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The present invention is related to the field of comunicat] i.n al ,
and wirel ess cOPMAIAPPE on, in particul ar. BACKGROUND Adva‘%@zggm%%%&%
integrated circuit, mcroprocessor, networking, teleconmunication and other
rel ated technol ogi es have led to w de spread 10 adoption of wreless

Communi cat | on. i&%ﬁ%@ﬁ&%&ﬁ%&gglw ?E?Q i%%é&d?\?%ﬁmg 5" robi l o
ey ie

mnreless "cel | " phone conmuni cat es
with a "nearby" ser vi 4 : I C erTec ation), which
rel ays the conmuni cation S|gnals for t he nobile handset The servicel/ base 15
station provides the relay service for all nobile handset in its coverage
area (its "cell"™). Thus, a service/bagmisd &idign typically receives and
processes conmunication signals froma nunber of nobile handsets in its
"cel | " cancurrentthy présentoiventibhiiprelatet terthasieat oftduenmeanicatien ragenestit i on
for receiving the comunication signals fromthe nobile handsets have
beconme populand, wiededs cdrasunatieny iy partiadlaant ages in terns of enhancing the
capacity and t hroughput of the w reless comunication system Various signal
processi ng techni ques are enployed to Qrocess t he recei ved commruni cati on
signals, including but not limted nme" processing techniques.
Anong t he space- tlne tec beant S one of the 25

]E)r om si ng ar eas ‘P.%é?‘@i?s eg@&egrﬁl'rgHg bCf?Wé’CE?ﬁoéna?‘H‘%&%mga gnal s ][ecelkved
roma es'té@goﬂh{uﬁ?ctaw fanBnEF EichREM AL Rl BN AUER®! 2 Known

trai n ng nce east nean

square (1gMB)3uop¥kd E0HRAIR3S ESHnMGHicHRBD S 03BBTSwireless “cell” phones. In the

case of wireless communication, such as mobile wireless “cell” phones, typically,

a mobile wireless “cell” phone (also referred {o as a mobile handset),
communicates with a “nearby” service station (also referred to as a base station),
which relays the communication signals for the mobile handset. The service/base
15  station provides the relay service for all mobile handset in its coverage area (its
“cell”). Thus, a service/base station typically receives and 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 from the mobile handsets have become popular, as it has
20  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
25 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)),



for beanformng to a desirable direction. O her known techni ques for
estimating the directions of arrival (DOAs) include enploynent of the
Bartlett processor or the MJUSIC (Multiple Signal Cassification) technique.
Trai ni ng has t N 20§82t age of incurring overhead in the tHOTHRHFOBSHE 5
the system and convergence nmay take longer tine than the tinme available to
make the determ nation. The latter techniques require a |arge number of
snapshots of the received signals to provide a good estinmate of a
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denote simlar elements, and Tn igure 1 1llustrates a

conmuni cat i Omgk@\thé @R Rinaiient abﬂeelatftél’fte@lﬁrﬂqmesirdm@lréfaelargymﬁﬁbér éfnvention, in
accordance with one enbodinent; Figure 2 illustrates a portion of the

operational BhapsHfots oﬂ’eh’eafemlmdwglgnale to grovede & gosd @stianate vbd corfrelatism gnal s
wirelessly transmtted fromJ si Pnal sources, in 10 accordance with one
enmbodi ment ; Frlegrwf eeflective obtheaoaslaiiop det therads therrofhpidhatreesived sipaalstiom

det er m ni ng £ directions Pf arrival of L nmultipaths of J signals
wirelessly t FEW8APPERIPH SIRAISATGRal  sources, in accordance with one

enbodil rre% Additionally, while each communication signal typically has a number of
multipaths, due to environmental factors, such as reflection off structures and so
forth, these techniques typically estimate the DOA based only on the most

dominant multipath of a signal.
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Figure 4 illustrates a conputer systemsuitable for use to practice one or
15 nore aspects of one or nore of the signal processing nethods of Fig. 2-3,
in accordance with one enbodi nent. 20 DETAI LED DESCRI PTI ON OF EMBCODI MENTS
OF THE | NVENTI ¥R 20543838 nent s of the present invention incl BEEUBYO4/EI0& 60t
limted to nethods and apparatuses for determ ning the direction of
arrivals of a nunber of 25 signals wirelessly transmtted. Enbodi nents of
the present invention also include methods and apparatuses for determ ning
the direction of arrivals of nultipaths of a nunber of signals wrelessly
transmtted. 3 WD 2005/ 0297 WS fol | ow ng
description, various aspe ----- sl invention w il be

descri bed, Howeve t hat

ot her errbodl ment s‘g |6ri)4r|6égpfl"1e3ﬂ§§ {)]V ?'qu@@gr%ﬁg%éﬁ %\?W%R%f escri bed
aspects. For g ,,9&5,@@1 I S 5
configurati ons are etgo(?rgrﬁ{ﬁ{gsﬁﬂq@r'ag’r'kfgﬁ%ﬂreg\tﬁgsdgé@fg Sﬁ?‘(‘)ﬁ%% ﬂ(;,Sr gﬁgﬂqdl ng of
the enbodi mantck: However, it will be apparent to one skilled in the art
that other enbodi nents may be practiced without the specific details. In

ot her instances, Figaré 1kilsivatéeatomasurdacatioordnyvirenment siitable for @dacticingrtder not
to obscure the description. 10 Various operations wll be described as

mul tipl e di sprasest ippentn, ongcgandangenwith ppe embedinegntt hat i s nost hel pful in
under st andi ng the_enbodi ments, however, the order of description should not

be construed as t%‘gﬂﬁ%?y”‘ﬁﬁ@ﬁe% ﬁ@?@'%’bﬁr’fﬁ? Peeratigpal ﬂOWef@é%@rrmWn%mﬁar
d dent t t d.. nagt d i
or derof - pr eQERitens ghoie! GhE S BRI IR e aHaA gy S dne! BegseeBeat ed! y.
The phr a§§ 9‘38@6{8&#@@ wﬂ?‘éﬁe%ﬂ%bord‘%gﬁt to the same enbodi ment, however, it
er

may. The conpr i
Figure 3 Hlustrates a portion of the operational flow for determining the

directions of arrival of L multipaths of J signals wirelessly transmitted from J signal
sources, in accordance with one embodiment;
Figure 4 illustrates a computer system suitable for use to practice one or
15 more aspects of one or more of the signal processing methods of Fig. 2-3, in

accordance with one embodiment.

