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WD 2005/ 029728 PCT/ US2004/ 030576 W RELESS SI GNAL

PROCESSI NG METHODS AND APPARATUSES | NCLUDI NG
wWORRE@2YBIS OF ARRI VAL ESTI MATI ON Techni cal Fi etd/us200h830576

present invention is related to the field of

communi cation in general, and wreless comunication,

in particular. BACKGROUND Advances in integrated

QVIREL ESSNSIGNRL FTROTES S ING WIE KHID S 1N B APPARATYSES

and other relafted technologli es have Ted to w de Spread

10 adoptiCoDINGAMRESSHONSTOMARRIVADL, ESTIMATIDN! e

wireless "cell" phones. In the case of wreless
comuni cation, such as nobile wireless "cell" phones,
typically, a nobile wireless "cell" phone (also

referred to as a nobi |Ikedhmiggd&ligld  conmunicates with a

"near by" service station (also referred to as a base

stlhei egent ipnertion ig jatedrie the figltheleamawnisajienlia geperal,
nobi | e handset. The. servi ce/ base 15 station

th .
and WrQJgFHeeMmMNIcaion, IR PAMICHak or al | nobil e handset in

its coverage area (its "cell"). Thus, a service/base

station typically recmmcesses

comuni cation signals r of nobile handsets
i A . p [y i .. ant ennas

| elca i hiech ARSYBER} ferdtiBoBLsdi b

telecGAMUHE AR éﬂ'h%fﬁbﬁat%d] %ﬁﬁg&ggpgﬁeh@@%%% b8 d

ecome popular, as It has advantages in

adopti6h BPwitbleBAThOBiddlionc aRAGhONIIRftelddsCH8INHores. tiIR¢he
W rel ess communi cati on syst em Various si gnal

case jof adrefesisn@ rahiciedioas sacke asenpbity etfelesspcelgsivoridsetypically,

recei ved conmuni cation signals, including but not
a mobilerviretesst“oell’pfraee (dlse teferreddesdsng mabilerandset), Anrong

the space-tine processing techni ques, beanformng is
comrowricaliestwith a 2aeanbyfriservige statinn (@lsa refenred to Bsra base station),

. enhancing the strength of signals received froma
whichjedaysethediaredunis@tioonsigralsar thecmebile dangsehel he service/base
I ni %«% sequence to estinmate
§

Staﬁoe%@gg}lyggg %@.?%l@? @lé?@gg é@{;aa" mabiig h tiReiihcavRiage area (its
“cell”)(. H“’r‘?&é 'a é’é\‘?\/.%% 53]3%2&2 lgn Ft)yc/:;;rljcgl'?yz IQeOcAé/ivoe—:?’SO::SSrTé3 processes
communication signals from a number of mobile handsets in its “cell” concurrently.

Use of multiple antennas at the service/base station for receiving the
communication signals fromn the mobile handsets have become popular, as it has
several advantages in terms of enhancing the capacity and throughput of the
wireless communication system. Various signal processing techniques are
employed to process the received communication signals, including but not limited
to “space-time” processing techniques.

Among the space-time processing techniques, beamforming is one of the
promising areas of interest for enhancing the strength of signals received from a

desired direction. One known technique is the employment of a known training

sequence to estimate the optimum weights (e.g. using least mean square (LMS)),
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for beanformng to a desirable direction. O her known
techniques for estimating the directions of arrival
wODRWAgR9i2acl ude enpl oynent of the Bartlett proeesase00a030576

the MUSIC (Multiple Signal O assification) technique.
Trai ni ng has the di sadvantage of incurring overhead in
the throughput of 5 the system and convergence may

for bdaiPorirMMMPRY a esitablbairettion.t idBeakabivakbenrtiguesiak estiimating
determ nation. The latter techniques require a |arge

the dinactiers offarrisaldPOYs)snclide kenple@reaeneor thedetlsit pocessor or
provide a good estimate of a correlation matrix

the MUSICG: tWilipleoBighakeClassifieatian )dackiniguehe | ack thereof) of
the received signals from the independent signal
sduaieing haptheodisad\anigge of mﬁutr@ge@\@fh@@mme&gfqt&hput of
signal typically has a nunber of

i r{alt! a%_hs, dlfe tq
the syeN: GRREIANYErIeacedpay takecRNGer e tiar tis, igesavailable to
e T e
[ . [ : 0 .
snapBiabR 30 By i S AP o Aroarialeton
matrig@ﬁéjdt%'ﬁﬁhé’ EofrB&iiBh gér.elﬂle I%&%’ AL .oﬁrﬁwr&%i\/%ﬁ%% A1§from
y way of the acconpanying drawm ngs’in ich T'ike

the ir{q%f hBBRES ﬁglrgyugceg_m lar elenents, and in 5 which:
Fi é)% ?

re 1 iFlustrates a conmuni cati on environnment
S N dddriallly OWhits 8a&h @omarn@tiowg]q:ﬁattypi@mnha@a,numnoer of
accordance with one enbodinent; Figure 2 illustrates a
multipath| doe ¢ ehVvieormperttal factuas, $uahvad refledtive offi stiucturedand so
directions of arrival of J signals wirelessly
forth tthess tedhréglieis typicalls estirabtestber2@4, based dily andbe toste
wi th one enbodinent; Figure 3 illustrates a portion of
dominaet mplipath ehakignabw f or deternmining the directions
of arrival of L nultipaths of J signals wirelessly
transmtted fromJ signal sources, in accordance with
one enbodi nent; Figure 4 illustrates a conputer system
suitable for use to practice one or
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15 nore aspects of one or nore of the signal
processi ng nmethods of Fig. 2-3, in accordance wth
wonersaawasei nent. 20 DETAI LED DESCRI PTI ON OF EMBODIUSEINI/B30576
OF THE | NVENTI ON Enbodi nents of the present invention
include but are not limted to nethods and
apparatuses for determning the direction of arrivals
of a nunber of 25 signals wirelessly transnmtted.
Enbodi ments of the present invention also include
met hods an@BRIEFADESCRIPTION ETHEDRAWINGS di rection
of arrivals of multipaths of a nunber of signals
wi Erabedisignts ohtienpriesedt ingemdrPadiBodesaded by way of the
PCT/ US2004/ 030576 I n the follow ng description, i
accompanying drepéngssinovhishtliseiretenenrcestdanete pm%érﬂements, and in
_invention will be described. However, it wll be
whickipparent to those ski Iled in the art that other
racticed with on

CTRSHET Lbsénr%? %8 poRrainies Opygter BB s Pragiiting the
pros§liyeriiR” Ihagutehes Wb R EodrB ugh under ot and ng
OfFlbnﬁe? g%‘t %ﬁ@%ﬁl(ﬁ# Y1%ro éﬁéndﬂél i \?/ﬁOF‘HQ@?ﬁ%né the

one

dlreo%ﬁ‘fébf S&H bt J?@téfnatsh\ﬁlrél%%g fitheAfit&d frdm J i (?Wah%urces in

I nst ances, known fea ures are omtte

accopdgﬁyel\[,megné@nq;&mheﬁpt to obscure the description.

10 Various operations wll be described as nmultiple
dirigueé 8 ilustratéd apdriion bithe, oparatienairfioweor tbtrmiringtisd
hel pful in understandi ng the enbodi nents, however, the

directiode of afrivee etk inmilfipaths lod Ul sigmads wirelesslystranssittad ftoon J signal
inply that these operations are necessarily order
sourcksp émdeeardanee pathtonuembodini@¥e operations need not be
perfor med in the order of presentation. 15 The phrase
|Etgldh%%“ﬂﬁiliﬂt@\%ﬁtcom@ﬁ%wt@@pﬁé’&ﬁb'@l for Ly prﬁc‘é@@ one or
gener al

does not refer to the s
MOre BRRAFES of pRe Rafnore ok thepigpal @8&5%%@9 %ﬁbg g@t@hg?-i"dﬂd
ncl udln non nnus unl ess the context
accopfqiite Wi Bng S

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Embodiments of the present invention include but are not limited to
methods and apparatuses for determining the direction of arrivals of a number of
signals wirelessly transmitted. Embodiments of the present invention also include
methods and apparatuses for determining the direction of arrivals of multipaths of
a number of signals wirelessly transmitted.

3
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Referring nowto Fig. | wherein an overview of a

comruni cati on 20 environnent suitable for practicing
woOheosprerent i nvention, in accordance w th onePCT/US2004/030576

enbodi nent, is shown. As illustrated, for the

enbodi nent, conmmuni cation environnent 100 includes J

nobi | e handsets 102a-102] and base station 106,

C {TREYoReInGelescFiptioh Sdirots @apBcRIdTRImbRARNes af iherpresent
106 relays comuni cation signals for nobile handsets

invenfi&? il B8ideisBabawli Heweesk iitwvill besarspzrent toi thebe skillgd Abthe art
transmtted by the handsets. The received signals,

that otimerembodiiererttéd nrayshe peactibed witharnds setheaordalf of tharddsdritbed
anot her signal processing node (not shown) of a

aspeatsr Eloe psirpasasiofiexptanatiosespaaific menbeisk materiaksiastd base
station 106 is coupled, 4 WO 2005/ 029728 _

configeaaiors omsetFosh é arder ée previde sitheraugprundsssianginggfdne
(not shown) of a PSTIN (Public vait?(ﬁeg, Tel e hgne

embodimapisk Howgyer; Havik ke aipaeattt 1o pRs skiled:in dhe sighat otner
i hcl udes N antenpas, 1

R L hdlitshe ehaghie dose JEmtiiariagees.
wel- i Cisiies o Al of PG o TRE shiPdrertiEly, = ©

descnﬁ[’é'@inl e handsets 102a-102j. Additionally, antennas
)J8a- 108n may be enpl oyed for other purposes.
A%ﬁaﬂé%pégaﬁﬂ{rﬁ%ﬂ b@%s@ﬁﬁ?d ?ﬁ_rﬁtﬂfiﬁl”er(ﬁgcrbfé 8perations in turn,

sensors. € purpose 0 is application, the two

in a M&HE tA&Es THOSMEFFUBIn URdersthhdihg Ané entiadivat, howaowr the
convert RF signals received by antennas 10 108a-108n

orderidfidesbastdrasidosid goabs construgd asty implythsethasd opiegtimns are
into RF signals for transm ssion by antennas

neces<ity aRkm.dePegdant. dnpeetiailary thesietopkrations pepd opébet o
process the down converted baseband signals, and

perfopned és heoondes ondresegtatios. f or up conversion. For the
enbodi ment, signal processing unit 110 includes in
pdheirhiase “iDoneembesimest issisgdireraatediyn dl i RAfaseaangrally
unit 114, coupled to each pther and to nit 110 as.

does BRbFIET IChNGoaBE EERSB AT e AOWEVEIR S+ Hae: B3 FAmATgng',

“haviﬁg’lén@xiﬁau&%%” are synognymous, unless the context dictates otherwise.

