times. The following THIOA.-T1.)0,A- 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) :"(r =(r") .4- s 1 (t),
)). The virtual primary satellite location is used to determine the closed
form TIDOA-THOA. emitter 110 position solution according to the technique
used by IC. C. Ho and-Y. T. Chan, "Oeolocation of a known altitude object
from TOGA and 70  171_30A measurements," II:7CE 71,CMS. A erasp. Electron_
Syn., vol. 33, pp. 770-783. July 1997 ("Ho and Chan"), which is
incorporated herein by reference. Then the closed-form solution method
described by Ho and Chan is applied by using (gii,s.,(ta),s,(tz,)) as the
three satellite positions and 021 (to, (t0) as the two TILDOAs to obtain an
initial estimate IVO).     Then, the initial solution ii(P) is used in the
Taylor-series technique described in W. II. Foy, "Position-location
solutions by Taylor-series estimation," IEEE 7Thans. ylerosp.
5:v.s-t., vol. AES- I 2, pp. 187-194, March 1976 ("Foy"), which is
incorporated herein by reference in its entirety, to improve the solution
estimate by iterating for 1=0, 1, 2, .   



(14)  2121 (la ) -(rp(1),,,  aai((k. ) -(1-11'1s3(ib)(t"))      I= 0 + Art
(1+1 1(15) until I Aficz-'1 )I is suiliciently small, for example 0.01 in,
and 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_ Piga/Ilion (15) forms a better emitter 110 location
estimate by adding the correction C.; ( nap tment computed from. equation
(14) to the solution. IL TIDC-DA-FL30,A, Solutions21 u31,,1 and ria,310.-3,
Traditional techniques to find .1.0021.-E130A solutions require that the
signals to obtain TIDOA, and FL30A are acquired at the same time, and that
theTULDO.A. and FOC/A are from the same pair of satellites. That means, for
example, to use the techniques of Ho and Chan, it is required that ta=twhen
solving for the solution d2jf and ta-td when solving for the solutionIn
practical2applications, the TLXDA. and FIDOA, are often not able to be
measured at the same instance in the three satellite system_ Furthermore,
the techniques of I To and Chan do not disclose a method to obtain the
solutions and Udt because theTLXDA and FIDO& for these solutions come from
two different pairs of satellites. The following TIDOA-171.30A 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 ficimii" and "3 



In one embodiment of the present invention, the method of solving for the
TE.30A-Ff)(DA solutions follows a similar approach as in the1700A-TIDCDA.
solution discussed above. To find the solution from the pairs (a",r".,),
where i,j-2 or 3. The first step is to form the virtual primary satellite
location 1(1.6) where f,-t" if i=2 and -t, tz, if 1=3, andf,---=tc, if j =2
and -ri=tc, i       Ithe virtual primary satellite location is used to
determine the closed-form -ILDC/A-FEJOA emitter 110 position solution
according to the technique used by TrIo and Chan. The closed-form solution
front Ho and Chan is applied by using  01,st(tO,sjec/D as the three
satellite positions and (a11 Cr,), as the Tr.)(7./A and FDOA to obtain an
initial estimate Jo(o):     Then, the initial solution n" is used in the
Taylor-series technique described by Foy to improve the solution estimate
by iterating for 1-0, 1, 2, . A11"=(17)  until I Afi(i+1)1 is sufficiently
small, for example 0.01 m, and re 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) fonns a better
emitter 110 location estimate by adding the correction component computed
from equation (17) to the solution. FD0A-FDOA Solution tif2,    The
FD0A-FDOA solution follows the Taylor-series technique described by Foy,
with initial solution guess selected from any one of the four: fia311r21
and 'Then, the initial solution guess selected is used as n(0) in the
'laylor-series technique described by Foy to improve the solution estimate
by iterating for 1-0, 1, 2, .   



.I.3. -        until I AuC')I is sufficiently small, for example 0.01 in,
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 solutionsi111uan "C2 , 111, 171and. can be
used as an estimate of the location of 



