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Target Localization Using TDOA Distributed Antenna

Field of the Invention The invention relates to
wgnresd7sased or airborne air traffic surveill 20TAS2004/025629

systens, particularly to direction finding and target

| ocal i zation using a TDOA (Tinme Differential of

Arrival) distributed antenna. Background of the

Invention | ngetrmahzaﬁmyﬁsin%'ﬁm& and
met hodol ogi es exTstgf.or. the |ogalizati of ground
vehicl es and ai rcral‘)tlstﬁl .u,tet(iémsqnnra and around
air traffic surveillance systens which can incl ude
airports, termnal areas and en route systens. Mny

Fieldjef tie hoendiont i | i ze approach radar systens to
| ocate and track tarct;ets outside the airport.

These |
r adar | Rg/EvengoR ilaien to sarns bansdior asderacyir ipfiie swyeillance

Ao R R R PR St eI 5 PREH e TDOA
weDrfdrhtf ldNPivalEstFibanal adie:2id, t he radar to the
arget and back. Typically these approach radar

systens require large rotating antennas maki ng t hem
expensive. In addition, these radar systens
Ricigronadioftthedbvgntiere an update rate of

approximately 4.5 secaonds, and consequently the
r espdfAdBe sparRt it anyEbeg oS sy derg aadan%péoléamsmﬁtfor the

limted by the ate rate.of e radar. . A second ] .
pellaon B ek Qb PTE B Fiint [Cen B, ALRRE Rifind air raffc

i . h . : _ ¢
Al RS SRRl TS0 2l dihous
shVifeins. ateration is a Tine Differential of Arrival-

TDOA) technique that uses information fromaircraft
t r andyjenyl targe aanerts stilisn spproade radarispstentsgogoente gad track

O A L ST SR
R BRI b0 HIRUEARIF AT LRGSR el
00 SyRASATNRTES 0407 O g o
target and back. Typically these approach radar systems require large rotating
antennas making them expensive. In addition, these radar systems
characteristically have an update rate of approximately 4.5 seconds, and
consequently the response speed of the associated analysis equipment is limited
by the update rate of the radar.

A second method for target localization is multilateration. Multilateration
systems typically are made up of an arrangement of beacon transmitters and
receivers. Multilateration is a Time Differential of Arrival (TDOA) technique that
uses information from aircraft transponder transmissions to determine the precise
location of a target. The algorithm for multilateration typically starts by

estimating, using TDOA information, the approximate location of a target in

either a two-dimensional or three-dimensional coordinate system. An
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target to provide a nore accurate | ocation of the
target. Multilateration systens can be used to | ocate

wanwsinask targets on the ground at the airpor PCTmIS2004/025629

runway incursion and can al so,be used for |ocating and

tracki ng approaching aircraft™within relative cl ose

proximty to an_airport and by en route air traffic

oigIzAleR REQcesy it tham perermod around the approxdmate kegation of the
rovide | arge area coverage.around the nmultilateration

tg&&‘%’ t%rqvﬁig? H9E aS?ur@f?el%gﬂtt‘% Hgﬂﬁa@ﬁgqtﬂ e (distance

bet ' f

poconas WARHIRRE S cdibbe Sed AR ark caARls pp fhe

gremiP)t thecaipost o irtewhy igrirsibh ahtieas alycbdesd®s 166tRg and

difficult to |ocate the tar?et within the "ellipse of
traskang appiogching direradt withisvrdlstésreeclosopraximity to an airport and by

nultjlateration systemis significant|y degraded as
Prtuts &t Gales fyRilinge Sytemn HoWmer KigeroqmEsbieprovide
I: blemwth the c ent

102 L O o % OFRARRP it lifuchttih Rt the o ihe Bhtenna
bABSI Y @i hidBEt v c O tid fé@efv_%?sg ROYRIRTR DI e H?get tﬁecomes such
multilateration systemto i nCrease the size of t e

thatttbe freonsset Diktioiho SR rebisveny @D OF) drtemes qhite Catlot] &5

W th regard to purchasi ng additional real estate,

therglorg brgomes mare difdiculiitadoesnte thectasges vaithinibe fieldipse 08
h | . | ts, runi catian . |
e O o0 AT B e o8 Lyinigenty
d@gﬁd@ﬂ I&F hd @8tatick Fm S ¥rtem Y %ﬁ@ta?%@r%n@lleﬁsrgos[ affic
strvel I T ance syst ens are "usi ng one, I a CO I nati on

of t IBneahotheddelodect RindEiiHprsHOai with tIROSBT@it ek Seration
currently have no |ocal, reliable nethodol ogies for
t¢cbozqueny tapptahexiennpl antannafelements watiidd e unkdhres of the
raund f.or runway .i ncursjon. So of these airports
HﬂHUE@t%r& g éHStFWé%dP%Pﬁ%Qleo%ZGa% erantenapseliogt Bhisy bawever,
ey: . - ' ' fts in.their vicinity t
ek AR EH B RRS LRR A bR ol AR Bl
sdthirlt§ oulttiide BF BRATStetRMBRIREASE bgt@ exdtérmn@ ARChAS {eménts,
woul d ot herwi se not have this information avail abl e,
commurscgimasbdiivect the exteged anhna elanans ahd thdsystem, and other
dependent airport to be obscured fromthe providing
l%lﬂﬁ@ﬂissb}esr-adar by line of sight obstructions.

While many air traffic surveillance systems are using one, or a combination

of the above-detailed methodologies, some airports currently have no local, .
reliable methodologies for locating approaching aircraft, or vehicles on the ground
for runway incursion. Some of these airports have adopted the practice of
acquiring radar data from larger, better-equipped airports in their vicinity to
provide information on the air traffic in their area. While this process can be
beneficial to airports that would otherwise not have this information available, it
is possible for targets of interest to the dependent airport to be obscured from the
providing airport’s radar by line of sight pbstructions.

A need exists, therefore, for a reliable, relatively low cost solution to

provide an air traffic surveillance system with the capability to locate targets
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A need exists, therefore, for a reliable, relatively
| ow cost solution to provide an air traffic
weuoos@itisance systemwi th the capability to | oearas2004/025629
targetsen route, |ocate targets approachi ng the
airport, locate targets on the ground as a conponent
of a rynway incursion system _inprove the handover

WeOWER ocaiD FsERIE appErachingaihg aitpeviajodaitargsts andhe grownd as a
Ratob s RSy iAo 37 e Gharve B Hppdover between

BHES0ES HOEEAR 15 Bt ABebE e

tenna“e oundar! €s.

abunmmey Yf tirgehRchliXalvn wilidihg eSistfg A @&fficofurtdiflance systems
present invention to overcone the problens of the

withatt the ne¢d/topimstalldintene Jymicnts ausidathdsyderhdounidaties.
direction and | ocation finding accuracy utili zing
existing air traffic surveillance systens, and w t hout

equirin arge individual antenna aperture,
%W It Sgﬁgﬁ'h ORotation, or additional receivers

out si : S ' J
o a6y dnaris R BRAEAREN o R ol Sle (0 phFHIBS b1 the
prih hedsy pfovidihge! sysepahnd atdthods foreisly diresiidand Rrativh

| east one transmtter for transmtting a signal to a
finskiggaccunacy wiilizingskisting aietrefficesurieillanec gysiéms, and without

return signal. fromthe target to cal cul ate the RTD
IeQRYLIHE lqi}gi%ﬁn@éfll agfenpp @psityica me H’élcély%ﬂtémar iptatpen, or

R SR PRI hE S Gs e nani om Tor
dete ’I'Herlhﬂ&lﬂd}?re]_étgﬁtcpﬁ sﬁtéﬁl"x@fllicfﬁ%)blqueﬂ h& petana! sléveral

at each receiver. e system al so I ncludes a centra

npthedssbiargetiocdizatibat Thg syRAsinChidee abldakeosnganghitter for
Arrivals) and performng the localization calculations
trapsmEting davigral\vip rriarget angtaidenst one regivenfontdosiviag a return

stinal o e ore B colfullt e IELRLRolaRliin Plfa Vot e Sighal. The
SRR RSB0 FTALE PRI APl rom

tiealaggdtaingdh MYCHRAGH o detthRinIARMIRS TAné bAATAOANEIOA) of the
signal fromthe target when the signal is received at

signplsutghch yeasivare déievsystennalse indlhdes @ centvalrprotéss oz fot
c%]%p@n%iﬁb?@t &elqlggal)ifge?gncaé gfoAI*rliJQa(ig)i e?nrzi I?ei'f(?rrr]neing ftheg {]oecalization
calculations in accordance with the methods of the invention as will be described
in more detail below.

The methods of the invention calculate at least an estimate of a target’s
position using TDOA and RTD data obtained from target transponder signals.
The TDOAs are calculated by measuring the TOA of a transponder signal from
the target when the signal is received at a plurality of receiver units. The receiver
utilized to calculate the RTD can also function as one of the three receivers used
to calculate the TDOA. Each TOA is subtracted from the TOA of a designated
receiver to produce the TDOAs. Transmitting an interrogation signal from a

transmitter to a target and measuring the delay time between the time of
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to calculate the TDOA. Each TOA is subtracted fromthe
TOA of a designated receiver to produce the TDOAs.
woresaN7SS5i Nng an interrogation signal froma PCT/US2004/025629
transmtter to a target and peasuring the delay tine
between the tine oftransm ssion of the interrogation

e
frgﬂthg %&ref 4y I‘&Egveg gllek%ﬁﬁlﬁég,%%&ﬁg !a fltgl%. Iﬂ‘ﬁ a4 g% It}gérlll be used

preci se range. im conj un
todaldulhfeehé airger PpRcifadnsE OByl dHe TR dhifadnr@Bffction
GDOP i ssues associated wth the prior art ‘
withlthe katgermoi aiedtfemhrthe R Tadetag tter moge GIDOPtibsues asgreiated
accuracies, and therefore the overall position )
wB e Rapeart mpkblgorationdrehnidug pip ovekeome ehd dheranggaccuracies,

T e

rec eTH@ﬁlISBISquf‘Bf éﬁ?@ﬁl"é?{fﬁ&@ft‘tﬁé‘ PresehiiBhfod ERCRIaYdsimuth

units, ectively create an antenna
ofd taayet baked oh MDD OiAsdatn of tidhspdialet aggleds reseied by g dakethree
than the baseline, it is I|gossi ble to use a sinple
antemsaelemepisaxesravingrniisatR Uatp sehdeh effectivélynerdatean antenna
el evation, If range. only, or range and hei ght. ar .
aukip PsPahs Siviee o e i epbis L egIeEhat Hirbagryne itis
PO R oSO St ERE Bopr S RO ) B Th O ng
clBRIERE SIfrhgBATY bﬁfbn?@@_ﬁd hEihtSir8 ARditabl € 6€eddital pbSble to
ground- based RUS are typically generated by

cdnsides gy deapso vanthean dasubem et apetiraiy rigr pdrformhgmantdzeémuth search
data is received as a function of a response to an

atithe aiveagangeand heighh that bestanaicbesthemaatired dDOARe
tr. | ' | cul d
Ctor b figRalidetiine ah 58 FENRERERARUS bR Ltll Eipratca by
trfiBbBnlfrsREBEERARE et MRS WheTE HAARC odthidd o dMmction
ofd fefsﬁbﬁsrtt toadn idterAsdatioal frénh@@Abuaditewtdtraanaiterdhseotnd trip

to the processing unit for further evaluation. At the
deday of thei mgssages istdadculated and stwedddr st im range caleulations.

clusters, each, representing a. s ific transm sSi Qf
fr ot e Eﬁcgweﬁé_%atq fm‘@@?ssaﬁ dvdha f&ﬁﬁ §i% §agingd vagh Lime of
aIAR r .Se .
Al ARBER IR Ol A Pidueiaea e (Tpo)
cdlOulSRORENFPIL t® fhen[ﬁg)c%ésﬂ?gaﬁni@ _f(ﬁloﬁﬁtheﬂ' Bealag@beh At the

function is perforne y Creating an
processing unit the data is sorted into distinct clusters, each representing a specific

transmission from a distinct target, and evaluated to give an initial approximation
of the azimuth. A search function is then performed around the initial azimuth to
compensate for non-linear errors. The search function is performed by creating an
arc about the initial azimuth at a range calculated from the RTD data and the
height calculated from the altitude data provided in the transponder response. The
size of the arc is set to approximately twice the size of the antenna baseline. A
predetermined number of points along the arc are selected where each point has

the same associated RTD as calculated from the transponder reply signal.



arc about the initial azinmuth at a range cal cul at ed
fromthe RTD data and the height calculated fromthe

wabhbistatsssdat a provided in the transponder responaB2004/025629
The size of the arc is set tosapproximately tw ce the
size of the antenna basel | ne A predet erm ned nunber

CuePRB IFL T TLRLS R SdSIn el paranihosm s comparing
d. T
o ?%“?eDQ??E%ﬂ%o@ﬁ?“&%@??M I BB ARG

asxcpxﬂalbddvﬂ}th% éxpebted TﬂB@Uh@ﬁn@%thﬁhﬁﬁ% é%fbﬁﬁ rs@lrected asa
The azimuth associated with thé expected TDOA havi n

. oRe peeiseramnaithef the taygéte cA enbraprecise plnprpesitim of the target is
A pore, precise plane 03|t| on

h )
s dfigh (ifoafia i B ke piocite %ﬂlﬁﬂﬂuﬂh%@let o
dat The sear unct.i on
PLCr e RAHR il i RcRTEH B3b8 At erm&*%ﬁaesausmg a smaller

asereddhetimay ﬁlemhrﬁpr@iﬁmgt A8 ra%@drab%f oy g&lﬁgﬁ‘ e?tgl‘lﬁ%ifea D range is

of the position estimte. range i s unaval
unpeqilabihé, shem this thethod wild ra:pntpeltea@ppmxhﬁa%@zﬁﬁumﬁﬂu &edation
i on on The azimuth that yields the small est

0@&% ot 0§ ?%}mtttk ahatareld thesrealles ertor Seim theskareh fimldtipn is

1o shigfet, Hiflky E@S' id Qy}@%ﬁgﬁiér%f“q'a@mﬁtﬁﬁ % the heighfads
11'1@1@(1&13&!&9;& F,@nq%ggl gr enbodi ment of ‘the

i nvent'i on ca tes a Aensi onal position
est i Maeenehod abahﬁﬁig tdiaddtﬁérrlﬂnﬂ—@%féﬂg oﬁfml %ﬁt‘i(‘}ﬂiééleﬁ‘lates a

when a transponder signal is received by at |east
tyendémensiopahpasitions egtimoate il tarait stiliggedl OAaed RO #T6Anation

th this enbodi nent of the present invention, the
“WSP@HLF anFPopg Y hads ¢ ‘fcé’“[@ﬁid?/matalﬁ@ﬁtéh@@ rgecivens as previously

e T .
it 050 1 S ROt i

estanaemftlxt tavgett [Bte hdight @mdst cdlsulatedt ﬂa@mqh@ ld[tﬁuc(i)éélata

accordance with this enbodi ment, the neasured T
pwa%a b}h@}egtﬁfge&#mtf@aurwmné@r sagmje)radt@nmtdw th@chelght can be

R T ek —"—

20 bR, TR PR AP i
inheingintctioinl with ehdisestdamtéshef the RUs to a closed form range aided
algorithm. This method of the present invention will calculate a two-dimensional
(%, y) position estimate of the target and the known height will be used as the z
coordinate to provide a three-dimensional position estimate.

