;\]”_e3eD"6LT$WD 02/ 060138 PCT/ US01/ 50068 METHOD AND APPARATUS FOR REDUCED
RANK CHANNEL ESTI MATI ON I N A COVMUNI CATI ONS SYSTEM FI ELD The present

i nvent i onWMOR246888t 0 Wi rel ess comruni cati ons. More parti cuPGFU§U1/I0068
present invention relates to a novel and inproved nethod of reduced rank
channel estimation in a comunications system BACKGROUND To i nprove the
quality of wireless transm ssions, comuni cation systens often enpl oy

mul tiple radiating antenna elenents at the transmtter to comrunicate
informati on to MMETHOD AN APRARATES FORREDUCEDRANKe recei ver

antennas. Multiple antennas are desirable, as wireless comunication

systenms t enCHANNEL ESTIMAEIONIINA COMMUNICATIONS SYSEEMnNna

‘el enents reduces inter-synbol and co-channel interference introduced during
nodul ation and trapnsm ssion of radio signals, enhancing the quality of
conmmuni cat i ons. fhe'nndeling, and thus design, of such a system involves

“estimating s ters of the space-tinme channel ‘mmmmmwen t he
transmtter gm@ﬂﬂmﬂwg The nunber of estimated channmmm per
transmit-rec nna pair is nulEIERD ed by the nunber .gfsoper nut ati ons
of transmtterreceiver antenna pairs, creating increasingly conplicated

cal cul ati ons and decreasing estimation quality. Therefore, it is desirable
to have net hods Tofe gireserd! inwemten i valatehato usarelesse coremusnitatiohs.pavianet er s.

Simlarly, there is need for an jnproved nethod of channel estimation for
Fadi o commARTEcHIAEHS the BreSRRL IAMITHIRAtED @ aRoel Anck BRPERHesmsthod of

02/ 060138 MAR gg“{ggsl %%ﬁ& Bﬁﬁ@'ﬁﬁ j ed enbodi nents are
directed t(%).egynove%kzn |rrpr(§ve et %8 an a%%)%?lggt%gst or estimating

channel paraneters in a 5 comunication link in a wireless comunication
system having nultiple transmtter antennas using a reduced rank estinmation
net hod. Each path from a transnit tRACKGERIND the receiver constitutes a
channel within the link. The nunber of channels, therefore, increases with
the nunbers of transmtter antennas and receiver antennas. The met hod

expl oits redunddiet improveothey gualdyi of owirelesse gaswiissions, acepsmuniration

Sna to ) migsent e Fieoy BRARRE 14255, Sntetne iRl AF the psinfien &' O
an o Inp : ,
matrix is %hﬁﬂgﬁicﬁfk fM8rARabY 48% trecdieder ﬂi\@erekéivk??na(i}t‘ & hale GrNBE!

paranmeters nmay be reduced for channel estimation. If n all paraneters

are esti matmoke atebeiver santennasiucedultiple amteroels mpeledesisablee sl wireless he

cal cul ati on of channel paraneter estimates. o )
communication systems tend to be interference-limited, and the use of multiple
antenna elements reduces inter-symbol and co-channel interference introduced
during modulation and transmission of radio signals, enhancing the quality of
communications. The modeling, and thus design, of such a system, involves
estimating several parameters of the space-time channel or link between the
transmitter and receiver.

The number of estimated channel parameters per transmit-receiver
antenna pair is multiplied by the number of permutations of transmitter-
receiver antenna pairs, creating increasingly complicated calculations and
decreasing estimation quality. Therefore, it is desirable to have methods of
channel estimation that use a reduced set of parameters. Similarly, there is a

need for an improved method of channel estimation for radio communications

systems having multiple transmitter antennas.



In one aspect, a nethod for nodeling a link in a wireless comuni cation
system the systemhaving a transmtter having N antennas and a receiver
havi ng Mw®eeneis§ each path fromone of the N transm tterPGiiUsMfaest o t he
M recei ver antennas conprising a channel, includes determning a matrix 20
describing paranetric relations of the link; ranking the matrix;
determning if the rank is less than Nxi®@ if the rank is |l ess then NxM
perform ng an extraction of a subspace of the matrix; deriving channel

i npul se responses for each channel BAMMARY he extracted subspace of the
matri x; and denodul ating a received signal using the channel inpulse
responses. The matrix may be a 25 covariance matri x descri bing the |ink,
wher ein the covaiapraehy! uiscldRBaCSABbRiMeRls aR! | difedtld 'Y HovePSRRNSES
between the transm tier and the receiver. ternatively, the matrix my be
a sanpl e Mahpravéle shethioidnandhapphritus Hor t égimatieg echiniie parhmetersr ink aray
“include estimating a plurality of paranmeters describing at |east one
channel 5 Thempawzicatien slimayini acwitiless gomanunigaiien rystasenhavings multiple
antennas. | n one enbodi nent,. t he rageters j.nclude a.tr Lt ngl e