Referring now to Fig. 1 wherein an overview of a communication
environment suitable for practicing the present invention, in accordance with one
embodiment, is shown. As illustrated, for the embodiment, communication
environment 100 includes J mobile handsets 102a-102j and base station 106,
communicatively coupled to each other. Base station 106 relays communication
signals for mobile handsets 102a-102j including receiving signals wirelessly
transmitted by the handsets. The received signals, among other things, may be
processed and forwarded to another signal processing node (not shown) of a

wireless communication service network, to which base station 106 is coupled,

4
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the J signals (J being an integer), to be described
nmore fully below referencing Fig. 2. For these
wenhsdeyeat s, Beanforming unit 114 forns the PCT/US2004/030576

correspondi ng 20 wei ght ed out put signals based at

| east in part on the DOAs of the J signals estinmated

by DOA Estimation unit 112. In other enbodi nents, DOA
and/cﬁstbld@ghé’lrbrbﬁeésﬁé Aode (hordiravi)ef PRBFNQPubli€ Switched

mul ti paths (L being an integer) of the J signals, to
TelepreordeNetwdokd nore fully referencing Fig. 3. Sone

enbodi nents support one of the two nethods to be 25

ddsx it echboglireeet biaag skitipn P0GimglglesdY hetenoas cliSaeA8n, RF

support both. For those enbodi ments supporting both
unit it lspdsignal pseceasing wiit £19,. caupled iheadhdiver asshows (RO =

2005/ 029728 PCT/U82004/030576 may al so suppor.t .
Radie SARAUER | T8 0 002 iindde GsHkto, ane ageive

signah g tkrabiie Papdssiaabie- i Jtionady. fgnpss TUpRY08R inay

G0N N T -
sens8 LG ¢ rﬁﬁgﬁhks %lfcbﬁ@ﬁ htﬁtquvi)égﬁwé are SiHntous.

|mate Ion uni

Sﬂl@lﬁhﬁit%bllé’ enffELIUEWN Y Q/ért i‘#“s@ﬁél@ rr@%éﬂ@éd By antennas

nunber of corréespondi ng wei g ts and Torns

108 PUSIE RIS PSS EBHEISS bE 0B lconbes @és@ﬁaﬁcﬁ@ﬁha!sﬂntbaRF sidhals
wei ght ed contri butions of the L mul tipaths of the J

for trahgngsibnast amehads 1P8aAN8Rst i mati on unit 112. Except
for the advant ageous manners base station 106 acquires
siYjgadiprodessiiglanit 4P is suipléyeditanpieeess teXdovo 2pneerted
RF units 110 represent a broad range of these

basebbadsignals, andqirpoess oatjaguedqsmadsimrelpf@nmbswn ngoathe
software inplenentation of DOA Estimation unit 112

embegimens Higna Araeessng uni 410 'npluﬁ‘é‘s Im aattwelarmerﬁsi@@ﬁhon

bel ow eferencm 4. e software i ta
unit 4% 814 BRGERTGBB 14 FPOHGIEGHD S Ghen ik GoRF it F10 as
h nunber of progranmm ng | anguages. 15 However, the
SNOW}-esent invention anticipates all or portions of DOA

Eﬁrb lvgﬂéhg gg*ﬁgdﬁrneﬂrgz A E%ﬁﬁi%fn‘ah rUnntgl 1l2né§th’cés fiﬁé( DE$As of

ware, usi ng

the @@{‘éﬁg{’ ggﬁgﬁﬁ%@é ,'tBtb%gcﬁ@stc? ge&)rﬁ&%' fhll)( 8@1'0@ re?érencmg

Fig. 2. For these embodiments, Beamforming unit 114 forms the corresponding
weighted output signals based at least in part on the DOAs of the J signals
estimated by DOA Estimation unit 112.

In other embodiments, DOA Estimation unit 112 estimates the DOAs of the
L multipaths (L being an integer) of the J signals, to be described more fully
referencing Fig. 3. Some embodiments support one of the two methods to be
described referencing Fig. 2 and 3. Other embodiments support both. For those

embodiments supporting both methods illustrated by Fig. 2-3, the embodiments
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Logi ¢ Devices. One of ordinary skill in the art would

be able to do so, based on the description provided
wboeo®in97220 For the remai ni ng descriptions to Poriusmn04/030576

and for the clains, the following conventions are

enpl oyed: - bol df ace-capital letters, such as AL M

represent matrices or subspaces, 25 - bol df ace-small

may bisd Sipporsemifigagation ofegiesiht twechetheds aisdhe current operating
non- bol df ace letters, such as "s", represent scal ars.

meth@dWJ 00 fRreaen ey dsSapor@ads zestREE er diyngmitoapproach.
Filg. 2, a flowdiagramillustrating the operation flow
ofFormim |&téari erabodimeants, tBeamfofroingawnied t formsp thieecap@sponding
of the J signals in accordance w th one enbodi nent,
outpwlgwmasea @tdearidn peronabe (R4S chihe bMwipaths of e
signafs gstirpied by B Fedialie 81t 712, ofiore shasiteaie Cangiteaning
onit 4 BeBr @i orh Bumtias o co B EIEES A e e
h . . . o '
coneSRBSRE oyt AGpsGIELA% TP o oGPl edulids o
. — . . A =
ine LA S9 uplPgnbilctyfta b o T 17,

r for'fREd TE ' 51 i ignal
e-q-i:’%%ﬁ) kdc:tgsd(d;(/)a,h@IgTe%](Jg21 élnn\}el%gégéra Eﬁifcﬁ@ S(?Bg%%?uwes SIgnars

104241 045C triobila hareiebyy $024=002) #HPRF uretet1d0 repsedent a broad range
di mension MNx1. (5) s(t) =1[s, (t),..., s, (t)]T,
of thedd plenseritbe Alcomputee gystent suitabteofardiosting laesoftware
implementation of DOA Estimation unit 112 and Beamforming unit 114 will be
further described below referencing Fig. 4. The software implementation may be
developed employing any one or more of a number of programming languages.
However, the present invention anticipates all or portions of DOA Estimation unit
112 and Beamforming unit 114 may be implemented in hardware, using e.g. one
or more Application Specific Integrated Circuit (ASIC) or Field Programmable

Logic Devices. One of ordinary skill in the art would be able to do so, based on

the description provided herein.

For the remaining descriptions to follow, and for the claims, the following
conventions are employed:
- boldface-capital letters, such as A, M, represent matrices or
subspaces,
- boldface-small letters, such as v, represent vectors, and

[P )

- non-boldface letters, such as “s”, represent scalars.
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Jsignals transmtted by J independent sources. k =
2xfo | ¢, fo being the center frequency, and c being
weoepewst2008 20 el ectromagneti c wave, k bei ng t hePCT/US2004/030576
wavel ength, and d is the spaci ng between antenna
el enents and t corresponds to the tine index.. Thus,
X(t) is the linear conbination of J-linearly
| IRISTBETHEERSW YO FHE 212 iRy diRpAPIiBustefiply theopesdtmtiove of
to a source direction, and x(t) may be consi dered as
DOAZSstinGatiot tinit F12( . determifing the DOAs af % Jjsidrta)s in asBordance
2005/ 029728 PCT/ US2004/ 030576 I n Equation (3), matrix
with édne eprbextimest, & slesis Thaendpadimeat asslimes fetodibwings:
subspace, to which x(t) belongs. Accordingl y,_x(t%j_ in
i fiheié insiepestentsignrls ippiagefon he NianteanaoaEay edt @pinct
. : . h . _ . '
arofig U2 TRRIS L os G AR i RE Ao B
. ubspace spanned by x(t) (output signal vector for a
d'recﬁ?'ﬂgl e snapshot) and any of it's J-signal directional

t i s .non- e Jheref if .9; 0t , . .
coIaPBHisEBAohE o Paualg shaetin BT B o donglis,
iverfg”"" 0j) , the intersection between x(t) and a(0,)
aVenPY| be zero. Accordi ngly, the conputational problem

I §1F or mul at Al f?) x(t) n a(0j) =0, for 0O; o
(glj O}%Q (8 531;(%? na(0;) # 0 for 0, E (01,...,
Ojwhéreex(®& the vk kedlummuleatardviditerDés,) _ [ x(t), a(0; )]
wi |l have rank deficiency or close to rank deficiency
i {2D; E (0,%() =), x fice, in deternining the DOA of

the J signals Q,,...0 ,  the process of Fig., K 15 2
fiBst sel ect@s=&(@19i--é1(9ﬁi]ﬂé’8?f%n*f'§rth§ gfi@zgqregtw@[:éewon%

- 0j, block 202. On selecting a trial direction, the
matrigr ocess proceeds to conpute a first coefficient (9a)

fi = 1Ix(t)J 1}, andea firstwnihenermal, vegtor (9b)
q,(n’): x(t)é(?f)oTh)cf( 204, © € Jﬁ’ ]_1"""?

are the signal directional vectors. Each a(@,) vector has the dimension

Nxl.
5) s(t)=[s1(t),...,s J(t)]T , s(t) isthe Jx1 vector that contains the

J signals transmitted by J independent sources.
k=2nfy/c, f, being the center frequency, and c¢ being speed of
electromagnetic wave, k being the wavelength, and
d is the spacing between antenna elements and ¢ corresponds to the time

index..