25 The position estimate, target height and the calculated range are then
provided to a search function to further improve the position estimate. The search
function approximates a new position estimate of the target and calculates TOAs
that correspond to the new position estimate. The search function further includes

a cost function which measures the error between the TOAs of the original

30  (current) position estimate and the TOAs of the new position estimate. The
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estimate. The position estimate, target height and the

woabiswhiatsed range are then provided to a sear CRCT/US2004/025629

function to further inprove tge position estimte. The
search function approxi mates a new position estimte

T G, L WA L
RSB ORISR0, TR 330 IR e poscion

between the T P .
estifriatetvithathe stradlediQ@igorads thh feReirRas b %nee%fifl@% fintil the error

.Theposi tion estinmate that resql ts in"the sma
ig 988 thansorsequat ted paedeté¢reninedvitniment  posi ti on

ot ng HeraeOdiqt 3k SRaenabodimentarthe %Sésﬁmsmféﬁﬁm calsulatcs
[t t i mat til the ror is

R IR RS s IMafE b Bhter iiaina in FD Aried R1D

infinaton fwhedta &Qﬁ’éﬂbﬂﬂeﬁffﬁﬁﬂ' i?'g@éei{?éd b ?l‘f l%%gtsi%m Igceivers as

i nvention cal cul ates a ree-di mensi onal posi
pesstiondy disviissed: dngetordantt sitothidemBeRingeid oRTIR: present
.informati on when a transponder signal is recelv by
yentignstherhight afdhe asget isnop knowou Therefose wmdp the measured

' ' [ f th t
TS Eh B Bultied wroi e SERIHEOR arieihcicoornaien oRdhe RUs are
and.cal cul at range
PRASLAL 0 &l Bt RSO 0 BB 085
irprention eeiItoalcul e esthebd: @RS ARG (2 1eY g%Ffai% | dsMatd BF the target
met hod of the present invention wll “Calculate a

dirpgtbelrannihesi GAaand RTDydata) position estimate of the

[ tly fromthe TOA and RTD data. The
: ﬁ? gﬁ“&l ?Arfég‘cﬁl@%%%‘l%%‘sl?qsﬂw esitmatatanddhe caleslated tanigataeelthen

. dhelcaloslatad caige
b O S L S S The search
_ _ £ PBrTEEP it oSt !

o oS NE SRR S PeTalaehThg oBloulairoAs

thgbeorrespondso ithanew pbbitionestiatnts. uTat sedrch Wikd®n further includes
i ncludes a ﬁpst function which neasures the error

2 gt dasfiomwhichageasuresidesriagibeavegre ter EOAs qfidke bitrigihal
jate..and t.he T of e n position estimate.
(e TRt and die TON F S DeROR imair The
' : n Qsj ti on
P e B B 8 RIS b p RGeS Moot
pas#tiongestineatpoJihkisesirch function is reiterated, each time using the position
estimate with the smallest error as the new current position estimate until the error

is less than or equal to a predetermined minimum.

Brief Description of Drawings

For a better understanding of the nature and objects of the invention,
reference should be made to the following detailed description of preferred modes
of practicing the invention, read in connection with the accompanying drawings,

in which:
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estimate with the smallest error as the new current
position estimate until the error is |less than or

wequEl1tssa predeterm ned mni num Brief DescrPOoriusmosn25629

Drawi ngs For a better understanding of the nature and
objects of the invention, reference should be nade to

i detailed description of preferred nodes
E)P epfrlﬁlglt ? \é\% %gel%f g%e%:t?ﬁefgh? %Wpl&ééﬁcqlﬁmédﬁﬂéﬂﬂ% Atr@igdment in an

; cconpanying drawings, in which:Fig. 1is a
E{rngﬁ)rrﬁélsent ation of a typical receiving unit (RU) _
ar r arggneiy a rdpradentdtid@Os L the Tty calzcdrﬁle@ti&?s%&%@{) gi(p%nm

of the typical connecti ons be ween RUs, associ a (
agecqiated devines aed si processirg ufit,g. 3 shows the signal

fl .h rovides TOA data and range cal cul ation _
usiO\rI:IgS—<t lg'a# 6}%?1"(‘55 the; i that psevidas g&% ddtaranel naingh chloolation

j t.S:..0 resent inventian; Fig..4 shows the

SR ST oot s BeherpRii e gifons of i
invention when different RUs are uti I'ize
pft%?n?gg%tﬁ?g%’smt and receive functions to determ ne

r ang®ig.M shovbs ihe sgriad Boes BNAEor@hc@fwith ?&ﬁé‘t‘h@? eﬁlﬁaaﬁh&ﬁ of the
utilized to determnne the precise |ocation of the
PresegeveRtioR Bdeaatitferant RUsareruilmed ddr drettedtispinandfeceive

. [ tion; Fig. 6 is a graphi cal
ﬁ?@“ﬁ@éiﬁﬁgﬁe@?ﬁ@gﬁnéﬁ relsgl ts of the seargh function;
ig. I5S: ' of pt ocess e 0 .
L9, Pl 5553 b NCAA0R 3 Loy PLAGESE RSS! - getgrmine e
pestixedoo®ivn of thehgrget ﬁﬁ%&)rde{ﬁé%%ftﬂggrgfegreg%{ﬁﬁ‘ocﬁnfeﬂ?ﬂf the
di mensi onal representation of a no used T0 explal
peesentl igwentidnn i n accordance with one embodi ment of the

esgnt i.nventiaon; Fig. 9 is a three dinensional .
P(rep r £ Qtis #i APty ralaentssentation f e rasnith of tlteseatdpfimiction;

Slr ggﬁei;%. B{I% ié/lrehrﬂ%? gﬁa{gggnqco% aV\f.)rtoges%nlfsegrtrB %%{:erlrglri]rtle %frgétri)%sition in
accordance with one embodiment of the present invention;

Fig. 8 is a two dimensional representation of a model used to explain an
algorithm in accordance with one embodiment of the present invention;

Fig. 9 is a three dimensional representation of a model used to further
develop the algorithm in accordance with one embodiment of the present
invention;

Fig. 10 is a flow diagram of another process used to determine target
position in accordance with another embodiment of the present invention;

Fig. 11 shows the signal flow that provides TOA data and range calculation
using a round trip delay method in accordance with another embodiment of the
present invention; and

Fig. 12 is a flow diagram of another process used to determine target

position in accordance with another embodiment of the present invention.
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Fig. is a flow diagramof another process used to
determ ne target position in accordance wth anot her

wendinsat of the present invention; Fig. sShoreTuisen04/025629

signal flow that provides TOAgdata and range
calculation using a round trip delay nethod in

i di f th t
B0 Hieriion-EheveBtaR | ow di agr am of - anot her
' . . isHion in . .
P econ e SRBQe et IR EDREACHIShIAP Bt il b desgibed with
refevendel toFipetiab] ednbrser bpaﬁt@ﬁn@_éleiﬁb@mf. lﬂﬁé}%hggr fR&red to as

enbodi ment of the present invention w now
“tetstvinpeutital’ (RUs) are piacedtin kiiogsl pdsitfonsAwithirbide adfport confines
antenna el enments 1 (hereafter_referred to as

to Crealt 91 ABICHAR AEray ARUsPictedt 81 Pigadee typiraldWH ipeeldtyohiensis
b fiobBagc| 9. 00U G0 RS Gisthed o WP or me

RI9 RaefdrtQntol Mg laniaina %%gqglg%l%}e G elindD ?‘% tiis 'éﬁ’g)%%iment,

and pl acenent of the RUs I erred to as e ant enna

any caynbinatedn ofatdeadtaneltianemilter do thresReeiveRs reqiiYed to
conmbi nation of at |east one transmtter and threé

Predde tues-dimensigonk logalizationofi targethinesndinoend 'rtlnmaailrp(_)rrrt]. The
ai rport. e

RAOE R uBhnl. BRI Drkmeh PO ARIFisANG gedsh (s biows KUs may

: i [ . ndent upon
b8 PR E et oot the FR ey A HA SR RERL e bund the
aﬁ'gbﬂdn ordér torRfcdme DIRS SOShE{(NOSPbbstwtiHont la%)multilpath
obstructions and nmultipath I'ssues.” I n accordance wth
isshes. pineansnrdance evith the, prasént afivertionReH of aine B&s canhbe positioned
t hus

sitioned.wthin the confines of the airport, t ‘
“ﬁﬁ% Ffi%@m&m Ogéﬁ% 3uperdy thys infusIngRASY aﬁ@r:sg é@nmag;t,enm and

' i f Vi nications,. In referr odi nment
SR LT bR ot P bl S E Copodient fe

ay :

e e\ C S RS h £ 10D ML Ne
moelnbited npliak $9A1 Mid themebeit s datcipd Wl@hests deyagablof receiving
signal . however, any signals in space could be used.
a #pg() ng@h‘tﬂdgm@ﬁdﬂe&mw lindt sigal, AoWewer) @ny sigrals in space
t‘gt accyrately neasures the Tinme of Arrival (TOA) of
e gljf’etqsﬁasponder signal received froma

Fig. 2 shows that each RU 1 includes a TOA device 2 that accurately
measures the Time of Arrival (TOA) of each transponder signal received from a
target. The RUs 1 are connected by some communication means, such as a local
area network (LAN) for example, to a processing unit 3, which performs the
localization calculations. Other types of communication means such as Rf links
or telephony can also be used and the invention is not thereby limited.

In one sense, the layout of RUs shown in Fig. 1 and the devices shown in
Fig. 2 are the same as those employed to locate targets using the traditional
multilateration technique. As explained earlier, however, the GDOP associated
with the range of the target becomes quite large as the ratio of the antenna

baseline (distance between the receivers) to the range of the target decreases. It
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target. The RUs 1 are connected by sone comruni cation
means, such as a |local area network (LAN) for exanple,

woOao@/prBsessi ng unit 3, which perforns the PCT/US2004/025629

| ocal i zati on cal cul ati ons. CEPer_types of
conmuni cati on nmeans such as i nks or tel ephony can

' ' ' h by l'imted.
e hubis Bite Rl SobeReshe woaet Wi U ;milgsq%f
Y o Fid. : t hose .
58 R BB oty
degtddelai ehatiseahdesehnithg ﬁlulﬁﬁtté'}éﬁbﬂ s P&EmER the ?a{tgﬁte increases.

however, the GDOP associated with the range o
In aeeprdane withshe present arvgatias, Hdveever) iaagehidddgamianna

seline (distance between the receivers) to the range
aggaorﬁh@stagé Yes @e"&t@ﬂi&ﬁ effeativerrange ef Wesfastrecture as

e i
distardel Fo2h Md SRS SIEMIL Pcte ?%(g{&h{éd‘:@éibév%nq g{%ac?eggq.ﬁz

the di stance fromthe nu eration sys

t ar g&ig.i3nshovessths. sigital Ae0betRa a\’ﬂréﬂkrﬁiﬂ%r/?éc%ﬁ%?t%U 4, a target 5
i nvention, however, range ai ded position algorithns

angl EVQEReeTYe RS 6ndn irderpgaibon signakgescat fitdne tHRU
1 and 2 to precisel

. _ .in Figs.
oG TR 04 B St vor Bt gmithe e Evaspondes
. i . lained below in re
IHA R RIRRY L GeGRNTSTRaSRRlN B
itterrogariont sighaleCRirger By th caacﬁlaﬁﬂgfthe’ita 4 f@tﬁr@ﬁgg.e GhEVer
RUs 6. An Interrogation signal 7 Ts sent frontthe
trenspesdet wsiderthe ¢anget reflied atrionsayi datliytwishinepknoven Eﬁﬁighz of time

' der. Transmtter/receiver
et FeTonatbionticor o ansideidsscgbed fader The rely sigaa
o ' [ I or, lateer .use i.n calculatin
is PR BRI 8 RO% 4 b3nerE BT s nskime s aeea
withits EignePof ARRAIQTAA) o ¥hR 10 AN LI mlaﬂq 151'813%ds can be
(i nternal delay) subject to a tolerance as
usgddordetrenhinal @A ifdiedingpbut mitdinited fo, fCﬁ@BhME‘(S’siﬁénitﬁ ISystem

f the RUs 4, 6, 6 where the data is decoded and
(C?Pa@gma,\&p@ﬂized@qdmarwinmalmuncefmjmnspmwerejs@%ignals

oo Bith Al Moo i FoF e B Gatfis cpmitol pessonneh T

. I i. | d.internal, . . .
O A AL Dot BB IR T B3P S idemtification
muofbérmindrattuide Hat depsifdiRY odithe tyR 6f ©pPSIi@ed. Fach RU then

personnel . This

sends the data with its time stamp over a data link to the processing unit 3 for
further evaluation. Additionally, the transmitter/receiver RU 4 provides the time
of transmission of the interrogation signal 7 over the data link to the processing
unit 3.