20

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
25 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.
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"havi ng" and "including" are synonynous, unless the context dictates

ot herwi se. Referring nowto Fig. | wherein an overview of a comrmuni cation 20
environnment suitable for practicing the present invention, in accordance
with one enbo®OA8HY029728 shown. As illustrated, for the enb8ETMSHA04/030576
comuni cation environnment 100 includes J nobile handsets 102a-102] and base
station 106, communicatively coupled to each other. Base station 106 rel ays
comuni cation signals for nobile handsets 102a-102j i ncluding receiving

si gnal s wi r el esslly tiesfailowitsndaescdgtidsy vatieuhaspists ef erMhedinwmrds wétihesdrgmts,
anong ot her things, may be processed and forwarded to another si

processi ng riBYﬁé‘tPdet’m@ﬁcﬂﬁﬁ}?”%@d aHoweyen Edll berRBRERRIQ B9seskiieddn %r k, to

2‘;;;2; o’ a B Srbettai Medihe pRgead iR oM ROMa AT PROBNSSORRY ched
ISﬁSF’lSSﬁ :Eé.s“é%a{% P b8 R AERn, BREe URer plulrbBiattEe® o 2225“”6‘5
Cransm € 5?o%f'éﬁ‘?gea?@?gés&ﬁéﬁﬁ&ﬁ%ﬁ@ profec ooy tRigndanpl . drRe oved Lo
Addi tional | YemBadigRAsS ﬂ;&%évéroﬁwm apParefi sheeskilfedf inthB &t thef BBses.

Ant ennas 108a-108n may al so be referred to as sensors. For the purpose of

thi s appli cadrmbodinmehés ina9 biegirasticedenitions thenspesifickietailsl. tinIotler iastenpeyyed to
down convert RF signals received by antennas 10 108a-108n into baseband

si gnal s, or wegll-smowrefeatires esanhitedyonsigplifrainRrden rptdb ©bstare theansni ssi on by
antennas 108a-108n. Signal processing unit 110 is enpl oyed to process the
down_. convert@ﬂicnﬁ%'bband si gnal s, and process out bound signals for up

Co e o e e SRRy B Sl BEE SR Mkl SR BRI
each ot her qﬂ% ljﬁgnr%:r tHQ I n]f&sq h%?pfuﬁn?lwaerstandmg the embodiments, however, the
order of description should not be construed as to imply that these operations are
necessarily order dependent. In particular, these operations need not be
performed in the order of presentation.
15 The phrase “in one embodiment” is used repeatedly. The phrase generally
does not refer to the same embodiment, however, it may. The terms “comprising”,

‘having” and “including” are synonymous, unless the context dictates otherwise.

Referring now to Fig. 1 wherein an overview of a communication

20 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
signais for mobile handsets 102a-102j including receiving signals wirelessly

25  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,
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I n various enbodi nents, DOA Estimation unit 112 estinmates the DOAs of the J
signals (J being an integer), to be described nore fully bel ow referencing
Fig. 2. For these enbodi nents, Beanform ng unit 114 forns the correspondi ng
20 wei ght ed ouWPuPsRYAxl s based at least in part on the DAXST/B32004180T6
signals estimted by DOA Estimation unit 112. In other enbodi nents, DOA
Estimation unit 112 estinates the DOAs of the L multipaths (L being an
integer) of the J signals, to be described nore fully referencing Fig. 3.
Some enbodi nad/er towpponal pooeessing mede (Rt akevwaldy & BSHY (PBbiieSuitrhed
referencing Fig. 2 and 3. O her enbodi nents support both. For those

embodi ment s SRIBPRANS NgWOHEh nethods illustrated by Fig. 2-3, the enmbodi ments

Phe oo methoda. 40 TRoRRPAERTo et IR IR o5 Eanes J0RarOin Res he
et _ 0 ) | ,

bonn or i ng Ut P60 Rl BREs G 8RR AR cadifeq I EactPohBl AL RRATH RS | ¢

in part o thsdi%@l\r}ggbe/xﬁteﬁ%éHaeah%sﬁfaré B oyl%dstbgl%?ﬁt%ﬁite@?érﬁ@l?e%‘éi\}éy DOA

Estimation unit 112. e specifically, Beanform’ng wunit 114 determ nes a

number of cogiggspao MEbiehanisetand24-a02F Addtioriy, Sxponst 1UBU0PIsi gnal s
based at least in part on weighted contributions of the L nmultipaths of the

J signal s eshé smplget yorIAeEstipoats. oAniennas 108a-188n emry &leo behrefeaidbdantasgeous
manners base station 106 acquires signals 10 104a-104j, nobile handsets
102a- 102j angermpraurfiardha porpospraidinapalidationdthedwgdernns atchawwnymenent s. A
conputer systemsuitable for hosting a software i nplenentation of DOA
Estimation unit 1Pugihd1Binamelayeddo davp cpxerRR sigaals regaiyRd byasiennaed

bel ow r ef ' i ._Th f i mpl ' b | oped
el oyi 9 anbamE Pl besSng iSO o Brogrdeehny SRNaagae 1 SoRBRever.
t he present 4 pyrgﬂgm@giﬁﬂbvlﬁigﬁﬁa%sB@ééj_1@zgn.port| ons of DOA Estimation unit

112 and Beantor ni ng e 1nplenmented in hardware, using e.g. one
Signal processing unit 110 is employed to process the down converted

baseband signals, and process outbound signals for up conversion. For the
embodiment, signal processing unit 110, includes in particular DOA Estimation
15 unit 112 and Beamforming unit 114, coupled to each other and to RF unit 110 as
shown.
[n various embodiments, DOA Estimation unit 112 estimates the DOAs of
the J signals (J being an integer), to be described more fully below referencing
Fig. 2. For these embodiments, Beamforming unit 114 forms the corresponding
20  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 fo be
25  described referencing Fig. 2 and 3. Other embodiments support both. For those

embodiments supporting both methods illustrated by Fig. 2-3, the embodiments



or nore Application Specific Integrated Crcuit (ASIC) or Field Programrmabl e
Logi ¢ Devices. One of ordinary skill in the art would be able to do so,
based on the description provided herein. 20 For the remaining descriptions
to foll ow, andwbaoosiher2gl ai ns, the followi ng conventions aprerermboyesis -

bol df ace-capital letters, such as A, M represent matrices or subspaces, 25
- bol dface-small letters, such as v, represent vectors, and - non-bol df ace
|l etters, such as "s", represent scalars. 6 WO 2005/ 029728 PCT/ US2004/ 030576
Ref erri ng nowayaide gupmdrt eorffigovatibinadf roamaf tHeutswor methogstdsehe parrant operbtimyy of
DOA Estimation unit_112 for determ ning the DOAs of the J signals in
accordance WetiPbnEeppdiguiian mey berbrRorethe 2AedaiorelbamissaRrisathe

i stinct s Ef‘feilférﬁﬁéﬁ’%%ﬁr?eﬁﬁ@%éﬁ%ﬁ&? BeaioTdis Huadif BT £ RESHEANING 1 he
Fecei ved si gigpufSong @ﬁgé%ﬁegstﬂ{‘wamégﬁnﬁﬂ%%of%ﬁmﬁp@éﬁao M8 he 1
col um ves! GRS R oL e S HECOD BBRNOTANE o
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corresponding output signals based at least in part on weighted contributions of

the L multipaths of the J signals estimated by DOA Estimation unit 112.