Thus, x(¢) is the linear combination of J-linearly independent Vandermonde
vectors, each corresponding to a source direction, and x(¢) may be considered as

6 x(2) = a(6,)s, (1) +...+a(8,)s, ()
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rii On conmputing the first coefficient and the first
ort honormal vector, the 20 process proceeds to conpute
wa 28imavmds coef fi ci ent (10a) a second orthonor REI/US2004/030576
vector (1Cb) a third coefficient (10c) 25 H r'i2 =
g, a(- 0,) , g2 a(- 0,)_r,2q,, and 122 = 11 qz a(-
0011 , block 206. Then, the process proceeds to

eValRdiating 6@) etk | 2 tepfebbhid?h Bhsis thatf SPans Hu-dimdAsional

j 22 8 WD 2005/ 029728 PCT/ US2004/ 030576 det er ni nes
subsphes, e whitle x&Y beloagsoMogoedingly ax@Halits\dgcompasitiarhlaas one of

function. If so, the trial direction is considered to
the directiomel ebctone ab@d<xleienhe J signals. At bl ock 210, the

process determ nes whether additional directions are

t dlerte, thereraxisted.carrelalion such fhabthedptarsectiansofitbeingc k

aimefpelf ScheechheB el B8 A o ST SRER: e T 5
3, fl di g Vil trati th ti fl f

snapgtel) ebi A3 drdnal S Gl Ser R oo L
Cofir&idke bt HOSS Rst rréqu?l_l'ﬁgﬁgﬁ SfIrRCSAIrEa B cHbid

one enbodi neht, 1s sﬁgwn. odi nent 1 ncludes 10

i.e.0 30, NI 7l thesihiersddtishi Awetn i aRERR0 9will be zérsi gnal s,
e ’gglthejgeterm ned DOA of ?Iﬁﬂgﬂ\] si gn’gl s are then

e a | ; ' | determ ne
C Rt Rt bt Ao e ted B ™ The
si(@nal cor respoad, e, tfor j& k (aure€9 and L coherent
mul ti paths at the
®) x(t)na(d,) = 0for 0, €(b,5..,6,)
The Nx2-matrix formulated as D(¢) =[x(¢),a(6,)] will have rank deficiency or
close to rank deficiency if 9, € (6,,...,,) .
Hence, in determining the DOA of the J signals 4,,...6,, the process of Fig.

2 first selects a trial direction for a signal source j, ~6,, block 202.

On selecting a trial direction, the process proceeds to compute
a first coefficient (9a)  r, =|x¢)| ,and

a first orthonormal vector (9b) q, =—’@, block 204.
4T

On computing the first coefficient and the first orthonormal vector, the

process proceeds to compute
a second coefficient (10a) n, =qa(~0,),
a second orthonormal vector (10b) q, =a(~#6,)-r,q,,and
a third coefficient (100) 1, =|qZa(~6,)|, block 2086.

Then, the process proceeds to evaluating a function
(11) B(0)=—1— for ~6,, and

Py
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base station is given by L 12n(fdcos(c)1J-frJl) 15
(12) x~(t)=~1=IR 1le s(t-z Extending the above equation
wobanosNzg2enent antenna array, the foll ow ng PCT/US2004/030576

relationship is obtained. L i2rz(fdcosBl1-fr (13) x '
(t) = ~1=1 v(01, )R11 e ,,,) s(t - Tj1l -i2'tCosg, i4
0sG, v((r);1)=[1 e e z where i2;r(N1)CosO e AT
| gletdrmines Ahelferiths poakative gicids & peakivalue forlthé fatdtion. If
conmponent. The notations in the above have the

SO, trfeoﬂrilabdire\cgiomismamg'sieréd jdlbe one loé tred DRASs of thengsignals.
anplitude of the |'"th nmultipath. fdCos9J1 is the
DAdhlack 2H),fthe procdss datermines ch@ﬁl&f additjanat dlremﬁ@ns geto
the time delay of the of the -th nul tipat '

be dqefmmeg theo.rtha peoessstrBIS to k)l@cm» pad wonan@e%frpm there

eed of Iectrorm net c wave, 9 WD 2005/029728
as eaﬁ@f/%ﬁéﬁﬂoé 6 I"@gr@ €% qrmi'fga’f@fe‘aA corresponding to
-th multipath. L is the number of dom nant

rrultl paths for j -th source. Under the assunption

o 1R dihor R o S 4 A SR Iy gt Bt A B

DOA Estimation unit 112 for determining the DOA of L coherent multipaths of J
signals in accordance with one embodiment, is shown. The embodiment includes
an initial determination of the DOAs of the J signals, and the determined DOA of
the J signals are then employed, along with other information, to determine the
DOAs of the L multipaths of the J signals.

The signal corresponding to jth source and L coherent multipaths at the

base station is given by
(1) x,(O)=3, Ry Vst~ 1)

Extending the above equation for N-element antenna array, the following

relationship is obtained.
L . —fen
(13) x,-(zr)=Zzlv(eﬂ)zeﬂe2 ety Fd s )

2
—i27Cos0; i4nCos8y 2z (N-1)Cos0,

vO)=[1 e * e ... e 4 J' is the array

where
response vector for jl-th multipath component. The notations in the above have

the following meanings.
R, in the signal strength or amplitude of the /’th multipath.

f4Cos8, is the Doppler shift of the jfth multipath ,
1, = r,/c is the time delay of the of the jI-th multipath,

r, is the range of the jI-th multipath, and

J
¢ is the speed of electromagnetic wave,

9
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s' (t), the base band signal of the jth source can be
nodel ed as a narrowband signal, that is, s(t - r'1l) z
weQRos/2gny , where zo r= [nain(rl), max(rl)] . PCX/USLw0Y030576

is also witten as (14) _ 1 1 where (15) x'(t) L
V(B 1)R lelrP t(t)s(t -z'1) =~ ~q'| = 27r7r(.fd
Cos9'l - ft ) Further, all nmultipaths fromthe nobile

ar ri iy, istDOAecaseasposdingi ton//athr Bpltingihf ormy within .4
around the nmean angle of the arrival 9° O Further,
assutiiadhe hambegehbeminant maultipaibarar jttheodngpl ex
baseband 15 signal vector can be witten as (16) ()"
l(d)Jride(tl)e agzn(mpnon thatmul’ei;zatm(délayBSprEad 1=i Furt her
etting,L Iw,( ) v(9' )R Jle (17) Y1l=1 be
an Arr%y ﬁ?é’%ffwrfsé W@@it) <y L L nunber of ctharent
mul ti paths 20 correspondi ng{ to,j'th source. Use of

t he coihehe iBbifaihed idthraf the RignAlsI C | eads to the

es:gt t?r;tg\'e%s%fbéﬂbes@ﬁ%%f%é Zaﬁtéoﬁfbeecan BbMeSdeddd akhe L

ths correspon hat source are coherent.
narrowband signal, thatis, s(t-t,)~s(t—1,),where 7, € [min(z; )ymax(z,)] .

x; (0, .
is also written as

L
_ iy (1) _
(14) x; (= E HV(Hﬂ)Rjze s@E—1;)

where

(15)
Further, all multipaths from the mobile arrive at the base station array
uniformly within + 4 around the mean angle of the arrival 0, .

¢, = 2mn(f,Cos6, = ft )

Further, assuming the signals are narrowband, the complex baseband

signal vector can be written as
L :
X, (t) =~ Sj(t — 7T )( E V(Qj )Rje’(ai(f)j
(16) J=1

Further letting

_ L ipa(t)
a, ()= E v(0,)R e
(17) It

be an Array Response vector for L number of coherent multipaths
corresponding to j°th source.
Use of the conventional algorithms like MUSIC leads to the estimation of

the same direction
(9j, since all the L multipaths corresponding to that source are coherent.

Hence &, may be replaced by 0,.

In such a case the above equation can be approximated as

(18) aj (t) ~ V(ej)ﬁj ’ where IB - Ilee’("jl(f)
10
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Hence e'1 may be replaced by 9° . 25 In such a case
t he above equation can be approximated as L a (t)

WO (2605/0p9728 where R e p" (") 10 WD 2005/ 029728 PCT/US2004/030576
PCT/ US2004/ 030576 For J-users the signal vector at the
array is given by (t) = x1(t)+x2(t)+...... +xJ(t) _ s
(t)aj + n(t) Zi=1 x (19) n(t) is the noise vector

2 o s
{58 Uy 0 sk e igh, gian) |y a1

) Y(tYH ] =A( DAH+o2l
Ris ax((grig{(a)-#ﬁ{(t)‘ﬁatrl xxJ(fgﬁ%bba(z‘)aed—ri(t))m t he
ogmggr-produc s of the recelved mal +ndi se vectors
t) and averaged over several snapshots. Averaging
i a(t)ldaahedndiye Brectdr {talemn}, esoisdnds 'ddsumied ém be spatially and
(transpose and conjugate). A is the matrix of size
tempcbbally(vsm}immennas, J-sources); U2 is the noise
vari ance, is t el%N'd r),tity matrix and (21) ¢ =
7é)()t)s(t)l—l] is tthe i’ﬁt dce” covariance matrix. 15
s(t) i s baseband si gnal }povw\,gs l'ying al ong the
di agonal el enents GfA size is JxJ where J is

I A
recelvécd s@ngﬁ-nofsreavé]c‘?grs x?t)da%%ca‘?}éqéé% 8véjre§eve?§] %napshots
Averaging is denoted by E.
H denotes the ‘Hermitian(transpose and conjugate).
A is the matrix of size NxJ (N-antennas, J-sources);
o?is the noise variance,
I is the NxN identity matrix and
21) o= E[s()s(1)?1 is the JxJ source covariance matrix.
s(t) is baseband signal powers lying along the diagonal elements of @.

It's size is JxJ, where J is the number of sources. Noise covariance is given

by

22) Em@n” ()] =01

So, letting the eigenvalues of R, be arranged in descending order, and
denoted by 1, > 4, >,...2 4,, , as well as letting u,,...,u,, be the corresponding

eigenvectors, where the eigenvalues 1, are given by

s {vn +o?forn=1,.K

(23) 2
o forn=K+1,.N

U, =[u,,...,u,] may be considered as the signal subspace, and
U, =[u,,,,..,u,] may be considered as the noise subspace.

U,v(@,)=0 for j=1l..,J, and elsewhere U, v(8,)=0.

11



20 denoted by Al > A2 > ,... > AN, as well as

letting ul,..., uN be the correspondl ng ei genvectors,
wohers@29e ei genval ues An are given by (v" +U2PE0US2004/030576

=1,...K(23) _ An WRforn=K+1.... NUS =[ul,...,u J]

may be considered as the signal subspace, and Un =

[W+1, ..., uN] may be considered as the noi se subspace.