The processing unit clusters the decoded data with each cluster containing
a specific transmission received at each RU from a specific target. Clustering is
typically performed fhrough target number identification, Mode S address, or
Mode 3/A Code; however other proven methods are also available. As will be

explained below in more detail, the processing unit then performs calculations
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information can include, but is not limted to, Mde S
address, flight identification nunber and altitude

wdav@/o1tspendi ng on the type of reply solicitedCTES2104/025629

RU then sends the data with i time stanp over a data
link to the processing unit 3 for further evaluation.
ansmtter/receiver RU 4 provides

ine A dafrean L oaRlesk Fanseniorioe tinegyet g}@dﬁwh' ioft signal
' h i ng_.uni : e

SIS BRI e albe R oGRS lod P efeach

cl UStBlic SRRBUBAITHE InRridB8GHA Was %E@“ﬁgfnsﬁ!e sl RAeRtr RU 4

each RU froma specifiC target. ustering is

toyhe tagétyis fmotvor aeib thbinteginl detgedf themeet’s trangpéqnder, and the

t?
identification, Mde S address, or Mde 3/A Co _
tHBGRY e 9E thestasget s Telirnsdgnad ab transmittevaecebéeRUAL This data

WM e i.ped bel ow i re detail, the processin
iflsod @l B BF RaREL R e Bh el thg e Bgetof the
9 . i ‘

e PR pITERLEhNRAE:, RG0S Ml B taboth frepmit and
redeivetiecigel weafoohetingdealb@bash. I Rfs Eﬂz{@eﬁtﬁé \I/)Eéb?se range
i nterrogation was sent fromthe transmtter/receiver
ofthejtargetiainerats egfebe icglokinsembasesl drdy bhethé nowrdhadp dﬁh?ﬂata by
of cthe .target's transponder, and the time of arriva
thi £l émpgli@]gpu@: return signal at transmitter/receiver
RU 4. This data is used to cal cul ate tpe rhound trltp |

I to d m the precise range of the target. In
gep?gf er ool m,pt he sanme antenna is used to
both transmit 4and receive the si gnal used for the

wiapge calculation. In this manner, the precise range
é? the target aircraft can be cal cul at ed based only on
the roune Ringe del ay data by the follow ng fornula:
RTD - del ay ng: - *c 2 where: R = Range RTD = Round
trip detEY = Boapd édp ety (btapsed tiansfrbsst-atnibsion of
interrogation signal to reception of reply signal)
Interrogation signal to reception of reply signal)

delay = internal delay of target’s transponder

¢ = speed of light

In another embodiment, however, as shown in F ig. 4, a transmitter RU 40
could be used in combination with three receiver RUs 60 (i.e., transmission and
reception of the signal are not through the same antenna.) If this embodiment is
adopted, precise range of the target will be known only after the azimuth of the
target is calculated. That is, since the round trip delay is measured from the
antenna of transmitter RU 40 to the antenna of one of the receiving RUs 60, the
precise range of the target will not be known until the azimuth of the target is
calculated as well. In both scenarios shown in Figs. 3 and 4, however, since the
range is calculated from round trip delay data, the GDOP issues associated with
the prior art multilateration techniques are overcome and the range accuracies
improve dramatically (e.g., for ranges outside of the airport in excess of 20 miles)

without any change in the RU infrastructure.
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delay = internal delay of target's transponder c =

speed of light In another enbodi nent, however, as
wehosi17:3sFig. 4, a transmitter RU 40 coul d berasms200m/025629

conbi nation with three recejyer RUs 60 (i.e.,

transm ssion and reception of the signal are not

LI UL 5T S el TSR Sg Big, 3 oi

. o . ¢ .
cofl el AT L e 397t by A2 o procss
Thé Rex@Edée ik sineridlieéreRITIOA dath ifor eadhetargetof one

of the receiving RUs 60, the precise range of the

Spedifigaity,the TDHOAS hetwermnthedranispondesr repliesbbeionginglie the same
cluior Al USRI P RS GV B BORLENE AL PR BT ce, WIS
lcul at.ed fromround tr I . '
ofig@usty Biliodip? Mdenltifssr il Pt GRTOEH S whLBe SHfich 546
meh§GEATINOAA _fi?yte(fp%%‘}ﬁnﬁéﬂﬁntdﬁhé APMAGS terCéRSulated by
I'mprove dramatically (e.g., for ranges outside of the
evAlustdgs thei messueed TDHAR D ovhjeajtion thituthe dmpvwahaonggonsof the

the RU infrastructure.Using round trip delay to
Risausing aligeengpeoxiagii@.ei t her alone (Fig. 3) or in

ol Thg Atk itehet tefed Hhbtiel Sarmiu et gopuf i bt
ap@%é@ﬂﬁiéc}g Pftﬂé%zﬁréﬁﬂb%@%&%ﬁcﬁg w%%&sh?échDOA at the

) etween the transponder

meaSitet @angehknNBERHL. t Thé heighaiecattulstedrfr@nahe altitudatsd
utilizing the TOA fromone RU as a reference, which

inobideelcinithe transponden acply asiisrwebilasaen inmhiears eRestrimpangig. 5,
will be referred to_as neasure

an gppf dxereaicdaboyt thendrsh APRONHRFGOR RERE A e fgnge and

eyal,ua t ' ' ' it
ne A O e R e AR S BT Ri esit
sigRRB! 3% 'tﬁ@féf&éhea B bdathedtofths iRntioaf(FRed)! thergdiedare
azimuth search around the first approxi mati on of the
repésems Hpbitivn GEs tiroletduieds thé facttzst dhe saiO@Ateanatveas utilized to
measured range and height. The height is cal cul ated ,
trahsroihthe intetrogatiereandreseiveche dwaspondes seply sighad deieyse in the

repl s.is . well known t t... Ref ' tQ- Fi.g,
IR LT T L (R T
1f &k 8if AfdTUE RrPheififi foARIRAD he interrogation and receive the reply
signal (Fig. 4), then the arc will represent a portion of an ellipse. Although this

b=t

O

will somewhat complicate the search algorithm, the search can still be performed
with little or no degradation in accuracy.

By way of example only, the arc is selected to be approximately twice the
size of the antenna baseline (distance between the two RUs which are farthest
apart), and ten individual points (azimuths) 10, each having the same round trip
delay (RTD) as calculated from the return signal, are taken along the arc 9. For
each azimuth point in the search, the TDOA is calculated from a known model,
described below. This set of TDOAs will be referred to as expected TDOAs. The

minimum error between the expected TDOAs and the measured TDOAs is then
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hei ght determ ned fromthe altitude data fromthe

transponder reply (return signal). In the preferred
wendinsat of the invention (Fig. 3), the createadsana 025629

represents a portion of a cirg)e due to the fact that

the same antenna was utilized to transmt the

[ [ d.recei the transponder reply signal
lpulafed” 2 SHiCiedin g o4 dbe acimoith ahssated winbtocpecied

' Simplifi .th h. |If .
kP DDA B8 BT AT L5 b, e
1 REQLRIA L0 AR NIRTHIANRal %o BSOS hEP UzifbitPandd second s
ofltei auwtpdihisds wildeh doiewhaillcs ard! TERRobAS i§f‘e@fet9£r}ed a

algorithm the search can still be pérformed w .
nredeteaniged myntheg od dimésdrased upon systesn patymeters dfcluding, by way

8 BBl APlshing e i e HiF S PR apish O hanicnnis. The
. . . i . h .ang . ten
TR R P tichTe BhceRP oHion Bl Al mifCEaiite

systenddéplopmesl.ay (RTD) as calculated fromthe return
signal, are taken along the arc 9. For each azinuth

poi ntSinee thegredse rngetih beihd@stérsniaad dtonatiedrdundip delay data
known. node| , described bel ow. This set of. TDOAs W | |
aaa ﬂil%h%lrggw heang salewlgtad Ganmibesdtitutihelata piovidadeby tire

PR Do TiE SCngh Coiai s pRgonBe ih i SiTERon, thereby
o et (h CoPRATH SR Ukl 17 yREPRHEGoh e

sedreh. Othercsedrdhofunction thalobtibhsmetidisiakh 5 BeeR at{?hﬁ
new azi nuth and a second set often new points’is taken

Digsceri decmaquesrcaarhe, usedivsitioresults sim#ar iai dceusfogd a
' f oti based upon system
P aATIE 8 ¥ WA SRa Tt lesaing drom e fnlly calculated

[ I curaci es,of th .
2ARRAh o8 B R0 ot RO P R G EE RO 8 e gy the
. | . 3 _ . .
YN 1 58, Uy Y0t o
tatigete rItiin daltafis drent inede avaithble tothdeliatratiid eors] dpdfators for

hejght is being calculated fromthe altitude data
d'ﬁP t ded by the transponder response, the search

f ' i erforned in ope dinension, thereby .
o1 o {5 441oRy  Adhseratnel BemitteynegousBenpadbis o a
erfiBbdinH BF #d HeséMAfivention. The first step is to arrange a plurality of

antenna elements, preferably within the confines of an airport. In a preferred

embodiment, at least one of the antenna elements must both transmit and receive
the signal (transmitter/receiver RU), whereas the remaining elements can be
receiver-only RUs.

The transmitter/receiver RU transmits a signal to the target, and the target
transmits a reply signal with known data (e.g., aircraft identification, altitude,
etc.). The reply signal is received by either the antenna of the transmitter/receiver
RU that transmitted the interrogation signal or another RU antenna. The reply

signal is also received by at least two additional RUs. The received data is
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search. O her search function eval uati ons nethods such
as Steepest Rate of Descent techniques can be used

woRods/nessl ts simlar in accuracy. The X, y an#@CI/US2004/025629

coordi nates are then determngd fromthe finally
cal cul ated azimuth and range, and the height as

2R, AT i BBt Sl s 103 B Podsfboe X HIORBREY Blocessing
U el 198 cﬁ%tér@@ ah@ 'hﬂ?%ed F@Eﬁc%ﬁ@ta&%ettrgﬁ Sﬂ?fg ir?nitial

aval lable to the air traffic control operato

(dpprtxamatelyiagimuthshows a fl ow di agram of the steps in
accordance with this enbodi nent of the present
i nverniasaordanee withsthegrefsried enpbediment shewnlinFig. i3 heofeply
antenna el e ts, .preferably within the .confines of an
S et hF same Astetind e U ged (o iergpedtion
8 t.S i i-
451305008 18 SR Tk, DAY O LS TVB L AL SR Sranee of
the fRBl. NUc8HBEB MISOAMR théh EA6€IaURY arévalitided td B&termine the
transmtter/receiver RUtransmts a signal to the
indiad azimuthodftthe targety end thexeafidrtassearclefinetish anpérforrméd around
known dat.aq(te. g., aircraft identification, altitude, . .
the anifial amutla fo gompepsate for nasckineas erigys.eil hpsparchdunction is
m,tter/.rec

f he . i h
BPeER R efedrofubbR AR ns: BF RS TSR oh sy SR bosrametgss. The

}?\%Eﬁ glgce-ﬁ%e{lﬁ%éﬂ 16&%&?%1 of thedh tdiset‘ﬁ@h \ﬂgfkrfg%réﬁf gﬁgﬂ? tthe

Itional RUs. The recelve ata 1 sdec

Heiigti-dfab@ edgyd ik etdrmidédby tHeoaltiideodnta anthd feply signil from the
processing unit 3 where it is clustered and utilized

ttmg_et:)al culate target range and initial (approxinate)
FomfisorRgRES R B bl b aP L sl i agreinc
A5 AR S0P BEA ok TSRO R grect

RhHEESHcliEe PIoBFitSR i§ AsPtoerfdith fRf @afch MABESA ﬁfbuﬂa@ﬁe

is then cal cul"ated and evaluated to determ ne the
ihftial azimethiamdtgrovidetahmoteagatate antnttheioe did arget. ddwrmbhnner in
function is performed around the initial azimuth to

veleinh e adgoathmfowers devgtonedrsilknowrhe deseribed.f uncti on

IS)S/S: y egéﬁgﬁq ! ggs%t ﬁa%lrgnno%q*egﬂfn;qgﬁal%cetﬂtﬂ)%sbybf%(? %I?snis shown

in Fig. 8. The exact expression for the measured TDOA is derived utilizing the

cosine theorem as follows:
1> =r0? +a* —=2-70-a- cos(phi)

and

rl= \/rO2 +a® —2-r0-a-cos(phi)
When developed into a Taylor series it becomes a linear expression for a<<r0:
71 = r0+a-cos(phi)
and

rl-r0=a- cos(phi) :
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preci se three-di nensional |ocation of the target is

then determ ned (again, the height of the target is
wdev@rn7ssed by the altitude data in the reply BCgmnak004/025629

fromthe target). In accordange with this enmbodi nment

of the present invention, a specific algorithmis used

' he initial ' [ h of th
ke bR B o SscnBhe Rectciebbr ?r?h%?ef@l’e @ééé’éiétﬁpéwdg& and the
P g5t it fisanseistycan
R R oy o KbIg e dfeck B e (o tnE Hasured

TOAeusing awhiple d1peisaiPoERElidMs were devel oped wil |
now be described. A georetric representation of reply

signal reception by t Js is shown in Fig. 8 The
exact expression foru Masur ed TDOA is derived

utilizing the cosine theBremas follows: r\ 2 =r 2 +a2
- 2-rOct-cos(ph and r\ =+ a2 - 2 r a cos(phi)

(VRS rBARL eoge of h, Ml PPhPAyF Il B snecd EHEER- 2 11

-r . Cos[ phi te that r - r represents the

di f ?@%&&@ i%og‘%gf‘f&rﬁé’éteﬁé@%éwdtlﬁf iga9.¢bis appdoxineation is
| o vard abl e an be directly

e}glgllﬁgﬁrgjt%%t rorﬁlgﬁgsﬁ‘@g‘s%ﬂggés%ﬁﬁwﬁsi ng a sinple

al gebraic operation: tdoa c u = a (where uis the

cosi ne of the gl e phi i f light).
Usi ng the coor@ir}nat éP§y/4¥éPﬁl)deLr(ﬂ’cvéS %E-F‘ﬂ i 9, this
approximation is

where:

rl True range from the target to the RU.
(%, Y, 2) ~ Coordinates of the target
(x1,yl,z1)  Coordinates of the receiving RU.

The target distance from the origin is denoted as r0:

(2)  rO=qx*+y*+ 22

For r0>>(x1, y1, z1) the linear expansion approximation from the appropriate

Taylor Series becomes:

Denoting
x
U= e cos(el)- cos(az)
@ v=2=cos(e). sin(az)
r0
Z .
w= e sin(el)

(where az and el are azimuth and elevation respectively).



extended to the three dinensional case as follows: (1)

=- H{y - yif +(z - zif where: rl1 True range fromthe
woanga7sse the RU. (X, y, z) Coordinates of thecrasymt/ 025629
(xI',yl,zl) Coordinates of the4eceiving RU The target

di stance fromthe origin is denoted as r : (t2) Fo; r

~( X1 | . z he.l i near expansi on approxi mation from
jt‘l#ee%%ﬁéﬁﬂ #‘%Yttge %é%ﬁ“%ﬁet BOWetomes: (3) r =r - - X

- - | - -zl r r r Denoting x =- = _co?/(;el) (\(I:\zs{az)

4) v =- = cos - staz) r w =- = s|n r ere az
Saan el are azi gg”] a}ﬁgggl ex\llgfi_&ﬂr;'vr—e%lrs)évct i vely). The
expression for the distance then beconmes: (5) r r t XI
-yl i ' i Cy: .
L3 2 one g S0t e dohc e cRbluafiRg ARPREHA porcion
of¢h¢ Eaylor Series shill énduetdrrEasar@iFds Hubwill Willleiod hh bc%eptable

i ve an acceptable first approximtion of the azi mut h.