Except for the advantageous manners base station 106 acquires signals

10 104a-104j, mobile handsets 102a-102j and RF units 110 represent a broad range

of these elements. A computer system suitable for hosting a software

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.
15 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.

20
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,
25 - boldface-small letters, such as v, represent vectors, and

“ .l’

- non-boldface letters, such as “s”, represent scalars.



NxlI. (5) s(t) =1s, (t),...,s, (t)]r , s(t) is the J x 1 vector that
contains the J signals transmtted by J independent sources. k = 2,y /c, fO
bei ng the center frequency, and c being speed of 20 electromagnetic wave, k
bei ng the waveWVe§t¥29@Rd d is the spacing between antenna BEENEWOHOHAFE t
corresponds to the tine index.. Thus, x(t) is the linear conbination of
J-linearly independent Vandernonde vectors, each corresponding to a source
direction, and x(t) may be considered as 25 (6)

x(t)=a(B,)s, (t)+.Refea(® hew (a Figzr 2v@R00Hag2eviHgs rngUs2apera3msiosy of n
Equation (3), matrix A represents a basis that spans a J-di nensi onal
subspace, t )PP EFHIMeion wait Sl Lr datesarning f18,D0%6of the JiSianalebArseEaeen has
one of the directional vectors as its el nt . . Hence he exi sts a

correl ation WHeANE BH qdrqgeptm{seqsrgngv&iﬂhe %mggﬁ'@eéﬁ@-ss%ma?&r%%{ﬂ%wglgssubspace
spanned by x(t) (AUl piqSeARB: YGEIQmbifde Gn?r\@%Iaefwte?ﬁ@BﬁQﬁr? 6ad?gtirﬂ:’?y of
it's J-signal directional” vectors 1s non?zero. Therefore, , does not
corresporfil tdiramtionsfd, t.rdyewhers ihe athigtasct | anesmeaswred Ovithoedpect.to fiee gndftrae

i ntersection between x(t) and a(B;)w ||l be zero. Accordingly, the
conput at i onadlirgntiegl emis fornmul ated as 10 (7) x(t)na(B,)=0, for 0,.0 8,)

(8) x(t)na(B,)#Oor 0, e(O,,..., 91) The Nx2-matrix fornulated as D(t) _
[x(t),a(B,)] wllThawetpuasignalefictordocy single sHapshot of thamécabedd sigeaddy if 0, e
,...,B,/). Hence, in determning the DOA of the J signals 8,,...B" the

process of Fjigenbys5 2 fi rst selects a trial direction for a signal source j,
- 0,, block 202. (%] sel eCtJ‘[(’th:gs(tt)r-ll-l?gt) direction, the process proceeds to

COI’TpJ.«.I)t e

0 where x(¢)is the N x1column vector written as,
2) x(t) =[x, (1), OF
(3) A =[a(8),a(8,)], where A is the Nx.Jdirectional response
matrix
@ a(ej)=‘_l' goiesly  iti-kd caso) JT’ J=1,..,J
15 are the signal directional vectors. Each a(¢,) vector has the dimension
Nx1.
(5) s(2) = [5,(1),....,5, (O] , s(t) isthe Jx1 vector that contains the

J signals transmitted by J independent sources.
k=2nf,/c, f, being the center frequency, and c¢ being speed of
20 electromagnetic wave, % being the wavelength, and
d is the spacing between antenna elements and ¢ corresponds to the time
index..
Thus, x(z) is the linear combination of J-linearly independent Vandermonde
vectors, each corresponding to a source direction, and x(¢) may be considered as
25 (6) x(2) = a(8,)s, (&) +...+a(8,)s, ()



a first coefficient (9a) r;, =1x(t)Jl , and a first orthonormal vector (9b)
g, At) , block 204. r" } On conputing the first coefficient and the first
ort honormal vector, the 20 process proceeds to conpute a second coefficient
(10a) rl12 = giweEeosPry728 a second orthonormal vector (10b) qBRCEHUSA004/03057% -
P,2% and a third coefficient (10c) r22 =11q" a(- 0,)IIl, block 206. Then,
the process proceeds to evaluating a function 25 (11) B(B) = 1 for - 0,, and
122 8 WD 20051029728 PCT/ US2004/ 030576 determ nes whet her the eval uation

yi el ds a peak valln&duation (@), matdxt lorepréferds a tialses that spfandi a ddimemnsiosal
considered to be one of gn | ock 21 t he ocess
det er mi nes wHHRSAEFS, éﬂmrt‘qrbﬁ%@b‘ﬂp?%%t’i&%‘?%&'ﬁgé )'”t')té CE?@P@T%SH@H Sforéeog t he
process returns to block 202, and continues fromthere 5 as earlier

descri bed. Iﬁherﬁb’tec'f'cf’}?éVB?tQ@e%'t%@m%t es. Referring nowto Fig. 3, a flow
diagramillustra per tion f t 112 for

t
o o gt ho” Ottt Tord BSR4 2Brralefiih St Bt lntqra%féaomﬁhﬁee‘a-r dance

wi th one ®nb ﬁlmﬁlﬁl nitial
determ nafl Oﬁﬁiﬁﬁ%{&ﬁgl éD%AS?Qg%@Phe J sig al(%&%ﬂ@%ﬁg@ggrg?rgﬁ@ lelDOA\ of the J

signals are of &0 to determ ne the
DOAs of the %_ P@@Bgtelégggf?fﬁ#é&g%kﬁ]ﬁé%‘h?ﬁél \)egfoﬁ QMdrp%%rPr esponding to Ph

source and L coheﬂ@rn@formuwpmeﬁsncattcorn@épormhtoeorﬁ@fttrumsmgcgdventlw 15 (12) x

(t) Rle s(t, - ) Extendi ng the above equation for N-elenment antenna
array, the figh 60@\,(6}1@,,9 ), the intérsection between x(¢) and a(g,) will be zero.

Accordingly, the computational problem is formulated as
10 @) x(t) Ma(d,)=0, for 6, ¢ (8,,.,0,)
(8) x(t) na(d,) = 0for 6, € (0),0,6,)
The Nx2-matrix formulated as D(¢) =[x(¢),a(d,)] will have rank deficiency or
close to rank deficiency if 8, € (6,,...,9,).
Hence, in determining the DOA of the J signals 4,,...0,, the process of Fig.

15 2 first selects a trial direction for a signal source j, ~6,, block 202.