c-311/21d31,f3J 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 invention. In other embodiments, a more
accurate estimate of the 90  emitter's 110 true location can be found by
combining estimates from the solutions ftn eir>j,C13i'JJI
t1c121,31'C121,617 fici31,121 andas described below.    Referring back to
FIG. 4, in the next step 404 of the method 400, a weighting value for each
solution is determined based on an intersection angle. As shown in FIG. 5A,
each solution Lid21,a31,na,"fi"represents the point of intersection of two
curves 5221, 5231, 5421, 5431. For each of the six individual solutions,
the angle at which the two curves intersect on the earth's surface is
determined. FIG. 6 illustrates an example of an angle of intersection of
two curves 601, 602 on the earth's surface 101, in accordance with one
embodiment. The intersection angle when using measurements A and B is
denoted as cx",,, and it is the angle between 0 and 90 degrees. The
weighting value for each solution, which are denoted w4,, are derived as a
function of the angles 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 intersection angle, the larger the weighting value is explained
with reference to FIGS. 7A and 7B. FIG. 7A shows an example of two curves
5771, 5772 that intersect at a small angle. FIG. 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 772 on the 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 deviation 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 10o  both curves 771 and 772. In
other examples, the deviations may not be the same. Note that although the
amount of deviation due to error 770 is the same for both FIGS. 7A and 713,
the effect on how far the emitter location estimate 710 is from the true
emitter location 110 is much different between FIGS. 7A and 713. As shown
by these figures, the emitter location estimate 710 made by the two curves
5771 mid 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",,s is
given to solutions where angle crt,," is larger to put more emphasis on the
distances whose individual solutions have lancer intersection angles.
'There are many possible choices lbr 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 Ci be the individual cnn tier location estimate usi rig
measurements A and F3, and let be the intersection angle of the two curves
created by measurements A and 13 on the earth surface. In various
embodiments, possible choices of the weighting are  11'911(sirl(a.4.2s)) 



The choice of the weightino w4 can depend upon the geolocation geometry,
the noise powers in the mocIA and FT-JOA measurements, the amount of errors
in the satellite positions and velocities in the measurements, and other
factors.     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 function. "lhe solutions and weighting values can be
combined to determine the cost J from the cost function as follows:
'1.7-a<12 ,e(31 I '1-1ve,21,/11 ;12.-1.21.11 121-"1,121 .13 I I "-
+W4731./5, ZI-ndai,,,,112 -1-Wamm (21) where the weights w_4,25. are
derived as a ful tenon of the angles         as described above_ The
squared absolute value terms are representative of the error between the
solution found by two of the four -1-00..A. and F173C1A measurements. For
example, FIG. 5E3 illustrates the distance between an intersection point
tir 1d" of two FEICJA. curves with noise 5431, 5421 and the actual emitter
location 110, in accordance with one embodiment. The expression
lu-0/21,73112- is representative of the error between the solution of the
two FT")0.A. 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 function in step 406.
in step 408, the cost function is minimized to determine the location
of-the 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 represents an estimate informed by all of the '1"1--)0A
and IlL30A_ measurements from the combinations of the three satellites si,
s-" and s c. Thus, in one embodiment, a more accurate emitter position
estimate is obtained from the six individual emitter position solutions
from the four Th)CDA. and FL)C3A measurements than would be achieved by
considering a smaller subset of solutions. 110      The above description
is included to illustrate the operation of the embodiments and is not meant
to limit the scope of the invention. From the above discussion, many
variations will be apparent to one skilled in the relevant art that, would
yet be encompassed by the spirit and scope of the invention. Those of skill
in the art will also appreciate that the invention may be practiced in
other embodiments. First, the particular naming of the components,
capitalization of terms, the attributes, or structural aspect is not
mandatory or significant:, and the mechanisms that implement the invention
or its features may have different names, formats, or protocols. Further,
the system rnay be implemented via a combination of hardware and software
or entirely in hardware elements. Al so, the particular division of
functionality between the various system components described herein is
merely exemplary, and not mandatory; functions pert-twined by a single
system component may instead be performed by multiple components, and
functions pertbrmed by multiple components may instead performed by a
single component.     Certain aspects of the present invention include
process steps and instructions described herein in the form of a method. It
should be noted that the process steps and instructions of the present
invention could be embodied in software, firmware or hardware, and when
embodied in software, could be downloaded to reside on and be operated from
different platforms used by real time network operating systems.     The
present invention also relates to an apparatus for performing the
operations herein. This apparatus may be specially constructed for the
required purposes, or it may coin--prise a general-purpose computer
selectively activated or reconfigured by a computer program stored, on a
computer readable medium that can be accessed by the computer. Such a
computer program may be stored in a computer readable storage medium, such
as, but is not limited to, any type of disk including floppy disks, optical
disks, CY.3-ROI'Vfs, magnetic-optical disks, read-only memories (120Ms),
random access memories (12"AMs). Ela1-20Ms, 1/.12.P.12_01\as, magnetic or
optical cards, application specific integrated circuits hASICS), or any
type of media suitable for storing electronic instructions, and each
coupled to a computer system bus. Furthermore, the methods described in the
specification may be implemented by a single processor or be implemented in
architectures employing multiple processor designs for increased computing
capability.     The methods and operations presented herein are not
inherently related to any particular computer or other apparatus. Various
general-purpose systems may also be used with programs in accordance with
the teachings herein, or it may prove convenient to construct more
specialized apparatus to perform the required method steps. The required
structure for a variety of these systems will be apparent to those of skill
in the art, along with equivalent variations. In addition, the present
invention is not described, with reference to any particular 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 comp
titer network systems over numerous topologies. Within_ this field, the
configuration and management of large networks comprise storage devices and
computers that are C011-1- nntni cat _lively 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 120