5 f%ﬁeann%@@tat@m qfthe @zimuthr sIhei inkpase ofiiltesgatreds il bughitigated

{ he rch function esctr)i edin,glaetail_late_r. The TCA
ﬂ?ré’ugﬁ © searel fictiop gespribeq gy defeiblaters ¢ e bi as

The TOA to each receiver (RU) is:

(6) T04= L + time bias
c

The TOA bias exists because the measured TOA is not absolute relative to the
10  time of day. |

Using multiple receivers the above equation can be generalized to a matrix

form:
ToA1 x1 yl zl
TOA42 x2 y2 72
u
(7 ' _L | v |+time bias
. c "
TOA4n Xn yn zn
or in a shorter notation:
15 &) TOA vec= 1 ru_mat _ full -u__mat + time bias
c

(ru_mat_full contains the locations of all receivers),

(u_mat is the direction vector in sine space).

The TOA bias is common to all receivers. Therefore, by taking one RU as
a reference and subtracting its TOA from all other RUs’ TOA, the TOA bias can
20  be eliminated and the measured TDOAs are determined. The first RU to supply
the data is typically chosen as the reference RU, however any RU can be used.

Therefore, the relevant matrix expression is:



c The TOA bias exists because the nmeasured TOA is not

absolute relative to the tine of day. Using multiple
woessinesss the above equation can be general i zedTiUS2@4/025629

matrix form TOA fxl y z TOAg x2 y2 z2 (7) + tine

bias ¢ s TOAn xn yn zn or in a shorter notation: (8)

ec=- ru_ mat _mat + tine bias ¢

(Troﬁ_rr;t full contai FrfsﬁM)Y@ r{ocatﬁwlof}’zaml reteilers),
(u_mat is the direct/i7@oyector |iys.Siing3spacels_,fhe TOA
bias i conmon to alll receivers.| Thereforée, by takifhg

one RU as a refgyenge and sgbiractlng its TOA fror 2 I
other RUs' TOA, ‘the|TOA bids egn be elimnated and'tpe
measured TDOAs are determred. |The first RU to syppt

the data is typicallly chosgn ag the reference RU,
however any RU can ﬁﬂ%dj Th@D{qf—o:rle,....t.h&nr—ed:levynt
matri x expression is: W16 TDOAl 'x2-xI y2-yl z2-7Zl

DOA2 x3-x| y3-yl z3-zl (9) TDOA _ V n
where

(9.1) TDOA1=TOA2-TOAL1, TDOA2=TOA3-TOAl, ...., TDOAn-1 =
TOA n - TOA1

5  The variable w depends on #,v according to:
(10) w*+v?*+w* =1

Therefore, it is sufficient to find u, v only and equation (9) can reduce to:

TDOA1 x2-x1 y2-yl
I'DOA42 x3-x1 y3-yl
(11) 1 (")
c v
IDOA4, X, -x1..y, -yl

Equation (11) can be written in a more compact form as:
10 (12) TDOA_vec=l-dru_maz‘-u_vec
C

The best estimator solution (MMSE or ML) to equation (12) is:

(13) u_vec=c- [dru _mat” -dru_ maz‘]_1 ~dru_mat” -TDOA _vec

The direction vector in sine space is a multiplication of a fixed matrix that
depends on the RU locations and the measured TDOA vector and gives the initial
15 azimuth.
It should be noted that equation (11) ignores the z coordinates of the
receivers. This is done in order to maintain the linearity of the equation. The

contribution of z to the range from receiver to target is negligible compared to the
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where (9.1) TDOA1=TQA2- TOA1l, TDOA2- TOA3-TQA1L, . ... ,
TDOA n-1 TOA n - TOAl The variable w depends on u, v
weacerd7ssg to: (10) u +v + =I Therefore, it i SPCT/US2004/025629
sufficient to find u, v only @nd equation (9) can
reduce to TDOAS x2 x| y2 -yl TDOA2 x3- x y3 y U
- y Equation ( can

chnlkiusion mame e ahapad aisbaicrmotsd Uat apbosizont s of the
aﬁ\i& nt'g_me Cc thﬁ%best estimator solution (MVSE or
9t WP?W Y-is: (13) u_vec = \dru_mat
dru 'l@rfomﬂﬁ%a%% 1&@9#10‘(13?05@?11 'tﬁ)ﬁ%%h MG iR cmepensates

si ne space | cation of a fi X matrix t

foenrnttsm-tnedrheRiys | ifhatsemh iaperfofigedrbgsusihg HIXQRc about the
vector and gives the initial azimuth. |t should be

first apgproxismatempuef theazimythi 2§ toe eangerrndhaighiranladated fom the
he receive This js dqgne.in. order .to tain,the
aﬁhltﬁés%@ra/m&%er w@&rraﬂy Sl o AIeviBRY SRBRLOA o
b s LA SR BbH B oh e Bt skt Mlfiion sesh
sBRcRRA RSAnt RAking %Wmun%r@maéy (ﬁmﬁ lag @alchlbm:d from the
conpensate for z. Perform ng a one-di nménsi onal
toynspondeatreply ssgxeal c it is msamhedithat cloenrags andthé heighhere constant,
non-1|i near errors The search is perforrred by creating

ag ihest @reagg‘«sm by e rrammondsbrem fignabnlngheenen tilﬁhh@lghtats not

avaﬁabl 1% seq(%o Qgrl lé%?itfrg v]:flrlloﬁlé Hle coordinate projection on

the x-y plane.

To perform the search, the expected TDOA for each azimuth is calculated

from the known model depicted in Fig. 9 as follows:

1. Thex,y, z of the selected point on the arc is calculated using simple
trigonometric equations assuming a circle with a constant RTD for a
case of transmitter/receiver using the same antenna, or an ellipse with a
constant RTD if the transmitter and receiver are using different
antennas. \

2. The distance to each RU is calculated using the x, y, z previously
calculated on the arc and the known x1, y1, z1 of the selected RU. This
step is repeated for each RU.

3. The expected TOA at each RU is calculated by dividing the distance by
the speed of light (c).

4. The TOA of the reference RU (the reference RU is the same one chosen
to calculate the measured TDOA) is subtracted from the TOAs of each
individual RU.

5. The result is the expected TDOA vector to be used in evaluating the

search function.
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altitude data in the transponder reply signal as
previously defined. A predeterm ned nunber of points
wonodsie7sasc are sel ected for eval uation, each sermstm®d025629
poi nt having the same round tyg p delay (RTD as
calculated fromthe transponder reply signal. It is

assu . [ e..and the hejght. are constant, as
t hey "@feef%f%hg tQ%QStfﬁ‘ch?%}ﬁs H&é(ﬁiq%éf‘;ﬂ &_@h@ﬁ%}muth seargh:
event that height isnot available, it is set to zero,
and the al gabi thre \E[th’odimdaijhe‘dﬁ@géibdafbﬁézzpr,mgZ]@| on
on the x-y plane. T@ performthe search, thé& expécted

TDOA for each azimuth is cal culated fromthe known
VIS8 depicted in Fig. 9 as follows: . The x, y, z of

t he :point on the arc i ul at-ed using

Si rrpl%gécﬁhltlga%%onet ric equ Fmeil%?aw%m cle with

a congdanrk I as Hq en/ r.aceive .
si no e D R IY S el SO Pl Sk for U 4
RTD if the transmtter and receiver are using

di f f dhenengmRemdaseight H e helidsdonsemt tquabeinRuhation derived
cal cul ated using the x, y z previously calcul ated on
ﬁt‘ﬁ%ﬁ}%féﬁr&w&n@we@bbmn&h- , Tlyg Tungtion is halcelatertowat i?u'lr%i (e.g.,
[ ' at.ed for each .RU . The expecte
102tk 8B ol BRE RCsety sy oy (REDS e el from th
j . . of the reference. .
et o o il Doty BRSO Hod 8 oo i drigled wich
thehexpeees PO ATBEAproducey i R&tRHefbPM stel&t% SBfifthat
individual RU. 5. The result is the expected
height ismat gvadahlesid is setév abunnid dhd Algosieanatill find the coordinate
un%ti on. The foll ow cost. function is then eval uated

pll;o celignoor the x-yplane, . Lig se(aiql} ﬁmqtllo@dg repeatefbly creating a new
sRXINGCAE @é g% one-tBnththt s¥7 otvfﬁg Ircne”l:ginal arc) about the new azimuth
(i.e., that produced the lowest error). The cost function is then repeated over a
second i points (e.g., 10). Again the azimuth associated with the expected TDOA
that produces the lowest error is selected. This search function process is repeated
a predetermined number of times, as previously discussed, with the final azimuth
producing the lowest TDOA error from the cost function.

Dividing the height by the range calculated from the RTD data and taking
the inverse-sine of the result gives the elevation of the target. Once the elevation
and optimal azimuth have been defermined, the three-dimensional coordinates are

calculated as follows:

x=R- cos(az_c)- cos(el)
(15)  y=R-sin(az_c)-cos(el)

z = Height
where:
R = Measured range
az ¢ = Optimal azimuth as calculated by the search process

Height = Calculated from altitude data in transponder reply.
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tdoa_neasj Measured TDOA in RU # | tdoa_expected(aZi]

, R H Expected TDOA in the i azimuth for RU # The
woang®i1Rsand hei ght H are hel d constant, equal PCD/US2004/025629

information derived fromthg transponder reply signal.

The function is calculated over points (e.g., 10),

e Tl deBRo Meritwalta SREToR BARSholdeS Ehtis K zero
an(f?1 'tﬁé‘%le%d??_mn%ﬁes aa¢aietadi muth associated with

expecte at produces the | owest error is

sel Hfatt?ﬁlspbﬁdéﬂlﬁg@adﬁ@ tedehadd thei ghiotiis responsy & dmbitesrogation
it is set to zero, and the algorithmw Il find the

fromomr RiLh dhen mngpsenneirbeodetemaingd frgm dhe RTEhinfornpden. In
funp ctlonl repeated cretln a _ne

sorpe mitancenel atsmaﬁ@ iR as bE N aliDls oS vl Gthe
s1g%?rlef6$r§%%ﬁ gl do és'no% ji clﬁﬁ@ﬁl’tﬂ éjﬂgt%d 1F H?igb?%ﬁ%%a%e are not

func ion I's en repea

avaiROR) thdn P Methd®will corhPhte bﬂm‘iaﬂ@ agihiiltand elevation

assoCiated wth the expected TDOA that produces the
dirtalyefonesquationg 13k Ehe echuridsy wikl dapeind Omlﬂm rabm lmtwces the
is repeated a predeterm ned nunber of tine
antpma/baﬁ@émy aadgemg@s aad willtimpeage a5 Mg rapge m&rﬁa%% datheg
.errar fr the cost funegt
pRASIHAIG B 2o Shp ety hRaBEAtmlodHe Dby Vi
im @e tlfmerhgdlwﬁid}lvgf the aﬁt&ﬁa%%%y%c&@fs% kl%%’@ﬁ) thBaseline.

I"'evation o e target. Once t I evation and

opt AgEHe@zdalmidthb@ Ve dadentadedtdocdlization che be employed if one
t hr ee- di nensi onal coordi nates are cal cul ated as

RU isldse«lms axad® tcwmittenand oudiiple)R10g gy ra;daRre@ivﬁra-z A) -
c ht vvh =
preaS e iRl FS CBAPE GPIEL LR § T SO e
aziﬁﬁ%l??lﬁolngt %aJl’ﬁ ﬁtu?ﬂ)rﬁ'ltaﬂghal titude data in transponder

€

el ght canno calcul ated fromthe
t r aRapARE 8mbodRh¥at dfithe pré&eht inveAROR vallthanby debgibed with

and y coordi nates are cal cul at ed.
reference to Figs. 1-3 and 10. As in the first embodiment, a number of RUs are
placed in known positions within the airport confines as shown in Fig. 1 and any
combination of at least three receivers and one transmitter is required to provide
three-dimensional localization of targets in and around the airport where the RUs
can receive only, transmit only, or both transmit and receive.

As in the first embodiment each RU includes a TOA device 2 to provide an
accurate time stamp of the Time of Arrival (TOA) of each transponder signal
received from a target. The RUs 1 are connected by a communication means to a
processing unit 3. The signal flow between a transmitter/recetver RU 4, a target S
and two receiver RUs 6 is as shown in Fig. 3. The interrogation signal 7 is sent
from the transmitter/receiver RU 4 to solicit a reply 8 from the target's 5
transponder. Transmitter/receiver RU 4 records the time of the transmission of

the interrogation signal 7 for later use in calculating the target’s range. The

transponder inside the target replies automatically within a known amount of time
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If a transponder signal is received that is not in

response to an interrogation froman RU then range
woamsmi733e determ ned from the RTD i nformati onPCTUSS®AB25629

i nstances of this scenario, ghe height may be

unavail able as well, as the signal fromthe target

s R ol R o e HEErPRY Tuet, BRI oL 10 ved atat

oR BB 44 AL B SR BB A o
ARSIEEO A NRoRNthe TMRARRS&dd NeEackiRUATRe, seadsthd ddta with its time

i nprove as the range increases. Another approxination
stargptaver a ddiavenls iothegirotéssingumih 3 fonfurther cvhmation.

ATRERA e Rt eiisBe v PER #@2&1'@3%&@% %%t%%.srtn‘i\%ion of
AORRRY < f . s
SR ERonf SRR o Bl LR S8 g B R T

mul IR SroRelSsiRS uhA¢RistéE8 8d Y8ERledARPHEN Qieh!Yuster containing
descri bed, range can be calculated fromthe round trip

a sielcifyc rankrazsiontrecdivednat dehTROAromfospeeifiotargdn @lostering is
enbodi ment of the present invention will now be
typicgly ipssigried fhyosea targebnumber iglentificatiomdViode Spddress, or

flrst di , nb f. RUs d,in.
VTR B ATl OB B EET S
ex 'Ihiﬁé(gbel%\xﬁﬁgm%i)é’ A& bR e @it J[h%ﬁ? rfd}frﬁecalcuollations

fecervers and ohe trahsmitter & required to provide

uttlivieetid tagns idatvand eatdedatdmmisdion &ihgedSthierin@htbgation signal
around the airport where the RUs can receive only,
provisged hiytthe Mys taodetouninetthe peedise lagatiowobthectargd. i n t he

pr oWVHEN S HEGTh shQep dnowaig too-Greeopicrdl 67 s ian
eSf@%&é{ﬂhﬁﬁ@%@ 5@ B %Qf&%?z{te(? %u?@ @%@Sgﬁfc%s%%%{tgg??c é)ﬁ)rdinate to

are connec

proPRRS thfeRdRAARESH RetiMAtd Bhe HAShBEHNE cAlbOMIREEYRERE
atransmtter/receiver RU 4, a target 5 and two

altiedeidater pridusdedl b}stlmsta@wﬁmtﬁertrﬁis@onaer repdy signal or alternately,
interrogation sign 7 is_sent fromthe

the hegigbhran be knevws a«'lt detgrminagionshpicthe targetis gn thergrepnd. In
155 360 P it BFRRSIES eSS RS Bhalrtor e
pr%%gl? tﬁg&g@%@&@;ﬂ@_@é zi_,z%fzoﬁoéiﬁtgl? bf HRGatdbt GYEMDRVid height is
used to supply the z coordinate.