2$hé'nembéuomenttb§‘sgmes thiat .the  subspand sp=seialebye the eslifated
# 0 . 11 WD 2005/ 029728 PCT/ US2004/ 030576 The

eigenmt@as nent [assiiids CORasPas suBpatRACEHSRABIED DY Hie J-rue
estimated eigenvectors US =[u,,..., u,,] corresponds

sourceodirbeticzacé sipauideoe motethdhat jthueigavmectar donrespondssto L-
I't should be noted that j-th eigenvector corresponds

coherent muliipatbs due tmihejplashsraguEstanatie of thes sty seurce direction

5 0, c%i lgé"%dn%n b9faﬁ %Bkﬂo?@?h‘%ﬁhﬁd rlﬁ(%%r%@ e Tﬁ@rbrﬁﬁodlment
searcﬁ@?%’l't Nhe digdti ‘?§n L thin, t %n@’ér@@%ﬁ e H@f&ﬁmﬂid HOA of

center on the eter néd DOA of thej-th source e j

the j-th, éd@:ré@teerff@ defnfife th&w! hilBpaihs fopy-tir dduréeur ce. Thus,
signal véctor x j (t) can be considered as 10

XJT! hhé—élgﬁﬁﬂ \}e)cto/r(ie)(@) can be \¢orsidptey as 12, r (fd

cosB' - f 2 eres, e s t - (25 3
(t) Eé‘p ﬁ%)j ‘)(9 vJ(O’QILLR;% ThJus( as (29) x

[ n~F| azr(fdtcolsve—fp,v S or searching for
setﬂ{:ﬁ?] —J(eg}f’e , e So%e §JJ L) where e,, E (e

10 se%jglct rﬁgza t’ 'spagz{ﬁ'g )ltgﬁméle)? toh? ?reojcﬁss ]e; Lit
’ Thueoas Lﬂu%{r ed in rIg"‘cljté p[%te r;‘)?'ogésstfla? seer%hﬁ%u(o? fhe set

=(0;,0,25-,0,1) where 0, € (0, £ 4),/=1,2,...,L, starts with the process first
selectlng a trial direction set ® =(6,, .0, ,....0 J.kL)for L multipaths of the jth source,
block 302.
15 The processing of finding ® =@, that is,

(01,50 1, 52012, ) = (01,8 5,...,0 ;) I8 €xplained as follows.

First, the process selects randomly a set (8 6, )

Jky 2 sz""’ Jky

Second, the process forms the following matrix

D@)=[v(,) V() .. V() w,] where 0, €(0,+4)
20 Third, the process computes the following relationships
(26) —” V(@ Jkl) "2’ and
0
@1 q =9 biock 304,

n

|||, is the 2-norm of the vector.

Similarly, for following coefficients and vectors, the process computes
25 (28) ry=qfv(0,);, 1si<i-1; [=2,..,L+1

12
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bl ock 302. 15 The processing of finding O= O , that
is, (ejk,,0 kz,..., OkL )=(G1'0j2,...1GL)is

wexpisanyes as follows. First, the process sel eeC$/US2004/030576
randomy a set (ejk, ,ejkZ ...,0 jkL ) Second, the
process forns the following matrix D(O = [(0,k)
v(iejkzZ) ... v(ejk]) ul]l] where e jk, E(ej 4) 20

Thi20y , EHley(ar, . QoNput Bs 2§ heé +1gldnawi ng

req a?I on hl(géchg o I“P = v Iejnk )Q (27) q, , block

304. ri i 2, and II 12 is the 2-norm of the vector

Simlarly, for foll ovm ng coefficients and vectors,
pr e & —daﬁ@ubes‘i 498/ (28)! F 2L d', Plack; 30P. )TthQmpuLat@n is

-1, 1=2,..., '+ 12 w0 2005/ 029728
perfoﬂﬁéduﬁﬂ[)&ﬁh@;%ﬂﬁfﬁs t)b’talnu(@Qlﬂi+1 =11 v(g k)-2Z,r11gl 12
1=2,,L+1,and i=11-1 (30) = [v(9 jk)- Y-rjjgj |
rj L tation is
pon 3ok gostink &mc%@@*sffié%s.tl*eﬁ R g Lot Lo
5 Then 3‘&13(}@@ .the process conputes the
function (EY4+)L+11 rL+1, L+1 If the result of B( E)j)

h‘e éhgsre%ult oefWB(a)eS yleldg eaJ(ne\</va”| set of pea \}arILlleasI tﬁle rtrelal direttion

set ® is set as the directions of arrival of the L strong multipaths.

At block 310, a determination is made whether the process is to be
repeated. The number of trials to repeat may be predetermined, for operating
efficiency, or based on a predetermined threshold of diminishing marginal
improvements.

If another trial set is to be evaluated, the process returns to block 302.

Eventually, the criteria to terminate estimation process is met, and the
process terminates. The then current estimates of the L multipath directions
@, =10

jl,...,éjL} are used to obtain the combined signal z(¢) (See Figure.1) as

LY —ikdnL)cod)
— — il
(32) Z(t) - sznmzl where wll =€ !

=1 n=l

In other words, after estimation of the L-multipath directional set in DOA
Estimation Unit 112 for j-th source, the received signals at the antenna elements
are appropriately weighted as given in the equation (32).

This process is repeated for all J signal sources received at the antenna
elements with each source signal weighted by coefficients corresponding to L-

multipaths.

13
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set Ois set as the directions of arrival of the L

strong nmulti paths. At block 310, a determnation is
words/oepes her the process is to be repeated. PO®US2004/030576

nunber of trials to repeat may be predeterm ned, for

operating 10 efficiency, or based on a predeterm ned

threshol d of dimnishing margi nal inprovenents. |f
ARRERIn tr‘idv(?‘lto B 4 o) Bl@cl@&a??’eﬁh WRIsASting 2m HeppIeTomputer
returnstobock Eventual |y, the criteriato

systeh®&itdé %ﬁ%étiﬁgta @cﬁﬁvﬁlér@qmﬁemémﬁﬂbn ofitite DIGA Egtimations unit
term nates. The then current estinates of the L

112 amdl Bépatdrndng eetti1ddsislshobin. =A¢ diusirated, ephipuing devios 400
obtain the conbined signal z(t) (See Figure.l) as (32)
includesh\brzg by morgyirbtessorsl402,-systark afemaiyc4@d, mash siosagmilevices
=e In other words, after estimation of the L-nmultipath
406, dihes &/Q davices 408 |aﬁld[Dt§5WO'BqurﬁmUntﬁatlm|"ﬁteIf§29f46|0y cwpled to
source, the received signals at the antenna el enents
eaCh@F@@ﬁ@ﬁMﬁ'ﬁi“ﬁiP%ﬁm@Sgﬂﬁ‘P@’@ as given in the equation

nal

SBibessor bl Biticvette aieebimec ven e HBHE of DA
estp L BBt Mo bt Wkl T

numtﬁ? oF ok sBPéAkﬁ&N# 'irgtheAa 8 £ & KeShRgh 2B HSS bﬁéw%le
of Pkl i

mput er em Sul

proce%%%l;é“@lgﬁjgé'%t% Woﬂn‘nﬂ@d ?ﬁlcﬂdb?o(g%%oﬁssé{/é@tilé’ ﬂoH{‘lnttel Corp of

ormng unit 114, 1s shown.
Santd Clafat cat.ed, conputing device 400 incl udes one or
nmore processors 402, system nenory 404, mass storage
dSyistan rherfidfy 404 lkeemploGed ¢y stors whiRingrubpies wbEstimation 112

comuni cation interface 410, coupled to
and/or Beamforming 114 and operating system services. System memory 404
may be Dynamic Random Access Memory (DRAM), Synchronous DRAM
(SDRAM) or other memory devices of the like.

Mass storage devices 406 are employed to persistently store data,
including e.g. a persistent copy of Estimation 112 and/or Beamforming 114.
Examples of mass storage devices 406 include but are not limited to hard disks,
CDROM, DVDROM, and so forth.

Other I/O devices 408 are employed to facilitate other aspects of
input/output. Examples of other I/O devices 408 include but are not limited to
keypads, cursor control, video display and so forth.

Network communication interface 410 is employed to facilitate network
communication with other devices. Network communication interface 410 may be

wired based or wireless. In various embodiments, network communication

interface 410 may support any one of a wide range of networking protocols.

14
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each other via system bus 412 as shown. Processor 402

is enployed to execute software inplenentations of DOA
waztesmasizen 112 and/ or Beanform ng 114. Proces®8an/u40m4/030576

may be any one of a nunber of processors known in the

art or to be designed. Exanples of suitable 10

processors include but are not |limted m croprocessors

avRialtef=fe bhyvdimeats, d@@ﬁ@uﬂﬁg sysehPmaydeda nfui-pRyCS oY

menory 404 is enployed to store working copies of

systensd, ia@ltisten ol Adtwarked eonpreerspinaiudingldd aaag of pedissively
system servi ces. System nenory 404 rmay be Dynamc

paralRdcdmpuBingewmslebenory (DRAM, Synchronous DRAM 15
(SDRAM) or other nmenory devices of the |like. Mss
storage devices 406 are enployed to persistently store
data, including e.g. a Eersistent copy of Estimation

1 P5ccardingly, wrigHsononel gnetnads apst appraiugfordaierniniidige
devj ces 406 jnclude but are not |jmted to rd dis
DOAGHHARRESRIPT Soeraiire e Dot Multibtes by i dBe /

e .ot her aspects of

Signﬁ?%gﬁﬁgpd’lﬁi({; g?s h%efﬁa *%Légiheért H&C¥9 0 devi ces 408
g P e e o oo
emb&ﬂfﬁ@H&’k GRELLEKiNSY Y thacst Mﬁre‘céﬂﬁgg Wﬁﬁeﬁ&é@%h' is b@’é fimited
net wor K conmuni cati on W th ot her devices. Networ

to th& BMPRIAEHisUeschbEl | TRerdiRbbBMEs My M8 pRittiead sdtror

W reless. In various enbodi nents, network
modifieaiadbiteratibnigthinear 4diAt amy ssorpof theappepdedaaims.