intended to he illustrative, but not limiting, of the scope of the
invention, which is set forth in the following claims, 130  What is claimed
is:     :1. A method of determining a geolocation of an emitter from two
time-difference of arrival measurements from different times, 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 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 of
arrival is observed at the observer at a second time, the second time being
different from the first time; and determining the g,eolocation of the
emitter based on the First and second time-difference of arrivals, wherein
the first satellite is at a first position at the first time and the first
satellite is at a second position at the second time and wherein said
determining the geolocation of the emitter based on the first and second
time-difference of arrivals comprises defining a virtual satellite position
as an average of the first and second positions of the first satellite and
applying a closed-form solution to the first and second time-difference of
arrivals using the virtual satellite position and positions of the second
and third satellites.      2. The method of claim 1, further comprising:
determining a first calibration factor from a third time-difference of
arrival at the observer between a first calibration signal relayed by the
first satellite and the first calibration signal relayed by the second
satellite, wherein the third time-difference of arrival is observed at the
observer at the first time; determining a second calibration factor from a
fourth time-difference of arrival at the observer between a second
calibration signal relayed by the first satellite and the second
calibration signal relayed by the third satellite, wherein the fouth
time-difference of arrival is observed at the observer at the second time;
subtracting the first calibration factor from the first time-difference of
arrival and the second calibration factor from the second time-difference
of arrival to reduce effects of satellite position and velocity errors on
the determined geolocation of the emitter.      3. The method of claim 1,
wherein determining the geolocation of the emitter based on the first and
second time-difference of arrivals comprises: applying a Taylor-series
estimation to an initial estimate of the geolocation oF the emitter based
on a closed form solution to the first and second time-difference of
arrivals.      4. The method of claim 1, further comprising calibrating the
first and second time difference of arrivals prior to applying the closed
form solution.      5. The method of claim 4, further comprising applying a
Taylor-series estimation to an initial estimate of the geolocafirm of the
emitter based on a closed fiirm solution to the first and second
time-difference of arrivals. 



6. A method of determining a geoloc.ation of an emitter, the method
comprising: deterrnining a first time-difference of arrival at an observer
between a first signal from the emitter relayed by a first 14o  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 time;
determining a first frequency-difierence of arrival at an observer between
a second signal from the emitter relayed by the first satellite and the
second signal relayed by a third satellite, wherein the first
frequency-difference of arrival is observed at the observer at a second
time, the second time being different Frorn the first time; and determining
the geolocation of the emitter based on the first time-difference of
arrival and the first frequency-difference of arrival, wherein the first
satellite is at a first position at the first time and the first satellite
is at a second position at the second time and wherein said determining the
geolocation of the emitter based on the first time-difference of arrival
and the first frequency-difference of arrival comprises defining a virtual
satellite position as an average of the first and second positions of the
first satellite and applying a closed-form solution to the first time-di
flerence of arrival and the first frequency-difference of arrival using the
virtual satellite position and positions of the second and third
satellites.      7. The method of claim 6, further comprising: determining
a first calibration factor from a second time-difference of arrival at an
observer between a first calibration signal relayed by the first satellite
and the first calibration signal relayed by the second satellite, wherein
the second time-difference of arrival is observed at the observer at the
first time; determining a second calibration factor from a second
frequency-difference of arrival at an observer between a second calibration
signal relayed by the first satellite and the second calibration signal
relayed by the third satellite, wherein the second. frequency-difference of
arrival is observed at the observer at the second time; subtracting the
first calibration factor from the first time-difference of arrival and the
second calibration factor from the fi-st frequency-difference of arrival to
reduce effects of satellite position and velocity errors on the determined
geolocation of the emitter. 8. The method of claim 6, wherein determining
the geolo- cation Of the emitter based on the first time-difference of
arrival and the first frequency-difference ofarrivalcomprises: applying a
Taylor-series estimation to an initial estimate of the geolocation of the
emitter based on a closed form solution to the first time-difference
ofan-ival and the first frequency-difference of arrival.      9. The method
of claim 6, further comprising calibrating the first and second time
difference of arrivals prior to applying the closed form solution.      10.
The method of clairn 9, further comprising applying a Taylor-series
estimation to an initial estimate of the g,eolocanon of the emitter based
on a closed form solution to the first tirne-dilleretice of arrival and the
first frequency-difference of ani val 