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

a first orthonormal vector (9b) q, =—x—@, block 204.

iy
On computing the first coefficient and the first orthonormal vector, the
20  process proceeds to compute
a second coefficient (10a) r,=qla(~08,),
a second orthonormal vector (10b) q, =a(~6,)-7.q,, and
a third coefficient (100) 7, =|g¥a(~6,)], block 206

Then, the process proceeds to evaluating a function
25 (1) B@=-- for ~0,, and

Fy



relationship is obtained. '2n(f,,cos0 fr) (13) x (t) =v(8 )Re " " s(t zr)
-i2iCosQ, 14" Cos0" 12x(N-1)Cos8fi v(B;,) [ ] edex ...... e b jTis the
array where 20 response vector for j|-th mul tipath conmponent. The notations
in the above h&®ao0stR28 ol | owi ng neani ngs. R, in the signaPCEUBWAYINSTOr

anplitude of the I"th nultipath. fdCosOf, is the Doppler shift of the jPth
mul tipath , zj, =rj,/cis the tine delay of the of the jI -th nultipath,

25 r,, is the range of the jl -th nultipath, and c is the speed of

el ectromagneti c wiRrmMings VeSO e R IoPaTR US20eak 0RO BT BT ﬂ@ funiciorpdA
corresponding to jl-th nultipath. L is the nungér of dom n r1t nul ti paths for
j -th source: t%ﬁ@#d'(%'%s'w%?'ﬂ%'ﬁdttﬁéﬁ HF @it W%ﬁe?fa?ﬂe $lgndisT =

5T 2 the base. pupd ke prothes Relrnhsoi i Bl puaclA T
nat rowband s400aLy IRt f S (34 bicloh oo MRk Rre:6h Bl gfgm(tﬁeae g
wher e 5 as earlier described. If not, the process terminates.

Referring now to Fig. 3, a flow diagram illustrating the operation flow of
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

M
<10 aninitial 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
15 (12) x. (t) Z[ g e IZI(deDSHJI—fTﬂ)S(t_le)
Extending the above equation for N-element antenna array, the following
relationship is obtained.
L i2n(fycosdp-fiy)
(13) x,0=) vO,Re s(t-7)
) —i2aCos8, i4nCos@, ’ 127 (N-1)Cos8y
vO,)=[1 e * e * . e 4 ] is the array
where

20 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 ,
T, =r,/c is the time delay of the of the jI-th muitipath,
25 r, is the range of the jI-th multipath, and

c is the speed of electromagnetic wave,

9



(15) SO, - ZWMJI{{' dCosQJf -frj!) Further, all nultipaths fromthe nobile
arrive at the base station array uniformly within A around the nean angle
of the arrival Bj G Further, assum ng the signals are narrowband, the

conpl ex basebaWw® 200%02872§nal vector can be witten as x1(t)~eLfUSz03/030576
V()R e'il 1 (16) Y'-' Further letting L "w,a) (17) aj (t) = E _i v(Q
)RL,e ' be an Array Response vector for L nunber of coherent nultipaths 20
corresponding to j'th so e. Use of the conve 0 al gorithns |ike MJSIC
| eads to the estinmatiol? @éi\ GORESSRQRENGt? dE1ih R B? R5| nce all the L

mul ti pat hs correspondi hat _ sour ce ar ent Hence Q| may be

repl aced by 0] . 254'ﬁqg% mize&aé OWH@”E%‘\;@aB&JQfMOWWC%e approxi mated as

aj (t) ~v(G)pj , where fj = [ 10 WD 2005/ 029728
PCT/ US2004/ 030576anf6#h%a%é&?%’“qfhf@aéwﬁ@ﬁth/ %'?gﬁﬁp@cadt he array is given by

X(t)=x, (t)+x2(t)+. .... T =il ))_mm(f ykkya tn(t) (19) n(t) is the noise
vector (colum), noise is as$ t4” be spatially and tenporally white. 5

(20) R=41y(1)Y(O)" lyhere B is the bandwidth of the signal,
s,(t), the base band signal of the jth source can be modeled as a

narrowband signal, thatis, s(¢~z7,)=s(-17,), where 7, € [min(t, ),max(t,)] .

X; (), .
is also written as

L .
] = 0. ’ o, (t) -7
B 14 x;(0) EHV( Re s -1y)
’ 10
where

(15) ¢y = 2nn(f4Cos6 — fr;)

Further, all multipaths from the mobile arrive at the base station array
uniformly within + 4 around the mean angle of the arrival ¢, .
Further, assuming the signals are narrowband, the complex baseband

15  signal vector can be written as
L ,
X, () = s, (t-1)) Z v(0,)R e
(16) = ’

Further letting

_\" i)
) (a7 a j(z)—zl=l v(0,)R e

be an Array Response vector for L number of coherent muitipaths
20
corresponding to j’th source.
Use of the conventional algorithms like MUSIC leads to the estimation of

the same direction
8;, since all the L multipaths corresponding to that source are coherent,

Hence @, may be replaced by ;.

25 In such a case the above equation can be approximated as
L .
a, (3) & v(ej),Bj ’ where lBj = Z Rﬂe"”ﬂ(’)
1=]
10

(18)



= ADA" +0_21 Ris a correlation matrix. It is obtained fromthe
outer-products of the received signal +noi se vectors x(t) and averaged over
several snapshots. Averaging is denoted by E. 10 H denotes the
"Herm tian(trar@pyse9arsd conjugate). A is the matrix of siPxa/08I04/630576
(N-antennas, J-sources); a'2 is the noise variance, | is the NxN identity
matrix and (21) 0 = E[s(t)s(t)H is the JxJ source covariance matrix. 15
s(t) is baseband signal powers lying along the diagonal elenments of (D. It's
size is JxJ, wheFer Juserstthe siumabesctof atdoeiameg is deeseycovari ance is given by
(22) E[n(t)n" (t)] = C1 } So, letting the eigenval ues of R be arranged in
descendi ng order, andxﬁieXd@hmﬂeﬁ)byudfxyg)ﬁt§> S @Oaptnd as wel |l as
letting u,,...,uf%e the corresponding eige &lors, where the ei genval ues
A, are given by (23) do  v" + for it. =1.... K a2forit =K+1,...N U =
,...,u,] may be '&é)ng it emissve R 4GQYvHAn): iR i @SSRRY 1o begpalially and gy
may be cons'deredlash he noi se subspace. 25 U'v(g)=0 for j =1,...,J, and
el sewhere UG FROYIS W0 20051029728 PCT/ US2004/ 030576 The enbodi ment
assunes ghat thqggybspace spanngd AY®“gsti mated ei genvectors U
=[u,,...,u,] corresponds to the space spanned by the J-true source
directions. It should be noted thajgisit hbs2f0envector corresponds to L-
coherent multipaths due to the j-th source. Estimation of the j-th source
din{)eg_ti ont 5 9, cRis beofteRgiohymathy. e dbtkinewmoffethaasitbi-redWtiS| ¢E.thd he
enbodi nmen

received signal+noise vectors x(t) and averaged over several snapshots.

) Averaging is denoted by E.

10 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) @ = E[s(z)s(z)"] is the JxJ source covariance matrix.