wi de range of networking protocols. 14 WO 2005/ 029728
AccoRfinglySteOdédeaphidn id to lad tegardee asithsthaties irstead oprdstrigive .

systemmay be a nmulti-processor systens, a cluster of

net wor ked conputers, including an array of massively

paral | el conputing nodes. 5 Accordingly, various novel

nmet hods and apparatus for determining the DOA of J

signals, and/or determ ning the DOA of L nultipaths of

J signals, the J

15
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signals being wreless transmtted by their sources.
Wil e the present invention has been described in
woenrs20of28t he foregoi ng enbodi ments, those skipCiras2000/030576
the art will recognize that the invention is not
limted 10 to the enbodi nents described. O her
enbodi nents may be practiced with nodification and
alteration within the spirit and scope of the appended
claims. Accordingly, the description is to be
CLAN@arded as illustrative instead of restrictive. 15 WO
2005/ 029728 PCT/ US2004/ 030576 CLAI M5 What i s cl ai med
is: 5 1. In a system a nethod of operation
conprising: receiving a first plurality of signals
Whatisr@digmd ig: transnitted by a plurality of signal
sources, enploying a plurality of sensors; taking a
first sarrpl e of the received signals sensed by the
1. SHATPSystens anpbindatdfipepation’ dmpésieg:ved si gnal vector
based on the first sanple, 10 enploying a first
plreceivirtgya €ifstplgality ofisigals wirelesglgdtarsmittaddy a plurality of
determining a first plurality of directions of arrival
signdlsoutrdes, smplaying lagledhlit of damssts;i n part on a
rel ati onship between the first received signal vector
arfakingea first sampig gt theiregeived sigmalg sensesdey theasensors;
vectors. 2. The nmethod of claim 1, wherein 15 the
pl QW‘&F"PPE’”Q)? fyplyieapived é’iﬁﬂﬁ' yactor B??ﬁfbpﬁ the '&t@?émwe

emplofiSes it Elralp" el AEbaielfetory Bager i ng- at Wf : peed
S PREhiPRS S P bl o RRRS {agaf@xﬁfpf?r e SPBaf nasey ot

a3 B1ETOT D W MBS P RS e e e
plurag A tg;%&?ét|ld?l%cggn§| \fécfocfg recel ved signal conprises
S

ing a first received signal vector (x(t))
given by x(t) = As(t) + n(t)

2. The method of claim 1, wherein

the plurality of signals comprise J signals wirelessly transmitted by J
corresponding signal sources with center frequency f;, the J signals traveling at
speed ¢ and impinging on the sensors from directions of arrival 6; ... 8;;

said receiving comprises receiving the J signals employing N sensors with
spacing d, where N is an integer greater than 1, and

said constructing of a first received signal comprises constructing a first

received signal vector (x(¢) ) given by

X(¢) = As(?) +n(r)

where
x(2) = [, (©)srernx, OF
A= [3(01 )r*-a(eJ )]

16
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where x(t) =Xl (t),..., X (t)]T 25 A =
{a(01),...a(6 )] 16 WO 2005/ 029728 PCT/ US2004/ 030576
waRes)pd2sl 1 e-zxacsej e-,cN-1>kdse, IT, | = 1PCT/IU32004/030576
are the signal directional vectors, s(n) _ [s,
(n),..., sj (n)]T are conpl ex envel opes of outputs at
t he sensor gﬂd 5 k= 2anggk The nethod of claim
2, \Ah@f%l)ﬁflsaa “d8t er ni i ng oOf Jfl ré€ lpily apfe y g signal
directions of arrival for the signals conprises
determ ndngcﬁl'inal vectoks,based at | east in part on a(9 )
fo i nteFsectin th as anned
by ¢ hem s D T108E  GHBD R NOIPE] & npBPUS at the
wherein said determning of the first pl ural [ ty of
di rect| onsS@MsQiBrankl for the signals further
corrpr ?zpp?rrputlng a first coefficient ;" = 11x(t)II
and orthonormal vector g, = x(t) 5. The
mathod of claim4, wherein said determining of a first
plurality of 15 directions of arrival for the signals
3. f Ohehaethodngfrolsins2 cohgreln sajdfdatemiining; of aafirseplunality of
coefficient 71a = gHa(- 9.) , a second orthonor nal
directiens ofr argj2aHonthe Sighals aonyrjsesatatesminirig @& co€f hassdeaitleast

ol 5 85765 i A PobS b e B B

X(l‘).determ ning of a first plurality of

4, The method of claim 3, wherein said determining of the first plurality of

directions of arrival for the signals further comprises computing

a first coefficient 7, =[x(*)] . and
a first orthonormal vector  q =&.
"
5. The method of claim 4, wherein said determining of a first plurality of

directions of arrival for the signals further comprises computing for a(~ 8,)
a second coefficient #, =qfa(~0,),

a second orthonormal vector q, =a(~ 6,)-r,q,, and

a third coefficient 7, =”q1” a(~ 6,

where ~ 6, is a trial value for 0y ... ;.

6. The method of claim 5, wherein said determining of a first plurality of

directions of arrival for the signals further comprises evaluating a function

B(0) = 1 for ~ 8,, and determining whether the evaluation yields a peak value
T2

for the function.
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directions of arrival for the signals further

conprises evaluating a function B(9) =1 for - 9; ,
wanasdetes m ni ng whet her the eval uati on yi el dspPaTps2004/030576

value 122 for the function. 17 WO 2005/ 029728

PCT/ US2004/ 030576 7. The method of claim6, wherein

said determning of a first plurality of directions

of arrival for the signals further conprises repeating

7. ¢ eeabeiad ot B aheRin S Ut manFgrond Bt BURAY or.
directiSts & SivEPEF 1t siobls MR F EarhhfithsretEatind Bl Safutido,
evalﬁ%ﬁrdﬂd%é}grrﬁ{qir?%\gvhﬁﬁfesr %éjé@élhéﬁ'orpgj oldd én_ﬁgék QQEIe%r the

arr conpri ses

functioint f3r porumake tay~ 6f), addrsettingahpeak vaiues vaale1ba@d at
| east in part on the first plurality of signal
directional vectors intersecting with a subspace

o, SRR BT a0 T Brapral)
iy g e e
oL 8 IR gt
vectoY§ HtQFs%ctlﬁ@ e 8 apféc}?% nﬁ@& ‘B‘S}‘%@'ﬂ\%‘t%b&ﬁ&e@%lgnal vector

directions o arriv e signals based | east
in part on a relationship between the second recelved

oSG B R R PR bt
L ARkl S
CEPL R e o USRI AR 4B P i S

empl@ylﬁg%t §8Bond ﬁTFFdTlﬂﬂoPilgﬁél%t%tché’ﬁ‘al%ﬁﬁfréséﬁw 20

recéiving a plural ity of signals wreless transmtted

b¥eteriliningld ééfcdﬁd SlUEHNR of GiFbLIBAS of BRI YdrtHe Bignals based
plurality of sensors; determning a first plurality of
at leagbt irepait @nsa ﬁéla%ﬁshﬁabefvﬂfenathélseebn@|retfefN/ed yigahl vector and

the second plurality of signal directional vectors.

10.  The method of claim 9, wherein the method further comprises determining
a third plurality of directions of arrival based at least in part on corresponding

averages of the first and second plurality of directions of arrival.

11.  In a system, a method of operation comprising:

receiving a plurality of signals wireless transmitted by a plurality of signal
sources, employing a plurality of sensors;

determining a first plurality of directions of arrival for a first plurality of

multipaths of a first of the signals; and
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mul tipaths of a first of the signals; and 18 WO
2005/ 029728 PCT/ US2004/ 030576 obtaining the first
woecewsinegds si gnal based at | east in part on thePCT/US2004/030576
determined first plurality of directions of arrival
for the first plurality of nmultipaths of the first
signal. 12. The nethod of claim 11, wherein 5 the
”%‘blimﬁi_np%é pst re€8TPEd SRPafBASSIENRSst id FREOAthe determined
plurality of directions of arrival for the signals;
first piv@ligedfcigetiensronamigabfor thefifst phirality of ahultiyaths of the first
directions of arrival for the first plurality of
signaful ti paths of the first signal conprises searching for
the first plurality of directions of arrival for the
first plurality of nultipaths of the first signal in a
1 ' I¢ d on the determ ned
12. dﬁh%lc@lgg{ndog(? %@ﬁ?ﬁdﬁﬁg}%@pﬁe first signal. 13. The
e pbiRbd Sl eNcbinprivesRitérniifiagresdésshd plukdigy of directions of
conprises determning a correlation matrix for the
arrivalifenhkessigedlist aief ermining a plurality of eigenvectors
of the correlation matrix corresponding to the
sisgithtistermimingl6f thei fitstdgtieality off digeadions lod askivad el the first
plurality of directions of arrivals for the signals,
pluralitycdfudiltipathiseof the fist signabeomprisesseaichingefor ithestirst plurality of
ignal, is perforned based at least in part on the

S 3 . . 3 " u
directienspharival o uniist poralityof mdtinaths of Hie st slgnalin a
. corresponding to the signals. 14, The method of_.claim
direche) FHs GHOG o b dstaTNG WECHAR O GGl 2 1 isbeBng
20 conprises averaging a plurality of sets of
outer-products of a plurality of signal plus noise
13. véticomethdet efrakdimet belseréiron a plurality of
correspondi ng snapshots of the signals sensed by the
s dins onathod BurthEneomirised deterainingalcorrelatior inmatning fanthe
2005/ 029728 PCT/ US2004/ 030576 , .
signals, and determining a plurality of eigenvectors of the correlation matrix
corresponding to the signals; and
said determining of the second plurality of directions of arrivals for the
signals, including the direction of arrival of the first signal, is performed based at
least in part on the determined eigenvectors of the correlation matrix

corresponding to the signals.

14.  The method of claim 13, wherein said determining of the correlation matrix
comprises averaging a plurality of sets of outer-products of a plurality of signal
plus noise vectors determined based on a plurality of corresponding snapshots of

the signals sensed by the sensors.