The next step is to determine whether the target’s range can be used in the
position estimate calculation. The range is calculated by the range formula
previously disclosed. A range threshold check is performed to determine if the
calculated range can be used. The range threshold check is required due to the
variations in the signal processing time of the interrogation signal 7 by the target’s
transponder. Processing times in the transponders that produce the reply signal
are subject to a tolerance of as much as +0.5usec from the nominal value, which

can result in errors in range of approximately 250 feet. These errors become

negligible in distances further from the airport, however, for closer targets these
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transponder inside the target replies automatically

W thin a known anount of tinesubject to a tolerance as
waoizbds/obessdescri bed |later. The reply signal is petaisy®d025629

at all of the RUs 4, 6, 6 where the data is decoded

and tinme tagged with its Tine of Arrival (TOA) from

errpfi et SR R Ob P R R O PR e G SR el e
TR XL BRIt o

dedifaBRSId G3tateahe theet’ Hpositiot avitiesutsisipathe fanyecaltilated from
data |ink to the processing unit 3. The processing

thelRITD datasThe sangecthaesholibis dedermingd Bt sséemaleplyyenent and
co(g%f\i nt'bn% a specific,transm ssion received at each RU
providsd 19 the PEeGeSIngAed. O ustering is typically

per £-qr . { } ' deof | P S
Do SRR B RSl BUARI AR TSR e g S
cal@iBtcdl $OmaAK8 R Eb | dita, e ¥bdrditgescaPihdi RIGS (e rewive fiRer e
detail, the processing unit then perforns cal cul ations

signalis) theimepsuhel TeAge thaptonidmichei gl tikechlculatesimasge and the RU
time_of the interrogation signal provided,by the \%@
fromowhichdhgiraeee wes preasyeed are eyt & tay L weeDimprdpnal\wplosed

Fol B aSed AVt o PR RS SREu it
CIU 8 AR AR B ARG 8 ol O Rufct posion

in £ €aewsiah edofdigatetshsterl 49 %, ude diad asingalie geovitiyd hbight as the z
target in the transponder reply signal or alternately,
coardinatei ght can be known by a determ nation that the

8Ll e B B0 A S RS s MR A s
Y s e

is %%lﬂﬁéaxﬁqﬁrtﬂétr’tﬁé TOAD G e R@ining RUs ded &Il suBtracted from
ether the target's range can be used in the position

theebOAneit RUg dbicedlatlbting tiichEimahyfferentiahbf Alrdvald (B As) used

range fornul a previously disclgsed. A range threshold
to ehetlrte;the p@sﬁ@n@ama@e-d@@ capiingies phibedals aratic wanslated

o AR B3 1 RGN ASIBUA U 4 e i
frof BeGefiafnk REs & thtetﬂ%ly}t gltigfnr @&gf)iiQ @al%h&@@(%. hé RS RU

target' s transponder. c8ssing tines In
poditien vakled &y devdidpedarmabiy aewteetorehhtycaniginas the TDOAs and the

RU ranges is calculated from which the position estimate is directly available.

The position estimate at this point is in a Cartesian coordinate system with RU; at
the origin so it is necessary to translate back to the original Cartesian coordinate
system with the system center at the origin for the final position estimate of the
target in x, y, z form with the provided height used as the z coordinate.

The position estimate from the Two-Dimensional Closed Form Range
Aided Algorithm is further refined through the Two-Dimensional MLE
(Maximum Likelihood Position Estimate) Range Aided Algorithm. The Two-

Dimensional MLE Range Aided Algorithm requires, as inputs, the initial position
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are subject to a tolerance of as nmuch as 0.5 sec from
the nom nal value, which can result in errors in range
woho@Emprszi matel y 250 feet. These errors beconmeCT/US2004/025629
negligible in distances furgher fromthe airport,
however, for closer targets theseerrors becone
rohi hitive e.to,the.ratio.between t ryar and th
estfiplg of e Pipid ifh it isd st an W Codidfnfel SooRfifpk Gt te
r
RUE, FEGHEIA AR BRIRRL e RlcaRAnent abd K37 Tk el the
ran?@ﬂ@% 1fdst AR, Y. rie The-Biletkbaal MIE RangeAided Algorithm
hreshold is determ ned at system depl oynent and
is aoritaratiec selotivh éhasroostisgowsly anproxdmates adesve pesitiontasimate and

et e R RRBEh D SE Y SRR, e T
v N S e R

meddlir6tHe@rdrdfeRealeBRS TDAY ghd tRUhedsdrédTOAs. For the
Two- D nensi onal O osed Form Range Ai ded Al gorithm of

poditien pstametetcaloulation, dhe ca$tduiivwoerDisndafziedrtalbethe sednfstween
Range Ai ded Al gorithm provides an_ estima of the

expegteglef Od\spostasponding te trppeution FSEBakcAnbide msasrEsf TOAS
il s BB R AR b dscrved
Otk ecﬂgf}xg&i&{' Bvdiligtidn ARARMsAEH al %m%&%-ﬁagh%ﬁ Mithod

orit rom ich the range I s

and"BREpleR Dowhihidl Metisddunf becased with reatitstsimiliChsadauoany .

the remaining RUs are then subtracted fromthe TOA
Of F¥ig a0 sbawswl Bowrijaghm af the sBipsfiaaepeidancewitirthisyal s

embegieR 450 BRevPRUTRERIT o [, R oY ShSIa AEDEE orP predLy of
U i ¢ c ; . L
il BBt 0L BRI LI AP i, FIE one
of @l BtchrfaRliibheh Badt Vel B GrandmiBddd peciive Repisisi ti on
val ues 1's devel oped and a new vector that conbines the
(traliSAterdredeiviee RRU, wdrges the ranbiningeledidhtocanibé odeetveg-only

osition estimate is directly available. The position
RUsstimate at this point is in a Cartesian coordinate

¢Sl BB ek bR BRRGE BN e e
anf %’eﬁ:'gfdgp%fglttﬁ% EFE@%@B@?@%E Pﬂfe{qtgf’éet%@ar%bbﬁﬁ& tksnlif€a reply
signal with known data (e.g., Mode S address, aircraft identification, altitude,
etc.). The RU that transmitted the interrogation signal and at least two additional
RUs not subject to line of sight or multipath issues receive the reply. The
received data is decoded and time-tagged with the TOA information. The
received data, TOA, and recorded transmission time of the interrogation signal are
then sent to processing unit 3. The processing unit 3 clusters the target data such
that a cluster contains information from a single transmission by the same target
received by multiple RUSs.

To calculate the two-dimensional position estimate, a determination is first

made whether to utilize the range calculated from the RTD data to improve the



target in x, y, z formwth the provided hei ght used

as the z coordinate. The position estimate fromthe
woewsDinsasi onal C osed Form Range Ai ded Al gor PCIMS2®4/025629

further refined through the gkwo-Di nmensi onal ME

(Maxi mum Li kel i hood Position Estinmate) Range Ai ded

ac%%%ﬂo#% Pé—%ﬁloa ggt,im%er.rﬁﬁliaé)@? legh/ﬁl%tlg?ltqg g}a@qu %tilize the range
in RS E4lo@RESH] 1Rh S tafo-aﬂx%ﬂs?drﬁ?goéi%g][bsEiﬁgatg&c%ﬁ‘éulgt%ﬁ%sing the

as the z coordinate), coordi nates

TvesdbinieasehahChoseddtbriiRangy Al ABAFULEBNhe BreseBinvention.
whi ch the range was neasured (RU ). The

f
Tl*_?\r/ﬁ%?‘]fb}l?i%ﬂWQrﬁﬁmmEnRhﬂ@ﬁtiml esdmategisrfittthen tefined through the
5 TlHBlso¥EdhMIC: Rined Aided Aleetihir s avouidoy baisht usea
: i . T Th )
forSPle 2GR alafwl\/isté%lsgnﬁls mwgéekg’%%ll on estinmates. The Two

D nensi on nge ‘gorithm further includes
a cd@dke tiverdiniaRidraRianBRasdse sl gblitRS %Al ibed i
cal cul ated TOAs and tﬂr% measurged TOAs. Ig%r%&t%ﬂ‘ﬁggscnbedm
def@dsi tion estimte calculation, the cost function is
defined to be the norm between expected TOAs
corresponding to the position estimte and the

measured. T w th the range neasurenment included as
T PiteSingal Caited Foom Ronglo Ao Adeveitiom. | O her
sea : ' I ' s, suchpas the .
0 ear By e A AR IR A R e Al Algprithm
incheletised with results simlar in accuracy. Fig. 10
shows a fl ow diagram of the steps in accordance with
t hi ¢ ddedordinatesf the present invention. The first
step is to arrange a plurality of antenna el enents
( RUB) Asspeintadamiegsused HIOAS he confines of an airport.

At least one of the antenna el ements nust be both
t r ahsrfi tOBRANGE Ofityrget PeEBPRZ (t r ansni tt er / r ecei ver

RU) ereas, the r ining el enents can be

15 rec‘ei @Sgﬁefcg,raﬁgg_(ﬁgﬁe transmtter/receiver RU
t r asmth $ ' I ' si_gn the target and
recor 0 BB WP RERIEHS R (' (o gt s
trapsponder transmts a reply signal with known data

( eaEhe" OfipyE O}Ls‘fhefgﬁwes]%l,m@sr : QIOS%ﬂieIFQmi Reage dvided Algorithm

: | td: .-Jhe RU that transmtted the
s a?r?%{éltrnr%geg% i&ltgﬁa%%eégéﬂosg’r% at least two additional RUs

NotTisd Rise&tepti® td|> bflfé%glfée RIS orBinafd A PR 4s3545%d TOAs in

receive the'reply.
20  the algorithm such that RU; is the RU from which the range is measured. The
next step is to calculate TDOAs using the first TOA (from RU)) as the reference:
dy =t -1,
d,=t—1,



received data is decoded and tine-tagged wth the TOA

i nformati on. The received data, TOA, and recorded
wonressan7ssi on tinme of the interrogation signal parastieen2se29

sent to processing unit 3. Thg processing unit 3

clusters the target data such that a cluster contains

i nforpati on oma,single transm.ssi o he s . .
t ar YO RBRTFR o Ralee a5y roReteo o8 bRy & ARaS origin:
two-di mensi onal position estimate, a determnation is
first nmade whetherxjexutilize the range cal cul at ed
fromthe RTD data to inprove theaccuracy of the
position esti nef2e. Yk fthe deternination is made to
utilize the range= iz'zn_lehe cal cul ation, then a
t wo- di mensi onal position estimate is cal cul ated using
t he Two- Di nensi onal C osed Form Range Ai ded Al gorithm
of the present inveptikon. The cal cul at ed
t wo- di nensi onal position estimate is further refined
t hrough the TwoD¥ #endional MLE Range Aided Al gorithm
with the providgd:feight used for the z coordinate as
previ ously discussed. The two-di nensional range ai ded
algorithms will now be described in detail.
Two- Di nensi onalzgzbsgid For m Range Ai ded Al gorithm The
i nputs to the Two- D nensi onal C osed Form Range Ai ded
Al gorithminclude: RU coordinates Associ ated
meas e, theisstarcecRonomeRUSTo ther @iin RR hd frslated coordinate
Measur ed range (R) RU from which nge was neasured
system) is Taleutategut of the Two- Di mensi onal C osed Form
Range Aided Algorithmis an estinmate of the target's
position The first i o order the RU coordi nates
and their assodi,atqad;F@s+ih the al gorithm such that

5 RU is the RUfrom\’thZ—eh—zt—hevrange is nmeasured. The
next step is tdsca sltatier ZDOAS usi ng the first TOA
(fromRU ) as the reference:

Then a matrix of RU coordinate values is developed:

-1
A= —2x, -2y,
—2x; -2y,

Note that the elements of the above matrix are later referred to by A; where (i,j) -
are the row and column respectively.

10 Next, a new vector combining the TDOAs and the RU ranges is developed:

b,=d}—R; —2d,R+2zz,
b, =d; — R} —2d,R+2zz,

From here the two-dimensional position estimate of the target is calculated:

xp, = 4, (b, —2d\R) + 4, (b, - 2d,R)
yp, = Ay (b, —2d,R) + 45, (b, —2d,R)
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is at the origin: - Xty - 2Z22ZXZ-22-=12- 1,
woknds/01t338 di stance fromthe RUs to the ori gi nPCl/usShm4/025629

transl ated coordi nate systedSs calculated: R+ y +

Then a matrix of RU coordinate values is devel oped: -

L 2%éscal thaf th'e%?éofdi}iaﬂ@@ﬁog FﬁJ‘RUgtxk?@ree&ﬁWéé aftheltPginning of

above matrix are later erred to by ere (1,j) "are

thé PeodegWs@dtPthaORUMMwALSIB6 rigeh. Yy ThéieXtre iis@WeyLey € translate
conmbining the T and the RU ranges is developed: b

thegositi@nZstinte R thewiginal=wordinmte-syatbnRfar the firfal positiene
the two-di nensi onal position estimate of the target is
esEmadel ated: Xp =A - d R) +A (b - 2d R) yp =A - d R +A
(b - 2d R Recall that the coordinates of the RUs were
transl ated at ¥He*begfinni ng of the process such that
was at the origingpThefefore it is necessary to
transl ate the position estimate to the ori ginal
coordi nate systiénffor the final position

The output of the Two-Dimensional Closed Form Range Aided Algorithm

is the position estimate (X;, ¥;, Z;).

Two-Dimensional MLE Range Aided Algorithm

The input to the Two-Dimensional MLE Range Aided Algorithm consist
of: ‘

¢ RU coordinates

e Associated measured TOAS

¢ Initial Position Estimate (x;, y;, z;)

¢ Range Measurement (R,,)

e RU from which measured range

The output from the Two-Dimensional MLE Range Aided Algorithm is a
precise location of the target in X, y, z form.