15 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) Eln(n” #)]=cX

,;_,j’ So, letting the eigenvalues of R, be arranged in descending order, and
2

O

denoted by 4, > 4, >,...2 4, , as well as letting u,,..,u, be the corresponding

eigenvectors, where the eigenvalues 4, are given by
{v" +olforn=1.K

(23) 3 =
ot forn=K+1,.N

n

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

25 U,v(@,)=0 for j=1,.,J,and elsewhere U,v(,)#0.

11



searches within the direction range 9 4 , centered on the determ ned DOA of

the j-th source 9] , to determne the L multipaths for j-th source. Thus,
signal vector xj (t) can be considered as x1(t)=[v(01) V(02) ... V(0 )]Sj(
(24) where sn WORDSERIBEI n osen fr )sj (t - rjr ) 10 (25) xPCTAUP2084/030576
span{v(9j,).... v(9jL )) . Thus, as illustrated in Fig. 3, the process for
searching for the set 9 = (9)"9j21...10,L) where 9j, E (9] 4),1=1,2,..., L,
starts with the process first selecting a trial direction set O =

(9j kr,9j k2 ,,..,9he ¢mbpdimentlasspaieasthaf thehsuhspaceospareied by dek estpaters The

processi ng %f

rREc e S a0 20 B ek gt . e
AR Sl s R e P RETGR S  B
(o7 o b ockNIB Feiins She RSP i b C R Rnar B e 1 Souffplienntt ™"

coef fici ént & akdn vise tdone, by henypmet eksoveronpeihed 1iked5 MZBIC. r r Thay' dmi{@imint

1 5i<_1-1; 1=2,...,L+1 12 WO 2005/029728 PCT/ US20041030576 r-I (29) r,r =11
v(Q k,)-Ir; sgerches within the directiondrange16(84), epntered(®) K)e detprmined, DOA of
1=2, ..., L+1, bl ock 306. The conputation i

[ r=
the j-th source ¢, to determine the L multlspaths or j-th source.

Thus, signal vector x,(¢) can be considered as
Xj(t) =[V(8jl> v(0j2) V(HjL)]§j1

—\) (24) where ,gj] - Rﬂerlx(fd COSGJ:"fTJI)Sj (I - Tj/)
10 (25) X, (£) € 5pan{v(8,)nv(@, )} .

Thus, as illustrated in Fig. 3, the process for searching for the set

0, =(0,,0,,,0,) where 6, € (8, + 4),/=1,2,...,L, starts with the process first

1
selecting a trial direction set ® = (4 i 01, ,...,ijL)for L multipaths of the jth source,
block 302.

15 The processing of finding ® =0, that is,

@

30y 3000s0 ) = (0,1,05,..,8,) IS explained as follows.

First, the process selects randomly a set (6, ,0 ,....0, )

) Second, the process forms the following matrix

D(6) Z[V(gjk,) V(ijz) V(ej/cL) “j] where ejk, G(ej t4)

20 Third, the process computes the following relationships
(26) ny = v(@,) |,, and
g,
@m0 =" oo aus

m
””2 is the 2-norm of the vector.
Similarly, for following coefficients and vectors, the process computes
25 28) r=qv(@,); 1<i<i-1; I=2..,L+1
12



performed until 1=L+1, that is obtaining rL+1,L+1 . Then, at block 308, the
process conputes the function 5 (31) B(O =1 rL+l,L+1 If the result of
B(OA) yields a "new' set of peak values, the trial direction set Ois set
as the directiVona006m93% i val of the L strong multipaths. AtPGIGBRI4BIG6 a
determ nation is made whether the process is to be repeated. The nunber of
trials to repeat nay be predeterm ned, for operating 10 efficiency, or
based on a predeterm ned threskgl d of di m nishing marginal inprovenents. |f
anot her trial set(29)s"ut%)ﬁjbfégﬁblag&t%dﬂ,the-?pr,éd'és@nidetur ns to bl ock 302.
Eventual ly, the criteria to terimnate estimation process is net, and the
process term nates. The then current estimates of the L nmultipath directions

1506 ={Qa,,..., argused t ai he ' [ -
Figure.1l) as L I\(Igptéfﬁf%géé 2221%‘&2;)/9’21 {]:E’Evé(jgﬁgr{?!?ﬁﬁ\%ﬁgi %Cﬁ%ata§§fﬁ ot her
words, after esti tiop_of tRe .L-ng_t,i Eath directional set in DOA

Esti mation B§TOMedup =t+1,4N3H500%INPHEdmecei ved signal s at the antenna
elenents are appropriately weighted as given in the equation (32). 20 This
process is repeatlbanfabletk 308, dheparcess gpawytasdbefunadioat t he ant enna

el ements with each so%g%@gr@l Iwei ght ed by coefficients corresponding to
L- nulti éat hs. 13 WO 728 PCT/ US2004/ 030576 Referring now to Fig. 4,
a block diagramillustrating an“&Xanpl e computer system suitable for hosting
a sof tware inpl emeneatsgnodf Bidg EWsES tnewttdetinf peak valis?, drdirdediréction ng
unit 114, is shown. As illustrated, conputing device 400

set © is set as the directions of arrival of the L sfrong 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
10 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

15 (3)]. = {91.1,...,911} are used to obtain the combined signal z(¢) (See Figure.1) as

L N A

___—kdpd)cod,

(32) 2= D %W where Wy=€ ’
1=l =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).
20 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.
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i ncl udes one or nore processors 402, 'éystyem menory 404, nmass storage devices
5 406, other 1/0O devices 408 and network conmunication interface 410,
coupled to each other via systembus 412 as shown. Processor 402 is

enpl oyed to execute software inplenentations of DOA Estimation 112 and/or
Beanf or ni ng 110 24¥8é¥sor 402 may be any one of a number FEBRERAISMN s
known in the art or to be designed. Exanples of suitable 10 processors

i nclude but are not limted mcroprocessors available fromlntel Corp of

Santa O ara, CA stem rrermg__y 404 is enployed to store worKki ng copi es of
Estimation 112 BRWMO ewnpdigihg Hack dagrasmaatrating 3y Sxamp&rUTREsl System

(SoRe :8? St SHRBIROaBor LS of e v @?&é@éﬂ%@@%ﬂﬁ%@@%@%“
ot mati on 115 e0narar atifedi £ BispoPE ATIIRcAe: oanBRiR SR 460PY o' soe

i ncl ude but i RfiR1e8Rhe! drithbfAorioBedtdsl 46 HSiem FIERIAA 4BYDR(EAMS s%\@géf@ief/i@éé h. 20

QO her 1/0 devices 408 are enployed to facilitate 0Other aspects o

i nput / oug pun(e,EtASHI @ eicetdt8rard e tder sesmABaliort Inisieadrig1@roeuplet tbi mi t ed
to keypads, cursor control, video display and so forth. Network

communi cat i each other /aceysddfl hius 4dR@psshedt o facilitate network conmuni cation
wi th other devices. Network conmunication interface 410 may be 25 wred
based or wirel esBroceasendidissrepipyetl ivesnesutensalingrk inplementatiensef D@ er f ace
410 may support any . one of a wi de range of networking protocols. _14 WO
2005/ 029728 Epiirmplis> 84 A0d(ns Bsanfar r%\'ﬂggﬂﬂatpéo‘é@%%ﬂ%%ﬂ%\’, be 8RY e R§2syst em

R e N L A e
10 processors include but are not limited microprocessors available from Intel Corp of
Santa Clara, CA.
System memory 404 is employed to store working copies of Estimation 112
and/or Beamforming 114 and operating system services. System memory 404
may be Dynamic Random Access Memory (DRAM), Synchronous DRAM

15 (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.