ML T espelBrSBRUS GHFNGER Hing BteRd ok StiAEN meRSEs0R e 58T/ uso
1/500G8 an @Fﬂ%}m’ tarmat g~y t i (oS
parametri c%e at | ortlllsepg?'&:‘trﬁ{ea ‘?’i ﬂrl:‘E I?ﬁé?%g%ﬁ%tgﬁgc&ﬁir h)itlzlﬁlrgtsﬂlilée?lmr al;ﬂ?i ng

t he mat ri x nomybernof whantdelsethereforg, dncreagesn wathietheontinbersmtofi krankimitbere

enbodiment, if the rank is equal to_(Nx a set of correl ated5i npul se,
responses RBIERRASPBE recrivere nna%-i%.mmhq%@pagﬁwd ndagit agrd 95 4Kt us

byder erth nihgndedis Fltina steh B Hhieirghe SRABREL FRHEP S B hasis for i ng
themat ri x; iiieteSfifatioRdcaltulafiens aid it ingsovehaie Mthatibntdi@alitphk I Sorleess

then NxMoerform ng an extraction of a subspace of the matrix;  deriving
channel i meoibeeliment pormsasiahoe nedrik is halmlatedhand dnelyzet do aleteraninedf thebspace

of the matrix; anddenodu] ati ng a received Si | using.the chann i mpul se
esponses. PHIES HPaBRELATORICTLmaY (88 Tecpd L A eatel Ao mIara Lot

i ncl udes acggr raf] i | t.r nti ng
a1 i wi ¢ AT ety 2B eBhintfed BB ER oL FahR R e bltel ERbERCT: 2
rank anal ysérsthetalchbtibipdfchandel parantatectstimatesnd operative to estimte a

rank of the covariancematrix; and a channel estimation unit coupled to the
rank anal ysi s uinonepspessr amefhod foymedeling adinkeihua avirelesskcopmmmnigation
estimate. The covari ance trixmay represent a plurality of inpul se
esponses BENSRerNESEPAAE LAFSREFL NGNS OF ANteitcand shaPtRNE ¢ he
rank anal Y Rairth M atBnARSTALH HaIR AR BhE OTHRE N2 fraRb SRR BN &L fe#RANdI Ng
to the covariafnce matri x and isoperative to conpare the estimted rank of
the covari seweéveratantenrtas apmepatising na nehhrinel,l ineliudes | detetminingnat meatrix
enbodi nent, a nethod for estimating ﬁ@%&'nk in.a w i\el essco ni cation

syst emncAgeRbiBg maraRelic selabons phthe linki Fanking the yaalrpe desergainiigifni ng
i1 the ra”h\eo{antli‘i?, l&s@ﬁﬂéhﬁm- [FRhé kank 1&%%%%9&4 BE PR atr\t]&t{'fcﬁf%?\f the
covariance natrix; and estimating a set of 1 npul'se fespons&s for €

l'inkusing bhe seskpaes r apithe anatre e@iviRg dhannél éinpulseatdsponddseforeédthd
mayi ncl ude determning a correlation of the channel; ranking the covariance

mat ri x; andchannelrbasad om tha extractednswispace of tbedmatrii arst demoshwlatifg tahe
covari ance30nat rd'cx. WD, 02/ 060138 4, PCT/ USO 1/ 50068 gl%.enbodigent, a
wirel ess cERRYRC slgnah using the hanoel, mapylse, espPnses, ixsmay be a
comuningat | S¥sde 1 8 i t i : ei ver
havi ng 2‘I?\"}I a%%mas, qg%%ﬁy%ggt%ﬁl%ﬁ%%{%]n%eﬁ'ﬁ %ljr%? tcrdz}r?z%h? ?(gt?a?g%{}gﬁﬁegs%ﬂfs,o t he
M recei ver aaphealigs of dmpulsé mrgsporsbsibetiveer theStrapgraitédrusnd rtheurkesiverf i r st
+ set of conputer readable instructions operative to determ ne a covariance
matrix desédtesnadvelyetheimatrixmay beppaseplegnatzbndencebingthedstle i nstructi ons