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- 15o  ference of arrival is observed at the observer at a
second time, the second time being different from the first time, and
determining the geoloc.ation of the emitter based on the first
time-difference of arrival and the first -frequency-difference of arrival,
wherein the first satellite is at a first position at the first time and
the first satellite is at a second position at the second time and wherein
said determining the geolocation of the emitter based on the first
time-difference of arrival and the first frequency-difference o f arrival
comprises defining a virtual satellite position as an average ofthe first
and second positions of the first satellite and applying a closed-flyrn
solution to the first time-cui.fference ofarrival and the first frequency
difference of arrival using the virtual satellite position and positions of
the second satellite at the first and second times. 12_ The method of claim
ill, .ffirdier comprising: determining a -first calibration ;factor from a
second time-di fference of arrival at an observer between a first
calibration signal relayed by the first satellite and the first calibration
signal relayed by the second satellite, wherein the second time-difference
of arrival is observed at the observer at the first time; determining a
second calibration factor horn a second frequency-difference of arrival at
an observer between a second calibration signal relayed by the first
satellite and the second calibration signal relayed_ by the second
satellite, wherein the second frequency-difference of arrival is observed
at the observer at the second time; subtracting the first calibration
:factor from the first time-difference of arrival and the second
calibration factor from the first frequency-difference of arrival to reduce
effects of satellite position and velocity errors on the determined
neolocation of the emitter.      13. The method of claim 11, wherein
determining the geol (3C a tion of the emitter based, on the first
time-difference of arrival and -the first frequency-difference of arrival
comprises: applying Taylor-series estimationto an initial estimate of the
geolocation of the emitter based on a closed form solution to the first
time-difference of arrival and the first frequency-difference of arrival.
14. A. method of determining a geolocation of an emitter relayed to an
observer through at least three satellites, the method comprising:
determining a first time-difference of arrival at the observer between a
first signal relayed by a first satellite and the first signal relayed by a
second satellite; 



determining a second time-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; determining a second
frequency-difference o farrival at tile observer between a fourth signal
relayed by the first satellite and the fourth signal relayed by the third
satellite; deternainino: a first solution from die first time-difference of
anival and the second time difference of arrival; determining a second
solution from the first time-difference of arrival and the first
frequency-difference of arrival; determining a third solution from the
first time-difference o f rri ;Aland the second Frequency-difference o
farrival; 16o  determining a fourth solution from the second
time-difference oF arrival and the first frequency-di flerence of arrival ;
determining a Ii fill solution from the second time-difference of arrival
and the second frequency-difference of arrival; determining a sixth
solution from the first frequency-difference of arrival and the second
frequency-difference of arrival; and determining the ci-eolocation of the
emitter based on the first solution, second solution, third solution,
fourth solution, fifth solution and sixth solution, wherein each of the
first through sixth solutions uses a combination of two of the time- or
frequency-difference of arrivals and wherein the first satellite has a
first position and a second position con-esponding to each combination and
further wherein said steps of determining the first through fifth solutions
each comprises defining a virtual satellite position as all average of the
first and second positions of the first satellite and applying a
closed-fornl solution using the virtual satellite position arid positions
of the second and third satellites.      15. The method of claim 14,
wherein determining the geolocation of the emitter comprises minimizing a
cost function of the first solution, second solution, third solution,
fourth solution, fifth solution, and sixth solution.      16. The method of
claim 15, wherein the first time-difference of arrival, the second time
dillerence of arrival, the first frequency difference of arrival, and the
second frequency difference of arrival each define a corresponding curve,
and wherein each solution of the first solution, second solution, third
solution, fourth solution, fifth solution, and sixth solution is located at
an intersection of two of the corresponding curves, and wherein each
solution of the first solution, second solution, third solution, fourth
solution, fifth solution, and sixth solution is weighted by a weight value
determined as a function of an angle of intersection of the two curves at
which the solution is located to form the cost fthaction.     1 7. The
method of claim 16, 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 Throes angle of intersection is
larger than the weight value con-esponding to a solution located, at an
intersection of two curves having a smaller angle of intersection.     .18.
'The method of claim 14, further comprising calibrating each of the time-
and frequency:difference of arrivalsprior to the steps o F determining the
first through sixth solutions.    19. "The method of claim 18, wherein each
of the steps of determining the first through sixth solutions further
comprises applying a Taylor-series estimation to an initial estimate of the
geolocation of the emitter. 