15. The method of claim 11, wherein

19



said receiving of a plurality of signals conprises

receiving J signals wrelessly transmtted by J
weigisakoreur ces, enpl oyi ng N sensors, where J BaQ@/US2004/030576

are integers, each greater than 1; the jth transmtted

signal is nodeled as xj(t) =s j(t)e (2" (2+(p" s(t)

being 5 a base band signal, and cpO being an initia

I t
pha@ﬁ!éreo@gﬂré% Bfa pggrg Ob}ﬂﬁfsh fals b@ﬂ‘rh?h_sl_eé‘?rleﬂjf‘{\?ﬁ%h Usés@agq_s( )

wwelessly l’rensmﬁtéd by Urstrgdl ISoofceTshenfpldyngNtsmbl's ofhdrbe/ and N
j'th signal, fdCosQOl |saDoppIer shift the fth

are imeperispatbh @featbethart t signal, is a carrier

rﬁ%f”tﬁ%’%ﬁﬁ%@%ﬂ&f EmpARRAR o 340 B8 ) LTI [ Being
5 a ba?e P pignr =g b B0 g 55?%%%%83%5 P e BEE 0
! it Peddifed ih SR QoAb ID TR (B o e V883

V\herel n a response vector at the N sensor for a si gnal
i npi wg'engRﬁln@meamgaamtmr@tlh of the22oslfipath4xf @os Pih signal,

PN o gpﬁ%glvs%&é%%f iitinetn 8t e hisiofala

fth’m,l|tlp h of .th signal inpinging froman

bngl o 991738 AT Bobenty (1) -
v(QJ, )leeu 2rz(f|cosoul fr11)S(t-2J1  11=1 17. The
10 met hod of 5@ 8 @Race bapksignal sai d searching conpri ses

conput | ng for Kﬂs |§§alrn$é1dé%9td¥fthe{ rfh(rﬁhmbabh @fmé?twg%n)al

e bei ng a search angl e
V(Qlk, ) 1112 |§é¢ange of the Ith multipath of the j'th signal,

cis speed of Electromagnetic wave, and
8, is the direction of arrival of the 'th multipath of the sth signal.

15 16. The method of claim 15, wherein

a response vector at the N sensor for a signal impinging from an angle @is
—i2nCos0; i4nCos 0y i2m(N-1)CosB

givenby v@0,)=[1 e * e * e * J";and

a baseband signal vector corresponding to the r'th multipath of the j'th

signal impinging from an angle 6; is given by
L . —fey
20 X, ) = ZI=I V(eﬂ )leelz (fucost—1t; )S(t _ le)

17.  The method of claim 16, wherein said searching comprises computing for a
search vector {v(6, ),v(0,, ),...,v(0, )}, 6, being a search angle,

_" V(Oﬂw ) “2 and
_ V)

4T
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11. 112 is the 2-normof the vector. 18. The nethod of
wobheisrm4728 wherei n sai d searching further conmpPC$AS$2004/030576

computing yil =gHV(Qg k,)o 1=2,...,L+l 5r-1 ril

V(g k,)-Erllgl 112" 2,-..,L + 1, and 1=1 1-1 g1 =

[v(ej k)-Yr'1g1]1 t1l1, 1= 2,..., L+1. 19. The nethod of

cl diﬂ'g isgthe B PEN ©f 18 Yed@ar chi ng further conpri ses

determ ning whether a function B(E)j) = 1 yields a

peak value, and if so, 1 L+1,L+1 setting Oj =

{9 . tho i . . . .
18. e metac pf o 177 hefely sSld LR findt conflise®
comgu . 20. The nmethod of claim 11, wherein said
obtal ning oy _the first recejved signal . conprises
obt ai ni ﬁ%ﬂ( tvgé}b&sedﬁﬁ %e%ei’det er "'ﬂzaldi rections of
arrival of L multipaths of the first received signal
as follows, L N _ -#tkon-1)co& 1 z(t) = LLx |~"nt where
Wi e m=1| 4,75 ﬁzqidé,abﬁé’r,-atfutlc%%risi ng: storage
medi um havi ng stor®d therein programm ng instructions
designed to enable the apparatus to

I-1
Q4 =[v@y)~2ra )y, 1=2..L+1,

19.  The method of claim 18, wherein said searching further comprises

determining whether a function B(®,) = yields a peak value, and if so,

Frag,a

setting ®, ={0,,,...,0,,} as the first directions of arrival of the first plurality of

multipaths of the first signal.

20. The method of claim 11, wherein said obtaining of the first received signal

comprises obtaining z(z) based on the determined directions of arrival of L-

multipaths of the first received signal as follows

LY —ikdr-Dcod
—_ — 7!
Z (t) - sznmzl where M;zl =€
=l n=l

21.  An apparatus comprising:
storage rhedium having stored therein programming instructions designed
to enable the apparatus to
construct a first received signal vector employing a first plurality of

signal directional vectors; based at least in part on a first sample of a

21
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25

construct a first received signal vector enploying a

first plurality of signal directional vectors; based
wanods@astsi n part on a first sanple of a 21 WOPCT/US2004/030576

2005/ 029728 PCT/ US2004/ 030576 5 plurality of received

signals wirelessly transmtted by a plurality of

signal sources, received enploying a plurality of

sensor _Sb'lu@m?/ sfebesivbdeighald Whtlegblyrtedrishyitted boiar giatalionef
of arrival for the signals based at least in part on
a r el atgigis Bbprdes; vexeivedremployitg a phealitg df sensats; and
vector and the first plurality of signal directional
vect determineda fitst Ipbrality @feinectiers sbarrivelior ik signalséased at
storage nediumto execute the progranmng _
i nst r udeassie pagon Treatigpdvipbabvesn tedirgt BeeivRpaignal vector
the plurality of signals conprise J signals wrelessly
trans rriatrldetbeWStﬂU@%tY&frﬁ‘@%@(ﬂ'@Cﬂﬁn%‘iV@% rs; ces with
center frequency fo, the J sigpals traveling at , speed
o Aherst ApE DTS ooR SPHEIERLEs Setnds et BoiPaneoue e
arrival. Otl ‘g 6,;, the J signals are received

progfé\%ﬁ“m 'Ha "W sors with spacing d, where Nis an
i nteger greater than 1, and the progranm ng

instructions are designed to performsaid constructing
22. ofThergpparaiussaf daioe? ,edherieiihal by constructing a first

recei ved signal vector (x(t)) given by x(tf& = As(t) +
n(thg RiHERIEY “of( signals] gompyipe. J. Sigpals( wrpless Hapaémﬁﬁd by J
corspprctb S Sy T o930 1 Mot i o

speegtsé taﬁg)lmpin'gings on We) %Jnsaorrs fl%mlrgéti%\/&l athva H?f }ft puts

the J signals are received employing N sensors with spacing d, where N is
an integer greater than 1, and

the programming instructions are designed to perform said constructing of

a first received signal by constructing a first received signal vector ( x(¢) ) given by

x(¢) = As(?) +n(z)
where

x(t) =[5, (), %, O

A =[a(8)),...a(0,)]

a(@j) =[1 e—ikdcos@_, o e—i(N—l)kdcos91 JT , ] = 1’"“]’ are the Signal

directional vectors,
s(1) = [5,(1m)yry s, (n)]| are complex envelopes of outpuis at the

sensors, and
k=2xrf,/c.

23.  The apparatus of claim 22, wherein the programming instructions are

designed to perform said determining of a first plurality of directions of arrival for
22
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sensors, and k=2,cfo/c. 25 23. The apparatus of claim
22, wherein the progranm ng instructions are designed
woao@énas m sai d determ ning of a first plural PCY/US2004/030576
directions of arrival for 22 WD 2005/ 029728
PCT/ US2004/ 030576 the signals by determ ni ng 9 ... 6L
based at least in part on a(d) for i =
the signaksr inedetenyining 6 a.. Subaped at @aa‘nmlepﬁrbyntdﬂé )ff0r$t= 463
. 24. The apparatus of claim 23, wherein the
intergecting avithi & gubspageugnanmed yribe firsirx@pr desi gned to
performas part of said determ ning, conputing of 5 a
first coefficient r11 = 11x(t)Il and a first

24, g@%&é@fg@\kﬁvﬁﬁﬁﬁ}% Whé?@ﬁ?th@%ro&r‘%%nﬂ?@%@fr%ﬂ&\;s are

erelrn rogrammn nst I ons

furth ISR fotp RS PETLER P35l it haleomimmos,

computin or a( ,) a second coef

O ond_ onor vector g2 = a(- Q) -
E’)fﬁfSt ot 2=l @f.c. gy Voot2 gHa(- 0,) 11 where

faoﬁrﬁfértﬁ(%drh%(%v%@ioef 8% ... 9j. 26. The apparatus

erein th pr;ggr anmi ng i nstructions are
designed to performas part of said determ ning,
eval uation of a function 15 B(0) =1 for - Oi , and

25. | Fpe AN ORI hariaRi 5 Prodg PR Bsiucudh fe
de&g%@d L r%'rﬁ‘l éé“gaﬂ@ro?’g @"ﬂ‘été}‘ﬁmhm@t ESRPURRS f&f £(~ S| gned

formas part of said deté& mning, repeati‘ng of

szy gj;d@jmmgelfﬁtgent eval géh{-om)and determ nation of
whet her the eval uation yi el’ ds a peak val ue for the

a second orthonormal vector q, =a(~6,)-n,q,, and

a third coefficient r,, = ”qu a(~ 0,

where ~ 6, is a trial value for 0; ... 6.

26. The apparatus of claim 25, wherein the programming instructions are

designed to perform as part of said determining, evaluation of a function

B(6) = 1 for ~ 6,, and determination of whether the evaluation yields a peak
T

value for the function.

27. The apparatus claim 26, wherein the programming instructions are
designed to perform as part of said determining, repeating of said computing,

evaluation and determination of whether the evaluation yields a peak value for the
function, for J or more a(~ 6,), and setting of J peak values as 9y ... 6.