20 Other /O devices 408 are employed to facilitate other aspects of
input/output. Examples of other /O devices 408 include but are not fimited 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

25 wired based or wireless. In various embodiments, network communication

interface 410 may support any one of a wide range of networking protocols.
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5 Accordingly, various novel methods and apparatus for determ ning the DQOA
of J signals, and/or determning the DOA of L nmultipaths of J signals, the J
signals being wireless transmtted by their sources. Wile the present

i nvention has WaéMWs9eyesi bed in terns of the foregoing enbdel/HENPL3Y hose
skilled in the art wll recognize that the inventionis not limted 10 to

t he enbodi nents described. O her enbodi nents may be practiced with

modi fication and alteration within the spirit and scope of the appended
clains. Accor di ngRiernatrembediments.cepmputing systepegal deoa asill-pragsssert i ve

i nst ead of resgﬂi‘ctive. 1f5 16 CLAIMS V\hat_ir claimed is; 1. |n a system a
met hod of op¥PHMDR CoHBF PsHyOrkaseqrIPWHESanslUGNg 31 8Ty ok MassiveMai r el ess
transmtted | ural.it f signal sources, enploying a plurality of
sensors; det@%ﬂlﬁgﬂ@pgh?ﬁ 58@??-on of arrival for a first signal of the
plurality signals; determning a first plurality of directions of arrival
for a first plurality of multipaths of the first signal, including

sear ching for t he;\ct;bfo%gup,}\w{r%gis;r%ver metrro%ltah_e%pafat@é fdr@herndifingthe First

plurality of multipaths 0o Irst signal in a direction rangé centered

on the det ermbned Jdidred, iea/sHdadmhiving thé Didreof L reiitipitenal J siypdispliealrni ng
the first signal based at least in part on the determned first plurality of
di recti ons dfigreais beiaf Wiledshtearigmitted folydhneit sdyrces. nmul ti pat hs of the first
signal. 2. The method of claim1, wherein the nethod further conprises
deter ni ni ng a coWkileatheqresgntinvention hasdesngiearibed iardarae oéihe faregying

plurality of ejgenvectqrs of the correlation matri correspondi ng, t.o the
signal s an O ATAE e oA S oG e 2 b EXCPBREB AL JHenTPn i RO ad
signal i

rpgtfagﬁ?r gﬁ%ﬁaﬁeﬁﬁs %tescr%bee%s.toih%r %ffﬂlﬁrbtodf?nnentté1 ﬁ'ua%l/etgee;r)rngcﬁggd %iitgenvect ors

modification and alteration within the spirit and scope of the appended claims.

of the c

Accordingly, the description is to be regarded as illustrative instead of restrictive.
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corresponding to the signals. 3. The nethod of claim2, wherein said
determ ning of the correlation matrix conprises averaging a plurality of
sets of outer-products of a plurality of signal plus noise vectors
determ ned based on a plurality of correspondi ng snapshots of the signals
sensed by the sensors. 4. The nethod of clii&i m 1, wherein said receiving of
a plurality of signals conprises receiving J signals wirelessly transmtted
by J signal sources, enploying N sensors, where J and N are integers, each
greater than 1; the jth transmtted signal is nodeled as x1(t)=s(t)e'(2i
12+90", s(t) yeAis @ base band signal, and cpO being an initial phase; and
the received jth signal is given by L rf(t) _\ RJiel2r fdcast7l1-fnJ1l)s(1
- rJl) t=1 4l S the signal strength of the I'th multipath of
the j'th sigﬂp?mgé%g?&sis the Doppler shift of the I'th nmultipath of the
j'th signal, f is a carrier frequency, s() is a base band signal, Tj,=rlc
Is the tine delay of the |'th tipath of the j"th signal, r, is the range
of the I'th nulfRSYEleRa ?ﬁ#%‘#@?@ﬂ congpii¥Nghe speed of El ectromagnetic
wave, and Ai, is the direction of arrival of the |'th nultipath of the ['th
signal . 5. TReeidiaghadpbralfy apfmsignaleh avieglessa traasmittase byeat oﬁ:rahtwaesmng nsor
for a signal souwptasgemployirgrapiuralitylof sensersgi ven by -i2r. Cos2 jt -i41Cos8 j |
-i2x(N-1)CosB f T V(ejl) ens- a-~- ... e A

determining a direction of arrival for a first signal of the plurality signals;

determining a first plurality of directions of arrival for a first plurality of multipaths
of the first signal, including 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; and

obtaining the first signal based at least in part on the determined first plurality of
directions of arrival for the first plurality of muitipaths of the first signal.

2. The method of claim 1, wherein

the method further comprises determining a correlation matrix for the signals,
and determining a plurality of eigenvectors of the correlation matrix
corresponding to the signals; and

said determining of 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.

3. The method of claim 2, 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.

4. The method of claim 1, wherein said receiving of a plurality of signals
comprises receiving J signals wirelessly transmitted by J signal sources,
employing N sensors, where J and N are integers, each greater than 1;

the jth transmitted signal is modeled as x;(t)=s;(t)e/®"®**) s(t) being a base band
signal, and ¢o being an initial phase; and

the received jth signal is given by

L
A 27 9~ f1
XJ'([) = Z Rﬂe’ J'(fdco i fTJl-.)S(I - Tﬂ)
(=1



and a baseband signal vector corresponding to the I'th nultipath of the
j'th signal inpinging froman angle 8;, is given by G xi -(r) _
V(Gj)Rle 2n(jdco' lit-, Ti(!'S(l - Tjr !=16. The nethod of claimb5,
wherein said searching conprises conputing for a search vector {v(9ikl),

v(Bikz), ... , v(6JkL)}, ejkt being a sear¢h angle, r1l-1V(Qkl)02 and 18
v(8jkl) g _ril ~I ~12 is the 2-normof the vector. 7. The nethod of claim
6, wherein said searching further conprises conputing rd-q- v(8jk-); 1
1-1; 1=2.... L+1 -t ~r = V(eik!) - r;lg! L + 1, and q;_ v(0jk!)-Zagi
;1,t=2, ... ,L+1. i=1 8. The nethod of claim?7, V\,herei n said searching

further conpr. ol : L+ 1 yields a
peak val ue, W%@ﬂﬁ%?ﬁ%ﬁnggstr%ﬁ%g? heaitﬁmﬁ%%ﬁ} as ztﬂe‘gfnl]aﬂst di rections
of arrival o flrs ral it S he first signal. 9.
The nethod of dgpﬁ i ihe QHBP%( &dﬁ%bﬂi‘?‘mt'ﬁ@&wf tﬁﬁé{hﬁ'%?" recei ved signal
conprises obtaining z(t) based on the determ ned directions of arrival of L-

f is a carrier frequency,

s( ) is a base band signal,

Ti=ry/c is the time delay of the I'th multipath of the j'th signal,

rpis the range of the I'th multipath of the j'th signal,

¢ is the speed of Electromagnetic wave, and

6;is the direction of arrival of the I'th multipath of the j'th signal.