20_ A computer program product for determining a geolocation of an emitter
from two tune-difference ol an-ival measurements from different times, the
computer pro grainproduct stored on a computer readable medium and adapted
to perform the operations of: determining a firstfference 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 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 IDy a third satellite, wherein the second
time-difference  ofarrival is observed at the observer at a second time,
the second time being different from the first time; and determining the
geolocation of the emitter based on the first and second time-difference of
arrivals, wherein the first satellite is at a First position at the first
time and the first satellite is at a second position at the second time and
wherein said determining the geolocation of the emitter based on the first
and second time-difference of arrivals comprises defining a virtual
satellite position as an average of the first and second positions of the
first satellite and applying a closed-form solution to the first and second
time-difference of arrivals using the virtual satellite position and
positions of the second and third satellites.      21. A computer program
product lbr determining a geolocation of all emitter; the crunputer program
product stored on a computer readable medium and adapted to perform the
operations of: deterrninino 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 a third satellite, wherein the first
frequency-difieronce of arrival is observed at the observer at a second
time, the second time being different from the first time; and determining
the geolocation of the emitter based on the first time-difference of
arrival and the first frequency-difference of arrival, wherein the first
satellite is at a first position at the first time and the first satellite
is at a second position at the second time and wherein said determining the
geolocation of the emitter based on the first time-difference of arrival
and the first frequency-difference of arriyalcomprises defining a -virtual
satellite position as an average of the first and second positions of the
first satellite and applying a closed-form solution to the first time-di
'Terence of arrival and the first :frequency-difference of arrival using
the virtual satellite position and positions of the second and third
satellites.      22. A computer program product for determining a
geolocation of an emitter, the computer program stored on a cornputer
readable medium and adapted to perfbrm the operations 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-diflerence of arrival is observed
at the observer at a first time; determining a first frequency-dillerence
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-difference of arrival is observed at
the observer at a second time, the second time being different from the
first time, and determining the geolocation of the emitter based on the
first time-difference of arrival and the first frequency-difference of
arrival, wherein the first satellite is at a first position at the first
time and the first satellite is at a second position at the second time and
wherein said determining the oeolocation of the emitter based on the first
time-difference of arrival and the first frequency-difference of arrival
comprises defining a virtual satellite  



position as an average of the first and second positions of the first
satellite and applying- a closed-form solution to the first time-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 times.      23. _A computer program product for
determining a geolocation of an emitter relayed to an observer through at
least three satellites, the computer program product stored on a computer
readable niedi urn and adapted to perform_ the operations of: determining a
firstfference of arrival at the observer between a first signal relayed by
a first satellite and the first signal relayed by a second satellite;
determining a second time-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 at-rival
at the observer between a third signal relayed by the first satellite and
the third signal relayed by the second satellite; determining a second
frequency-difference of arrival at the observer between a fourth signal
relayed by the first satellite and the fourth signal relayed by the third
satellite; determining a first solution from the first time-difference of
arrival and the second lime difference of arrival; determinina a second
solution from the first time-difference of arrival and the first
frequency-difference of arrival; determining a third solution from the
first tunic-difference o [arrival and the second frequency-di fference of
arrival; determining a fourth solution from the second time-difference of
arrival and the first frequency-difference of arrival; determining a fifth
solution from the second time-difference of arrival and the second
frequency-difference of arrival; determining a sixth solution horn the
first frequency-difference of arrival and the second frequency-difference
of arrival; and determining the geolocation of the emitter based on the
first solution, second solution, third solution, fourth solution, fifth
solution and sixth solution, wherein each of the first through sixth
solutions uses a combination of two of the time- or frequency-difference of
arrivals and wherein the first satellite has a first -position and a second
position corresponding to each combination and Mrther wherein said steps of
determiningthe first through fifth solutions each comprises defining a
virtual satellite position as an average of the first and second positions
of the first satellite and applying a closed-form solution using the
virtual satellite position and positions of the second and third
satellites.      24. The computer program product of claim 23, wherein
determining the geolocation of the emitter comprises minimizing a cost
function of the first solution, second solution, third solution, fourth
solution, fifth solution, and sixth solution.      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
corresponding curve, and wherein each solution of the first solution,
second solution, third solution, fourth solution, fifth solution, and sixth
solution is located at an intersection of of the corresponding curves, and
wherein each solution of the first solution, second solution, third
solution, fourth solution, 190 



fifth solution, and sixth solution is weighted by a weight value determined
as a function of an angle of intersection of the two curves at which the
solution is located to form the cost function.    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 intersection is
larger than the weight value corresponding to a solution located at an
intersection of two curves having a smaller angle of intersection. 20 