Again, the first step is to order the RUs in the algorithm such that RU; is
the RU from which the range was measured. The Two-Dimensional MLE Range
Aided Algorithm is an iterative solution that requires an initial guess (X;, ¥i, Z
position estimate) to start and continuously approximates a new position estimate.
Expected TOAs are calculated for each new position estimate and the cost
function of the Two-Dimensional MLE Range Aided Algorithm measures the
error between the calculated TOAs and the measured TOAs. For calculation of
the final position, the cost function is defined to be the norm of the difference
between the expected TOAs derived from the current position estimate (x;, y;, z;)

and the measured TOAs. Again, the range is included to improve the accuracy of
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estimate: y = p +yi' The output of the Two-Di nensi onal

Cl osed Form Range Aided Algorithmis the position
weztismatss(x y z{). Two-Di nmensi onal MLE Range APd&S2004/025629

Al gorithm The input to the Twp-D nensional ME Range

Ai ded Al gorithmconsist of: RU coordinates

théfﬁai CRHCERGHISE ol I aredy R TVER I Ciral MEE fronee

ﬁé 2 fi§ ?t@r&t@@uﬁﬁp s lﬁlﬁ’i’t%@? a%és%r&ﬁﬁ?cléitﬁeglose

mis a preC|se ocation of the target iIn
togeﬂh@f that Agaedkt fll@ion fesirns haplisedual 0 detest Idmrprredetermmed
the algorithmsuch that is the RU from which the range
valas neasured. The Two-Di nensi onal MLE Range Ai ded
Algorithmis an iterative solution that requires an
initial guess position estinmate) to start and
conti nuously apprioxi mates a new position estinmte.
Expected TOAs are cal cul ated for each new p05|t| on

estimate and the {co
M.E Range Ai ded gfﬁm—bd;)ﬁﬂ@asgv;)é&(tzhezze? r—a{ ZbeyMeﬁ —c(t, -

the calculated T and the nmeasured TOAs. For

cal cul ation of the final position, the .cost function
e ydefihed v WD he norm of the difference between
t he expected TOAs| derived fromthe current posi tion
estimate (x y and fre)as the pange o —¢
i's included to i \t@\e/e he &c ﬁfi‘)gé‘f/(zof oo f}fnal 4 (tw=1)
cal cul ated positijon of the target. The Two- Di nensi onal
M_E Range Ai ded gorithmis ite i1, subsequent
estimtes are suffficiently closd¥¥tddether frat t he

cost function returns a value equal to or less than a
predet erm ned val ue.

\/(x—xz)z +(y_J’2)2 +(Z_Zz)2 __'\/xz +y2 +z° ~c(t, —t)

F(x,p,2,t,,t,,.,0) =

\/(x_xN)2+(y_yN)2 +(Z_ZN)2 "\/x2 +y2 +z° —c(ty —1;)

\(x2 +y2 +z2 -R,

=[S it Sy

The MLE changes the estimate (x;, ;, z;) until the function f’is minimized.

Another embodiment of the present invention will now be described with
reference to Figs. 1-2 and 11-12. As in the previous embodiments, a number of
RUs are placed in known positions within the airport confines as shown in Fig. 1.
However, in this embodiment any combination of at least four receivers and one
transmitter is required to provide three-dimensional localization o_f targets in and

around the airport. Again, the RUs can receive only, transmit only, or both
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0-J +- 2)2 - x2+y 2+2z 2 - c(t f(x,y,z,t ,t
..... t,R)=(x- x) +(y -y ) ¥z -2z )2 - x +y +z2 -
WO 2005(01t558 +y +z2 - R +(y - y )2+(Z- 2)2 - +y PER/US2004/025629
te)(t F(x,y,z,t,t ,...,t)=+@F y )2 +y +z2 - c-(t t,]
X +y +z2 - R +f + +fL +fZ The ME changes the estimate

S, RS U RS grome Liv o

Si%hc(fﬂ(bSFOWtfdbtifoﬁﬁ ehé@modtipathAkgses. 1-2 and 1-12. As in
the previous enbodi nents, a nunber of RUs are pl aced

i n kndsn thegirevions enitadimentseach Rydincludes a BENA device 2 to
.. However his e

RBH 465%%? tge 1 GRS BE T e B! ARV each transponder

ST 0y L ORI T O o
heRisio af hrocEidens anit B RVl flow bEBNSH 4 trﬁﬂixﬁitteg/geceiver RU

bot htransmit and receive and additional RUs nay

4, aqaigee§ and thueereociwet RIB @fs sBioght in(li@S) 1 of%krinietiogaton
and nultipath issues. As in the previous enbodi nents
segnah 7re) seicliroradhe Aransmitienieeeiver 4 to solicit a reply 8 from the

target's 5 transponder. Transmitter/receiver RU 4 records the time of the
transmission of the interrogation signal 7 for later use in calculating the target’s
range. The transponder inside the target replies automatically within a known
amount of time subject to a tolerance as previously described. The reply signal is
received at all of the RUs 4, 6, 6, 6 where the data is decoded and time tagged
with its Time of Arrival (TOA) from the TOA device 2. Each RU then sends the
data with its time stamp over a data link to the processing unit 3 for further
evaluation. Additionally, the transmitter/receiver RU 4 provides the time of
transmission of the interrogation signal 7 over the data link to the processing unit
3.

The processing unit clusters the decoded data with each cluster containing
a specific transmission received at each RU from a specific target. Clustering is
typically performed through target number identification, Mode S address, or
Mode 3/A Code; however other proven methods are also available. As will be
explained below in more detail, the processing unit then performs calculations
utilizing the target data and recorded transmission time of the interrogation signal
provided by the RUs to determine the precise location of the target.

The next step is to determine whether the target’s range can be used in the
position estimate calculation. A range threshold check is performed due to
variations in the processing times of the target’s transponder as previously
described. To determine the target’s three-dimensional position using the range

calculated from the RTD data in accordance with this embodiment of the present
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provi de an accurate tinme stanp of the Tine of Arrival
(TGA) of each transponder signal received froma

woaogai7ss3he RUs 1 are connected by a communi CRCTMIS2004/025629

nmeans to a processing unit 3. 8The signal flow between
a transmtter/receiver RU 4, 'a target 5 and three
.recejver, RUs 6, is shown_in Fig. 11. The interrogation

inyegiign, the coardinates ofithe Rls thahssecivas the sigsials thaweasured
i Gj ly 8 f h £ t der .
N R e R
,  van o ! ! e
iP5 T Thie- DimbhiSiohdl ClosOORbiR R Rl ed ARl B ibe
phrmhﬂmvbhﬁonafI@etTHrE@JDiﬁfenﬁi&l@U@ws‘é@Uthni’\Rhﬂé@A?délﬂ“R}’gbrithm
y

ampunt of time subject to a tolerance as previous
PaRsdes yrastimpie ofdhe yargetisn positionie edlarestiat cadrtinate $yveem as x,

R 4. 6,. 6, h i ded d ti
Yy S 0gt ishimilet W the T oAniepsione] Glgscrl s RengoAided
J . g h it ti
ALl s vl O 3ch 1 R BTt OB GBeRig Uni ¢ 5 ror
furt Mpe aby@ithat figh orddgithd Rﬂﬁéédfdirfal@%ear%di trlTlgirOafssociated TOAs so

transmtter/receiver RU 4 provides t
as teased M I sirotheatigarithn ¢ grerRigatomrwisichnae rahgeVi§ indabered. This
. dat atj i nk, t theéFrocessi ng unit 3. The processing
15 fgnificapkinghat theel @As dtum thiuremaining Bhistare thest subtracted from

R I N
DO AT S, IO ERBE RO RTS8 Nl

suctt thatiRURrie apdhecoriplaiof i €artésiamichbrdifatexpehna 2! GWance

in nore detail, the processing unit then perforns
frem e ramainisg RVS tatheqevherigin @7, )datalcahuded.eAondeik of RU

posjfioR aeikes T 4o vloRnt s pre ek iael qasebineoest DOHes and the
. T i t. ' t h he .
R ek U % SRS SOE eGtae
. H . | i |
TRt S S0 L S, o

therosigspeadieis nesessagyioomaisyatd dack tdet orTgindeCeredine cohdinate
tarnggntd' s .t hree-di nensional position using the range

Systg . th the ystsm certeratthg @pgirp fpratbg é‘n@épog’tiﬂn_temimtﬁsof the
uBRAATE] g 1S, PLSEnL Ivent fon. {he coordinates of

The position estimate from the Three-Dimensional Closed Form Range
Aided Algorithm is further refined through the Three-Dimensional MLE
(Maximum Likelihood Position Estimate) Range Aided Algorithm. The Three-
Dimensional MLE Range Aided Algorithm requires, as inputs, the initial position
estimate of the target, coordinates of the RUs, associated measured TOAs, range
measurement and RU from which the range was measured (RU;). The Three-
Dimensional MLE Range Aided Algorithm is an iterative solution that
continuously approximates a new position estimate and calculates expected TOAs
corresponding to the new position estimates. The Three-Dimensional MLE

Range Aided Algorithm further includes a cost function that measures the error
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TOAs, the cal cul ated range and the RU from which the

range was neasured are input to the Three-D nensional
wohosad756r m Range Ai ded Al gorithm of the presear/us2004/025629

i nvention. The Three-Di nensi @%al C osed Form Range

Ai ded Al gorithm provides an estimate of the target's

ATt b FOp AR LT O X The BoSiioh sfippe
dRtddgtio, diesl cd¥t Fanétidinsarefiell to e tEEABrth rbeWSeFI{fu@;kﬁ&WEOAs

description. The algorithmfirst orders the

oaespomting $o Hredpediton estimeiei aiddtic Tiksusal HOAsovitkthé rmnge
the algorithmas the RU fromwhich the range is

TReasyFagnt HFPJiUélea &s i hermermipecHiqablyrdesprabadiater: rQher search

OB e bRyt RR TR R Rk ST MelFod Gt Simples

IHEHR) MEBRSH & lﬁeé‘h&édi' WA rbdftsRepiIG: gfa&%&él te. The

coordi nates of t RUs are then translated such that

i s atFighk2 elidves a flofw tiagréarofelss seps aoactiondirtoesyh @ik
and the distance fromthe renaining RUs to the new
eprbaglimeniRef theipyeseait dnventiod. Thenfist stepd$ taRurpess 4 imgnimum of

N T R N T NI
T L e

(EM8dBMenrédeindr RUS, WhéghdilRGehlaihifete&RES8 cMn b receiver-only
transl ate back to the original Cartfesian coordinate

Rystemwith the systemcenter at the origin for the

final_positiqgn estipate of the target in x, y, z form
The Jésitransmitierracatver ildHansmitygnantejogatien sigmal to the target

o BE S R R S AR ST B S RS rmty
sfg?ﬁ! Wi@ﬂqﬁﬁh‘m Hgﬁa%%!go%agfeﬁ d&%qggélf ?{%Efa@f@enﬁﬁ@aﬂg}{ Gftitude,

mensi onal mrequires, a

etaputlhe Riththat tlah@lttqbtietin@irogationsighabind helehsy thade additional
coordi nates of the RUs, associ ated neasured TOAs,:

Rlanget swbjentte ipaof sight Runiulpathrissies reesivathgaepls The
S Bl Sl S G R R el
r@%%%%%%&%%@é? ANEVeLRILE WARs AR SRS BN E REHDBLESh signal are
then sent to processing unit 3. The processing unit 3 clusters the target data such
that a cluster contains information from a single transmission by the same target
received by multiple RUs.

To calculate the three-dimensional position, a determination is first made
whether to utilize the range calculated from the RTD data to improve the accuracy
of the position estimate. Ifthe determination is made to utilize the range in the
calculation then the three-dimensional position estimate is calculated using the
Three-Dimensional Closed Form Range Aided Algorithm of the present

invention. The three-dimensional position estimate is further refined through the

Three-Dimensional MLE Range Aided Algorithm.
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corresponding to the new position estinmates. The

Thr ee- Di nensi onal M.LE Range Ai ded Al gorithm further
wonaelswdessa cost function that neasures the PCT/US2004/025629
errorbetween calculated T nd the neasured TOAs.

For the position estimte calcul ation, the cost

function is defined to be the norm between expected .
ToasTheothiressdisnensional sangroaided pigosihes ilew b glepgrdbed in
dmafnsured TOAs with the range nmeasurenent included as

G be nore specifically described later. O her

search function eval uation nethods such as the

Newt on- Raphson Met hod and Si npl ex Downhill Method can
T euﬁﬁﬂe#ibﬁar E1o¥etSF ¥ RaAtgd AiREAIgdrithori 9. 12

shows a ow di agram of the Steps in accordance with

t hi sTlerippdiserthe dhredDimreasienal Closed Foom. Rafige Aideslt Algorithm
_step is to arrange a mnimum of four antenna el enents
inglede) , preferably within the confines of an airport.

At IeﬁﬁUone of the antenna el enents nust be both

t rarfsmU SPRIARALeS ve capabl e (transmitter/receiver

RU) , ereas, t.he remnjnj el enents can be
recel v -S%‘E%F‘E?dﬁflﬁésuﬁde?%nsm tter/receiver RU
trammﬁﬁ%dj&hggggati on signal to the target and

records e tine ransm ssion. The target's

tr ans pRIg&ont HANGTRhAg@wWasRhdastredT®RUW th known data
(e.g., Mbde S address, aircraft identification,

"ot et upb ol gRaf SRR IATR R R enge Aided o

ARRkitBMak %ﬁtesﬁﬂla:té O tafie@Rtpodition! ti path issues

receive the reply. The received data is decoded and ]
t i meFhefjepe dtepiit o bider TRARITNE oondirtatenandrthein asse¢iated TOAS in
data, TOA, and recorded transmssion time qof the

th lgaritbatuchibat Riars BedVHeomsehich the prgeds s1535uisa: tThe
ek 5P B9 REERRLE Sie i el Rt R IO B8] pifBiedng ikl Time
Ofpé{‘ﬁﬁméﬂ?ﬁmyﬁ%ﬁ target received by nultiple

ulate the three-di mensi onal position, a
determ nati on g§=ﬁLx§t made whether to utilize the
range calculatéd_fron1the RTD data to inprove the
accuracy of th 2ﬁ6§Tﬁion estimate. If the
determ nation #ds=mpdg to utilize the range in the
cal cul ation then the three-dinmensional position

est i NettetliesR Uadovudintites avs imanslated such that RU, is at the origin:

Xy =Xy — X
Ya=)Ya— N
2y FZy T4
X3 =Xg =X
Ys=Vs =
Zy =23~
X, =X, — X
Ye=Yos— N

) 1
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Thr ee- Di nensi onal C osed Form Range Ai ded Al gorithm of

the present invention. The three-di nensional position
weztismatssis further refined through the PCT/US2004/025629

Thr ee- Di nensi onal MLE Range Aj;ded Al gorithm The

t hree- di nensi onal range aided algorithns will now be

descg\ilbed i n,. det ai }frﬁ Thr ee- Di nensi onal. C osed Form

Rang &t bg %t@m m the R Us pithe erigintia the translated coordinate
e- Dj ional C osed Form Range Ai ded Al gorithm

S%%%ﬁ]ul gap&%e@oor di nates Associ ated neasured TOAs

Measured range (R) _RU from whi ch Range was neasured

(RU) The outpuwr ig/@fm-tﬁa}zhr ee- Di mensi onal C osed

For m Range Ai ded j

A|\/Q.O.LL1J1IJJ_LS an estimate of the
target's positilyre+The )ii+tst step is to order the RU
coordi nates and t%&i—;—agsee—ziat ed TOAs in the algorithm
such that is tHe R rothhi ch the range is neasured.
The next step is to calculate Tine Difference of
AT TRk a(mEBRRSIf RIS dYbrdftGted v418¢s ifl rival (from
RU ) as the reference: dﬁllt -t oﬁllgtdg?e{%ﬁ)gé{ Next, the
RU coordinates arg translated such that is at the
origin: - X -y[ z|z2% x—3 Z2z,