28. The apparatus of claim 21, wherein the programming instructions are

designed to perform as part of said determining, determination of the first plurality

23



20 function, for J or nore a(- 0;), and setting of J
peak values as 9, ... 01. 28. The apparatus of claim
wazposwhenei n the progranm ng i nstructions are Pde’iSged30576
to performas part of said determ ning, determ nation
of the first plurality 23 WO 2005/ 029728
PCT/ US2004/ 030576 of directions of arrival based at
of difeptiohs bhaival based belebbt intpapt o dhe fipst pfurél'ﬁtg@iﬂbignal
di rectional vectors intersecting with a subspace
directipaaheztitrng ihteesddtingtwitrea subsphces spaaied/igg ther firsR&ceiMee
apparatus of claim21, wherein the progranmm ng
signalnatctarct i ons are 5 designed to perform construction
of a second received signal vector based on the second
sanpl e, enploying a second plurality of signal
29. diTis hpparakuy/6rcd|fing 21 barskimthd Bdgramiiing #Hstrutlods are

second sanple of the received signals sensed by the

5 desigtatsty serf@rngl determination of a second plurality of
directions of arrival for the signals 10 based at

| eamtstiuctigraof a gecand edcaiverhsiphal Vertoveessdden thecssudnd
recei ved signal vector and the second plurality of

samglegasiplajingatseonnd plusalityof sighd) diteeticnsb secios baked lahiaast

) 29, wherein the progranm ng instructions are further

in pagien griegond samte ef theceapivad sianals seasedbyriheesensdis;rand
pgyralixy,of girecti ngv of arrival based at |east in
pargteEninatien @ ﬁ&ﬁ&%@p @H'té(@zg'réf?t'@fﬁeowrﬂg?' fanthessignalg

5 plurality of direction f arrival. 20 25 31..An
10 basegafeditdh bt 2 LSS Pafitedth e SieuiTRgSEd signai vector

I [ Or QqF; ' I i.ons designed to
and et ot ol BTGl Wl "F Pt Bl ity of
directions of arrival for a first plurality of
mul ti paths of a first of a plurality of signals
30. wi the errarafusefialaimedd byhereipther programating ingtractions are

soyrces,  and recei ved enpl oying a plural.i
further éjesigned to enatﬁe the apparrg'?us odgte H [

ty of. N
rmine a third plurality of directions
of arrival based at least in part on corresponding averages of the first and second

15  plurality of directions of arrival.

31.  An apparatus comprising:
storage medium having a plurality of programming instructions designed to
enable the apparatus to
determine a first plurality of directions of arrival for a first plurality of
20 multipaths of a first of a plurality of signals wireless transmitted by a
plurality of signal sources, and received employing a plurality of
sensors, and
obtain the first received signal based at least in part on the determined
first plurality of directions of arrival for the first plurality of multipaths
25 of the first signal; and
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sensors, and obtain the first received signal based at
| east in part on the determned first plurality of
wdizosaeenans of arrival for the first pluralityPof/us2004/030576

mul ti paths of the first signal; and 24 WD 2005/ 029728

PCT/ US2004/ 030576 at | east one processor coupled to

the storage nediumto execute the progranm ng

' réﬂééé‘fbh@ﬁ]océ’gsor&@pl@ﬂﬁéﬁl@é %réﬁe frlctiium 38 exebetecire

t he progra ng instructions are further designed to
progréf@hing ihBeu@rpratus 5 to deternmine a second

plurality of directions of arrival for the signals;

and the progranm ng instructions are designed to

32, pelrf %@%@&%QWT \plgerg[ the first plurality of

arriva first plurality of

?}’El‘rm% P@rﬁ@gﬁlﬁg {udéfoﬁé aré 'flﬁﬂ@r d%%lg?n%@rtérérié%lé fHe égbﬁaratus

irections of arrival for the first

to deRirHJﬁﬁé btebcoflfl pialitysitdi@cidng bRartivasfor ﬂtegﬁlghalsﬂ and

direction range centered on the determ ned

dithe progranthingrinstvadtiont drédebignet! ts ipgrfaim s%zﬁi déteemining of
apparatus of claim 31, wherein the programm ng

the firgstpluralityi afrdireatiens of aimival foe theyfirst ptusaléy @b Mwulipaths of the first
apparatus to determne a correlation matrix for the
signa byreslaschiag fordibe dirsh pleralitypfuticectiens of arrvbtantee fitst olprality
the correlation matrix corresponding to the signals
of muliipatbs of fe ﬁvs@ glgmlﬂm@ dirﬂ@ttqmr@pg@r@néﬁr@d d%bﬁhﬁrfgﬁle'ifﬂ'”ed
gerf orm sai g erm n| of the second plurality of
directiph OF BITHr7s obthey rISF §'SP§ for the signals, including the
direction of arrival of the first si gnal , based at
| east in part on the determ ned eigenvectors of the
33. cdihechpparatusneitclaim 8bywheeondi ng to the signals. 34.
The apparatus of claim 33, wherein the programm ng
i ribe progriaomsingrisstrecionssirg Marcﬁwt@] enghle the apparatus
determ ning of the correlatjon matrix aver a
to degaraiae irgoreslatian magix fsantﬂa_ﬂ signaiguand d@FerH"afP &k 'ﬁ“gv of

si gnal plus noi se vect
elgenve%tors or% the correlation matrlx correspondmg to the signals; and

the programming instructions are designed to perform said determining of
the second plurality of directions of arrivals for the signals, including the direction
of arrival of the first signal, based at least in part on the determined eigenvectors

of the correlation matrix corresponding to the signals.

34. The apparatus of claim 33, wherein the programming instructions are
designed to perform said determining of the correlation matrix by averaging a
plurality of sets of outer-products of a plurality of signal plus noise vectors
determined based on a plurality of corresponding snapshots of the signals sensed

by the sensors.

35. The apparatus of claim 31, wherein

25



determ ned based on a plurality of correspondi ng
snapshots of the signals sensed by the sensors. 35.
woheosappas at us of claim 31, wherein 25 WD 2005P02AR2B4/030576
PCT/ US2004/ 030576 said receiving of a plurality of
signals conprises receiving J signals wrelessly
transmtted by J signal sources, enploying N sensors,
whetie rdceining Of adlgralityt sfgsigrials eagipriges adsiving Arsignals he
jth transmtted signal is nodeled as xj(t) =
wireleggly tansahittddbyp )/)signead Gourdesi empldyirg besensoes)dvisergnband N
and ~oo being an initial phase; and = Rle i2n(f,]
are iptegBfs, eathgyeater tharzf;1) the received jth signal is
gi [ . = {J i g)th ) griz+sir engt b .
oftY]? R‘Q*{h@”}lﬁ%‘% Fglgﬁjaﬂso%ﬁ%ﬁ@dfaﬁ ﬁéf @2 gnglf ﬁ) egf dCos6fl &?)s %elng
I ift the: ft [ . the j'th signal,
5 aba?e IB%HQS nraf,:%fgrd e ggﬁ‘gngc:hy!ﬁ%{%p@%gﬁ%da base band
Si : = .1l ci ty d y pOfiartineoftehy .
rrutﬁg ?%%?lké%bhts l'(r{edajjr{st%bérl' gXa’Hm_r' ,Jléf’%\ range ofg(tt hTéf)
fth nmultipath of theyth signal, cis speed of
El ecwwhemnafies the signal, steengitiOof thes/th meultipatbadfitioa /4 signal,

arrival of,.the fth .ti pa f the j.th signal, 15
36 The apardis Popber S, ultipadn BrEfhnsTdhal
vector at the N sensor for a signal inpinging froman
angle 6 i l§i82§8rr@ﬁg ql'r'qmyCos9j , 121r(N-1)Cos81 given
j 1 1 Il ed ....... 20 A 7T
by V(9] )SO iL a bease t?andd signal, e 20

t, =r,/c is a time delay of the /th multipath of the j'th signal,

10

r, is a range of the /'th multipath of the j'th signal,

cis speed of Electromagnetic wave, and
¢, is the direction of arrival of the 'th multipath of the jth signal.

15 36. The apparatus of claim 35, wherein

a response vector at the N sensor for a signal impinging from an angle 8 is
—i2nCos@y i4nCost i27(N-1)Cos8;

given by V((9ﬂ)=[1 e * e * L e A ]T; and

a baseband signal vector corresponding to the rth multipath of the j'th
signal impinging from an angle 6 is given by
L . “fey
20 Xj(t)=Zl=1V(0j1)Rﬂelz (facos8 = fr )S(t__[jl)

37.  The apparatus of claim 36, wherein the programming instructions are

designed to perform as part of said searching, computation for a search vector
{v(6,,).,v(0;,),....v(0,,)}, 6, being a search angle,

ny=| v(0y,) |,and

26



; and a baseband signal vector corresponding to the

fth nmultipath of the j'th signal inpinging froman
wangs®2en28 is given by x |j (t) _ V((r) PCT/US2004/030576

j1)R1llei 2, r(fdC- Qg I-fzp)s(t - Zj|I YL r=1 37. The

apparatus of claim 36, wherein the progranmm ng

i nstructions designed to performas part of said
sear chi ngy cOitdut ati on for a search vector
{V(9A) , v(Q I, ..., Vv(91k,)} , 9k, being a search

angle, r11 =11 v(6Jkl) 112 and 26 WO 2005/ 029728
PC&MUS%@M?UBU@V&”%@‘Z—@C’W%) ril1 is the 2-normof the

vector. 38. The apparatus of claim 37, wherein the
progranmm ng instructions are designed to perform as

38. (it e SYEGNST ROy fislucions are
desig@%@ to:g%}folrmla%éaﬁb‘fégd@efaz&ﬂiﬁ@,i ddriputafiof of - -, L+1.  i=1
9. The T.cl 38, th
5 Tnstrudt e dee delFgudd Ro bBrroritds part of said
searching, determ nation of whether a function

-
r,, =u V(ijl)—zlri,qi [=2,.,L+1,and
i=]

”

-1
q, =[v(0,)- gr,.,q,.]/r,, , I[=2,.,L+1.

39. The apparatus of claim 38, wherein the programming instructions are

designed to perform as part of said searching, determination of whether a function
10 B©®))=

yields a peak value, and if so, set ®, ={0,,,..,0,,} as the first
Frain

directions of arrival of the first plurality of multipaths of the first signal.