5. The method of claim 4, wherein

a response vector at the N sensor for a signal impinging from an angle 8 is given
by

Op) = ~i277Cosd ; ~i4nCosd ~i2x(N~1)Cosd T.
J l e A e X .. € X

and

a baseband signal vector corresponding to the I'th multipath of the jth signal
impinging from an angle 6;is given by

xj([) = V(Q,';)Rﬂen”(fdc‘s g r 5([ - T_,l)

agl

6. The method of claim 5, wherein said searching comprises computing for a
search vector {v(Bj1), V(Bk2), . . . , V(BiL)}, Bx1 being a search angle,

11:=1v(0;¢,)ll> and



mul tipaths of the first receiving signal as follows L N Z(r) Il E x w where
4vr,! = 8-ikd(n-1 )cos& ji 1=1 n=1 10. An apparatus conprising: 19 storage
medi um having a plurality of progranm ng instructions designed to enable
the apparatus to determine a direction of arrival for a first signal of a
plurality of signals received enploying a plurality of sensors, the signals
being wrelessly transmtted by a plurality of signal sources, and,
determine a first plurality of directions & arrival for a first plurality
of nultipaths of the first signal, including searching for the first
plurality of directions of arrival for the first plurality of nultipaths of
the first signal in a direct&ﬁymrznge centered on the determ ned direction
of arrival of the first _signal /*&nd obtain the first signal based at |east
in part on the deternineafFTrstruplurality of directions of arrival for the
first plurality of nultipaths of 'the first signal; and at |east one
processor coupled to the storage nmediumto execute the programm ng
instructions. 11. The apparatus of claim 10, wherein the programi ng
instructions are ﬂﬂt%heq d%éi ned &P en?ble the apparatus to determne a
correlation natri r 'SHE '?%Wﬁpg,eéﬁﬁcﬁeternine a plurality of

ei genvectors_of the correlation matrix corresponding to the signals; and the

progranmmi ng i’ndbe meathed of glaim Ge wherein sald sparehingfurtien caepEisas GPRYUBRT t he
direction of arrival of_ gh i KSty S» | . hased at least in part on the
deterni ned ei genvedudi% &idjhés élgg"filoﬁ"xt'rix cir“'FLspondi ng to the

signals. 12. The apparatus of cl azli% 11, erein the progranm ng instructions

are designed to perforn said detgmmning of the correlation rgatrix by
averagi ng a ry = ,,,(gj“)_ rugill s {=2, ... . L+ 1, an

i=] 2
-1 1 .,

v(8 i) — Z"uq; /ru, =2,... ,L+1.

L i=] 4

i

qi

8. The method of claim 7, wherein said searching further comprises determining
whether a function

‘ 1
B(@j_) = :
Fr+1,L+1

yields a peak value, and if so, setting ©;={6;1, . . . , 6;} as the first directions of
arrival of the first plurality of multipaths of the first signal.

9. The method of claim 1, wherein said obtaining of the first received signal

comprises obtaining z(t) based on the determined directions of arrival of L-
multipaths of the first receiving signatl as follows

L N
2(n) ='Z Zx,,wn, where w,, = g Hd-licog ;.
=1 n=1

10. An apparatus comprising:



plurality of sets of outer-products of a plurality of signal plus noise
vectors determ ned based on a plurality of correspondi ng snapshots of the
signals sensed by the sensors. 13. The apparatus of claim 10, wherein said
receiving of a plurality of signals conprises receiving J signals
wirelessly transmtted by J signal sourcesg enpl oying N sensors, where J
and N are integers, each greater than 1, %e jth transmtted signal is

model ed as xi <rs T M&a'&%nﬁ maq turSlk ; &}1 nﬁnmaSﬂstrﬁfréb% bgﬁgﬁeqr@'d cpO

bei ng an|n|t| %r&g Gt'rd%eq\{ ? hioa GhV
o EtzrVdcosgj §g afe-ce dﬁr?g[gmgaf 91? rﬁ%? RSD(S%?) %apgﬁ?*}"ﬂeg' t LQ

of the 1'th nuP
"th mul ti path"%‘ieecsﬁ tfa'lsl‘i"'g?ém{l 8\‘ CPFe ncy, s() is a base

band signal, Tii=rilc is a time delay of the I'th rrultlpath of thei' th
signal, rii idetenmineardydirst plyrality pf\; disgctionsatal arrivaheor ' a rfirst gilunialityc of s
speed of El ect mutipatbs i of they firstasignal lindlydingesetirckiogi fon thie firsti plutalif of he
I|'th mul ti pat hdokctidns of atrival fprathe first pluradityapp anudtipathe fof dhaifirstl Signathiarai n a
response vect odirettidrheanges esnfered @n the detpmainednyiregtiongof raerivalnofathg! firse i S
given by -i 2r CgignaftrdpaséBtain-thdfirst\sign4laaBdd af least in paskt bnihd dbtérfinédfirst a

baseband si gnalpliarty Uf drIctiens Of drfal tier mteflﬂsttdruramytdmhhlp@ihst BEthe fifdt
signal inpi ng'sl&af i an angle eii is given

at least one processor coupled to the storage medium to execute the
programming instructions.

11. The apparatus of claim 10, wherein

the programming instructions are further designed to enable the apparatus to
determine a correlation matrix for the signals, and determine a plurality of
eigenvectors of the correlation matrix corresponding to the signals; and

the programming instructions are designed to perform said determining of 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.

