02- Feb- 2007 Target Localization Using TDOA Distributed Antenna Field of
the Invention The invention relates to ground-based or airborne ai 52-?%9—%5’?
surveillance 5 systens, particularly to direction finding and targe

| ocal i zation using a TDOA (Tinme Differential of Arrival) distributed

antenna. Background of the Invention Ipn the current art a nunber of systens

and net hodol ogi es exist for the | ocal tzati on of ground vehicl es and

aircraft (e.g., targets) in and around air traffic 10 surveillance systens

whi ch can include airporTarget Eoea]'mwﬁgmf[ds'ﬂlgr'?{@()ﬁysterrs. Many | arge
airports utilize approach radanssﬁj.ﬁms t (Aiﬁate and track targets outside
the airport. These radar syst efEMS3AR me(jg £, accuracy by using the
narrow beam avail able fromthe | arge aperture antenna, whereas the 15 range

is calculated fromthe round trip delay of the signal fromthe radar to the
target and HHeld oftheilayentjor hese approach radar systens require |arge

rotating antenn | t ' Ltion, . these radar systens
characteristical f@leﬁ%‘gﬁ%ﬁ %%E%Sﬁépgr?g@{e&ig%seg%ﬁ%gﬁb%t%ﬁ ?ﬁ&%“?’eei@% , and
consequert | ysgﬁ’d@ﬁlsf parieiBelyI0dedciin ﬁﬂ@ing%ﬁa@m%éﬂ@camlm@ﬁhﬁm%%mmt s -
limted 20 the update rate of the radar. second nmethod for target

| ocal i zat i or{Time Rifferansinbefdirdval) distribinkesh antertniaon  systens typically are nade
up of an arrangenent of beacon transnitters and receivers. Miltilateration
is a Tine Differential of Arrival (TDOA) technique that wuses information

of a ¢ ar gt BaBPaRRTr ke AR Porer ot ion typi cal Iy Starts by oo
estimating, usingnf&éurtditartBihiriBer dflR9staRB AR HhelJIosial baikt Rf iR target in
either a two-di nensional or three-di nensional coordinaie system An°" o
02- Feb- 2007 loglization of ground vehicles and aircraft (e.g., targets) in and around air traffic
10  surveillance systems which can include airports, terminal areas and en route
systems.
Many large airports utilize approach radar systems to locate and track
targets outside the airport. These radar systems obtain good azimuth accuracy by
using the narrow beam available from the 1arge aperture antenna, whereas the
15 range is calculated from the round trip delay of the signal from the radar to the
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
20 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 {ransmissions to determine the precise
25 location of a target. The algorithm for multilateration typically starts by
estimating, using TDOA. information, the approximate location of a target in

cither a two-dimensional or three-dimensional coordinate system. An



optim zation process is then perfornmed around the approxi mate | ocati on of
the target to provide a nore accurate |location of the target. 02-Feb-2007
Mul tilateration systens can be used to | ocate and track targets on t2h

ground at the airport for runway incursion and can al so be used for |ocating
and 5 tracking approaching aircraft within relative close proximty to an
airport and by en route air traffic survé | | ance systens. However, if it is
required to provide |arge area coverage around the nmultilateration system
the ratio of optmmizationpracesbissthen perfmiest aourd thetappeoxitlate loeattorvefthy to t he
range of the target begorres such tHat f he tGe%ometric Dilution of Precision
(GDOP) becontEeip PEOVIe ganore acqygatergratiog of thetasels nore difficult to |ocate
the target withi : ' ' ’ | yeness of the
mul til ateration mﬁeﬁéﬁ@? nFe?lﬁsc%drl}l{lfé;J S%gggi%gte%maas&%%et (ﬁfegstcélﬂn%% fromthe
system to t hgrduad@ethe digreeafe sunvdneintaistadaddcapvdscharesddios Iqvatthg @@ Wi th t he
current nultilateration technique is to install external antenna el enents
out si de the Backingrprroaching pircrrdt within relatize slase preximdlyriots aimportaaddn he si ze
of the antenna_ baselin Thi s..,_ however reates.djfficultjes with regard to
pur chasi ng am{:qq%%ﬁléltra?ggpurggi[llgp@ Sjﬁ?%'dﬁﬂﬂe"%regl‘j{; Ftrﬁq'b‘ﬂ‘?‘giodg%‘fiet he,

system nai nfag sceirerh%gm%mleﬂﬁ@inuﬁﬂa@mﬁn@s& e rati Y iftBhdLN Det ween

the external antenna el efents and the system ~“and other [ogistical issues.
20 Wi | e nanbasaline (disthicecbetweneilid rmoaiecrsy &1 thowamyesnfithe taggetrsecomes such

conbi nati on _of the above-detail ed nethodol ogies, sone airports currently
have no | ocafhat ﬂ?%f‘?%ﬂ@%%f%%dﬁ?d?@%mﬂ&gq seRglea gyHe darBenl aircraft, or
vehi cl es;pn ' i - e | rports have
adopt ed yﬁe %1? geg?ﬁregie&g?wg %Oaéﬁﬁﬁ@fiﬁﬁ?ﬁﬁggﬂ%ﬁ@%%%?‘ﬁgﬁ éigr - equi pped
airports in gmektaint Tt the dfRclPeieoul the nhilltipiteration By ¥t Sioaificahfipaf fic in
their area. Wiile this process can be beneficial to airports that would

ot herwi se nodegtaded asithe distense Hecion tre syvtei tobthe farget inciegsgsossi bl e for targets

i rport o radar BT FRORST OAVGHOTLI b ean B s pue B e BHBR of or 6, f or
a rel i abl e, fetabhyBles bl ERRh ShithhPBlohRn A AHOW A Aalhd of B! 1 ©

surveill ance system w t e capability to [ocate targets
15  multilateration system fo increase the size of the antenna baseline. This, however,

creates difficulties with regard to purchasing additional real estate, providing
security outside of théisystem, maintenance of the external antenna elements,
communication between the external antenna elements and the system, and other
logistical issues.

20 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

25 provide information on the air fraffic 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

30 provide an air traffic surveillance system with the capability to locate targets



02- Feb-2007 3 en route, |locate targets approaching the airport, |ocate
targets on the ground as a conponent of a runway incursion systeanEnﬁgﬁpg
t he handover between approach systens and runway i ncursion systens, L
extend the range and accuracy of target localization utilizing existing air
traffic surveillance systens 5 without the need to install antenna el enents
outsi de the system boundaries. Summary 8f the Invention It is an object of
the present invention to overcone the problenms of the prior art by

providi ng a eashlcate ﬂﬁ?éd‘ﬂ@@iﬁarﬁéﬁhiﬁ% R afkipbRCIdcarR @ity GiPtiei @Bund adyli ng
accuracy utilizing existing air traffic surveillance systens, and wi thout 10
requiring | @ogwongal of amwaxrinewsiensystemy ippravedhahindovenhetsienn rot ati on, or

2 Syst om whioBhRiak HerSH A TRRY SR LDaIe AT GREn IR hgeRnd o o

| ocal i zat i oneehBy 8 &SP [bEAIZIHES uﬁﬁz&@%ﬁfstiﬁ@%irtt#ﬁﬂé Shivefilanke Systerh@ns 1 Ll ng
a signal to a target, and at |east one "recelver for recelving @ return 15

si gnal f Somwitieout dregededtto insthit ahiatea tlomeREDutRIeItid shricm Belmigyieof t he

signal. The system further includes at |east three receivers for receiving
a return signal from the target and a nechanismfor determ ning the Tinme of
Arrival (T of the ﬁi gpal % at each receiver. The system al so includes a
central pro mary of the Iavewtion; o Tpoas (Time Difference of Arrivals) and

perform ng the | | | j ' eg&ﬁﬁ ] met hods
of the inventionﬁgg%@*écggfgggﬁegggﬁ%%&ﬁ%’r% et aié el gwﬁs%%ﬂﬁet hods of
t he inventi gniorattdyl mroeiding b epstemand esdthodst for highaditautigatand logatioht i on usi ng
TDOA and RTD data obtained, fromtarget transponder signals. _The TDOAs are
cal cul at ed BydigaseHracy wlizingexigmeaiy raticsyrwralangegatenss; s vithewe t ar get

when the,si gpnal.. .l | { |urali of,receiver units. The receiver
utili zegot 09%'% c 135%58?%&«4@%?% %@?{&gﬁl gWBCF%?{”ga? %ﬁeémgfc’tlaﬁgn’t%r ee
receivers uggditiohf] 1edéivtsulsilld the Ko6Bm Beifildadiéd) i s subtracted fromthe TOA
of a designated receiver to produce the TDOAs. Transmitting an

i nterrogati on si Fhalinfengienaelates to a system which can be used to perform several

ek

methods of target localization. The system includes at least one transmitter for
transmitting a signal to a target, and at least one receiver for receiving a return

15  signal from the target to calculate the RTD (Round Trip Delay) of the signal. The
system further includes at least three receivers for receiving a return signal from
the target and a mechanism for determining the Time of Arrival (TOA) of the
signals at each receiver. The system also includes a central processor for
calculating TDOAs (Time Difference of Arrivals) and performing the localization

20  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 fransponder signal from

25 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



transmtter to a target and neasuring the delay tine between the tinme of

02- Feb- 2007 4 transm ssion of the interrogation signal and the ti H@slgf

arrival of the reply signal fromthe target at a receiver determ nes 72007
RTD. The RTD data can then be used to calculate the target's precise range.
By using the TDOA data in conjunction wth the range provided fromthe RTD
data, the range GDOP i ssues associ ated 5%with the prior art nultilateration
techni que are overcone and the range accuracies, and therefore the overall

posi ti on acdmnsmission ofithe dvterragatinn sigual ppd therémenef puévab of reacplybiighatent of -

tr ansponder OBy FieceERt OEp Gekettsy cefrmiirsehe ATt TEERER SR fendRndeReli Vi ng

units, "RUsY ] f g : tﬂ%rg rs he

di st ance of t‘% ﬁaewglaafég;ﬂel? i frr%?ﬁé%s?eggl?%'e% g?l]ﬁghe gse id%%,lﬁ?égn?ﬁ?%ﬁ%%ssi ble to

use a si npl evith theaangepprovidedeiommhd RAD dximphié emgeEDOP ivsueh asvadiatel evat i on.

I f range only r range and._hei ght are, avail abl egbas well, it islapos_si ble to

consi der dbl W lﬂﬁg‘PW’é’r@ﬁe‘n fechaiqugase pvergomeang the Fgea ACelIAat h

search at ' | ch he measured TDOA.
E.Fﬁ’ ifrdfole {%n%%rapﬂgosqﬁ&ggé }lge{?:%s ovgr% at:lgtgcfailg

15 The signal's ‘receive groun ased cally generated by
transponders onbUagéndthed bRbACEMBbOdiATeAt bf théhpessehhBiveRfich biciloRs ayRSARS a
function of a response to an interrogation froma ground-based transmtter,
t he round t of p target kascd ontTHROAdda gbbansponddranpligsadeeined by at kedsifthresuse in

range cal cul ations, Th eceived data is, processed by the RUs, tine stanped
Wi th Ti e ofblepeR SlemeRl) (Per Rt on U WRIGh SECGEURIY oFPats FRAMPRPar ant | ol
of Arri val | g r i i t,:for further
cval uat fn, TR RGERE AR B0 AR b BB R RR BRI Lot e, T
clusters, epossibleps aseatinyye dinspreapptoximation dmicesipatesitheazimush add nct t ar get,
and evaluated to give an initial approxinmation of the azimuth. A search

function i sclenakioplirangrenlyy oirage aed heigks ap axzilahle as wellow ixpessiietist e for

oot rrar fodictan R RRLOR R oSS FBTing hE3E At Fers e
hei ght cal cy dbedhd fé BRd Abight HELER RGNS YicHRLadied TBGA ansponder

response. The
15 The signals received at the ground-based RUs are typically generated by

transponders onboard the target aircraft. When the data is received as a function
of a response to an interrogation from a ground-based transmitter, the round trip
delay of the messages is calculated and stored for use in range calculations.
~ The received data is processed by the RUs, time stamped with Time of

20  Arrival information (TOA) to be used in Time Differential of Arrival (TDOA)
calculations and sent to the processing unit for further evaluation. At the
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

25 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

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



size of the are is set to approximately twi ce the size of the antenna
baseline. A predeterm ned nunber of points along the arc are sel egt pd, wbher e
each point has 30 the sane associated RTD as cal cul ated fromthe transponder
reply signal. 02-Feb-2007 5 Calculating the expected TDOA for each sel ected
point on the are and conparing that expgct ed TDOA to the neasured TDOA
yields an error. The azimuth associated™with the expected TDOA havi ng the
mninmumerror is selected as a_ nore precise azinuth of the target. A nore

precise pl ar(éalﬁdéﬁing the epeetnd TROdor e@hsgeleﬁtqd nsantean tedec ard ﬁ@npﬁglgmr e
Speci 11 nutbeBFiled AROH §EF Beashify EPUEY el Pk FEAT" o ovi ng

the accur acys@fcidtbEwidshé efpectdd TV Chadihg HR@ilm BRBYRIseRRl® aglahen this
met hod will conpute approximate azinuth and el evation only. The azinuth

t hat vyi el ds mdre psenisd aximudl oDtheftanget. tAenare prexisef plame positions of thedmigetised.
Finally, the x and ositions are cal culated an eight (z) is
i ncl uded?Ji f %%@%@8% ?H@rﬁl’%‘qcf’i‘f@énﬁ‘é& ! %fﬂ%% H%‘L& according to

anot her _enbodi 1o the Qbarkfi AR hflefh AUBGAS nmb G P ShO N BRS¢ | On

estimate of a target utill rmati on transponder

signal is raeetachdiny, thirebp asprdviigtheracogavebftlRpasitin atitdaye. 1T réigedpssed.
I n accordance wiith this enbodi ment_of the present invention, the ei ght of

the target iusavailshie. Hien thisapethodotill compwts anprexisnaioazinpit ard elewatiersi t i on
estimate of e target. .The hei can.be cal cul ated fr the altitude data
provi ded by O%P?'e %%@@uﬁhﬁ%ﬁ?e{[‘%&km%ﬁ egpﬁﬁrgfn%ﬁﬂsﬁwgﬁﬂ%lﬂnﬁ t he hei ght
can be no a ] ' ch Bl ' Helé?] nd. In

accor dar}ge \;\n\é@lteﬁ%?hll?gfaglg‘: ?&%ﬁ%g?gﬁ%ﬂ%mmasu%gﬁd%? t é[g%)qﬁei ght and
cal cul at ed ifmvhgdeddf ealontateddfedm the altimjeudats.i on with the coordi nates of the