operative to ragk the govariance,matrix; a thirnd,set.. caonmput,er_,r.eadabl e
*instructions opg}%@\e{/e ?tg_r%@‘ggrﬁh MR gy éﬂ‘fgufjg qsgﬂatﬂgrara H\]&mhtx %gurft h
set of COnguﬁeﬁf\etre?@@@Qér?oihgsétr 1@kl BAE BRARNAL | ihe! PaRRRdter Ry Hitl@dé action
of a reduced rank matrix out of the covariance matrix if the’rank is |ess

t hen N3Ot didtaricehbetmteenf transipitter anteatad| dni ors¢ ,eodiadiment pibveaparaenetersder i ve

channel i mpul s& responses for each channel based. on the rfe uced rank
include a transmittal angle with respect to a configuration of the transmitter



covariance matrix; a sixth set of conputer readable instructions operative
to denodul ate a received signal using the channel inpulse responses. The 15
appar at uswoenz/oben3s her i ncl ude an equal i zer operative in reaEOIE/5H@8t he

si xth set of conputer readable instructions, wherein a configuration of the
equalizer is determned by the rank of the covariance matrix. In one

enbodi nent, the apparatus includes a sedenth set of conputer readable
instructions operative to derive a correlated channel inpulse response. 20
In still anotdnmasasdecan alteinagé eembodiment, cthtei onatapxpaleacnibes parametria
channel estimation aln operative to esti.mate a covariance matrix
representi ﬁ%‘aaopﬁﬁk%i H‘&\ejﬁ%‘lﬂwg P®Bd on signals received fromthe

‘transmtter; a i i : / r rative
to estimate t he@%e?’g% lr@egs E%%géﬁtgggggﬁgﬁllﬁg;g%ﬁ%@k@%ﬁeﬁl%aﬁﬁg{ ion
nmeans 25 Cel@hRArikO Ih bAe lediodBfiitng Sf theifink isRGuaPRy @IXM? atset 8FasTalhfed
“‘reduced rank channel estimate. Further in another aspect, a wreless
communi Gat impulgepeaspooses ix lapptied aforodembdulatingherlat pne aspeetstd wireless
covariance matri x representi nqna I]ianw.th a.trlansm'tter .based on signal s
recei ved fABRATALES {5 QRetafivedp - madela link in, 3 witeless; compmunicationsysterm

correl at or i ! : i :
Do/ Coniss SCRERPREE R Rk dERIIRS Barafmetid feftliohd BHRE AN Nafking e
to the rankngna} veiesmining dnke o@ak & legs than dbxM it thearankdudes thenNxMannel

estimate. In yet another aspect, a nethod for estimating a link in a

wirel ess cperforming apexgpstienof asubspase o of theamatiix; dezbing icharrel impulse f or
the link; 5 deterntning,if the rank of .the covanpi ance matsix is. teduci bl e;
Feduct rly « RePRRRR It Sh habif GARE R SRRl DBERRETRI RSN DL e
responses H@fnddiﬂatliﬁ%gré@i%a §i§ﬁaf@§iﬂ$%&l§’ﬁﬁ1&%?hls@% ORdesi x. The met hod
may further include determning a corTelation of the channel; ranking the
covari ance nat riln;arebermpenbodiment, awiselessacimomuraéation epparatuy iancludestar i x

out of the covariance nmatrix. 10 I n another enbodi nent, a w rﬁ{_\ﬁss_
appar at us FOUEIAr PReRtVE teAsHAtE GrCaNREIRECe FRRtEl Lepressngidgs inkgvith a

significan Il : i ) i L.QE
channel pa&rgﬁﬁﬁ‘% g%gggﬁ%gﬁh %ertega? Ezel fgéraﬁtﬁglté%ﬁﬁ ggf’a{/gg,ﬁkm%%éﬁg%@g&ch one
of the 15et cofipldt ioTHieeSorelaktrs RAA ASper@tivé th BtiaRte d farld BE theicoemiandee
conput ati on neans operative to determ ne eigenvalues of the 15 set of

esti mat es ofattixpand|a chianeel séstimatiemuait peupledt tor thearank analysisyunib mindant

ei genval ues; and channel estinptign ans operative tqQ determ ne a set of
Feduced T aRREEANYSH Eeneratten Bratised AEKeLanAct edipiee The FRETIRSRE mafEx