12. The apparatus of claim 11, 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.

13. The apparatus of claim 10, wherein said receiving of a plurality of signals
comprises receiving J signals wirelessly transmitted by J signal sources,
employing N sensors, where J and N are integers, each greater than 1;

the jth transmitted signal is modeled as xj(t)=s;(t)e/®™@**® s(t) being a base
band signal, and @¢ being an initial phase; and

the received jth signal is given by

xJ [) ZR IZI'LQICO [ f?'j[) (1""TJ[)
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cl aim 14, “wher

, v(eikL)},

P10 110112 is the 2-norm of the vector. % . The apparatus of claim 15,

wherein the pr

The appar at us

designed to performas part of said searching, determ nation of whether a

function B(nj)

ogramn ng instructions are

of claim 16, wherein the programm ng instructions are

rL+l1,L+1 vyields a peak value, and if so, set g ={e€j,,

, OO} as the ivhess Riiis thetsigmal strengt dfithel'thohultipatt of the ' sigaal, ty of

mul ti pat hs of

the first signal. 18. The apparatus of claim 10, wherein the

pr ogramni ng. | N4 i< BoBper sﬂﬁtsfnenﬁdmlpw bR 8REf{napt ai ning of the

first received S|gn by o

of arrival of

eyl b RatRgyudhcf,ne Tirst

s( ) is a base band signal,

Ty=ry/c is a time delay of the I'th multipath of the j'th signal,

ryis the range of the I'th multipath of the j'th signal,

c is speed of Electromagnetic wave, and

;s the direction of arrival of the I'th multipath of the j'th signal.

14. The apparatus of claim 13, wherein a response vector at the N sensor for
a signal impinging from an angle 6 is given by

@ : ~i2rCosdjy  ~i4nCosd it —i27(N-11Cosh;y 1T
VO =11 e e 1 e € X ]

and

a baseband signal vector corresponding to the |'th multipath of the j'th signal
impinging from an angle 6, is given by
L ~
. 12rf 4co88 :— T 1
Xj(l) = E v(Gﬂ)Rﬂe 2714 jt=f J"S(I- le).

=1

15. The apparatus of claim 14, wherein the programming instructions are
designed to perform as part of said searching, computation for a search
vector {v(Bj1), V(Bx2), . - ., V(BiL)}, B4 being a search angle,

ry;=v(@ kl)nz and

1=1 15. The apparatus of
ein the programm ng instructions are designed to perform as
part of said searching, conmputation for a search vector {v(eikl), v(eik2),
ei k, being a search angle, r11= I1v(0/k1)112 and 21 v(ejkl

esigned to performas part of

said searching, conmputation of ii=9iHV (9),tl); 115i-51-1; 1=2, .... L+1
1-1 r'll= v(QIkt)-YJ r;19i ,1=2.... L+ 1. and z q = v(, ... , L +1. 17.

taining z(t) based on'the determ ned directions

)



received signal as follows L Nz(f) _ L L x" wd where w,.,| = e-"k4(n-1
)cos; jlI  1=1r.=1 19. A systemconprising: a plurality of antennas to
receive a plurality of signals wirelessly transmtted by a plurality of
signal sources; 22 a RF unit coupled to the antennas to down convert the
received signals; and a direction of arrival estimation unit coupled to the
RF unit, to determne a direction of arrigﬁl for a first signal of a
plurality of received signals wireless tTansmtted by a plurality of signa
sources, determine a first plurality of directions of arrival for a first
plurality of nultipaths of a fiy sty of the first signal, including searching
for the first plurality of dﬂﬁé%kﬂ%ns of arrival for the first plurality of
mul tipaths of the first gl T a direction range centered on the

det ernined direction of arrival Téf the first signal, and obtain the first
signal based at least in part on the determned first plurality of

di rections of arriVﬁa for the first plurality of nmultipaths of the first

signal. 20. The sys Q§ 1158 Ok %f thb9e&bp the direction of arrival
estimation unit further determnes a correlation matrix for the signals,

and det er m nesya il upBhidils U GhRPISCHlSinOhe! B AhRhEUbANJMBRS e
d 1 : ] e g g ibftfciBhS e, |
of the first d °m%% tsa%@%fnitaape of S BEP g COmRURIPI ned ei genvect o s
of the correlation matyix corresponding to the signals. 21. The system of
claim20, wherein;i®q, 'v(ef .ol of Sqwrf;vRkoesti matj g unit  determines the
In

{
! . .3 s
correlation matrix by averad g a plurality of sets of outer-

-1
v = 1’(91‘.(-1)—2";161.' A=2,... ,L+1,and -
i=] y)

r

-1 ,
-
\(9/“) - 2_‘ riy; /rils [=2,... ,L+1.

i=]

i
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17. The apparatus of claim 16, wherein the programming instructions are
designed to perform as part of said searching, determination of whether a
function

B(®;)=
i FE+1,L+1

yields a peak value, and if so, set ©={8;, . . ., 6;} as the first directions of
arrival of the first plurality of multipaths of the first signal.

18. The apparatus of claim 10, wherein the programming instructions are
designed to perform said obtaining of the first received signal by obtaining z(t)
based on the determined directions of arrival of L-muitipaths of the first
received signal as follows

L N
—ikd(n—1)cosh ;
z(n = sz"w"‘ where w = g "o

=1 n=l
19. A system comprising:

a plurality of antennas to receive a plurality of signals wirelessly transmitted
by a plurality of signal sources;



products of a plurality of signal plus noise vectors determ ned based on a
plurality of correspondi ng snapshots of the received signals. 22. An
article of manufacture, conprising: a nachine readabl e nmedi um havi ng stored
therein a plurality of programming instructions designed to enable an
apparatus to determne a direction of Q%Fival for a first signal of a
plurality of signals wireless transmtted by a plurality of signal sources,
determne a first plurality of directions of arrival for a first plurality
of rmultipaths of a first of the first signal, including searching for the

first plurali + di | O farrival for the first.plurality o

mul ti pat hs ofé Pﬁe‘ﬂﬁ géqp?%ﬁ B%@P% q?“e%asotprdg i%or?b?ﬁﬁﬁ% r%(@r\feéj gn%lﬁ, ?rﬁie

determned direction of arrival of the first sigpal, .and obtain the first

S onal based AdTEUIEh S ayahesttonanicoupReiaig RENbRGe al i ty o

directions of arrival for the first PI urality of multipaths of the first

si gnal . determine a direction of arrival for a first signal of a plurality of received
signals wireless transmitted by a plurality of signal sources,

determine a first plurality of directions of arrival for a first plurality of
multipaths of a first of the first signal, including 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, and

obtain the first signal based at least in part on the determined first plurality of
directions of arrival for the first plurality of multipaths of the first signal.

20. The system of claim 19, 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

determines the 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.

21. The system of claim 20, wherein the direction of arrival estimation unit
determines 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 received signals.

22. An article of manufacture, comprising:

a machine readable medium having stored therein a plurality of programming
instructions designed to enable an apparatus to determine a direction of
arrival for a first signal of a plurality of signals wireless transmitted by a
plurality of signal sources,

determine a first plurality of directions of arrival for a first plurality of
multipaths of a first of the first signal, including 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, and

obtain the first signal based at least in part on the determined first plurality of
directions of arrival for the first plurality of multipaths of the first signal.