RUs to a closed formrange aided algorithm_This pmethod of the present
i nvention will caheethed secopyngt grrapbodisaent of the dpyantign ealcuiptase of t he

target and 3 i - Wi 1L : Qr di .ovi de a
t hree-di rrenivpgn 8%%%‘%?2’ Eﬁlg\gltéls ngat%ge qu%@%i%qge@gi@? %fo%g?\gcg hei ght
and the cal gHeataqthrispoider 3ighal k&8ceived by at least three receivers as previously

15 discussed. In accordance with this embodiment of the present invention, the

height of the target is known and used as the z coordinate to improve the position
estimate of the target. The height can be calculated from the altitude data
provided by the target in the transponder signal or alternately, the height can be
known by a determination that the target is on the ground. In accordance with this

20 embodiment, the measured TOAs, target height and calculated range are provided
in conjunction with the coordinates of the RUs to a closed form range aided
algorithm. This method of the present invention will calculate a two-dimensional
(%, ¥) 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



provided to a search function to further inprove the position estinmate. The
search function approximates a new position estimate of the targetyamdh-2007
calculates TOAs that correspond to the new position estimte. The search
function further includes a cost function which nmeasures the error between
the TOAs of the original 30 (current) position estimte and the TOAs of the
new position estimate. The |i 02-Feb- 2007 6 position estimate that results
in the smallest error is selected as the new current position estimte. The
sear ch funct positios estéiaterthatadsultsdo ihe smallast emrgr isiseleptadiasitbanewsuiment e wi t h
the smal | est error as the _pew current, pgsition estjipate until the error 1is
| ess than or Peylian esiyngiey lhgseare 'Wl%lﬂr?ﬁ%@tegeﬁﬁ g wdag the ositicinot her
enbodi nent of . tend | eez.di i I )sition
coti mat e of S pReRAEHRl e AT Sl St sk R P G B

transponder & lgsathan or t@edity @prédetaamitab@iniiony. recei vers as previously
di scussed. |In accordance with this enbodi ment of the present invention, the
hei ght of St he t ar §be methadoe! yaih enptherremabediment obibeypreseat invgstierenledateons and

;?lo\(i :J l}l 2; e? 0 r g%ﬁ%’?@ﬂgﬁs@)ﬁﬂa %bh@@qgé%‘gﬁ%egq%ﬁgﬁ%eﬂ hﬁﬁ#ﬁ% ﬁ%@bﬁ‘gﬁﬂ%ﬁg present
i nvention W fofadtiod whén ﬁtﬂaﬁéﬁ%&i\@fén Riié)fb%iv@:d 1b¥>ét 1akt RS rddeBfer$ad | mat e of

the target directly fromthe | D data. The three-di nensional
posi tion est prexicishndistussed aliradcatdadcs il ethizremiddémentldt the pueseid to a search
function to further | he position esti The search function

appr oxi mat es1# eﬁfé%ﬁg%nﬁéi%gﬁoé@ﬁitﬁﬂﬁés(ﬂpt km-gﬁ“ééief%ﬁdo@m%m@%&edr OM t hat

correspo t e ne LA ' . T t t her

el udes Do SO PRTAER s bl fion REIFPLPIMIE I B RURSIE o1 ¢ e
original (cgfovidddtopasdbdddrorashngtrdigeddlgdotithen. TEMsthethb& of e fresent | On
estimate. The 20 position estinmate that results in the snmallest error is
sel ected as inventheawwill calenlate ptuee-dimensianahty, &, Zpesiliemestimate of thedarget

reiterated, each,tine usi the_pasi.tion estimte with the smallest error
as the new Cﬁ?@%mﬁ%gﬂ?ff%agﬁﬁﬁgﬂanm the error

The three-dimensional position estimate and the calculated range are then

15 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 cotrespond to the new position estimate. The search function further includes
a cost function which measures the error between the TOAs of the original
(current) position estimate and the TOAs of the new position estimate. The

20 position estimate that results in the smallest error is selected as the new current
position estimate. Tﬁe search 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

25 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:



Is less than or equal to a predeterm ned mninmum Brief Description of

Drawi ngs 25 For a better understanding of the nature and objects ofgliu.2007
i nvention, reference should be made to the foll'owing detail ed description
of preferred nodes of practicing the invention, read in connection with the
acconpanyi ng drawi ngs, in which: 02-Feb-2007 7 Fig. 1 is a representation
of a typical receiving unit (RU) arranger?ent inan airport; Fig. 2is a
representation of the typical connections between RUs, associated TOA

devi ces and a pr odigs’ingrepresentabiofiiod a tgpistlowsciving wiiiRdl) drrangetdeat inmmovi des
TOA data and range calculation wusing a round trip delay nethod in

accor dance WH#Pbwo enbodi ments of the present invention; Fig. 4 shows the

signal flow in aaggrgm&pﬁgggﬁgpﬁtoﬁ e@?ﬁ%ﬂé&ﬁi&ti@ﬁofi ﬁé?%eeﬁ’kﬁ%ent i nvention

when different R are uti or the"transmt and receive 10 functions to

det er m ne r amgecialedCOA desices andapsertdhg anitpf a search function utilized to
determne the precise location of the target in accordance with a preferred

embodi ment of t heFigp? sk thersigndl flot: thes proveles JOA drtimdaange eglewdation ati on
or ocess. used 3¢ hav B PR Hol R erosteds i fud Buotiolief e oo nen

of the presepesdntybRintion; Fi9- 8 is a two dinensional representation of a

nodel used to explain an algorithmin accordance with one enbodi nent of the

present inventi orFigH shows the signah flow idiacesrdancealith apothseembodiorend bf thenodel
ordance w th, one enbodi nent

gfs e;j h Ea ° p]; g; Ed?ft%ge’ﬁt fﬂ%&%g\ég :’Wﬂpepit‘g&e%lﬁgﬁﬁs Ei‘?ﬁme%ﬁ?%péﬁ thefrasmibhandiseei¥e ocess used
to deter{ neqxlafidflto determine range; '

Fig. 5 is a representation of a search function utilized to determine the
precise location of the target in accordance with a preferred embodiment of the
present invention;

Fig.6isa graphiéal representation of the results of the search function;

15 Fig. 7 is a flow diagram of a process used to determine farget position 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

20  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 |

25 using around frip 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.



position in accordance w th another enbodi nent of the present invention;
Fig. 11 shows the signal flow that provides TOA data and range cal gyl @iy sty
25 using a round trip delay nmethod in accordance with another enbodi ment of
the present invention; and Fig. 12 is a flow di agram of another process
used to determne target position in accordance with another enbodi nent of
the present invention. 02-Feb-2007 8 DeBailed Description of the Invention
One enbodi ment of the present invention will now be described with

ref erence t dé&tagied DesOripfiofi witiké IDdFendiphenna el enents 1(hereafter referred to
as "receiving units" (RUs)) are placed in known positions within the

ai rport confines @naembedimest ahthepressnbinyentign will deyihstdegctibedwith 1. A

typi cal RU is.sold . by.Sensis, Cor,poration del 10Q; 008121 1). The
di st ance and‘eﬁ%@gr’fgﬁgs‘oﬁ'#‘h‘é RRER of aig "éal(? Hlepif?l\ggmﬁ’?&teéﬁ?éﬁﬁ%%% ?aly

basel i ne or Qaspdil ithen ' agéil? | iERIRRRE AfgRst one
transmtter gnd tﬂﬁggglté eg%ﬂi]%/%rs ' gé%d;ig.g&in;agvéﬁ{ﬁgﬁ provliﬁg%al t?ﬂ?ig%qrg{z?mns?onal

| ocal i zatSi ortoefeataayantennmarzmdandepictdd ihEigail r potypical RAT issoRUsy Sansis ecei ve
only, transmt only, [ ] nd_receiye. Mre RUs ma be required
dep)éndent u&ﬁ’:’f’?l’?@%ﬁé&ﬂ‘gﬁﬁ}' iﬂ@-’aﬁgﬁh&ﬁgll- :ﬁ'&ﬁj@lsfaﬁc%ﬁ@d alae@maﬁ/tmféhe ai (rqport
in order to i | | . ' | ssues.
In accordanc!zg(\:f %{sﬁgfé&éed tgfagglfé%@tlg%aen |_ona,sglgrf Eit 6%{%%5%: ﬁ@é&n@%@%@%@“ i oned

within the cegfdorfindtiont dfut dddsperid trafdshiifierd dplthidR0esiS¥rs IS ERifrell 85
mai nt enance and 15 security, and sinplifying comunications. In a preferred

enbodi ment , mrevdde thraesimensiona hecaliss tergstseinzadasvendthetaigpagniliiei ng a
1030 ph nodul at ed, upli nk.signal ,apd t he .recei ve, antenn | enents are
capabl o W RGO IRICIYS OB SoPELLANG o BAL FEHGHER U FENR. MR Ry
however, a”%e%b%édéﬁ%n&ﬁﬁ%on@ﬁé’%%ﬁ?@%@bﬁﬁ@ %gogt RS dbimgach RU 1

I ncl udes a TOA ce 2 that “accur nmeasur es Time of Arrival (TOA)
of each tr amdgportdeiordérdgoavercontei Mee of Sight . O8pobstuctibhe aiUmultigatie connect ed

by sone communi cati on nmeans, _.such as a | ocal .
issues. In accordance with the present invention, all of the RUs can be positioned

within the confines of the airport, thus insuring easy access for maintenance and

15  security, and simplifying communications. In a preferred embodiment, the
transmit antenna elements are capable of transmitting a 1030 MHz phase
modulated uplink signal and the receive antenna elements are capable of receiving
a 1090 MHz amplitude modulated down link signal, however, anylr signals in space
could be used.

20 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

25 ortelephony 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

30 baseline (distance between the receivers) to the range of the target decreases. It



area network (LAN) for exanple, to a processing unit 3, which perforns the
| ocal i zation calculations.. Qher types of comunication neans suchy2g.Rhoo7
links 25 or tel ephony can al so be used and the invention is not thereby
limted. In one sense, the layout of RUs shown in Fig. 1 and the devices
shown in Fig. 2 are the sane as those enployed to | ocate targets using the
traditional multilateration technique. A explained earlier, however, the
GDOP associated w th the range of the target becomes quite |large as the
ratio of thegrpfeR Wecdfhel asdtidificulits |Fatkahb ¢ArsieRithidahs eeRip¥ess) to the
range of the target decreases. It 02-Feb-2007 "9 therefore beconmes nore

di fficult touhesrtaindy’t red thereffactivendss nf theamultildténption systemris eignificantly and t he
ef fecti venessg of .the Itilateration system.is significantly . degraded as
Che di st ancedtstaifd fialkdisaita it RO BHOR S TAR RS Hrettinfetiess  In
accordance w [ 3 : ho [V =hasition 5 .
al gorithns ‘;“{‘%&Séﬁbgﬂﬂ?%@[ﬂgﬁ B%éﬁghg??’g%:({ﬁi’%%Eger{’g%aﬁgg%%c}?g%tl nfrastructure
as showns i nalgogthmslaramde®td extepndethesffcgtiVormaie of e Rbrigftstadctaiegsi fi cant |y
i ncreased distances from I he system_as will be explained belowin nore

detail. Fig.StovahindELs. 4imprepissly loeatpihatasgef phyigniticantly inssessedr RU 4, a

t t 5 ' i i nter. tion. Si T t f th
10 Sranam ¢ BolaPSeatFOR AEEy P, Bmf s PrabpEEBbog bl by or s 5
transponder. Tr g khewd ﬂﬁ%;gl}agglo%&we&wﬁgﬁsﬂ;ﬁ&r&é&w&fmh?awr M ssi on

of the interrogation signal | ater use in calculating the target's
range. The sixkivepmaciyer RisifdeAn igetragaan sigll 7ds sendtfoomthecal |y within a

k t, of ti internal del bj ect t gl i11 b
Gosor bold | crsmigropshyP LT Indohed 4 wplbch Sov e siests Ssmntmodus 4, 6. o
where the daf@nis; b it i Arrival (TOA
From t ho. ToA R AR CATfar Y B B o e O o e o

i ncl udi ng, blaterruphtibh Bighell7 fer, latek abain Fkaildtingthe tarByicé emge( GRS) dat a,
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nformati on a0l AHFFsutft o diBfanbd B 0t QesolBI8 1Ref R Dy ibhl

15 isreceived at all of the RUs 4, 6, 6 where the data is decoded and fime tagged

with its Time of Arrival (TOA) from the TOA device 2. Multiple methods can be
used to determine TOA including, but not limited to, Global Positioning System

(GPS) data, localized clocks and internal counters. Transponder reply signals
contain a wealth of information for use by air traffic control personnel. This
20  information can include, but is not limited to, Mode S address, flight identification
number and altitude data, depending on the type of reply solicited. 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
25 unit3.
| The processing unit clusters the decoded data with each cluster containing
a specific transmissign 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

30  explained below in more detail, the processing unit then performs calculations



nunber and altitude data, depending on the type of reply solicited. Each RU
then sends the data with its time stanp over a data link to the prpcessrag
unit 3 for further evaluation. Additionally, the transmtter/receiver RU 4
provides the time of transm ssion of the interrogation signal 7 over the
data link to the processing 25 unit 3. The processing unit clusters the
decoded data with each cluster containind a specific transm ssion received
at each RU froma specific target. Clustering is typically perforned

t hrough t ar gefilizitgtey taigde dhfafandaté@ded w&aﬁkfniﬁsiadﬁﬁ&s@ﬂt_hemteﬂb%ﬂi&{ pde;
however other proven nethods are al so available. As will be 30 explained

bel ow i n nor proyidedity, the RdIstogletersiing therrecishlosatien ebibedangat.cul at i ons