ei genval ue t pt@,a(; -Hél@l i i o]y
nmeans opergftlﬁ)&agérg&r éta m ne atpﬂ slgél %%g elsggﬁs/g%‘%g\p%g?ﬁﬁrgate W th one
of 20 the tmsmitiér.ei ervad watbadintdng, sk¢ hkeahalysisesinivtieraperative twhannel
estimati on neans uses the at | east one eigenvector to project the set of
esti mat2s deterpine yan eiggRYA NS ncemaRading r theher sowriancehanatiss padeis

spanned by th t | east ige . B PT. - THE
DRAW NGS TRBQ%@S’FU}@S?OI{)‘%Q%C? }519 g%gﬁ%tgeaﬁ%eg gﬁ € %S’gg{raé‘s?é%a%’\‘/e t i%n
wll . becpg@démrrﬁir@ggan%qué_r omthe detail ed description set forth bel ow

when
In still another embodiment, a method for estimating a link in a wireless

communication system includes estimating a covariance matrix for the link;
25 determining if the rank of the covariance matrix is reducible; reducing the rank
of the covariance matrix; and estimating a set of impulse responses for the link
using the reduced rank covariance matrix. Additionally, the method may
include determining a correlation of the channel; ranking the covariance matrix;
and performing an extraction of a reduced rank matrix out of the covariance

30 matrix.



taken in conjunction wth the drawings in which |ike reference characters
30 identify correspondi ngly throughout and wherein: WO 021 060138 6

PCTI USOL/ WOOZB®6ABE. 1 il |l ustrates configurations of w rel SEI/GNFNG68Ccat i on
systens including multiple transmtter antennas; FIG 2 illustrates a nodel
of a wirel ess conuni cati on system according to one enbodinent; 5 FIG 3

Il lustrates a nodel of a channel betweed transmitter and receiver in a

W rel ess comuni cation system FIG 4 illustrates the physical |ayout of
antennas in a tdamge embodiment, i vareless cemmunication appytatesis Riperative

illustrates a flow di ggram of a nmefhod of reduced rank 10 channel,
esti mati on ¥} naawwléﬁgiss COBHRUMCRaPR oFySt g‘m’%ﬂﬁ:@r g tef)gtéa‘é‘ﬂﬁom nent ;

FIG 6 i1 Yt aleSaid Bl Plceffer! R&viRg! MTBAE ag,ab&w@ag@ngrﬁgpeﬂé Bilfhe NG 7

illustrates a system configurationaccording to on odinent. 15 and FI G

8 i | ust r atxhsafittex anfdriiay tenthedMreedeivdr @antehnad esmprisimgiRi cledrired SPisd em
"DETAI LED DESCRI PTI ON OF THE_PREFERRED EMBODI MENTS 20 Multiple radiating
ant enna$ mappaeatus dacludes qpfirsteset rof reomputes readablet ipstructions pperative to

conmmuni catiops system 1n the desi of, third neration, mobi le radio
cyotoms. 1 SRR % VAo e i St E R B RbaT ot PLERTRHIES are
present ed. Ml st iaSHE db&aride! Bnadk BRY Bfaiiafd MR, § ARIRINLAR0E
information to a recelver using a single or nultiple receliver antenna(s).
Mul ti pl e acomputersyesidable fstrictians ioperativentntetenminalif the rdddwisviess thdre

| nprovenent is de endentﬁgfn t he accurgcy of the_channel nodel used in the
recei ver t OPddnadomathesetf ¢qmputer readablarippiructions opgRsivierls perfors an

e B! SpSATG) 38RcRE T Sl KSMTRL R QDA MRS e et L

used,  WOI&R/tREWDBEMY a fifth set of computer readable instructions operative to derive
channel impulse responses for each channel based on the reduced rank
covariance matrix; a sixth set of computer readable instructions operative to
demodulate a received signal using the channel impulse responses. The

15 apparatus may further include an equalizer operative in response to the sixth
set of computer readable instructions, wherein a configuration of the equalizer
is determined by the rank of the covariance matrix. In one embodiment, the
apparatus includes a seventh set of computer readable instructions operative to
derive a correlated channel impulse response.

20 In still another aspect, a wireless communication apparatus includes a
channel estimation means operative to estimate a covariance matrix
representing a link with a transmitter based on signals received from the
transmitter; a rank analysis unit coupled to the correlator and operative to
estimate the rank of the covariance matrix; and a channel estimation means

25 coupled to the rank analysis unit and operative to generate a reduced rank
channel estimate.