A=|-2x, -2y, -2z,

-2x, -2y, -2z,

Note that the elements of the above matrix are later referred to by A;; where (i,j)

are the row and column respectively.
Next, a new vector combining the TDOAs and the RU ranges is developed:
b,=d?—R-2dR

b, =d —R}-2d,R
b, =d; - R; —2d,R

From here the three-dimensional position estimate of the target is calculated:
xpy = Ay (b —2d,R) + 4, (b, —2d,R) + 4, (b; —2d,R)
9Py = Ay (b, —2d,R) + Ay, (b, —2d,R) + Ay, (b, — 2d, R)
zp) = Ay, (b, ~2d,R) + Ay, (b, —2d,R) + Ay, (b, —2d,R)
Recall that the coordinates of the RUs were translated at the beginning of

the process such that RU; was at the origin. Therefore it is necessary to translate

the position estimate to the original coordinate system for the final position

estimate:
X, =xp +x,
Vi =Pt 0
z, = 2p, +7,

The output of the Three-Dimensional Closed Form Range Aided

Algorithm is the position estimate (x;, y;, z;) of the target.
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X=X- X-y[ 1Z=2ZNext, the distance fromthe RUs

to the origin in the translated coordinate systemis
woabiswhiatsed: Then a matrix of RU coordi nat e vaPQEaIS2®4/025629

developed: - 1 - x - 2y - z Ay=- 2x - 2y - 2z - 2X -

2y - 2z Note that the elenents of the above matrix are

eferre where (ij).are the row and col umm
1&@%%%&'?9@‘9’.131%15 @%&M&g@m ni ngzt he TDOAs
0" R WL P A09ES Thice BHALARGN WL E Rpes Al alkrisBiceonsist
off the target is calculated: Xp =A - 2d R} +A (b - 2d
RN +tA(b - 2d Ryp=A- R +A(b - 2d R +A (b - 2d R
Zp =A QRU GbrénateA Q - 2d R} +A b - 2d R} Recal |l that
t he coordi nates of the RUs were transl ated at th_e _
begi MnifssosiatehmopsuredSEOAsch that was at the origin.

Therefare.it is, necessary to translate the position
esti fat lttwdtPtqéigl%WrE%}ifﬁ&tle &odndinat e system for the

]:)if n?he%@%ﬁﬁ?ﬁ%ﬁgﬁ%@mb (F;s.:ed' F;r épR;ngeTgledggt but

A 90 AROERRUPASH L AREILRTRE Ll e

klngg{l‘fx? h?ﬂﬁ}% -Eg{tt?ee:l“aeré?lr)]fﬁgr?s?gnah{LﬁL%aﬁgggeAlA(ij&% Algorithm is a
precise location of the target in x, y, z form.

As with the Three-Dimensional Closed Form Range Aided Algorithm, the
first step is to order the RUs in the algorithm such that RUj is the RU from which
the range is measured. The Three-Dimensional MLE Range Aided Algorithm is
an iterative solution that requires an initial guess (X, ¥i» Z; position estimate) to
start and continuously approximates a new position estimate. Expected TOAs are
calculated for each new position estimate and the cost function of the Three-
Dimensional MLE Range Aided Algorithm measures the error between the
calculated TOAs and the measured TOAs. For the calculation of the final
position, the cost function is defined to be the norm of the difference between the
expected TOAs derived from the current position estimate (X1 ¥i» Z;) and the
measured TOAs. The range is included to improve the accuracy of the final
calculated position of the target. The Three-Dimensional MLE Range Aided
Algorithm is iterated until subsequent estimates are sufficiently close together that

the cost function returns a value equal to or less than a predetermined minimum:
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of:  RU coordinates Associated neasured TOAs Initi al
Position Estimate (xj, Range Measurenent (R)
wézsBoiased RU from whi ch range was neasured TReTWSR@un25629

fromthe Three-D nensional M4 Range Aided Al gorithm

is a precise location of the target in x, y, z form

As with the Three-Di nensional C osed Form Range Ai ded

Al gorithm the fiyst step is to order the RUs in the

al gorithm such that is the RU fromwhich the range is

nmeasured. The Thrpee-Di Ai
(@ting $0) uhi, P (hat, F eqit Te9” ax’® —c(t, —1,)
; position estinmate)to start and

Algorithmis an i
Xi mates a new position estinate.

initial guess (X,
cal cul ated for each new position
estimate and the
Di nensi onal ME
ulation of the final position, the
cost function is defined to be %FE_ﬂGEHTDL he
di fference between the expected TORS defi véd from t he
t he final ca!culated position.of t he tayqet..The
Thr ee- Di nen5|orq%gwgg)ﬁaqgeJggdngéggpnlyghybs:+Z2_Cgé_;o
S
equal to or legs than a predetermned mninmm+(y - vy
y +z2 - c-(t ) f(x,y,z,t ,t ,...,t, )=

conti nuously appr
fEepested - ToasRake
ost function of the Three-

A Qld&Al oy4 { Beﬁwﬁgﬂ &z —c(ty —t
error between the ggfcu’fgte( T‘gdgs a%at%e asurjjgd (n =t)
TOAs. For the cal
current position estimate (x y Z) and the nmeasured
TOAs. The range is included to inprove the accuracy of
iterated until seddent” estinates are Sufficiently
cl ose together |that the cost function returns a val ue
}) +(z - z - 4
/((C,Xy,_z,twtz),-qu@$=_ y )24(z - 7 +y2472 - - +72

NS, RS o Y DA -
Jx2+y? +z° -R,

=[RSt St Sy

The MLE changes the estimate (x;, y;, Z;) until the function f'is minimized.

As can be seen, this invention can be particularly useful to airports that do
not have, and cannot afford an expensive radar system. Additionally, this
invention can be used to greatly extend the effective range of current air traffic
surveillance systems without the requirement of additional transmitting antennas
or RUs placed outside the system boundaries.

While the present invention has been particularly shown and described
with reference to the drawings and tables included herein, it will be understood by
one skilled in the art that various changes in detail may be effected therein without

departing from the spirit and scope of the invention as defined by the claims.
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- RMx- ) +(y- +(z- )2 x2+y2+z2 ~c(t - ) F(x,y,z,t
I t)= "(x- x )2+(y- y +(z- z )2 - ¢ +y +z - c(t-
woO 2)0sloa7ssy +z - R The ME changes the esti mat eP(CX/UR2004/025629
until the function/is mnimgged. As can be seen, this
i nvention can be particularly useful to airports that
do not have, and cannot afford an expensive radar
W@;@laém Additionally, this invention can be used to
greatly extend the effective range of current air
L.t r af Airgethod ofilbdpingen tygdteommptisinguthe bteps o€qui r ement
of additional transmtting antennas or RUs placed
out siraismibiingy sigaal Hounha Sansvittenip adaxged pr esent

RN e ST
w t >
e <l RSB ARCB RE RSP e

said 8f Rh&t oMctleesivegleparting fromthe spirit and scope of
the invention as defined by the clains. W Claim . A

met hedeiving @siznahfrom thertgeget usingpt isishthrebeccsivaps of :

transmtting a signal froma transpmtter to a target;
r ec eFSHPIRRNHIG %JW%@@A@JW&I?EQ& thgsegnaly el Rgceiver;

| east ;0ne,.r ecei ver: | culatd ng.. un ' el

(R R R Rhted Tie PR Al 61 AP, GG Bl the
Tb%aﬁbmoéh%lhrr@&&iv&‘érahdr eceiving a signal fromthe target

using at [east three receivers; determ ning the Tine

of Aisihgte hEaredTDOA SidghalRTRdacawhcaladaievti¢ast a position

calculating a neasured Tine Differential of Arrival
estinpOAp{ thsi tatgathe TOA from each receiver; and using the

measured TDOA and the RTD data to calculate at | east a
position estimate of the target.

2. A method of locating a target, according to claim 1, wherein the step of

calculating at least a position estimate of the target further includes the steps of:
calculating an initial azimuth of the target using the measured TDOA data;
and
using the initial azimuth and the RTD data to calculate at least an

approximate plane position of the target.

3. The method of claim 2, wherein height is calculated from altitude data
provided in the return signal from the target, such that the initial azimuth and
RTD data combined with the height are used to calculate the approximate three-

dimensional position of the target.

4. The method of claim 2, wherein transmission and reception of the signal is
performed through the same antenna, such that the RTD data indicates the range

of the target from the transmitter.
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2. A nethod of locating a target, according to claim
1, wherein the step of calculating at |east a position
weztismatssof the target further includes the spepaseiot/025629
calculating an initial azi of the target using the
measured TDOA data; and using the initial azinmuth and
the RTD data to cal cul ate at |east an approxi mate )
5.pl anBigpmethadoef Jpim Ke wherejasaldat 1qast oRg tesaveralsg fmetions as

2, erein height is calculated fromaltitude data
Orfs?r‘bf%aé‘iat ]ieﬁsttth%errgggyﬁrssi gnal fromthe target, such

that the initial azinmuth and RTD data conbined with

the height are used to cal cul ate the approxi mate

6.t hr e ARAsIPHBE1aln g whereinfkaidwghalrgedived by Bhil atdedmndhree
of claim2, wherein transm ssion and reception of the
reseiynes isisgidoetdrarsaguilt hr ough t he sanme antenna, such
that the RTD data indicates the range of the target
fromthe transmtter.5. The nethod of claim4, wherein

sai t_1@aas - recejhver. . j
7.5ai ol meBRE o i 2 BiRGu RaRrEnRELA0E B saRFariost three
re%eiv@fﬁ%%hﬁll%ﬁhﬂszérw?' received by said at |east three
receivers Is said return signal. 7. The nethod of
claim2, wherein said signal received by said at |east
three receivers is said return signal. 8. The nethod

8.of cTh¢ method of elabn 4g EBherSIoNEPTIHRE giee?jgpso@ " Using the
114313 AT a0 D ot 5 T B 0 8 R0

is%%g . of points along said arc; calculating the
expect’ed TDOA for each point; conparing the expected
TDOA | @tingas Prodeictiniticl S@hBenBassinthldbéaidardet er m ne
a mnimumerror between the expected TDOA of each
poi ntaleuldtisg it ergmstadeBDCBOT eact poaniect i ng t he

azl nggrgpgr?ggo ’E}ieagx%%ctvgdt{bz)t}\e for dach %%gntE%J] 1%\éic1sntgectl tPfJOA to
determine a minimum etror between the expected TDOA of each point and said
measured TDOA; and
selecting the azimuth associated with the expected TDOA having the
minimum error as a more precise azimuth of the target; and
using the more precise azimuth and the RTD data to calculate a more

precise plane position of the target.

0. The method of claim 8, wherein each point arranged along said arc has the

same RTD.

10.  The method of claim 8, wherein said transmitter and said receivers are
arranged in an array having an array baseline, and the length of said arc is

approximately twice the length of said array baseline.
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mnimumerror as a nore precise azinmuth of the target;

and using the nore precise azinuth and the RTD data to
woabiswiatse a nore preci se plane position of theCcrasg®i/025629
9. The nethod of claim8, whewein each point arranged
along said arc has the sane RTD. . The method of claim
18, WShBRRlof GEANSTRIEE BAB SN SRAALS 2 e
arranged I'n an array having an-arr asel'ine, and the

| engtuRingf sasdirthrapeedise AT UMY bABRATY dhwi t@edetﬂh%se{ §hdht of said

of said array baseline.. The nethod of claim8§,

aF¢rt her conprising the steps of: using said nore

preci se gzinuth apd RTD data to define a segnent of
sai d Sglegting élSé%‘?mﬂf@et&f@dasﬂ%tegétneémwl?ﬁr@fmtmm said

gg@ .pol nts al ong said segnent of said arc;

Sg cﬁ‘lr%flaﬁggltche expected TDOA for each point within

sai d caREAIheSAE Qd”fBé”IiP‘@ t ﬁ@@’i%ﬁf :
poi ntc wi t hi r% saieé(ﬁsecon sétﬁt?gségﬁgﬁlﬁggsurg d%&%ﬁ(?get,

det ecompariag theexpeotat TDOAdbinessh piat ADOcsAd sEESH &t to
each point in said second set and said neasured TDOA;

saifaneasused ThY A fie dgtermina misboia erdonbetveeh theesoectasldTDOA

of Pt BEHL B s Reid e Apd et medwace REAT T even mor e
Pr eC seiects M idiith AABCAIA Aithdnt 8%;@?&&@4‘ THGAM v the

nmore pre plfane position o

nSiEhem drfdr dsQEddvicAG Rot@paRise LMD 6f the tadlet;fRSt one
transmtter for transmtting a signal to atarget; at

| easusingdhe even were posciseeaaimuin gnditheeR TDndath gomahlclitaderan even
the target; a mechanismfor calculating the round trip

mEe ReqiFeTipipne pewioniof the t#gek tter to the target to

said at | east one receiver; at |east three receivers

for receiving a signal fromthe target; a nechani sm

lg?gngfi}%gétﬂl b @chiifs 4 aRel cofffrsydd; (TON of the

at least one transmitter for transmitting a signal to a target;

at least one receiver for receiving a return signal from the target;

a mechanism for calculating the round trip delay (RTD) from said
transmitter to the target to said at least one receiver;

at least three receivers for receiving a signal from the target;

a mechanism for determining the Time of Arrival (TOA) of the signals at
each receiver;

a mechanism for calculating a measured Time Differential of Arrival
(TDOA) using the TOA from each receiver;

a mechanism for calculating an initial azimuth of the target using the
measured TDOA data; and

a mechanism for calculating at least an approximate plane position of the

target using the initial azimuth and the RTD data.
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each receiver; a mechanismfor cal culating a nmeasured

Tinme Differential of Arrival (TDOA) using the TOA from
weacls/nesei ver; a nechani sm for cal cul ati ng anpPCmiuS2@h/025629

azimuth of the target using t measur ed TDOA dat a;

and a nmechanismfor calculati'ng at | east an

pproxi mate pl ane position of the target using the
i t (e Systcmoh chiitg KhiRTendiightis .ca%nbat@@ﬁpmbﬁude data

D o LGRS B e A s
O b P e TRy TR AL R e

difeasiohalrssitondf hegaideon of the target. 14. The
system of claim 12, wherein transm ssion and reception

of the signal is perforned through the sane antenna,

uch _that the RID, data indicates the range of the ) )
I8 r gEraySiFI ACIRI, 19 HEERIn MAgSISRO §B4 EARepHioB 04 the signal is
j j o) receiyv I functions
peffortB8 Y Rlleh Wdsdthe iR3ha e BEIN KU5 o3 niGhes e range
oﬁﬂﬁéﬁa@&fﬁ&hﬁhéﬁr&ﬂsmftﬁéﬁ her conprising: a nechani sm
for defining an arc on which the target is |ocated

using the initial azinmuth and RTD data; a nechani sm
for selecting a predeterm ned nunber of points al ong

13ai d Thesystgnhatelain I Mherejaisaid aftleasy onpecestpaatisaifunctions as
T f.or ,eac oi nt;.a mechanismfor conparing the
°8§D§§8?1§oat$‘iﬁé£ﬂ§8? T&St¥" Hoi nt to said neasured TDOA to
determ ne a mninumerror between the expected TDOA of

each point and said neasured TDOA;, and a mechani sm for

16el edhiengsteheobelaimitl b, AstRgicohfismd:h t he expect ed

TDOA having the mininumerror as a nore precise

azi nmemheahianishefaratefiming amdraomedhicnitenafget ichicatedatsimgthe
in%tiertrloarz?m%[fgrilc?f{'[% 82‘[%; position of the target

a mechanism for selecting a predetermined number of points along said
arc;

a mechanism for calculating the expected TDOA for each point;

a mechanism for comparing the expected TDOA for each point to said
measured TDOA to determine a minimum error between the expected TDOA of
each point and said measured TDOA; and

a mechanism for selecting the azimuth associated with the expected TDOA
havihg the minimum error as a more precise azimuth of the target; and

a mechanism for calculating a more precise plane position of the target

using the more precise azimuth and the RTD data.