02- Feb- 2007 10 i ). zi the.target. data and.recorded transm ssi time of
the interrogati oﬁhé% %Wgﬁﬁatgﬁ%mtﬁggga YRS ﬁ?lgctgg @WH@I&?@I‘W@ de

| ocati on of | 3 | I» m t he

t ranslm' tter/ froggg}t%g?qﬁukngﬁﬁi %)é ltgﬁléé {hg%rgglﬁlwﬁgﬁn%éaﬂfﬁg hga%%%{rl F\Hgl del ay

of the tar getitns of aeniveh ofi theer target’d refuen signali atbranémter/reivea R He This deh' s

return signal] at transmitter/receiver RU 4 This data ii,s used tQ calcul ate
t he round trﬁsﬁlsﬁféfoaiiﬂ‘f‘g]m&éﬁ%ﬁ?ﬁnﬁénp lay te detsam pEciteiange afget . 1n a

preferred e | gfgﬁ ' . ' ‘receive

t he si gnal use%tﬁ[%{:apﬁe r%cflgxgﬁggiﬁ%e@]@,gﬁ?g@&ﬁéﬁ%ﬁ%@%@%ﬁ%&ﬁ%%e range

of the targefeceiive eicaditndl aRed forahé eatigaicabubanad I Miy n¥inks) hd Hiébide bdrige del ay

data by 10 the followi ng fornmula: R=RTD-delay *C 2 where: RzRange RTD =
»n

Round trip defithy tgrgetainsealt camee ealowlateddased ealy on the rours! triptdelayodpae si gnal

to recept,jon,of, repl i |) delay = internal delay of target's transponder
c = spee ofthPifﬁlm?‘Bmé formuta:

_RID-delay , .
2

R

where: _
R =Range
RTD = Round trip delay (elapsed time from transmission of
15 interrogation signal to reception of reply signal)
delay = internal delay of target’s transponder
¢ = speed of light

In another embodiment, however, as shown in Fig. 4, a transmitter RU 40
could be used in combination with three receiver RUs 60 (i.e., transmission and
. 20 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 frip 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
25  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.



I n anot her enbodi nent, however, as shown in Fig. 4, a transmtter RU 40
could be used in conbination with three receiver RUs 60 (i.e., transm ssion
and 20 reception of the signal are not through the sane antenna.) |02-Kahr 2007
enbodi ment i s adopted, precise range of the target will be known only after
the azinmuth of the target is calcul ateij That is, since the round trip
delay is neasured fromthe antenna of jransm’tter RU 40 to the antenna of
one of the receiving RUs 60, the precise range of the target will not be
known until the Usinguoundfrin deday tir epdeulite tagelahge bislerdlens (Bég.13) drin bot h

scenari os shown in Figs.,3 and 4, .ho er.,...since the range.i,s cal cul ated

from rlound ?9%“6@?%%%&3?%@6&9%@35@89P %‘EFWI? Hf{t{ﬂﬂgofﬁsg'or art

mul til at er aty ' acies inprove
Th@ﬁeﬁt%?éﬂyggﬂr?isngégg '(é)h‘gte{;\?sgée’f%g MN&R{ ﬁ?%ﬁcﬁfa&%&. m

dramatically (e.qg., e alrport 1 n excess of 20 m | es)

wi t hout anySpduifigdly, thet TIROR betweasthe uahspandedZphieb beRagingltd thissdage r ound
trip delay to cal cul ate target, range either alone (Fig. 3) or in
combi natd oncliptenareselcaiated phligng e IO4y Gem quei Ry a3 p referensey Whith step of the

oot spetteqtialy Ghriafs Hd Stsdl® 85 120 THOAS I BE P RLSRB 8% bt g ng to
the same SmehdipéETDE s, CAlfHLH a}ilp?&giﬁiaﬁbhéfﬂib dZnauth8 théPFRIANSeRYyas a

reference, which effectively elimnates tinme biases. This set of TDOAs wi | |
be ref err edevaluating thensaswdd TDOREs indcdnjusdtioappithytienatavenpaditionseofdlhe nut h i s
t hen cal cul gjed by evaluating the nmeasured TDOAs in conjunction with the
known posi tiEASsgE 7 linear BPRIoXENGHON, | i near approximation. 10 The data is

furtheryqefined ﬁﬁ]b. ' : ' oxi mati on of
t he azilrguth that'ﬁ%re@tﬁg{réatc %ﬁeﬁg&@%&%wﬁg‘%ﬁ?ﬁ%&%&%re range and
hei ght . Theappeoghtation of dtecadimuerithiat bent hfntches thd messuded ADOAat thged i n the
transponder reply as is well_ known in the art. Referrin&to Fig. 5, ~an arc

9 is creat caeasyerst range and heighh pbheokeight is salcafatadsomAhealtitudg dathe range and
15 height determ ned fromthe altitude a fromthe t spondeg. reply
(retarn i GHaa B fhetShintfe oot b ool e et | RORRBRER T 37 %) e
created ar ey arc 9 is created about the first approximation of the azimuth at the range and

15 height determined from the altitude data from the transponder reply (return

signal). In the preferred embodiment of the invention (Fig. 3), the created arc
represents a portion of a circle due to the fact that the same antenna was utilized to
transmit the interrogation and receive the transponder reply signal for use in the
range calculation (based on round trip delay), which greatly simplifies the search.
20 If different antennas are utilized to transmit the interrogation and receive the reply
signal (Fig. 4), then the arc will represent a portion of an ellipse. Although this
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
25 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 frip
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 TDOASs will be referred to as expected TDOAs, The
30 minimum error between the expected TDOAs and the measured TDOAs is then



represents a portion of a circle due to the fact that the sane antenna was
utilized to transmt the interrogation and receive the transpondergrgi-yoo7
signal for use in the range calculation (based on round trip del ay%, whi ch
greatly sinplifies the search. 20 If different antennas are utilized to
transmt the interrogation and receive the reply signal (Fig. 4), then the
are will represent a portion of an ellipd2. Although this wll sonmewhat
conplicate the search algorithm the search can still be performed wth
little or nocslegiatdatApdepicied dfPiga6yiheRyint@l s8foctatedplit thelke¥pedidte arc is
selected to be approximately twice the 25 size of the antenna baseline
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t hen 02- Feb- 2007 2 cal cul ateld. As depicted in Fig, 6, the azinmuth

associ at ed wPt Framc.animadgseliggice © AR ACEWraLies ofths anteRnasy dhe11 i s
sel ected. Prg | t t : I8 original
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the snaller gfstem Hbploymiacess is reiterated a 5 predeterm ned nunber of
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basel i ne size andSinbetheareeisatange axbeing determineddtomn thasroumt érip delapelataof

it ti [ i cul t, ' t d, i s det 1.ned. duri t
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simlar in ageurac techniques can be used with results similar in accuracy.
15 The x, v and z coordinates are then determined from the finally calculated

—

azimuth and range, and the height as calculated from the altitude data in the
transponder return signal to provide precise three-dimensional localization of the
target. This data is.then made available to the air traffic control operators for
display.

20 Fig. 7 shows a flow diagram of the steps in accordance with this
embodiment of the present invention. 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

25 receiver-only RUs.

The transmitter/receiver RU transmits a signal to the target, aﬁd the target
fransmits 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

30  signal is also received by at least two additional RUs. The received data is



15 The x, y and z coordinates are then determned fromthe finally

cal cul ated azinmuth and range, and the height as cal cul ated fromth&-Feb-ZOO?
altitude data in the transponder return signal to provide precise

t hree-di nensional |ocalization of the target. This data is.then nade
available to the air traffic control operators for display. 20 Fig. 7 shows
a flow diagram of the steps in accordancB with this enbodi nent of the
present invention. The first step is to arrange a plurality of antenna

el ement s, prédoadedhyd tintdrfaggedwithdhd T'Oels indbroantion, apdthten sent ta groedseinged

enbodi nent, at, |l egst one of the antennag el ements nmust both transmt and
recei ve theutdf 3diere %trlﬁﬁ%¢?&9$@@@eaé? Cﬂ&}’-{,;t%mﬁ%n&eﬁ@drlm ni ng

el enents can %; Lverconly RUs. The transmitter/receiver RU transmts
a signal to Qaﬁgr aré%??k%ﬁght he target transmts a reply signal wth known

data (e.g., aircriafdccodiante withahe prefertdd érhbstimentilown inig. 3eBbYepiygnal is
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transm tted sigealiinraseiveddbrovgh sheprane yrenpidhitrarmuitied teriaterrpgatiowpl y 30

[ | i I ' by at .| t, t ddi t ] | RUs. The. [ data i
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target range and-Initia approxi mate) azinmuth. I'n accordance wth the
preferred eninfithl meintuth lod'dhe fangeki apd tBeretfier a sqakch fulickongisgerformed aedundd

t hrough the sane .antenna that transmitted _the interrogation_, signal such
that the rouh8initialazieuty tocemprasys der Re-lineayicgors. nEhe seatsisBineloR 8 of  t he

target. as ' [oF: I lL.ua 1.0 e ne the
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around the prBéiké Hre@dimbtisiods0 IRTHE afﬂieetalfr%f istRen HéBAhe (4&H8, thd he search
function is 10 repeated a predeterm ned nunber of tines based on system

par anet er,s. hefight afteetasgettihdefernined byitomaltitudsolata mthofrepljieignat from the t hen
determ ned (,agai,n, the height of the target is determ ned by the altitude
data in thet F)y signal fromthe

In accordance with this embodiment of the present invention, a specific

15  algorithm is used to determine the initial (approximate) azimuth of the target.
Another specific algorithm is used to perform the search function around the
initial azimuth and provide a more accurate azimuth for the target. The manner in
which those algorithms were developed will now be described.

A geometric representation of reply signal reception by two RUs is shown

20  inFig. 8. The exact expression for the measured TDOA is derived utilizing the

cosine theorem as follows:
r1? =r0% + a® =2-70-a- cos(phi)

and

ri=yr0* +a* —2-r0-a- cos(phi)
25 When developed into a Taylor series it becomes a linear expression for a<<r0:
l=r0+a- éos(phz‘)
and

r1-70 = a-cos(phi) -



target). In accordance with this enbodi mrent of the present invention,. a
specific 15 algorithmis used to deternmne the initial (approxi mt@)lreh-2007
azimuth of the target. Another specific algorithmis used to performthe
search function around the initial azinmuth and provide a nore accurate
azimuth for the target. The manner in which those algorithnms were devel oped
wi |l now be described. A geonetric reprebentation of reply signal reception
by two RUs is showmn 20 in Fig. 8 The exact expression for the neasured
TDOA i s deriNet that dli-zi0wgptdsents dlosdififerdrive dn divtage betwaanzhe tak@et-andRHa 2

-2rQacos(phi) and _rl= rQ2+a2-2r0acos(phi). 25 Wen devel oped into a Tayl or
series it be@wVﬁRlUﬁaeEhe‘é%'&bé%EPé‘h%?QFCC&W&E{Iﬁumﬁeﬂﬁmm&Wﬁ and rl -

ro = a cos(pRj )~ 2 2007 ] hat rl - r0O represents the difference
in di stance "EJQP)\‘?%gsﬁng%g"ﬁgrﬁgael%ébg%lg%ﬁ’ﬁreah%ﬁéspecti ve RUs. The variable u can
be directly calculated fromthe neasured TDOA using a sinple algebraic
operation: tdoac u= a 5 (wherg 90€" G he cosine of the angle phi and c is

the speed of light). Using the coordftnate systemdepicted in Fig. 9, this
approximation is extended to the three dinmensional case as follows: (1) rl=

(x-x12+(ys vl ()thJé% o & co\é\ﬂgro?‘;thelgngrlé ph-liralﬁ% ¢i8 r%geesﬂ‘erea rgftli%ﬁt)g arget to the RU

Using the coordinate system depicted in Fig. 9, this approximation is

extended to the three dimensional case as follows:

O AP 1O G}

where:
10 rl True range from the target to the RU.
&xv.2) Coordinates of the target
(x1,y1,z1)  Coordinates of the receiving RU.

The target distance from the origin is denoted as r0:

2) rO=x +y* 42

15 Forr0>>(x1, yl, z1) the linear expansion approximation from the appropriate

Taylor Series becomes:

X ¥y z
3 =p0—-xlw— pl——. 21
() r=r 0 * rQ Y F

Denoting
U= -r% = cos(el)-cos(az)
4 v= % = cos(el)- sin(az)
r
W= ;'% = sinfel)

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



(x, y, z) Coordinates of the target (xl,yl,zl) Coordinates of the receiving
RU. The target distance fromthe origin is denoted as r0: (2) rO0 FXZptyd7
+z2 15 For rO0>>(xl, yl, zl) the linear expansion approximtion fromthe
appropriate Taylor Series becomes: (3) r-r0 iOxl- ~yl--* .zl Denoting u =
rO = cos(el)cos(az) (4) v =0 = cos(el).sin(az) Z w=-=sin(el) r0 20
(where az and el are azinmuth and el evatibn respectively). 02-Feb-2007 15
The expression for the distance then becones: (5) r=r0-xlu-ylv-zlw As one
skilled in thig étfressth B Hicdistinte tiRYdeb@hbdlg only the linear portion of
the Taylor Series will induce non-linear errors but will still give an
acceptable 5 first approximation of the azinmuth. The inpact of these errors
will be nitigated through(®he ¢eatlctrlfunolivonzld¥scribed in detail |ater.
The TOA to each receiver (RU is: (6) TOA= +tinme bias The TOA bias exists

because the nmeasuyed TOA, s. not absolute relative.to the, 10 tine.of day.
Using nul tiple re%%?li‘f’eﬁ%an?‘i’é" %ﬁ&%@aﬁcwﬁe»&é{ﬁmﬁ@%eﬂ@rtﬁ i_'?g%}' RBUGD gt 1 x
form TOAL Xifié Tafior 56es Wil ¥riube non-linear errors but will still give an acceptable
| 5 first approximation of the azimuth. The impact of these errors will be mitigated
through the search function described in detail later.