Further in another aspect, a wireless communication apparatus includes
a correlator operative to estimate a covariance matrix representing a link with a
transmitter based on signals received from the transmitter; a rank analysis unit

30 coupled to the correlator and operative to estimate the rank of the covariance



PCT/ USOL/ SOOG8 t he nodel i ng involves estimates of each transm ssion channel
for all transmtter-receiver antenna pairs. The transm ssion channel from
transm t t 80 @2060138ei ver i s a space-tine channel described PEHESEINY8DY at

| east one inpul se response. Oten there is 5 little change in the channel
paraneters from one channel to another, such as where the channel inpulse
responses differ only in phase. In suchs case, it nay not be necessary to
derive estimates of inpul se responses independently for each channel, but
rat her soneadtrikpandta charmey ebmativaadeaiwheoupledtoehe rank aralysid ahétdanda
reduced rank representation of the channels may be used. 10 Reduced rank
refers to OReratsglegensiatsaredncedmiethanpel gstynate at ed channel s used to

‘describe the link b ' iver. on 10 Qb hi
Feduced rank 1518 neFt AENe dRBETL R refRd ERCRIRAuRET R 4% T VTR e 1 o
describe t Rgminidhticn alyseht GAtludes YIHRRHRS aoéovtamlneé frﬁ&t“rﬁ@?cln?ﬂ?é“ﬂgk;

‘i npul se responses. Note“that the reduced rank can also be realized by 15

ot her pdr adeterminirgsifithe rardopf eheacrplagianice noateixastvediicible; redisangitkee ratle i x i s
formed of colums conprising sanples of channel. i nmpul se response_ estinmates
over tine, epvariance reatibe AnARRtimatingf setehimpulsagespanges for the ludol i ed

as descri bed. hepel e t] i y | ARl %o

filter or g‘glrrrl%dﬁ}%a (%L,Qe?.%%%ér:e ﬁgfeﬁgé?ﬂétr%nb%rg oHl}ch_Fgar)Js an o{rm#llﬁﬁ er
el enent s a@efe?firihgds roRsdl b0 f Uhe tdhatael] rafikingetHeee®iatRince akrerany e,
the reduction of the nunber of estimted paraneters used to characterize

t he channepetfornting an ienpractien oba ceduced rahkimatrishewtnefl thewduariamegnatrix.

mul £ plD £ anoni® f6pies Sihedimedl Swildlesappares inder HPaghelesfinatibrog
multiple i iLRL.e Ig%m- n a 3y e PRIt

si ngl 2 out %%hfﬁgah%hé&&%g%%i rg?%?)tﬁd% cegnﬁup'ta?%;‘%'gé :Srﬂteﬁﬁas in
communi cat estimatdshofefudl dighendiin ahamelgpardhetdds Mesediatedowitht thersiguifieaas t hi s

to nultiple Rx antennas. The channel nodel for one of the systens of FIG 1
i s illustrdekaysi wherein eachjoneselBregsatf estimaten eospsRANd el an dpdendd iy |y,

bet ween a TPOERTVERS S Buraben ern GhErive T abte Bl g fYAlEh B g
enpl oyssTukéy Rl Cestin{led 260 Rd 3R11B ImEnLIALRERKE pAFARSREs AP AN S

comuni cation system 10 includes a transmtter 12 and receiver 16 that
comuni cat doniinarineigenvaloesrdrat ehanhet estiimationdeins] dperative e mtesermhine a
channel s for antenna paie_[ss betV\{een transmtter 12 and receiver 16. Channel
model 14 c8gsPlgradaicedaa gl prYameten estimatessincrespanse &0 thes@ominany of
FIG 1. Contjnui it I b, h nm‘g) e at
the trans mggéépg%fwangu%’t %hee 4 kﬁggr%zsitﬁake&r ecel \%ége%ffg?ibﬁeékggé%l fk\%&%y I n

general , f eiea@8dperative td Grbtérniihepadaidtasheleigeiive@brassvcidtad shithtdte ehd
receiver, ( NTX - NRX ) transm ssion channels exist for the pair, wherein