40. The apparatus of claim 31, wherein the programming instructions are

designed to perform said obtaining of the first received signal by obtaining

z(¢) based on the determined directions of arrival of L-multipaths of the first

15  received signal as follows

L N . A
__ -ikdn-)cod),
Z(t) zzzxnmzl where 1/1;11 =€
1=l n=l

41. A system comprising:
a plurality of antennas to receive a plurality of signals wirelessly transmitted

by a plurality of signal sources;

27



10

15

20

10 B(OA) = 1 yields a peak value, and if so, set § =

{0j1,..., gL} as the first rL+1,L+1 directions of
wanroisxwad72ef the first plurality of rmnultipaths 8ETHISE004/030576

first signal. 40. The apparatus of claim 31, wherein

the programm ng instructions are designed to perform

said obtaining of the first received signal by

obd ®Aiunigcordled tdareshtennad e delvargonved tié Feséivedsigials;
arrival of L-nmultipaths of the first 15 received

andsignal as follows L N Z(t) = LLXnwnt 1=1 11=1 _
-i kon-1)co~971 where 1' ni -e 41. A system
c oapirestionof arripallesiimatipnoinitenupiedido the REawmiitydoa
plurality of signals wrel essl %transm’ tted by a_
pl ur &Pnsijucifa fﬁrﬁgf@éﬂe'@&ﬁl@f@i veglornamplogingop et glurality of

PCT/ US2Q04/.030576 gnd 5 a RF unit coupled to the
ant enna¥983 (ﬁr&ﬁﬁor@ﬁf@@w&t%eﬁ&%ﬁ@@d%w @ H@t sample of
directign of .arrival estimation unit coupled to the RF

unit, t9° rggﬁggg a@pa};;@p_ st received signal vector
vont et %@%éﬁfriip'@]@ﬁ@fiﬁﬁéﬁﬁﬁ?g ghAivef It sifs gsed at
of i + depy o iR TeloBferiE LETLA b fiish Flochlyéd Bldrial vector

| east i ghparelfirefpiardlit) 6 sighsiire Shﬁﬁ‘fé?ﬁtéﬂé.e first
recei ved si gnalgﬁ\)/ectg}r agd thjheC?i rst plurality of
signal directional vectors. 10 42. The system of claim

42. 4lrhé'\'|§)?srt8}nnoft cl?éalmdﬂ ,ev(\?ktlér%f]n t%]:a é}{édti\éﬁlof%sr}i\lla etsltfr)rQatPonr{ ltmit
performs as part of said determination, determination of the first plurality of
directions of arrival based at least in part on the first plurality of signal directional

vectors intersecting with a subspace spanned by the first received signal vector.

43. The system of claim 41, wherein the direction of arrival estimation unit
further

constructs a second received signal vector employing a second plurality of
signal directional vectors, based at least in part on a second sample of the
received signals; and

determines a second plurality of directions of arrival for the signals based at
least in part on a relationship between the second received signal vector and the

second plurality of signal directional vectors.

44. The apparatus of claim 43, wherein the direction of arrival estimation unit
further determines a third plurality of directions of arrival based at least in part on

corresponding averages of the first and second plurality of directions of arrival.
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perforns as part of said determ nation, determ nation
of the first plurality of directions of arrival based

wanods@astsin part on the first plurality of si gaalus2004/030576

directional vectors intersecting with a subspace

spanned by the first received signal vector. 43. The

systemof claim4l, wherein the direction of arrival

estimation unit 15 further constructs a second

recei ved signal. vector enploying a second plurality of
45. sifghsten; 1Y% vectors, based at least in part on

Y ﬁ%ﬂﬁ'eéfa SMefndh 10 Eﬁ%&}"&eﬁ? 5@'}‘% B SioRpf uitefessly trapgitted
g . 20 i
by a pfalfy5f SHABFSAIEESS, e cocond recelvod <ignal vect or
andef it c}%ﬁ%@ﬂto"l’h@rﬁt%ﬁé% v ebnvlrf 8 Feited signals;

VECt Ors. e apparatus of claim43, wherein th
and direction of arrival estimation unit further
determines a third plurality of directions of arrival

basgifbotibnlof asitival esfiaratiop unitaouplesiporttle RF awndt, &ges of
the first and second plurality of directions of

ar r i geterm@ A\r2 EOTALY BT 28BN sUs2tinalfe0 Brirst plurality of
systemconprising: a plurality of antennas to receive
a pl ur anultigatbs ofiadfirat ef awlusality of feceivatssignaliwirgless
plurality of signal sources; a RF unit coupled to the
antenné@nﬁm@@@\gywvﬁw ohana seuess 8Nghal s; 5 and a
direction of_ arrival estimation it . coupled to the RE

A fetsy FopRe on s

uni t obtag thedirst iaceives Tigna bagpd Ahlqasy Mhpath ory g drierigined
oL lhhoByl SRSk SRl P PRt Bt s
t i de I lit f si I : d 10
oL?giSanﬁie F'&?Fgr%é‘g(re?vledys?gn; gggsezogtr CIeZas?ni n

part on the determned first plurality of directions

of arrival for the first plurality of nultiéaat hs. ,
46. The system of claim 45, wherein the direction of arrival estimation unit

further
determines a second plurality of directions of arrival for the signals; and
determines the first plurality of directions of arrival for the first plurality of
multipaths of the first signal by searching for the first plurality of directions of
arrival for the first plurality of multipaths of the first signal in a direction range

centered on the determined direction of arrival of the first signal.

47. The system of claim 45, wherein the direction of arrival estimation unit

further

determines a correlation matrix for the signals, and determines a plurality of

eigenvectors of the correlation matrix corresponding to the signals; and
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of the first signal. 46. The system of cl ai m 45,
wherein the direction of arrival estimation unit
wobuondshey728 15 determ nes a second plurality of PCT/US2004/030576

directions of arrival for the signals; and determ nes

the first plurality of directions of arrival for the

first plurality of nultipaths of the first signal by

S efetetmnings ty sédundf plusdiityobidied cliondf slirivelst fooitise signals,

arrival for the first plurality of nmultipaths of the
inclutlingsthe slirgotidn ohamivel ofetbeifost Signgk basedtaddeaiston pahison the

determ ned direction of arrival of the first signal.
deternainad eigimyestoss efthef carrelation B)atiteosiasponding tpetgtai&b@nal&

of arrival estimation unit further determ nes a

correlation matrix for the signals, and determ nes a
48. PITHeASstdMAT cl@mOEnRtdreirsthel dir&eticrost &righl @stirBficn Ynit

corresponding to the signals; and 29 WO 2005/ 029728
detefQih& S/ 8200 306 natek by mveesyihben prealitd ofisetsadf dytepbroducts

directions of arrivals for the signals, including the
of a pluradity obsigodl FHus heisk velctdrbeleterminesli lppssd omagddradity of

| east in part on the determ ned eigenvectors of the
correspondingtsnapshelisrafthe oecadvgrbsiginads.t o t he signal s. 48.

The system of claim47, wherein the direction of

arrival estimation unit 5 determ nes the correlation
49. MK bMtichyofviahaficRe &ofpiisiid ty of sets of _

outer-products of a plurality of signal plus noise

vetinaichindatadableadediaachaving atokad thleréin aplurality of

correspondi ng snapshots of the received signals. 49.
programmirtg insteucifonsedesigred toceraierarsapppratustcthb@aable to

readabl e medi um having stored therein a plurality of

10 peongteuahiarfist negeivagtsigmi veetorgeisployingadissteplurality of

apparatus to be able to construct a first received

si gnal signal direstignadyesiprs Based ablegshin pyrt on afigghgpmple of a

directiognal,K vectors; ,based at |east in rt . on a first
i o RSl Giiaeaved SRpes GralGeY Rgsaiied by & Rty of
transm tted b% 8 plurality of sources; and
sources; an
determine a first plurality of directions of arrival for the signals based at
least in part on a relationship between the first received signal vector

and the first plurality of signal directional vectors.

50. The article of claim 49, wherein the programming instructions are designed
to perform as part of said determination, determination of the first plurality of
directions of arrival based at least in part on the first plurality of signal directional

vectors intersecting with a subspace spanned by the first received signal vector.

51.  An article of manufacture, comprising
a machine readable medium having stored therein a plurality of

programming instructions designed to enable an apparatus to
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15 determne a first plurality of directions of
arrival for the signals based at l|east in part on a

woeb@tnenshi p between the first received si gnabPCYaskmn/ 030576

and the first plurality of signal directional vectors.
50. The article of claim49, wherein the programm ng
instructions are designed to performas part of said
det detarminie ariirstaduralityi ofatirectioos of laerivalrfer adirstpluralijy of
20 directions of arrival based at |least in part on the
first rpultipattistgf aofirssplmalurdityceftresaived sigealsrwireless
intersecting with a subspace spanned by the first

recei Vté@%mlgﬁﬁlbwﬁél@lﬁﬁ“ty ghSIgRR! §PHIGESe3BE manuf act ur e,

f gggrlétai'l“ ghgep?f&?%qg@?%o#@en%w Jﬁ\?{}’élﬁ%ﬁps ﬁsd%(iiermmed
g(e;-sr', %gggbélﬁfﬁi 8{5&693{%@%%% ¢ ?‘I’E\llj? hepflrﬁ ﬁﬁg@(yocff%&ﬁpaths
di rectéﬁﬁé f@%‘ si(ﬁrﬁlval for a first plurality of

mul ti Tst of a plurality of received
Si gnal s wreless transmtted by a plurality of si gnal
sources, and obtain the first received sjgnal base

52. | Eeriicle pbelaing Al weer&@% Wlmaﬁynngrlgﬁtrg tipng ?'iey

ections  of arr| for the first plurality of
de\c,lgrpﬁqr otﬂi% %PPW\‘@ st signal. 52. The article of

%ﬁb\?ﬂle e SR @%&%ﬁ“{@n%p%ﬁ.‘sfé (48 e SRl and
Sqieéﬁé‘ﬁ@\% tgﬁgirr& ddﬁr l ];orf%n{]egﬁ{y a?FIYQrffnL tf?lﬁl fnfs‘PbngrQlﬁy of
mu|t|pgﬂfse(9lith8rfﬁ‘stgsrflgﬁ%rﬂy"s@aréfﬁé&u %I’fé first pmréil'it 'dftdi're%flons of

at hs rst al by searching for the

arnvaﬁ‘of #e f?r‘s‘t‘ bﬁ]réﬁty o@fnLﬂ’ﬁ;faQﬁé bPthe fifst siiiidl b diggctibheange
irst plurality of multipaths of the first signal in a

centelf@dfcﬁﬁheoﬂletéﬁﬁﬂ%d diesetien efl apivailhd thlefiestrsigveal. di rection
of arrival of the first signal. 31
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