The TOA to each receiver (RU) is:

(6) TOA=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: .
(TOAL) (xl yl z1 )
TOA42 X2 y2 z2
u
@) ) _L | v |+ time bias
: . e
, w
k’f Odn) \Xn yn zn)
or in a shorter notation:
15 8 T04_vec= lm.a_m.:tz“_ Jull «u_mat + time bias
¢

(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 subftracting 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:



(7) - 1 v +time bias ¢ w U TOAn xn yn zn or in a shorter notation: 15 (8)
TOA vec = | ru_mat_ full wu_mat+tinme bias c¢ (ru_mat full contai ngptf.-2007
| ocations of all receivers), (u mat is the direction vector in sine space).
The TOA bias is. conmon to all receivers. Therefore, by taking one RU as a
reference and subtracting its TOA fromall other RUs' TOA, the TOA bias can
20 be eliminated and the neasured TDOAs H#e determined. The first RUto

supply the data is typically chosen as the reference RU however any RU can
be used. Therefore, the rel evamyﬂpmgr X e ,g_ggswgnyqs ng%ﬂFeb 2007 16

TDOAL x2-x| y2-yl z2-zl TDOA2 y8-yl /) Cw TDOA _1
X" -Xl- zn -zI wher e 2‘0@42 I 'V%AY{ ?éo?-\b: 3- TOAl,

, TDOA n-1 = TOA n - %The vari abl e1w depends onuva:odingto:
(10) u2+v2+w2=1 Ther ef ore ) is suffieTgnt to find u, v on['y¥and equation

(9) can reduce to: n

\TDOA

#—1

where
(9.1) TDOAI=TOA2-TOA1, TDOA2=TOA3-TOAl, ...., TDOAn-1=
TOAn - TOA1L

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

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

()

(TDOAL (x2-x1 y2-y1 )
TDOA2 x3-x1 y3-yl

(11)

|
€ fr=

\JDOA, , ) X, ~x1 ..y, —»1)

Equation (11) can bé written in a more compact form as:
10 (12) TDOA_vec=%-dru__mat-u_vec
The best estimator solution (MMSE or ML) to equation (12) is:
(13) u_vec=c- [dru _mat” <dru_ maz‘]—l -dru_mat” -TDOA_vec

The direction vector in sine space is a muitiplication 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



TDQAI x2-x| y2-yl TDOA2 x3-x| y3-yl '(V 1 (11) = c ) TDOA"_1 Xn -X ...yn
-yl J Equation (11) can be witten in a nore conpact formas: 10 gl’é% 2007
TDOA vec= 1 dru_niatu_vee ¢ The best estimator solution (MVSE or ) l?)
equation (12) is: (13) u_vec=c[dru_mat' dru_naat]-' dru_tnat' TDOA vec The
direction vector in sine space is a rrulti_flication of a fixed matrix that
depends on the RU |l ocations and the neaslif ed TDOA vector and gives the
initial 15 azimuth. It should be noted that equation (11) ignores the z
coor di nat es aintdilngion efzeandy s It shoukl dlso boneted thay sdbsequentrstepstofithe t he
linearity of the equation. The contribution of z to the range fromreceiver
to target i stlEgibnyromperssti®Ee&d to the 02- Feb-2007 17 contribution of x

and y. It should S0 .1 hat. ent steps.of th al gorithm
conpensate for z.ﬁl $ r?ngﬁgrﬁ g)ég—gl%ﬁﬁlﬂfa:fgﬁ@&%&onggggﬁin} 3@%@1 58‘5‘%%531&%

azi nuth conpRARE wsh-1ihedr dcldls. "Phe sdafehiik pRFfofthed by Recafifidaffiré Shdrther med by
creating an arc about the 5 first approximtion of the azinuth at the range

and hei ght clistapmosigndtiomofithe aziniuth aiilie ragesanidrheighd calcatatebfidartheepl y

ignal a reyj |y defined. A, predeternined n er, of pojnts on the arc
glrg sel eit goaq%l‘ g?@ 1 !?gﬁl,lsﬂé’é‘éﬁ‘pr%g’l %@?ﬂg]&SBmvﬁ‘le‘g%éq?tﬁ‘beﬂf s:trre round trip
del RTD : : | . [ d
el ay (RTD) r%gdégﬁlg&?hghﬁg}bfgelﬁlgﬁg&ﬂ% oﬂﬂu@%?djz%%gfecfeﬂ Yerdl@Rfn, eddh | S assune

-~

that the ra re constant, as they are grven by the
transponder debpted poigrisdving thetsamearoaid trigd@élahn (RTODY as salovlatcddyanltadl e, it is

set to zero, and the algorithmw Il find the coordinate projection on the
x-y plane. transponder reply signal. It is assumed that the range and the height are constant,
10  asthey are given by the transponder reply signal. In the event that height is not
available, it is set to zero, and the algorithm will find the 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:

15 1. The x, 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. \

20 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).

25 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.



To performthe search, the expected TDOA for each azimuth is cal cul ated
fromthe known nodel depicted in Fig. 9 as follows: 15 1. The X, V,p02Zri2dgohe
sel ected point on the are is calculated using sinple trigononetric
equations assunming a circle with a constant RTD for a case of
transmtter/receiver using the sane ant eﬂga, or an ellipse with a constant
RTD if the transmtter and receiver are ing different antennas. 20 2. The
di stance to each RUis calculated using the x, y, z previously calcul ated

on the arc and t hEhefodiwmwing costifinctionds thenevakiated: fod ttRUziMbibsseahep i s
repeated for each RU. 3. The gxpected TOA at each RU is cal cul ated by

di viding the distance fy) tgkge:’ Pesd g{ea}_i%a(eﬁpeci%ég]aé- ITU?)ETOA\ of the
e

reference RU (the reference’ RUSs the sdme one choseh “io calculate the
measured TDOA) is subtracted fromthe TOAs of each individual RU 5. The
result is theh&rkpected TDOA vector to be used in evaluating the search

function. 02-Feb-2007 18 The foll ow co functi i.s then eval uated for
the azi muth sear dAO&_TPSAY s E[td%ﬁﬂﬁgﬁ?m@géni&ggdt ed(az,,j,RH]1Zj=i

where: tdpa neasj ' ' inefﬁ% 'Btaﬁﬂf oo Expect ed
TDOA in the ith g%&m%?ﬁé?g%(%%ﬁ %ﬁper(%er?gléﬁg%gnd gi ght Lﬁlﬁg?reﬁ{e% d
constant, equal to information derived fromthe transponder reply signal.
The function i s cHleqahgt Rondvmiglit Fhaderitedd ¢anstant, eqh@) to nfnmtieadkriped nt  has
del ay (RTD) .as . calcul ated fromihe transponder reply

éf‘San‘”ﬁ; 3?@%@%&@%& PIowRY, sighal- ¢ tio6 iR calsulgtedaven  ppS (Fe2-« he
expect ed TDCRy! (ALreRGOSYERR nhi'the' QWRThuR el adify BOTDT LS GatclBtel ot RN t hat
| transponder reply signal as previously mentioned, and the azimuth associated with
10  the expected TDOA that produces the lowest error is selected. In the event that
height is not available, it is set to zero, and the algorithm will find the coordinate
projection on the x~y plane. The search function is repeated by creating a new
smaller arc (e.g., one-tenth the size of the original arc) about the new azimuth
(i.e., that produced the lowest error). The cost function is then repeated over a
15  second / 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
20  the inverse-sine of the result gives the elevation of the target. Once the elevation
and optimal azimuth have been de‘termined, the three-dimensional coordinates are

calculated as follows:

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

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

Height

Calculated from altitude data in transponder reply.



height is not available, it is set to zero, and the algorithmw Il find the
coordinate projection on the x-y plane. The search function is repe&tgctbga/
creating a new snmaller are (e.g., one-tenth the size of the originat<~ar¥ 07
about the new azimuth (i.e., that produced the |owest error). The cost
function is then repeated over a 15 second i points (e.g., 10). Again the
azinmuth associated with the expected T t hat produces the |lowest error is
sel ected. This search function process is repeated a predetern ned nunber

of times, as pr elfibeight gaonatdessbmlated fim the transedndar reply,Ht ispettdusrag t he

| owest TDOA e%rolgfﬁéromthe cost function. Dividing the height by the range
cal cul at ed PROARIySae Kppdygoprdingtes 215 $alculateds he i nver se-sine of the result

gi ves the el evatff%nlrdﬁfspﬁlg@%rtﬁ%%?%ﬁre@](?&i {n isﬂo?mésg%sg%ﬂ%Qnggjﬁgﬁ%fi mut h

have been determ ned, mensi onal  coordin are ed as
foll ows: x=Roas{reRE llenstatg carnbbbe VeterRined ifrtpd theck TDCRSGr@lationz Iw  Hei ght
where: 25 R = Measured range az_c_ = Qptimal azinmuth as cal cul ated by the
sear ch pf octwse inggangat obthinscensne.dbe heishi mey be yaavailable avwellasdhonder reply.

02- Feb-2007_. 19 4.1 | ght .canpot. . | cul at fram.t,he transponder reply,
it is set tg@%&um?ﬁ%%ﬁtﬁgﬁﬁ&@ﬁ]ﬁgggﬁ@é% @aﬂﬁaitgtgm%l?[@ngg ks @8{ If a

transponder o5 GBR) tHeh thRGREMEE v&in%brﬂpﬁt Wprétindaés % SRvatier r ogat i on
froman RU, then range cannot be determ néd fromthe RTD information. In 5

sone i nst andieectlyf framiegustiemél3)o Thelrecuredygiill dependeonthavatio bétwecatherel |, as
t he signal fromthe,taégdet does noI1 jnclude altitude data. |f height and

raggeI are n%‘%ten%}%ﬁsf’lé?ﬁ 10 YaRgm %‘fﬁli‘jgl HEee e & r@’lﬁ?p‘ﬁ?’@a%ﬁﬁpr%ﬂ tedazi rru';]h
and ¢ ele’(?flv'egﬁar?lég{a%%h e ?g?ggég]ﬂ?otd Fné %ﬁ)ﬁﬂnﬂ%ﬁ&gﬂﬁﬂ&& %%P#“@p}%zlﬂoﬁ%ﬁn on the

ratio b antenna I'ne and range, ove ds the range
i ncreases. #nwbhelf the z dimension of the antenna array decreases relative to the baseline.

An identical method for radar target localization can be employed if one
RU is used as a radar transmitter and multiple RUs as radar receivers. As
previously described, range can be calculated from the round trip delay and

15  azimuth from the TDOA information.

Another embodiment of the present invention will now be described with
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 Jeast three receivers and one transmitter is required to provide

20  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

25 processing unit 3. The signal flow between a transmitter/receiver RU 4, a target 5
and two receiver RUSs 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

30 transponder inside the target replies automatically within a known amount of time



10 approximation is the z dinension of the antenna array. The approxi mation
will inprove if the z dinension of the antenna array decreases rel{??t%%)ez(goo]
the baseline. An identical nethod for radar target |ocalization carf be
enployed if one RUis used as a radar transmtter and nmultiple RUs as radar
receivers. As previously described, range can be cal culated fromthe round
trip delay and 15 azinmuth fromthe TDX0i nf ormati on. Anot her enbodi nent of
the present invention will now be described with reference to Figs. 1-3 and

10. As in thQjédtish t6lehnde aeRil be desuHRd mér.%@pg siphAAGS fedefvedHOun
|

positions within the airport confines as shown in g. 1 and any
conbi nat i onofithe RUs 40516 wheredhe dateiiv decwded andtimettaggmhwith éis Timerodquired to

i de 20 three-d;j ' I | i, [ ts,i d dth
B Fport ahehgTvHi61 RS ety SCOF evibny Eaett RLHFE Soi e GRlaomtht Asform ¢ and
receive. Asstgﬁgto%r gu&ﬁtﬁmqﬁ%%&m %sﬁqf.‘iﬁgf%’?ﬁ# gf'évaﬁu device 2 to

provi de an ccturate tine sta riva ) of each

t r ansporgier Adiigioahlly, e dbuaditfer/oroeiver RIS provities tReinde of Rarvatiswed 6fl by a
communi cation neans to a 25 processing unit 3. The signal flow between a
transnitt erfhedetertogatiqn signaly ovar de dafa lighép thepreesssingamitdis 6 is as shown in

Fig. 3. The integrogatio ' 7.1 ent, Jf.r the transmtter/receiver RU
4 Lo sol iort a roiroRtshetintf@uotées By BERKea ol il Rablf SUSHEH bonthin

Transni tt erd gReid/einsiisdton BSRIvEl d BEHRUE@h alspeciticam®et, SeiiRg is t he
interrogation signal 7 for later use in calculating thé& target’' s range. The

30 t r anspontypically perfermédihravgletarget phinder wentiffeationaMgdes atdressaoknown anount

of time 02-Feh-2007, 20 subject to a tolerance as wll, be descrjbed | ater.
The repl®y %ﬁsﬁ%@ﬂse@% r Qthes Provegmethadass 2o %f,aﬂe&ﬁhe%ml B data is

decoded an | gﬁqﬁ ] ' ' < AL TOA devi ce
2. Each Rud?{?y%ﬁes%n st \é}ﬁ‘%}%tdg&a\?\}’ﬁ to gésfg lldr%e&ﬁes/t?grrlr%&?é%]ﬁég glg%g&ﬁ nk to the
processi ng utfliZingthkasrgbtiddth and estrdal irarmissidididneiodie irterrddi®ion signal
transmtter/receiver, RU 4 provides the tine of transm ssion of the

i nt er r ogat iWAVised Raithe RElpdp detramipg Ge propiserlocatioa gitbetargstag unit 3. The
processing unit g USHEr3 L0 ndGHe 1ot 3 bl dlmeAGhnSt (134 hotEo & Ni ng