for a S0gnthe cdeminamt peigenyatuesnofiethgy seheofr estémmates; swhaedis thes edanael he
k t itted signals with hi tainty. In oth define NE
the. nunber ST RGR TR feeh b ableat e pigsgLsctar @Ptais theets exfmalfoes.
The ( NTX of Maall Hﬁn)enﬁbﬁ[Hh%bnbl@é&‘a%?etén%s&%slﬁe%%%ﬁgfc? ?ﬁm‘éﬂ A hymat ed

to perform coherent denodul ation.” When the channel s ncorrelated, the (
NTx - NRX leaBFone eigenwedtol5 i npul se response sanples are nodel ed as

conpl etely uncorrel ated random processes and the estinmates of these channel
i mpul se response sanples may be derived i ndependently w thout |oss of

denodulsat i on perfor mn(ﬁ!lﬁ}bﬁ%‘é‘.ﬁmﬁldﬁ%éTﬁ%RWNGgE) channel
€

i npul s€"response sanpl es afe not "uncorrela

The features, objects, and advantages of the present invention will
become more apparent from the detailed description set forth below when
taken in conjunction with the drawings in which like reference characters

30 identify correspondingly throughout and wherein:



random processes the ( N,.x ~ N~ ~ N E ) channel inpulse response sanples
may 20 be nodel ed as a linear conbination of a snmaller nunber N~h of
channel iwpuwbkserisesponse sanpl es, wherein N~h < (N,.x ~ NPECTNEO0)Y/50068uch
cases include, but are not |limted to, mniml angular spread at the
transmtter and/or receiver in the effective channels due to propagation
conditions. If N-,, is known, or estimiged, and the |linear transfornmation
of the N~~ channel inpul se response 25 sanples are resolved into the ( NTx
~ N, ~ ~ NE ) channel FiGapul sBlustrapesn wenfiganptiens afhewirelese| commumjcation
acconplished with tha. N~h ﬁﬁ nel %Hltgul se response sanple estimations. This
reduces t h&YHemSdRclyging P&y Zangrbter anienpaseq whil e i ner easi ng
-estimation quality, yiel di; ingr L At i ce.
Bven 11 the exactf eblEsartusiattsc A3, bl o MareRep AR, s RRY
PCT/ USO1/ Sﬁ%dir{gﬁmsdﬁémbbdﬁn@ﬁt;the NCh channel inpul se response sanpl es
“into the correspondi B_E(D( NTx - NRx - NE ) channel inpul se response sanples

i s not Bnown, the no8lGi Aglipatyatesid masiel £f oo chanrgl deptwieeh txorsnaitten eaid
i mpul se resgonse . e estimations if the subspace spanned by vectors of

sa
this |ineaf% YIRS EHIREDT EATVRUNEHIET BYSIEXn be estinated. This principle
is referred to as "Regdc ; J i e : . Lhon of
t he NCh uncorrel at ech éﬁﬁleﬁﬁ:yfn%ﬂggwglscgg%@&ibﬁtgr(;tetl’%ggzﬂ hT%%H{]N@%@pNE )
corr el at edactizelesd compuirdeaticrspareans can depend on factors including, but
not limted to, the antenna configuration, antenna patterns, 10
pol ari zati on char act EpsPiillatstrgtespn dlaw sHagrwaiali deethed abreduged ke
cases tihe transfornation rdght be kno a prigri, in,oth cases.it can be
Gor | vedUor ch@fiRii-estaha gy Tof Byl pfabiicdlibn, el Foriien © ¥
subspace spaiboREment;t he [inear transformation of the NCh channel inpulse
response sanples into the corresponding ( NTx - NRx - NE ) channel inpulse
response sanpl es canFi8.  Bhaitatesa pld ob yheestimatiomgairhef oreenémbodinhérs;
ei genvectors of the %@I F ~ N~ ~ NE ) dinensional covariance matrix of the
( N.~~N~~NE) EHManrelillugatese a- sYpiomR eCfigiralionTRECOTCINE; nig: Ones
al so be determ g%oﬁ){mﬁ{ ng a singul ar val ue deconposition of a matrix
hol ding columms Wwth aIl’( NT~ - N,~ ~ NE ) channel inpulse response sanple
estimatigs hag different points in tine. Note that if the 20 channel inpul se
response sanples are corrupted by a known correl ati on noise, and if the
noi se correl at i FiGchilustrates amexendplaryenmbadiment of\a wirelesy cashammétatiompul se
response sanples may be filtered by a noise de-correlation filter first. In

one enbodi M-t he rank reducing transformation is known a priori or is
estimated. I n other words, the mapping of the N~h channels onto the 25 (
Nr~ ~ NRr ) channels is ascertainable. The reduced rank channel is then