17.-  The system of claim 16, wherein said points selected along said arc have

the same RTD.
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using the nore precise azimuth and the RTD data. 17.

The system of claim 16, wherein said points sel ected
weahkosgizasd arc have the sane RTD. 18. The syst earmi2004/025629

claim 16, wherein said transmgiter and said receivers

are arranged in an array having an array baseline, and

IESQM?CL eglﬁ] 8? giaglp églwoheg%ﬁgslaugg{g r ] gget:i‘eflerys are
aSMﬁg@dniIDﬁn atay Matfhg afryﬁlrr&%as%g rhsd A lefril tgf‘og‘%am %1@ is defined

for defining a segment of arc usl ng

tpbe @pproxamiataly hwmecthRTdIﬂgdhlbﬁ said drRgiBHReEAR.f Or
sel ecting a second set of a predeternm ned nunber of

poi nts al ong sal d segnent of said arc; a nmechanismfor
I t TDOA f h t t hi
1857 G LRt SFo R g, ﬁgm@ﬁaorra%sé&i;arf’ﬁ'g”t e
expe ﬁtrﬁé’ch-ﬁgslgl ?%e? ?ﬁﬁ‘% B%gﬁwm 5PLRa [Saf iR g %g@%ngl%t pre&se

sai d neasure ete

ahetutkeandtRIEDetpgct ed TDOA of each point in said second

set and said neasured TDOA; and a nechani sm for

s el edinerhanisen i selecking sssecond eet of 4 predoereipeci@tdber of
t he mnlnu error as even a nore precise

p%l?l ﬁﬁ}gﬂélgg%tq?gn}eg,tgg{sm &% a nechanismfor cal cul ating
ot i AR Sa R G RSP rief TN Al 18 o Botmsthin soia

using t
se%@nd'gbte nmet hod of claim 1, wherein said at | east one
receiver also functions as one of said at |east three
reced wechanidth foflenpatingdhe txpéabd TDOAMRF 84dh gﬁh@ within said
gnal received by said at |east three receivers iIs

segqfie Spicio Biegsued THOATioedstembiod aohinimainmedor hbisveshrthe
I's perforned

e IHBDUE O B BHRER 37 schandiesend edrereadiiech TDOA; and
It pg'rgﬁ]fet%tﬁ%ﬂrﬁgx Fo?$ﬂl%c@ﬁ Fl{égaztu?ﬁg‘f S%E}%lrtlneecf grlth the gxpected TDOA
havaisg theanirdaiunetrer a¢ 0vHh ARS8 g)r&fls§ §i1ﬁuftﬁ 6f 'tlYeetra§$ett B&a

TOAs and the RTD data are used to calculate a
pr ecd ®échanism for calculating an even more precise plane position of the

target using the even more precise azimuth and the RTD data.

20.  The method of claim 1, wherein said at least one receiver also functions as

one of said at least three receivers.

21.  The method of claim 1, wherein said signal received by said at least three

receivers is said return signal.

22.  The method of claim 1, wherein transmission and reception of the signal is
performed through the same antenna, such that the RTD data indicates the range

of the target from the transmitter.
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position of the target. 24. The nethod of claim 23,
wherein the nore precise position is calculated by the

webkepd1Tdss a) estimating a new target positi onpPCh)S2004/025629
cal culating TOAs that corres d to the new target
position; c) measuring the error between the

al culated T nd the neasured TOAs; and d) ] )
el eﬁhﬁﬂ@eﬁh@%ﬁa@ dnwhstaiRHicpesitior estimatenceoerdinases of said
e havwi ] Ni_ mum error the new .
1686 e EORsARY B R1Z APl R ESe Sk ChueRuad Frse precise
Alom & \f%g%.in steps a-d are repeated until the
#gJiSfferencl(ee tg/een the cal culated TOAs and the
measured TOAs is at |east one of |ess than and equal
to a _predeterm ned val ue. 26. The nethod of claim 24,
2fner dihe mpthoduriclpine?dd sehereii theanoiesprealse poaitien inshhglated by
tﬁl maxi ngm l'i keli hood algorithm 27. The nethod of
¢ S[°RY 95, wherein the maxi mum |ikelihood al gorithmis
t he - 28 The nethod of claim 26,
wher g?ﬁésglhqneﬁ@%?ﬁug%ﬁ%%gg?ﬁégg’ algorithmis the
Si npibgxcdlowtatihg TORS g corBspoHiEo R Ae 5#fon:
wher Ig?n t he helgght of tﬁg tséproget 0i S nglmﬁf%&hgagfg?%f ned
wi t hc) hmeTDEigathd crtoe bReatathe datcutated TIAA € aad Besirchaited

estimate of the target.30. The nethod of claim 29,
wher ei nl P H’é‘iight is calculated fromaltitude data

ot nad i dling e pEStlmsaRRts iR Ghr PR fsgeied TiAs
t he det } j £ h i t
5 TraBnhg el S sl R Lo AniAEn et ree
estimate, coordi nates of the receivers, the TOAs, the
hei ght of the target and the RTD data are used to

28al cdihgteethodwi elavme4, yehaseisi stepsa-dfare hepentadgattil the difference
between the calculated TOAs and the measured TOAs is at least one of less than

and equal to a predetermined value.

26.  The method of claim 24, wherein the more precise position is calculated

using a maximum likelihood algorithm.

27.  The method of claim 26, wherein the maximum likelihood algorithm is the

- Newton-Raphson method.

28.  The method of claim 26, wherein the maximum likelihood algorithm is the

Simplex Downhill method.

29.  The method of claim 1, wherein the height of the target is known and
combined with the TDOA and the RTD data to calculate a position estimate of the
target.
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3 . The nethod of claim 32, wherein the nore precise
position is calculated by the steps of: a) estimating

wea 0witsasget position; b) cal cul ati ng TOAS t hR&CT/US2004/025629

correspond to the new target 4fosition; c) neasuring
the error between the cal cul ated TOAs and t he nmeasured

v Tl et 20 SRR AR PR LA e do

included asthm?newgﬂﬂsﬂr@mqﬁe e@fgbpat e of the target. 34.
The nethod of claim 33, wheréin steps a-d are repeated

until the differ ence betvveen the cal cul ated TOAs and
g sur d. T Least one of |ess than and
qual ?‘Bfi @ euhgrgm e hpightyip npwnHsemdhe
[ reci,.se position is
cae?cu %Ifbendmégfh% tglééela% %hee éjroygp] hood al gorithm 36.
The et hod of cI aim 35, wherein the nmaxi mum i kel i hood

algorithmis the New on- Raphson nethod. 37. The net hod
38f clThiermathpdwiietatin 29, heherein titepoksities! dstionde adcﬁﬁdmhfé@ofthe

is.the zr,;rpl ex Downhill nethod. 38. -A system for
f"?C@é‘éftr?»rfg As.dbe heightpf ﬂ@l tagetand|tbaRTD deta are used to
or. tran aS|gnaI to a target; at

r tter ng
C%ﬂgggf]?n]gﬁéor?é)&%‘fl@%Posflﬁ?nP B @red- a return signal from
the target; a nechanismfor caI culating the round trip
delay (RTD) fromsaid transnmitter to the target to

33ai dTat nhethsd of BRIMES WiRk¢inghe et r&cﬂﬁ@ﬁoﬁﬁﬁﬁ iy &diSulated by
for receiving aS|gnaI fromthe tar a nmechani sm
thegitenpedfer mi ni ng the Tinme of Arrival (TOA) of the

Si gnéS ﬁ a%pCh recei ver; a,mechanismfor cal cul ating
(GSURABNE e farget POSHEOSE Arri val (TDOA) using

e BSR4 Gl ™

¢) measuring the error between the calculated TOAs and the measured
TOAs; and
d) selecting the position estimate associated with the expected TOA

having the minimum error as the new position estimate of the target.

34.  The method of claim 33, wherein steps a-d are repeated until the difference
between the calculated TOAs and the measured TOAs is at least one of less than

and equal to a predetermined value.

35. The method of claim 33, wherein the more precise position is calculated

using a maximum likelihood algorithm.

36.  The method of claim 35, wherein the maximum likelihood algorithm is the

Newton-Raphson method.
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at least a position estimate of the target. 39. The
systemof claim38, wherein said at |east one receiver

walew/ofitasst i ons as one of said at | east three PCT/US2004/025629

recei vers. 40. The method of gl aim 38, wherein
transm ssi on and recepti on of the signal is perfornmed

rough th a ant Suc at. t he RT at a . .
3|t72d| gﬂ{ ﬁ?ﬁ)zi Cgeaqll Wh%rel‘% a}i%lﬂﬁltlﬁgg 1hoo£i algorithm is the
é?l)to%ﬂnllm-fﬂgd system of claim 38, further
f@;rl si nga mechani'sm for cal cul ati ng a nore precise

position of the target using the position estimte,
coordi nates of said receivers, the TOAs and the RTD
38at a.A gpstemhfor Miagwmtgeftmdnhpmsmgnpri sing a

rrechan smfor; estimating a_new target position; b)

cal c lﬁ'i %Sh@nermnﬂmtforc%m%@maﬁgw t0 ;éangetar get
ons SRS AR B SRR SERALk PR bR aEE o
p03| ta'1ﬁec}ﬁ%§drﬁ%ﬁca?&§lﬁﬁh§¥1?éjrd’&nﬁhcrg LE)ep nfeS}fgﬁ%t .

having the m ninmumerror-as the ne

thsmiitterttartetargé to sﬂtbatrieamxﬂxeqéceib@ﬂ m 42, further
conprising a mechanismfor repeating steps a-d until
the &f fopstbrRarasetvgescior raeeivimgasignaldraionbe target; he

measured .TOAs i.s at | east n d

to a?ppre e or t?ﬁﬁ‘?lﬁéng lﬁf'eo’ggﬁ \éﬁﬂ%&p&) %f T%é%nals at
%&{{. gfv onprising a nechani smfor determni ng the

el ght o >the target. 45. The system of clai m 44,

wher eimedHagishe fghialddating 6 shalsaebd DERrehGAl HER éifaA?nva1
included in the reply signal fromthe target. 46

(EPS1ehmsing theal DM front eadhireceiverpmidsi ng a mechani sm for

deternmi ning.that the rget is_on the ground. 47. e
syst ameshagijsm ferawing {h"tfﬁ@fi‘sué PQA %éhﬁ&mﬁlia@rﬁof@ﬂculate

of RaStricc BB s Bk ”f‘éfggi 223 the o '

39.  The system of claim 38, wherein said at least one receiver also functions as

one of said at least three receivers.

40.  The method of claim 38, wherein transmission and reception of the signal
is performed through the same antenna, such that the RTD data indicates the range

of the target from the transmitter.

41.  The system of claim 38, further comprising a mechanism for calculating a
more precise position of the target using the position estimate, coordinates of said
receivers, the TOAs and the RTD data.

42.  The system 41, further comprising a mechanism for:
a) estimating a new target position;

b) calculating TDOASs that correspond to the new target position;
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RTD data. 48. The system of claim47, further _

conprising a mechani smfor calculating a nore precise
woasisiiizsssof the target using the position estPOBiUS2004/025629

coordi nates of the receivers,g4he TOAs, the height of

the target and the RTD data. 49. The system 48,

further colq;grislr% a nechanismfor: a) estimtin

a
new tAr get M5BYN& e quror botween thepleadptedIHAAs ang the measured

correspond E new target position;c) neasuring the
error bet V\gte)(r%\s{’ Igdcal cul ated TOAs to the nmeasured

TOAs;d)and shied ipoSitiohCesPagits | | WBtEthe expect
associ)at ed&e\?tﬁigﬁﬁg pgxpfgglt esgﬂ?mh%g\?ﬁégdm rl%lﬁnfiﬁﬁ?ned TOA
error as theyingthemsiinun eest iasdhened pobionadstietate 20 the
The nmet hod of claim49, further conprising a nechanism
for repeatt?l%etsteps a-d until the difference between

the cal cul ated TOAs and the neasured TOAs is at | east

one of less than and equal to a predeterm ned val ue.

43.  The method of claim 42, further comprising a mechanism for repeating
steps a-d until the difference between the calculated TOAs and the measured

TOAs is at least one of less than and equal to a predetermined value.

44.  The system of claim 38, further comprising a mechanism for determining

the height of the target.

45.  The system of claim 44, wherein the height is calculated from altitude data
included in the reply signal from the target.

46.  The system of claim 44, further comprising a mechanism for determining

that the target is on the ground.

47.  The system of claim 44, further comprising a mechanism for calculating a
position estimate of the target using the TDOA, the height of the target and the
RTD data.

48.  The system of claim 47, further comprising a mechanism for calculating a
more precise position of the target using the position estimate, coordinates of the

receivers, the TOAs, the height of the target and the RTD data.

49.  The system 48, further comprising a mechanism for:
a) estimating a new target position;

b) calculating TOAs that correspond to the new target position;
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c) measuring the error between the calculated TOAs to the measured

TOAs; and
d) selecting the position estimate associated with the expected TOA

having the minimum error as the new position estimate of the target.
50.  The method of claim 49, further comprising a mechanism for repeating

steps a-d until the difference between the calculated TOAs and the measured

TOAs is at least one of less than and equal to a predetermined value.
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