15  estimate of the target can be calculated and the height used as the z coordinate to

provide a three-dimensional estimate. The height can be calculated from the
altitude data provided by the target in the transponder reply signal or alternately,
the height can be known by a determination that the target is on the ground. In
any case, the final output of the range aided algorithuns of this embodiment of the

20 present invention is a precise X, ¥, z position of the target as the provided 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

25  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 toletance of as much as £0.5psec from the nominal value, which
can result in errors in range of approximately 250 feet. These errors become

30 negligible in distances further from the airport, however, for closer targets these



a specific transm ssion received at each RU froma specific target.
Clustering is typically perforned through target nunber identificat] olp

Mbde S address, or 10 Mbde 3/ A Code; however other proven nethods arle-Egbs2p07
available. As will be explained belowin nore detail, the processing unit
then perforns calculations wutilizing the target data and recorded

transm ssion tinme of the interrogation & gnal provided by the RUs to
determ ne the precise location of the target. Wien the target's height is
known, a tV\‘ﬂEcul'S bemmﬁeapnﬂnl(mye e pothietratbmbdivrees thenmte aid thbearpet’ geingean be
calculated ei ght used as_the z coordinate to_ _provide a

t hr ee- di nmen eé' re, é’aﬁna;g ¢ targstie VAl R predefermancdrangs of e apomit e  al tit ude

the hei gnt site 9 Gt ihe titatl P pbERR RARGR Pl b 0B Bhs AR "0 St
I'n any case Rmuditanme@mm@home deﬁﬁgﬁlealafﬂeﬁbt@hqﬁpldmt ghdthis

enbodi rent of the 20 present invention is, a precise x, y, z position of the
target &s @@V@ﬁémﬁé@rﬂﬁsyﬁgwl" used to supply the z coordi nate. The next

step is to dete whet rth tar t s.ra be used in the position
esti mate cal cul ;[{ncg H} iS§W8 PP a@%&‘%ﬂé‘s}% & 11 hul a

previ ously dilc%ﬁit&?ﬁ@m ﬁeﬂ@lﬁ%a%aﬁ‘fﬁé&b%ﬁn&t’&%i‘ﬂie%@@fﬂa@Feg.% C{Eélet ermne if
the 25 cal cul ated range can be used. The range thresho check is required
due to the sigmmid, &Iamaasur&dT@é\sst‘t@qabwﬂe(bhelghtm]gecalmiamﬂmmamimemgat ion

signal 7 by, the t t ranspond Pr ocessi ties in transponders
t hat producfg’mﬁ‘é“&b"g’ﬁm%geg\‘féﬁ‘ megﬁlgegﬂ{ﬁ@ﬂ‘t tPGh%l%% rREEeRsio %Sf’ﬁuch as -

0.5 f
abpr ox fat Qs SRR R Algerttim YHE Rk BRI, b HoBfinbRiGRI0C 2
further frqbidderaid Refide AldRdeARbritHn bralidsah dstifed 6f theesgefs pEﬁﬁmZOW 21

errors becone prohibitive due to the ratio between the error and the
target's reing 6ﬂllaérceﬂtd1@atemﬁntﬂlﬁéi,ﬂazQ@tauﬁslg\/ﬂleprwléedjh@M@ﬁMned range
of the airport is desirable to calculate the target's position wthout
usi ng the H"Qié“aé%tl culated from the RTD data. The range threshold is

det erm ned at SYRE GIBoRRN SHSER deANMe RIPEQHIRGs A hGr RIBESRY TOAVRHT 3.
15  asto set RUj in the algorithm as the RU from which the range is measured. This

is significant in that the TOAs from the remaining RUs are then subtracted from
the TOA of RU; for calculating the Time Differential of Arrivals (TDOAs) used
to calculate the position estimate. The coordinates of the RUs are then transtated
such thaf RUJ; is at the origin of the Cartesian coordinate system and the distance

20  from the remaining RUs to the new origin (RUy) is calculated. A matrix of RU
position values is developed and a new vector that combines 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

25 system with the system center at the origin for the final position estimate of the
target in %, 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-

30 Dimensional MLE Range Aided Algorithm requires, as inputs, the initial position



To determ ne the target's two-di mensional position using the range
calculated fromthe RTD data, the coordinates of the RUs that receiv d%f::l?gfo
signals, the nmeasured TOAs, the provided height, the cal cul ated ran é‘ 007
the RU fromwhich the range was neasured are input to the Two- D nensi onal

Cl osed 10 Form Range Aided Al gorithmof the present invention. The

Two- Di mensi onal C osed Form Range Ai de2R Al gorithm provi des an estimate of
the target's position in a Cartesian coordinate systemas x, y, z data

usi ng the pesiviadeos ritglvet Gsith IR HeighteRedadilee: cobidindlel Wobtdiaatks bbtheor der s
the RU coordi nates and their associated TOAs so 15 as'to set RU in the

al gor i t hm aBUshassetdated sngasarednl @As, reagpymersiremeanianddR Ui whish fliegni f i cant
in that the TOAs fromth ining RUs.are.th tracte rom.the TOA of
RO for cal R GREReH(ETT ThePuRebinensionat Mo rehgs siied Afiuigheny

cal cul ate tﬁ%ﬂ&f&?&tiﬂe‘é@hﬁﬁﬂtﬁﬁ@&nﬁﬂﬁ@us@f%ﬂ’oo 8s RhelHosildn dfifatd 'l

translated such that RU 1s at the ori the Cartesl an coordi nate
syst em and ¢dialates eapreed?DOAS aorrespndanpiorthe geRositiontdstimates. hed@wo~ RUI ) i s

hat  conbi rREaERnsbME Rane? A Bos R durb B BOred cot AFescmnt  he
t combi rR¥TEHOnAM _ ulF gert A
point 15 | roghphst b8 ltbf Bkt WRLLEN Fos R MORCbuRE THATHG R 17 |

necessary tgositichnestiaiate &dchlation, the codt ifgndidh iSdefiea @b herAdetnetn System
with the systemcenter at the origin for the final position estimte of the

target in xgxpgcted IQAneatrespondiag e tha rhsitionessiimate sedithgsnedsered TOAsdi nat e.
Th ition estinmate f t he, .Two-.Di ' | C F Al ded
A'gor i tHim 1 SitF B BRS PIpRERotH RS TRY AR BAHRS Sty SRR ORI WSB DN

Li kel | hood G ket FablefioR b CdlubRfiofeftiode Sudl kb Neiod Bpfush RRafdgrensi onal
MLE Range Al ded gorithmrequires, as Inputs, the initi position

02- Feb- 200 7andSingddxi Dratvahill Metted aandetus¢dintith reldtdwimdlat insedraey. t he z

coordi nate), coqrdinates of the  RUs, associated nmeasured TOAs, range
measur enent  and T k0 sewan dowdiagramof dee staps weaesordsgce wuhythisThe

Two- Di mensi onal g &ﬁgﬁre’g‘%&eﬁvéﬂtﬁﬂ e Brst step is to arrange a plurality of
15 antenna elements (RUs), preferably within the confines of an airport. At least one
of the antenna elements must be both fransmit and receive capable
(transmitter/receiver RU), whereas the remaining elements can be receiver-only
RUs.
The transmitier/receiver RU transmits an interrogation signal to the target
20 and records the time of transmission. The target’s transponder transmits a reply
signal with known data (e.g., Mode S address, aircraft identification, altitude,
ete.). 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
25 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 muliiple RUs.
To calculate the two-dimensional position estimate, a determination is first

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



is an iterative solution that continuously approximtes a new position
estimate and 5 cal cul ates expected TOAs corresponding to the new pogifiRsoo7
esti mates. The Two- Dinmensional M.E Range Ai ded Al gorithm further includes a
cost function that neasures the error between cal culated TOAs and the
measured TOAs. For the position estimate calculation, the cost function is
defined to be the norm between expecte%i3 TOAs corresponding to the position
estimate and the nmeasured TOAs 10 with the range neasurenent included as

wi || be norecameyidituopositiciesstinidiedIfithe determiation ismade to Giilict thepareal uat i on
met hods such as the Newt on-Raphsgn Met hqd and Sinpl ex Downhi |l Method can
be used wi tlﬁtﬁ%gﬂlc‘tﬂén%ﬁ?‘?‘&?‘ Wﬁ"ﬁ@@@ﬁ%‘%ﬁ popitign esimaionsaleuptedpsngticam of

R T A

preferably Tad dlculsted twontieasiondl éﬁﬁiti@hre@ﬁmhte ifuttkasefipgethreigh i@ ant enna
el ements nust be both transmt and receive capable (transmtter/receiver

RU), whér eabwetldimensional Mg LeRangandidedadgpeithne pathvibe pooniged Right teied
transmtter/frecei verdRUttransrni té,[ %ﬁ i ntarrogati on signal to the target 20
and recor ds'of H¥ % FORECEAS S MERCULY SFCUSTE target ' s transponder transnits a

reply signal w (o) : I : :

i dentification, g*t%uﬁg&gg?ggﬁg%ﬁg&%%%oﬁgtﬂﬁtgmzlﬁl“ﬁée%ést 1eec} lr]ﬁ errogation
si gnal and detail.east two additional RUs not subject to |line of sight or

mul tipath issues receive the reply. The received data is decoded and
tinme-tagged with the TOA information. The 25 received data, TOA, and

recorded tr.gnsm.ssion ti of, the interraqgatiqQn signal are then sent to

pr o::es;si ng ﬁﬁr{ﬁ’?"“?ﬁ’é‘%ﬁﬁw ?ﬁrjd“%"ge_ﬁlgrésfg?@hﬁﬂe tar géeQ;Ajdata sucht that
a clustgr contai : § ] 1-91&, ngy G me targe
recei ve@ by mul tr]jli%lﬂéﬂ%%s. oﬂg?al cu a?igﬁ%lheoﬁemfﬁ?&nemﬁgg%%gﬁi pogeﬁﬂgﬂ
estimate, dncladermnation is first 30 nade whether to utilize the range

calculated fromthe RTD data to inprove the 02-Feb-2007 23 accuracy of the
posi tion esti mate. RUrcoordinglgs er ni nation is made to utilize the range

e Associated measured TOAs
» Z component of target position z’
15 e Measured range (R)
¢ RU from which Range was measured (RU,)

The output of the Two-Dimensional Closed Form Range Aided Algorithm
is an estimate of the target’s position
The first step is to order the RU coordinates and their associated TOAs in
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 RUj) as the reference:

dy=t,—t,



in the calculation, then a two-di nensi onal position estimate is cal cul ated
using the Two-Di nensional C osed Form Range Ai ded Al gorithm of theqzﬁg%s_f%
invention. The cal cul ated two-di nensi onal position estimate is fur ¥
refined through the 5 Two-Di nensi onal MLE Range Aided Algorithmwth the
provi ded height used for the z coordinate as previously discussed. The

t wo- di mensi onal range aided algorithns W4 | now be described in detail.
Two- Di nensi onal C osed Form Range Ai ded Al gorithm 10 The inputs to the

Two- Di nensi onal  Ql@sedie RI7 eohidigRes ird @dndh@dsuéithat R ivdethe dRidigoor di nat es
Associ ated neasured TOAs Z conponent of target position z' 1 Measur ed
range (R) RU from whi ch Range.was neasured (RU) The output of the

Two- Di nensi onal C osed Forn?Rafge'Ai ded Algorithm is an estimate of the
target's position The first;st®p-¥s to order the RU coordinates and their
associated TOAs in 20 thealgprifhmsuch that RUL is the RU fromwhich the
range is measured. The next steplis to calculate TDOAs using the first TOA
(fromRU) as the reference: dl=t1-t2 d2=tl -t3 02-Feb-2007 24 Next, the
RU coordinates are translated guch that RU is at the origin: x2 = x2 -X1

Y2 =Yz -Yy Z2=z2-Z, x3=x3Ixi° Y4 =Y3 -Y~

Yi=Y:—N
2, =Z; -z;

) L}
z=2z -z

Next, the distance from the RUs to the origin in the translated coordinate

system is calculated:

R, =Vx22+y§+z§
R, =\f3"'32 +J’32 +zsz

Then a matrix of RU coordinate values is developed:
4o [—- 2x, - 2}12]"I
~2%; =2y,
Note that the elements of the above matrix are later referred to by Ay where (ij) -

are the row and column respectively.

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

b =d}—R}-2dR+2zz,
b, =d; —R! -2d,R +2zz,

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

xpy =4y, (b — 2d,R)+ A, (b, - 2d, R)
yp, = 4y (b, — 24, R) + Ay (b, — 24, R)



Z3 = 73 - ZI Z=z -zl Next, the distance fromthe RUs to the origin in the
transl ated coordinate systemis calculated: 5 Rz= xz+Yz+Zi z z +Z é E(%PQ
x3+Y3 Then a matrix of RU coordinate values is developed: _ 1 A-[- Agdet {
Note that the elenments of the above matrix are later referred to by Au where
(i,j) are the row and colum respectively. 10 Next , a new vector conbi ning
the TDOAs and the RU ranges is devel oped: =d; - -2d1R+2zz2 b2 =d22

-R3 -2d2R+2zz3 F t t f t t t
s cal cul at od: i*%”%ﬁ%‘%tﬁe(%oor%%%’f%ﬂaw? %s'g%%d S PRt o' 1 9°
- 2d1R) +A22( e prodeiRuck 2t FT2R0Y at 1BS oHQﬁ?"Thetr&%i‘efth:?né‘déﬁi '?@Erﬁﬁslété the RUs

were transl at ed at the beginning of thé process such t was at the
ori gi n. Thertld pesition estinate ¢e Sweanrigina cbommatats;astemfferﬁmsﬁnalpnsmsni mate to the
ori gi nal coord| nate system for the final position estimate: X1 = xp, + X

5 A=YP, +Y1, oS8matey The oyt put of the Two-Di mensional C osed Form Range Ai ded
Algorithm is the p05|t|on est npt-e (xi, vy;, z;). Two-D nensional M.E Range
Ai ded Al gorithm 1

5 =Py +yi
Z,=z
The output of the Two-Dimensional Closed Form Range Aided Algorithm

is the position estimate (x;, i, Z;).