esti mat ed usi MYETAGLEECPESOREPTION IQF THEPREFERNED EMBOBIMENTSqui val ent
full dinensional channel nodel may then be derived fromthe reduced rank
est i nmat¥d by transform ng the reduced rank estimate back to the |arger

di mensi on. V\Dl\?tgl/n?)?eo ]rgﬁla]tglg antennas may be used to improve transmission

quality in a wireless communications system. In the design of third generation
mobile radio systems, for example, various transmitter antenna diversity
techniques are presented. Multiple transmitter antennas may be used to
25 communicate information to a receiver using a single or multiple receiver
antenna(s). Multiple antenna systems offer an improvement in quality.
However, the improvement is dependent on the accuracy of the channel model
used in the receiver to demodulate the transmitted information. Modeling of
the transmission channel uses parameter estimates and determines an effective

30 channel impulse response for the channel. When multiple antennas are used,



PCT/ USCLl/ a00G8 I n an alternate enbodi nent, the rank reducing transformation
is not directly known, but the subspace spanned by the transformation nmay
be extracw@PA06048t he dom nant ei genvectors of the channel PERUSNISE08e
matri x. Note that the subspace may be referred to as the signal subspace or
t he channel 5 subspace. The process involves first estimting a channel
covariance matri x and finding the dom ngnt eigenval ues. By determ ning the
associ at ed ei genvectors which span the channel subspace, the process

proj ects t like comdshingoriavobieanestimatdsi noft eeaicht dransmissiemneharmeds farc eall

yi el ding a reduced rank channel npodel with reduced estimation errors. If
desired, tKEANSBHLEERECEV e AMER R3Sy be transfor med back into an

equi val ent Tull Qi TB0SLANFRANNSN IS wEhGnidled [d YldakeR: 2 ddelicd of a

M MO channel for con I'nuous aving a i near ter

A nputs and chixin@Udddetibed igteldIeBy AVl Ibhitf oid ahpdliel @sﬁsﬁséwed)f&h fHege I}EFX X
NRx matrlx H(t) conprising of I'i near 15funct|ons hij (t), i . ]

f_ lx&hlenelhahgg/ in khe chajneli parametays. from pneri’:mnWtcaanothek,nM a$ near
T 20 NT

CEQﬁE'eFQSt m«%s hirtanne b smRploe fespanics SFGRAILY SARHAE: (I ket or

ant ennas. ?‘t ;%g'r%cg%%p??@e?{v% é‘s'?fiﬁﬂ‘é%\g( '1&1%?1%@@5%8*& SGiAR Sﬁdéxﬂw" €

responses h| I'n S|gna

model, (er rfr)n( ach chahrel 2ut(rabfief sorde InfoBndHONASY b re@ped:s WidrnehdrireldNTx
band- i mi ted transmt signals, and the output signal fromthe nodel,

(err)(t) , are carrelatesl, X reduged wank vmptr@sentatgmrmf dheghannelstmayTbe useds

iIIustr T, .where .the b nd of the tra tted si S is
| ess or quﬁﬂ%S&M rqu‘T rt:"fef'ﬂe{or ébﬁ H&F&beéoﬂ a‘f%“ﬁ@gqq]% %Cgéf’ﬁgﬁdoati on
signal s 1 eRh&RRéls %e@XotdE%cﬂ}@( the Bnk ‘?Jemeﬁ’ Bah8ifteF And receivérIORE

due to noise or co-channel interference. The additive perturbation si gnal S
are added ab cbseret this red;dmi Péhk Fhthe edrdd reﬂudmirw\eéthd bleamnqmu)vangneé s
(err)(t) , the channels H ( the perturbation (err)(t) and the output

signal s (em3tri uped g@mﬁcape theymutyal gtafistical: QQBendengpy of the difergpere *

cenet s SRR espalRe NP1 b RS bty of oo

exenpl ayy  QERGpAraHeteshaAHteaSFhPeXdritpleZin né @ﬁmmbaflk siRip©shatsix #ppl i ed

to estimate the link represented by channel nodel 14, having a transmtter
12 confi guferned of cohxmﬁs)uomm;sn@smpm ofe@hammebanpulsatrespmsstahmt& d.