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

10 of:
e RU coordinates
o Associated measured TOAs
¢ Initial Position Estimate (x;, y;, Z;)
¢ Range Measurement (R,,)
15 o RU from which measured range

The output from the Two-Dimensional MLE Range Aided Algorithm is a
precise location of the target in %, v, 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
20  Aided Algorithm is an iterative solution that requires an initial guess (x;, i, &
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
25  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;, y1, 7)

and the measured TOAs. Again, the range is included to improve the accuracy of



The input to the Two-D nmensi onal M.E Range Ai ded Al gorithmconsist 10 of:
RU coordi nates Associ ated neasured TOAs Initial Position Estinmate é?ﬂ Y
Z;) Range Measurenent (R,,,) 15 RU from which nmeasured range The F?ﬁJ¥007
fromthe Two-Di nensional MLE Range Aided Algorithmis a precise |ocation of
the target in x, y, z form Again, the first stepis to order the RUs in the
algorithm such that RU is the RU from%hich the range was measured. The
Two- Di nensi onal MLE Range 20 Aided Algorithmis an iterative solution that
requires an ihsifinahbalgulated fositionyof the farpets iThedPwe fliimensiohal MILE Rangeand

conti nuousl y, approxi mates a new position estimte. Expected TOAs are
cal cul ated fo% (Peé @W&g?@FM§?Wﬂ@%ﬁW$H@S @’éf-‘s?e‘lfﬁf’@ﬁﬂf ci§eof t he

Two- Di mensi Fﬁﬂgﬁ tE[& t o] ween, t he
cal cul ated EthMF@ & measur e%‘ﬂ%zsns r&ggq%%f At lg#tgﬁﬁ%x?c%g Jﬂ%q
position, thglgest function is defined to be the normof the difference

bet ween the expected TOAs derived fromthe current position estimate (Xx;, V,;
, Z;) and the neasured TOAs. Again, the range is included to inprove the
accuracy of 02-Feb-2007 26 tlﬁe final calculated position of the target} The
Two- Di nensi onal MLE Range Aided Al gorit hm is iterated until subsequent
estimates are sufficiently cl pse__toge hat the cost function returps a
val ue equal to or less than a pf(ede@;’r-n{megﬂ )”-wa[]zug V(X ¥23 A2 Bt £2) 2-
x2+y2+z2-c(t2-ti) 5 f(x,Y,Z{l g (X N)g+Y-YN)2 +%-§|\n2-
X2 + y2 +72 tN -t I +2+ZZ Rm xx2 2+ Y-Y2)2+(z-22)2 X2+y2+¥Z2
_C(tzy_t f?(y,ztl, 2,) 52 ( ) (Y-¥2) 2+( )2 _ X2+y

\[(x—xN)2 +(y—yy) +{z-2,) —\/;2 +y 4z —c@ty ~1)

L ’ -\[x241-y2+zz —Rm §

\/(x“'xz)z +(y-p,) +(z-7,)° __'\/xz +y?+2° —c(f, —1)

F(x, 1, 2,858 by ) =

JE—x)2 + G =y,) +(z—z, ¥ =5 + 9 +2° —clty —1,)

x4yt 422 =R,

=fRH R+ faat fy

The MLE changes the estimate (x;, v;, z;) until the function fis minimized.

Another embodiment of the present invention Wﬂl now be described with
10  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 1east 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



F(x, vy, z, ti, t2,..., tN) (X-xN)x+(Y-YN 2 +(Z z )2 - x2 +y2 1 Z2 -C(tN -t1)
X+y2+z2 -Rmfie + f2 +...+4f'V2 2 The MLE changes the estimte (xi, OQ;-Febz-i@W
until the function f is mnimzed. Another enbodi nent of the present
invention will now be described with 10 reference to Figs. 1-2 and 11-12.
As in the previous enbodi nents, a nunber 7of RUs are pl aced in- knewn
positions within the airport confines as?’shown in Fig. 1. However, in this
enbodi ment any conbi nation of at |east four receivers and one transmtter

i s required transpitaridiegceive end didditionaloRt maydwl teguiredio ofer¢camebire ofh and
around the aé'.rgo tO Aquai n, .t he IﬁUs an.receive only, transmt only, or both
02- Feb- 2007 gt LQS) otstructions and mullipahdssyesang 1 ecei ve and additi onal RUs
may be required t ' Simeh ) ' . mul ti path

I ssues. As in th&p@g@{ag’@%&n‘s‘l{)&gﬁ?mnt s@re%lg R%cﬁ%gég?%%%&% e\?i ce 2to
provi de an gwovikatae dctutestimoptanip ofthe Tine ofArdival (HOAY df¥ychafanepetiler
transponder 5 signal received froma_ target. The RUs 1 are connected by a

communi cat i GWSnRbsgreIved fxomadatEsti hbe Riist] e copeecisdyhwp compitieationen a

transmtter/ Lyer LAar . Lver,. R 6 i hown in
Fig. 11. Thé{l%ﬁgééj%&ég%%@g @i‘tgia?ﬁéimg'%ﬁggoﬁ’% Q%‘?‘%ﬁ#‘%ﬁi@?’é‘ﬁ?ﬁ’??‘é‘?ﬁ@cei ver
RU 4 to sol igiatta@ef SBhY tifet tQUFR RUS #1s30bwa ih Fig s PRRfRkerrogation
Transmtter/receiver RU 4 records the tine of the 10 transm ssion of the

i nt errogat i cigmal Jriskert ffom theatrarsmiter/iencived RUI 4itd sodicitaarephr §foisther ange.  The
transponder insjde the target replies auto icall i thin known anount
of time subj'@Eety “&nfﬁﬂr’gf’gn Wﬁ@‘@%ﬁ%@@&é@%@%ﬁ\g&umﬁ@?ﬂ%l y signal is
receive t .8l : : 0 a\j\ﬁ?% i time

t agged dlv?na t ﬁ:?an% ﬁf%&oﬁ%ﬁr\(}g@% fr oﬂ#%?sgg&egg@laggg g%e%‘a%ﬁq RU t hen
sends the liaﬁ@\afﬂdﬁ‘ﬁh'bﬁdériiﬁﬁdétlmgeﬁm?lieﬁaﬁl@hﬁiﬁbhw“ﬁmiﬁQﬁn@WﬁCGSSi ng
unit 3 for further evaluation. Additionally, the transmtter/receiver RU 4

provi des t hémaquaiobtimersubjeshioss taderange asrprevinusly dsgeritiedn Thegaply sigmaléy  t he
data link t (%eéeri]\?ecp S the %’[B'Isnci,tﬁ, 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

15  data with its time stamp over a data link to the processing unit 3 for further

evaluation. Additionally, the u*ansmitter/receiver RU 4 provides the time of
transmission of the interrogation signal 7 over the data link to the processing unit
3.
The processing umit clusters.the decoded data with each cluster containing
20  aspecific 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
25 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

30 calculated from the RTD data in accordance with this embodiment of the present



3. The processing unit clusters-the decoded data with each cluster
containing 20 a specific transm ssion received at each RU froma s(&eﬁébfj(ﬁ)-,
target. Clustering is typically perforned through target nunber
identification, Mbde S address, or Mdde 3/ A Code; however other proven

met hods are also available. As will be of%pl ained below in nore detail, the
processing unit then perforns cal cul ati utilizing the target data and
recorded transm ssion tine of the interrogation signal 25 provided by the
RUs to det erigvemdionntheyansdinates of the RS dat rersivedrthe signalsethganeasuredp is to

th
det ' R target’ b d,nth It ti mat
cal oul ati on. TS s el bnde aREER KO TR RAE BeTabe Tyl BRABIB 1 n the
processi ng tihpmsodhe TheselBifGisichal CAASAFOHAARABeRiAYH %ﬁéxﬁth:rp@ﬂﬁé' bed. To

determ ne the target's three-dinmensional position using the range 30
cal cul at ed fpresent inyeRfién.ddhe Threealimemtionat Closet FolninsR angeifides dtlgafithtrhe

present 02-Feb-2007 28 in\é&ison, the coordinates, of the RUs that received
the signal s PrOVEeH@LEsiHBgte targeh s p@aat@mla@efgmeawg@oa ngtg SYHENa8&m whi ch

t he range ' 0 ] ' d Form Range
Al ded A go?ﬁ?ﬁrﬁlﬁgﬁsﬁ{tﬁ% Sﬁ%ﬁ%rsfgﬁpg?F\‘E/Ogjaglﬁ%‘ﬁg%?%ﬁ%%%n@% %@g Cl osed Form
Range Ai ded Aﬂlg@ﬁfﬂnﬁmﬁllmk@wﬂﬁﬁthalﬂomﬁﬁhg%mqﬁﬁdnhe target's position in a
Cartesian coordi nate systemas X Sdﬁ{ z data and is simlar to the

Two- Di mensi onal dhedgrritbrmiimb arstersiha 837 cpordinatesrandbeinassockitec EOAsIs t he
foll owi ng descriptiqn. The algorit Lrst orders the RU coordipates and
their associaﬁg%aé%‘tlljfﬁbms e%rw&gmﬁgﬁﬁgﬁﬁﬂmt‘ﬁglcgmﬁﬁ%ﬁuﬁgﬂgbnﬁrom

whi ch t r ' ) ' Lot 1 i from
the r errg?ni 25& fﬁ:ar et Ee‘ﬁﬂg E@?ﬁ?{’ é‘gth? ?%@hhiﬂﬁieé %%\%%? ﬂ%ﬁﬁn?%?&%FgﬁAZti ng
the Tinme D fieToOn oBRUGforcalenlatigg theKdde)Diffeechtial of aaticalk {TPOAR upasi tion
estimate. The coordinates, of the RUs are then translated such that RUL is

at the ori githcalulatrethepositionastiogts: i hegaordipates pf HiedRYUp aresher Haadatedr om t he

past 1 on-varae ek R EH e ey S EMe ot Pt A oMbl e istens " anc

the from the remaining RUs to the new origin (RUy) is calculated. A matrix of RU

15 position values is developed and a new vector that combines 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

20 target inx,y, z form.

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

25  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

30 Range Aided Algorithm further includes a cost function that measures the error



RU ranges is calculated fromwhich the position estimate is directly

avail able. The position estimate at this point is in a Cartesian c&gp&i_%@ﬁ
systemwith RU at the origin so it is necessary to translate back to the
original Cartesian coordinate systemwth the systemcenter at the origin
for the final position estimate of the 20 target in x, y, z form The
position estimate fromthe Three-D nensiohal C osed Form Range Ai ded

Algorithmis further refined through the Three-D nmensional MLE (Maxi mum
Li kel i hood Pogivetmealpslatadal @AsRad e misgkaued\TOdysi tHomtherpesition edimdde nensi onal

cstimat e of caiapigtodRs ot Sithtionds defied tADera nouS bpbrecndumRsd 10 Tons,
range meas ua&{-@g{m%ilag tﬂﬁe{#d&iﬁdﬂgs}jﬁh&%@c{@ﬁﬁea‘éﬁd%ﬁy Wiith ﬁl%@ggt The

Three- Di nmensi on E Range Al de mis an Iterative i on that
cont i nuous| ymammenentaheaded aewilpbs nare spezificaiiytdesariisb dilatet uICab@segrchect ed
TOAs corresponding to the new position estimates, The Three-Di nensional ME

30 Range Ai ctipryyaleatianemetheds sychoas fhe NewtorrRaphsancMethod angdr Simplesur es t he

error 02-Fe . t T t peasured TOAs. For the
position estb[i)@"ﬁgﬂﬂglgpgﬁl a ﬁ%nlfsg{l%@{h?gg‘ﬂtsfs C |glgéﬁcgfaé’gfi ned to be the norm
bet ween expect ed FEAR sty £HBRIhgan & tho StePOHi AdcoRlRSs Wil tBisand the
measured TOAs with the range nmneasurenent included as will be nore

speci fi cal | yeneadimehtolf thapeesenCinventiae allehfist stap ds foomrrangalauminimnmned hods
such as the Newt on- Raphson d apd .Si ex ., Do i1l Method, can be used
with resul tso8f ﬁ‘i‘tP%li‘a ; fIgats . ’.Prpfeﬁ?‘b%ig%gﬁ%@ “é’%ﬁ%\f’ﬁ%@%ﬁ’ﬁo tt.he st eps
N accor RNCR,Yih of BicanGAAAUEATEAL nflst b Bol/1EARA dlReL O first step
Is to arrange a m ninum o four antenna elements ( , pre?%r_aly wi thin

t he confi nes(tahsmitiepreqaiver R, wii2rdagdlsd repidniap cldmerantanbarsebipeponly nust be
both transmt_and receive capable (transmtter/receiver RU), whereas the
r emai ni ng elBHent s can be receiver-onl y RUs. The transmitter/receiver RU

transmts an int efﬂecfzga%ts}n%erﬁcger}%r RO t%a%%m‘itg W8S hterro gation signal to the target
and records the time of transmission. The target’s transponder transmits a reply
15 signal with known data (e.g., Mode S address, aircraft identification, altitude,
etc.). The RU that transmitted the interrogation signal and at least thlree 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
20 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
25 ofthe 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.



and records the time of transm ssion. The target's transponder transmts a
reply 15 signal wth known data (e.g., Mdde S address, aircraft
identification, altitude, etc.). The RUthat transmtted the i nterr(g’&éﬁqb&pm
signal and at |east three additional RUs not subject to |line of sight or
mul ti path i ssues receive the reply. The received data is decoded and
time-tagged with the TOA information. TI3® received data, TOA, and recorded
transm ssion tine of the interrogation signal are 20 then sent to processing
unit 3. The pr Ocmltmge%bnﬁoﬁaﬁgéﬁdwa Bﬁmwﬁﬁﬁ&w%%scﬁmma cl uster
contains information froma single Transm S|on by the sane target received
by multipledal To cal culate the three-di mensional position, a

determ nation is first nade whether to utilize the range cal cul ated from
the RTD data to irrprove the accuracy 25 of the position estimate. If the
determ nati | e 1o t he e ..n.t eclculationthenthe

t hr ee- di men Sﬂ"&ﬁéﬁ%ﬁﬁﬁ%@éﬂ#@“@g P‘Afﬁ Iﬂg t he

Three- D mensi 0na'rhgna}ﬁﬁéitf&%mhﬁ?@él%néhﬁ&?alﬁls&wmﬂa Rﬁn%é‘gﬁféﬁ% gﬁthm

i nvention. The three-"dinensional position estimate is f I ned

t hr ough the inclhdee- Di mensi onal MLE Range Ai ded Al gorithm 02-Feb-2007 30
The t hree-di nensional range aided algorithnms will now be described in
detail. Three-Di Her%U@ﬁﬁI 1@igsed Form Range Ai ded Al gorithm The inputs to

t he Three- D nensi o&s ﬁ;éed For @%e Aided Algorithm 5 include: RU
coordi nates Ass8ci‘dt8H? a{EEﬁSB{F Measured range (R) RU from which
Range was neasurgd tput fromthe Three-D nensional C osed Form
Range Aided Al ggrlyﬁﬂ%l%&gﬁge @lJmate of the target's position. The first
step is to order ot IR Rdns Oish Rahgswadthehdiged (RIGJoci ated TOAs in

10 The output from the Three-Dimensional Closed Form Rénge Aided
Algorithm is an estimate of the target’s position.

The first step is to order the RU coordinates and their associated TOAs in
the algorithin such that RU, is the RU from which the range is measured. The
next step is to calculate Time Difference of Arrivals (TDOAs) using the first Time

15  of Arrival (from RU;) as the reference:

dy =t -1,
d2 :tl""‘ta
d3=t1—t4

Next, the RU coordinates are translated such that RU, is at the origin:
A

V2 =Ya N

1 1
=44

1 1]
Xy =X — %
] 1
Y =¥Ys— W
23 =23~

Xy =Xy — Xy
Vs =Yy~ N
24 =Z4 "Zl



the algorithmsuch that RU, is the RU fromwhich the range is neasured. The
next step is to calculate Tinme Difference of Arrivals (TDOAs) usi nq)ztlﬂi% 2007

first Tine 15 of Arrival (fromRU ) as the reference: d, =1t, -
d2=t1-t3 d3=ti-t4 Next, the RU coordi nates are transl ated such that RU is
at the origin: X2 = K2 -X, Yz =Yz --YIl =272 - ZIL x3 =X3 -XI Y3 =Y3 -Yi

Z3 = Z3 - ZI X4 =X4 -X, Y4=Y4-Y! Z4= ZA?’ Z 02- Feb- 2007 31 Next, the
distance fromthe RUs to the origin in the translated coordinate systemis
cal cul ated: z x NexRahedistAmx frovR thezZRUs Rethe oripin-invbe tranfldedcodrdinated = x4
+Y4 + 24 Then a natr f . RU coordi nate values is devel oped: -2x2 -2Y2 -
272 -1 5 A=SYYEmLISS lageéig -2x4 -2y4 -224 Note that the el ements of the

above matrix are later referred to by Ai where (ij)
R, =[x2+y}+7?
Ry = x5 +J’3+Za

R, = Jc4+y,I +z4

Then a matrix of RU coordinate values is developed:

2%, -2y, -2z,

5 =|=2x; -2y, -2z, |
-2x, -2y, -2z,

Note that the elements of the above matrix are later referred fo by Ay where (ij)
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

10 From here the three-dimensicnal position estimate of the target is calculated:
xpy = Ay, (B —2d,R) + Ay (b, —2d, R)+ A,y (b, —2d,R)
Dy = Ay (B = 2d,R)+ Ayy (b, —2d,R) + Ay, (b, — 2d,R)
ip, = 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

15 esfimate:

s
Yy =yp W
Z; =zp + 7

The output of the Three-Dimensional Closed Form Range Aided
Algorithm is the position estimate (x;, y;, z) of the target.



are the row and colum respectively. Next, a new vector conbining the TDOAs
and the RU ranges is developed: b, =dlz -R 2 2 -2d,R b2 = d2 - RJr-pRhd7
b3 =d3 -R42 -2d3R 10 From here the three-dinmensional position estinate of
the target is calculated: xp, = Al (b, -2di1R) + Al2 (b2 -2d2R) + A13 (b3 -
2d3R) YPl1= Az1(b, - 2d1R) + A22 (b2 - 2d2R) + A23 (b3 - 2d3R) in = A3, (b,
- 2d1R)+ A32 (b2 - 2d2R) + A33 (b3 - 2d33|3) Recal | that the coordinates of
the RUs were translated at the beginning of the process such that RUL was
at the ori giThreéBinedisiondl MLE RengsAided Alzokithas| ate the position estinmate
to the original coordinate systemfor the final positjon 15 estimate: Xi =
XP, +xt Y;. = YpITheinputs ¢ the Thvee-DimensignaldvilfRange Aldsd THgerthon pensist onal

Cl osed Form Range Aided Algorithmis the position estimate (x1, y;, z) of
the target. 02- Feb-2007 32 Three-D nensional M.E Range Ai ded Al gorithm The
inputs to the ThpeerP dBAgLheRa! M-E Range Aided Al gorithmconsist of: RU
coordinates 5 Associated neasured TOAs Initial Position Estimate (xi, vyi,
Z) Range Measumen®sioc{afd mpasupsdb @Ot ed RU from whi ch range was neasured

The output fromthe Three-Di nensional M.LE Range Aided Algorithmis a
o Initial Position Estimate (x;, y;, Z;)
¢ Range Measurement (R,,)

» Associated RU from which range was measured

The output from the Three-Dimensional MLE Range Aided Algorithm is a
10 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 algorithim 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;, y;, Z; position estimate) to

15  start and continuously approximates a new position estimate. Expected TOAs are
calculated for each new position estimate and the cost fonction 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

20 expected TOAs derived from the current position estimate (x;, y;, z;) and the
measured TOAs. The range is included to improve the accuracy of the final
calculated position of the target. The Three-Dimensjonal 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 predefermined minimum:



10 precise location of the target in x, y, z form As with the

Thr ee-Di nensi onal C osed Form Range Aided Algorithm the first step is
order the RUs in the algorithmsuch that RU is the RU from which iﬁé‘ebﬁﬂ@{é
i s measured. The Three-Di nensional MLE Range Aided Algorithmis an
iterative solution that requires an initj,al guess (xi, yi, zi position
estimate) to 15 start and continuously proxi mates a new position estimate.
Expected TOAs are calculated for each new position estimte and the cost
function of the Three- D nmensjonal ME Range Aided Al gorithm neasures the
error between the calculated| TOAs and the neasured TOAs. For the
calculation of the final pos)tion, the cost function is defined to be [he

norm of the difference bet vveen\)f(j;aex t)écléz'l'ﬁ%?sdeyr Z\/.esjzj.rzbmct,he.r uy rent
position estimate (xi, yi, z)|land the neasure he range is |ncI uded
to i nprove ;P& accuracy of the fi naI cal cul ated position of the target} The
Thr ee- Di nen Pl INT: Aded Algorithmis itérated until subsequent

estimtes are suffici ently clpbse together that the cost function returhs a
val ue equal to or less than a Qém@n 37m|.(g,ny 2.0@,54:43922_(;131 3_,é3<-x2)2
+(Y-Y2)' +(Z-Z2)2 - x2 +y2 +ZP -C(t -t1) (x,Y,Zt1,t2, XN) 2
+(Y-YN)2 +(Z-ZN)2 - x2 +y2 +zR -C(tN -tI) X2 +y2 +22 -R (x x2)2 +(y-y2)2

+(Z-22)2 - x2 +y2 +z2 -c(t2 -tt) F(Xx, zf.2 fI Egi (x-xN)2 [+(Y
-YN)2 +(z-ZN)2 - x2 + y2 +z2 ~C(tN -tl) x2 +y2 +Z R’r’12+A2 +...+IJN+JIN The
M_LE changes the estimate (xi, yi, z;) until the function f is mnim'zed. 5
As can be seen, this i-nvention can be particularly useful to airports that

do not have, and cannot af fde_anz_aape.n.sJ_\Le_.La.da.r dditionally,
this invention can be use( (m-g%ba!tﬂ)y-pz)}félﬁzj—tzné teepl ve’ Fatige 1of| current

air traffic

F(x,3,2,8,ty ek y) =

V=) + (=33 + (@ —2y)* = + 3 + 2% ~c(ty 1))

Vet izt R

2
‘""fiz +f2 +"'+f13~1 +f!§

The MLE changes the estimate (x, y;, z;) until the function fis minimized.

5 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.

10 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.



surveillance systens w thout the requirement of additional transmtting
antennas or RUs placed outside the system boundaries. 10 Wile th%zﬁyeg_s%%
i nvention has been particularly shown and described wth reference™to the
drawi ngs and tables included herein, it wll be understood by one skilled
in the art that various changes in detail yay be effected therein w thout
eparting fromthe spirit and scope of théti nvention as defined by the
claims. 02-Feb-2007 34 W Claim 1. A nethod of l|ocating a target, :
conprising theWa@imyf transmitting a signal froma single transnitter to
. atarget; 5 receiving a return signal fromthe target using at |east one
recei ver; cal ¢ul atAmethorboflocaigtartergeti somprigipg the fenpsaft he transmitter to
the target to said_at l.east eji ven. . recei.ving i.gnal fromthe
target "using at | egtﬁns 1?13% ars%gﬂl f\5‘2‘?156’; St %EFg?sﬁﬁ'lh&n%%ttﬁlégﬁri me of Arrival
(TOA) -of the signalmcatingaabuiesighal drom theGaget widgpitilagt endasvecd Ti e
Differential of Arrival (TDOA) using.the TOA from each receiver; and using

the measured TDOA aalsuiatiagtheroyad 10 delay(RTPhiramdhe fransspitter todhe targss to

estimate of thg. A method of [ocating a target, according to
claim1l1, wher e%%%fi ﬁlg%ggg%ﬁegﬁve@al culating at.least a position estimate of

the target further receivingesignhkefrahdistaodet usiogktlehsithmgregnivers;t i al azi nut h of
the target using the neasured, TDOA _.dat.a; ing the initial,azinmuth and

the RTD data to caldiFRung _clgﬁlg@fgﬁF‘V%nggrogiﬁi@@?ﬁt&ﬁ@l B6EVETon of the

target. 3.jgThe net hoguRting b ddibwded WRE Bifferldfiiflbf ArSvaArDd 2f Bshd them al ti t ude
data provided in the return signal fromthe target, such that the initial

azimuth and Ri@Adeare cadiigreiees; id h the height are used to calculate the
proximate three- ugigg%erﬁgfs\ﬁ)éﬁbegsérfd RORSD &J?ftotcaaitglﬁte at least a position

estimate of the target.

15 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

20  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 tﬁrget, such that the initial azimuth and
- . RTD data combined with the height are used to calculate the approximate three-

25  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,
30 '
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4. The nmethod of claim2, wherein transm ssion and reception of the signal

is perforned through the sane antenna, such that the RTD data indicates the
range of the target fromthe transnitter. 30 REPLACEMENT SHEET AMENDEgh-2007
SHEET 02- Feb-2007 35 5. The nethod of claim4, wherein said at | east one
receiver also functions as one of said at |east three receivers. 6. The

met hod of claim 1, wherein said signal ré&eived by said at least three 5
receivers is said return signal. 7. The nethod of claim?2, wherein said

signal recei§ed bYhesiethoa of daigt 4/ Wheein saet & e Sné Secediedt alRi fthdiGisgRal . 10
8. The nethod of claim4, further conprising the steps of using the initial

azi nuth and eooisaidatlgasidhiegaeegiveide on which the target is Iocated;

sel ecting a predeterm ned nunber of points along said arc; calculating the"
expected TDOA for each point; Is conparing the expected TDOA for each point

to said neasgred FTREMeitdd SRAFRT \Whétei saldRPAA TERIvRELYSAA at Eﬁsﬁﬁfé@ﬁt ed

TDOA of each point and said neasured TDOA, .and sel ecti'’ng the azi nut

associ at el wiechivetsds eaidaetuen sipDalA having the mininumerror as a nore
precise azinmuth of the target; and 20 using the nore precise azinuth and the
RTD data to calculate a nore precise plane position of the target. 9. The

RTD. 25 10 The mhaSioy ofRih & W Fn Ao HOReR Pid Ot =™

recei vers argceivers is said return signal.

10 8. The method of claim 4, further comprising the steps of:
using the initial azimuth and RTD data to define an arc on which the target
is located;
' selecting a predetermined number of points along said arc;
calculating the expected TDOA for each point;

15 comparing the expected TIDOA. for each point to said measured TDOA to
determine a mininum 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

20 vsing the more precise azimuth and the RTD data to calculate a more

precise plane position of the target.

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

25
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.



arranged in an array having an array baseline, and the length of said arc is
approximately twice the length of said array baseline. 02-Feb-2007 gBfct.2d07
The nethod of claim8, further conprising the steps of: using said nore
precise azinmuth and RTD data to define a segnent of said arc; selecting a
second set of a predeterm ned nunber of points along said 5 segnment of said
.;arc; { calculating the expected TDOA for eatth point within said second set;

: ;corrparl ng the ex ect ed TDOA for eachfgg nt within said second set to said
neasur ed TDOA t ol det dibeimahed ofi dhimfn h%ﬁoﬁ'@ﬂmsﬁlqwsﬁpect ed TDOA of

each point in said Sﬁgﬁg‘lﬁlﬁ%oréggﬁcgsg %ﬁ‘%g@/ |Rng ﬁ% @e&iﬂe%@. LAGrshg the

azi mut h associ at ed e exp m ni rm error as an
even a nore precirse azinuth of the target; and u5| ng the even nore precise

azinmuth and the RTD d ta to calc an .even, recis Iane osition
of the target. 15 12 Seﬁc@XﬂsﬁSgﬁ?'fdgﬁﬂ?Pg%B’Pp?fﬁn%‘“F P‘g%(?ﬁﬁ?’?@ singl e
transmtter fsor Ste%ﬁgﬁtraftsydr}gca si gnal to a target; at |east one recei ver for

receiving a returh signal fromthe tar a mechani sm for cal culating the
round trip del ay (mm}lcmlamtbapmpectqda Qﬁtﬁoe.eaqhmmrttéwtlmgeedsec@néaetd at | east

I f h
Car get: & mechani om PORDUIEAPEEMeREe AEOR hBbach B Hifl BIgBR sl gna <

at each recei v@gid nﬁedzﬁa%ﬂamcsmd détemheulnﬁhinﬁgnanmemw&@ﬂth&%mcadfmogntl al
of Arrival (TDOA) using .the TOA from each receiver; 25 a nechanismfor

cal cul ating an |0|ﬁP%‘ihd?°“§z'Pﬁ”Hf1ﬁ°°t9F sticand sriganeasered J OO afdeasur ed TDOA dat a;

and a mechansm for gtk #d diiniith ok Siho IR Y RPLAE] PDRUARRRPHE! | ON Of
minimum error as an even a more precise azimuth of the target; and

€ using the even more precise azimuth and the RTD data to calculate an even

more precise plane position of the target.

15 12. A system for locating a target, comprising:
a single {ransmitter for transmitting a signal to a target;
at least one receiver for receiving a retwrn 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;
20 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;
é a mechanism for calculating 2 measured Time Differential of Arrival
(TDOA) using the TOA from each receiver;
25 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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target using the initial azinmuth and the RTD data. REPLACEMENT SHEET
AMENDED SHEET 02- Feb-2007 37 13. The system of claim 12, wherein r@'_ﬁ&t_zéos]
calculated fromaltitude data provided in the return signal fromt

target, such that the initial azinmuth and RTD data conbined with the hei ght
are used to calculate the approximate three- di nensional position of the
target. 5 14. The systemof claim 12, w¥rein transm ssion and reception of
the signal is perforned through the sane antenna, such that the RTD data
indi cates the, range syStent d¥ecliiad UBIwhdrem Heghttif sdleilbteliFrom hRithde dde system
of claim 14, wherein sal d at |east one receiver also functions as one of
said at | eagroviledin thegetuve signaliffom The tasgets ﬂwhdhatdhammaléb,zmuﬂi&mﬂr

conpri si ng: ani an ar ich the tar is |located
corhg the” HIER G Sla%?qﬁmﬂﬂ th e g e (e APRTGRrda Siermg
a' predeterm 'ﬁ‘”gnﬁbﬁgi ?%glgg% ong said arc; a mechanismfor

cal cul ating the expe or each poi nt; a mechanismfor conparing the
expect edsTDOA f or each point to said 20 measured TDOA to deternine a

m ni mum error between the expected TDOA of each point and sai d neasured
TDOA; and alﬁech§h¢§ﬁstﬂmrof§éa1@b12,fv§1qrmt@aﬂsmnsmnam@cr@mtm afithe:signal iexpect ed

2 mechant snopPope Mspugh By B3Pt ubaRhathe R Er iniiees B ghil Stet 25

usi ng the morehdiaRich fdnddicindnddt. the RTD data. 17. The system of cl aim 16,
wherein said points selected along said arc have the sanme RTD.

10 15.  The system of claim 14, wherein said at least one receiver also functions as

one of said at least three receivers.

16.  The system of claim 14, further comprising:
a mechanism for defining an arc on which the target is located using the
15 initial azimuth and RTD data;
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
20 measured TDOA to determine a minimum etror 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

25  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.



02- Feb-2007 38 18. The systemof claim 16, wherein said transmtter and
said receivers are arranged in an array having an array baseli ne, (B btﬂﬁﬂ
|l ength of said are is defined to be approxinmately twice the | ength of sald
array baseline. 5 19. The systemof claim 16, further conprising: a

mechani sm for defining a segnment of sai g] arc using said nore precise
azinmuth and RTD data; a nmechanismfor s Bect | ng a second set of a
predeterm ned nunber of points along said segnent of said arc; 10 a
mechani sm f d8. callbelsgstemgofidiaine ki sxhasein FRidArdsmiderindssidueceivers aresai d

second set; a nechanismfor conparing.the expected T for eac oi nt

Wit hin sai d 2 8BEGhi} TLYIaY %Vé?%ﬁﬁgﬂpwﬁ?ﬁ&%[%egﬂg%%é y%ﬁ?ﬁﬂ#error
bet ween the, 8XR at ke 8R29Bn AR LFEaild isdpreond set and said
measured TDOA; a 15 a rrechani smf%‘ra se?ec%tnl%gg ?ﬁe azimuth associated with
the expected TDOA having the mininmumerror as even a nore precise azinmuth

of the target; a a nechanismfor, calculating an even nore precise plane
posi ti ondof 1Phe ﬁﬁﬁ@?@f&i%‘q{é § GPPHEISHIEci se azimuth and the RTD

Funcii ons as  ond iehedsR of oBlifinda FRHER AR b Jus BN pRRERIER oF (7T

1, wherein sginfithiaf@R T AaRt ved by said at least three receivers is said
return signal. 25 22. The nethod of claim1l, wherein transm ssion and
reception of theasisphanismsfor pele¢tingasccond seigf a predetarmeinad nember o§uch t hat
the RID data jndicates, the range .of the target fromthe transmtter.
02- Feb- 2007 POk 3leng $pid Sﬁﬁ?’ﬁﬁﬁgfﬁm‘ﬁﬂﬁi m 1, wherein the position estimate,

coordinghes of sgiflchanism for caloulating the expected TDOA for each point within said °
second set;

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

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

a mechanism for calculating an even more precise plane position of the

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

20 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.

25
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.



receivers, the TOM and the RTD data are used to cal culate a nore precise
position of the target. 5 24. The nethod of claim 23, wherein the n@;F 7
preci se position is calculated by the steps of: a) estimating a new" 5?'6%9
position; b) calculating TOAs that correspond to the new target position; c)
measuring the error between the calculated TOAs and the neasured 10 TQOAs;
and d) selecting the position estimte &9sociated with the expected TOAs
having the m nimumerror as the new position estimte of the target. 25. The

nmet hod of chai m The méiR6EbNclaliR NS whefbipiie JoRRRA RS, cboidigtel df Rience 15
bet ween the calcul ated TOAs and the nmeasured TOAs is at | east one of |ess

than and egegivers; the pOAReanst thie RldD dataues ussl toTakculade hadorefprediss m 24,
wherein the nore precise position is calculated using a maxi numlikelihood
al gorithm 28son Ofﬁﬁaﬁ?ﬁgeﬁ'od of claim 26, wherein the maxi mum | ikel i hood
algorithmis the New on-Raphson nmethod. 28. The nethod of claim 26, wherein
the maxi mum | i kelihood algorithmis the 25 Sinplex Downhill nmethod. 29. The
met hod of cBRdi m Thewisthed of tlain B8] whirenr the meork prgrdde pasiticivisaknthtedbyrbi ned
with the TDOA and the RTD data to calculate a position estinmate of the
target. 30 O stepsafoo7 40 30. The method of claim29, wherein the hei ght is

calculated froma|titude data Jjncluded in the reply signal fromthe target.
31. The nethod o cqsﬁpﬁgﬁg?‘qme@égeﬁp?ﬂgo?fei ght is known fromthe 5

determ nation thgj daftfidiRicIPOAL $hRRofrBEHRHRY Wb new target position;
¢) measuring the error between the calculated TOAs and the measured
10 TOAs; and
d) selecting the position estimate associated with the expected TOAs

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

25.  The method of claim 24, wherein steps a-d are repeated until the difference
15 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.
20
27.  The method of claim 26, wherein the maximum likelihood a.lgorithm is the
- Newton-Raphson method.

28.  The method of claim 26, wherein the maximum likelihood algorithm is the
25  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.

30 '



32. The nethod of claim?29, wherein the position estimate, coordi nates of
the receivers, the TOAs, the height of the target and the RTD dat ﬁd&—%@(ﬁd
to calculate a nore precise position of the target. 10 33. The nethod o
claim 32, wherein the nore precise position is calculated by the steps of.
a) estimating a new target position; b),galculating TOAs that correspond to
the new target position; 15 c) neasuring the error between the cal cul ated

TOAs and the _neasured T .. and d). se] ecting. the positign estingat

associ at ed Wt h iﬁ%%‘é&?ﬁ@ 2 ‘%i%?FPWgtﬁFh?@&W%ﬁ et o gl 4%@@\/
position est] of Ot e 2 he net hod of claim 33, wherein
steps a-d a?%d%eﬁig%t%%&@ﬁ?{gﬁﬂ%o%ﬁ?%{%%be bet ween the cal cul ated TOAs and
the neasured TOAs is at |east one of less than and equal to a predeterm ned
val ue. 35. The nethod of claim 33, wherein the nore precise position is

cal cul at ed 325 uZhemeshothed olaim RPkwhirpinshe height istknowmBomtthe net hod of claim
35, whergin the maxi mum.lJjkelihood glgorithmis the New on-Raphson nethod.
02- Feb- 2 07d°t3?1§1?ﬁ° t#é?ﬁﬁ%"%%"%ﬁ]f?gﬁ? ;' wherein the maxi mum | i kel i hood
algorithmis the Sinplex Downhill method. 38. A systemfor locating a
target, conprising: 5 a single transmtter for transmtting a signal to a

target; at B2ast Thometlmkofadaint 29, whareinvhe gostion estimats] goatinhteswftiee t ar get ;

a mechani smfor calculating the round trip delay (RTD) from said
transrritterrftGSWFFﬁeﬂiearé » the heghd o M?ﬂcﬁhq% dafapigdispd i ver s for

recei vi ng a€$@?%gﬁﬁ{oggb§£%e§?éﬁ§b o%ﬁleatafge?.hani smfor determning the Tine

of Arrival srgn
10
33.  The method of claim 32, wherein the more precise position is calculated by
the steps of:
g) estimating a new targét position;
b) calculating TOAs that correspond to the new target position;
15 ¢) 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.

20 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

25 using a maximum likelihood algorithm.

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



each receiver; a nmechanismfor calculating a neasured Differential Tinme of
Arrival  (TDOA) using the TOA from each receiver; and a mechani sm f9I:4siod9
t he neasured TDOA and the RTD data to calculate 15 at |east a position
estimate of the target. 39. The system of claim 38, wherein said at |east
one receiver also functions as one of saig;at |east three receivers. 20 40.
"The net hod of claim 38, wherein transm ssion and reception of the signal is

Pange o ¢ et gt 17 AR ER e VERe 9t i SRRl R A IS

further conpri sigigphxBehdill awttfodr cal culating a 25 nore precise position
of the target using the position estimate, coordinates of said receivers,
the TOAs. and the RTD data, 42. The system 41, further conprising a nmechani sm
for: a) estimatigng A )80 BF BRhHMCSiatde® TompBisia): Cal cul ating TDOAs that
correspond to tr?e' new far get posiltl on;g 'REE%A&E%/EI\I‘I’ SHEET ; AMENDED SHEET
02- Feb- 2007 542 c) neaiggleitragsmitisr &rtionshidiingesignaldo gdareetl at ed TOAs and t he
neasured TOAs; and S CLi i i . iated with the
expected TOA havi nggglﬁaefhﬁen%eh‘ﬂ?herégfrgfggg@btaﬁgm g’g%/\l/b%%tsﬁleoﬁ g’%(%ﬁe% fmate of the 5
target. 43. The net hptheolhianidnafomcdi2ulafing theeourcwiprdeBiy (B TE) dehgaid sm f or
repeating steps a-d untitl1 the difference between the cal culated TOAs and
the measured TERBSTIECHIO Melisgel IIGHCHEES than and equal to a predet ermi ned
value. 10 44. The sysiem Mecrbdivlrafr rddeividled sighiIBdns ifddargeeChani sm f or

det er m ni ng
10 a mechanism for determining the Time of Arrival (TOA) of the signals at

§ each receiver;
{ , a mechanism for calculating a measured Differential Time of Arrival
(TDOA) using the TOA from each receiver; and
a mechanism for using the measured TDOA and the RTD data to calculate

15 at least a position estimate of the target.

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

one of said at least three receivers,

© 20 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
25 more precise position of the target using the position estimate, coordinates of said

receivers, the TOAs and the RTD data.

42.  Thesystem 41, further comprising a mechanism for:

a) estimating a new target position;
30 b) calculating TDOAs that correspond to the new target position; -
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the height of the target. 45. The system of claim44, wherein the height is
calculated fromaltitude data 15 included in the reply signal frophtfg 2007
target. 46. The systemof claim44, further conprising a nmechanismfor
determining that the target is on the ground. 20 47. The systemof claim
44, further conprising a mechanismfor calculating a position estimate of
the target using the TDOA, the height o2 t he target and the RITD data. 48.
The system of claim 47, further conprising a nechanismfor calculating a 25
nmore preci se pogiti onmefisuring thaeryet betsicay thtehmiqdated TEMA eand thetmeasuredr di nat es
of the receivers, t TOAs, . the height of the target and the RTD data. 49.
The system 48, furthe Oééhﬁ‘i@si ng a mechanismfor: a) estimating a new
target position;s#30 b ! ' y t ar get
position; 02- Febq)ZOO el%ﬁ%@%l&%ﬁgﬂ%ﬁﬁ?ﬁgﬁéﬁoﬁﬁé@m%éﬁ%&?aﬁu ated TOAs
to the measured TOAshavimgth@d)mBimast éer dshibe ROS ipbkition@stimaR) ¢fthesoci at ed
with the expected TOA having the mininmumerror as the new position estinmate
of the tharget. 5 50. H¥getrmet hod of claim 49, further conprising a mechani sm
for repeating steps 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

predet erm ngyl VafHiamethBd 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.

10 |
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
15 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.

20 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
25 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 a2 mechanism for:
a)  estimating a new target position;
30 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 fo a predetermined value.

10