The specifics of th confl uration and de e di scussed . herei nbe] ow.
Not e F hat ON&r £&gs, ‘?%H‘H%’o@d‘ﬁ d rpw Qj)%g‘aafa"f‘ﬁ ’Pé&fé’f %ﬁeffplfri] CJ
reference gjgf &%éhcpﬂefe'ing'X%dB}é}n&R%*}%kZ&gSradFﬁMt’lﬁ 1%&9 q%?nC@”tﬁl?é]S 55' on

are rreasure respect to this referenc e an esponds

an angl e ofdeanddulpmapi.¢. Ofedifted thé nunilsgpsicfiltés atr{w/dreﬁlmeﬂememd hhd/er 2 D
plane as illustrated. 10 A range of angles with respect to the reference is
al so i 130sdemadulatipr ynity yseddnnibenmeeiveryEusthgrmorg, thecegdpstion2of thesyst em

10 to estimat s &Nt esiifiated parameters used to characterize the channel leads to
improved accuracy of the channel model.

FIG. 1 illustrates configurations for wireless communication systems

having multiple transmitter Tx antennas. Two paths are illustrated: a first

25 multiple input, multiple output (MIMO) and a second path multiple input

single output (MISO). The MISO configuration places multiple Tx antennas in

communication with a single Rx antenna. The MIMO configuration extends

this to multiple Rx antennas. The channel model for one of the systems of FIG.

1 is illustrated in FIG. 2, in accordance with one embodiment, specifically, for a

30 wireless system employing coherent demodulation, having a link between a

transmitter and a receiver, wherein at least the transmitter employs multiple



FIG 5 illustrates a flow diagram of an exenplary method of channel
estimation used to process signals in a receiver unit in accordance with
one enbodW®en2t0601B8 ocess fl ow begi ns by searching for si gniRGES1/50068
propagation 15 delays in the channel, i.e. searching for significant echoes
at step 40. In one enbodi nent the process involves a sliding correlation of
the received signals with knowmn transm t§ ed signals or known conponents of
the transmitted signals. Correlation refers to the degree with which the
recei ved siagterirmsarkherwiratess commumickiomaysteambhincluedesst Gansmijtterti andh a

perfect correlatigon proves a 2Q rel ationship.between the,signals with high
conf i dence regyex ilﬁ‘eﬁ&ﬁi FORINWNEGRLE ¥12 FRepHi H‘t§¥fP8‘?'ngAd§P398q F‘éocnﬁéeg‘lto

cont i dence refRiyer il M FORN Y _ i .
orovi des. t REPER (oot ApelsTok Afen RRRHHeRCort oo 1A Shf elfiver

resenbl e the. KpwAnkl el 14 eEnsideraite. chbitnels withiye alinle lsaeh as thé MISO
‘context, sliding correlation relates to the synchronization of known

si gnal s 25 linkaofdfiG.fled by the Tx antennas with tine-shifted versions of the
recei ved si gnal

esti mation usessQ,QHTtQ}%%gé g’&nﬂ‘glé Eon?FOtg*"rrrfEt% tﬁt% i uce(gfi %ﬁg&ggﬁg?%!ehm
(erty2 K ( ramsREter 189ad Mnc SR DEFURAGALND FECaeRI, resPectiglayle S8Rl ch
known & andfi (GEh SIEIAAR PIFAReIAC AR, HEp e el Ao DD T
G oni t1 cant N oNagh Rt Riglors chahids €Ik TP the bail2 héietn fBr = HBpificant

Syst enmsyg Tg?aggé]ﬂ?ﬂnehﬁﬁg thie rbfBY &F sipAh RTRbEMBId 9{3 K h REsRRREE SRS

channel's b transmtter antennas and the NRx recelver~ ant ennas
at step 42.wi5hThghqlaﬂanﬁ¥s BY 6tHerdvordigtdefine NQnaeehé alnilRir’ f sighifidang at

| east a portion of the X transmtter antennas to at |east a portion of
the NRx regebpagation eelss, also tdferred eiphsirecheesdodihee(W,, -tMgr & i)schaannel
connection between each transmtter 12 antenna and each receiver 16
antenna, résphilsengréspofiséTsamplédx prechémerel sstimhtedpat@mpeefosmdesahérenhy t he
mul tiple channel s are those characteristics that_ 10 inpact the inpulse
responses efemadulationn¥yhen theshanpglsiase unkprrelaged. the é%x pNap ek hanngk| ays
(echoes)_ exist between transmtter and receiver, (  NTX . NRx . NE ) conplex
sanpl estf impailge ggsponsqreamples anadnodaied| as coapietelie ancetnelpted randanys

t of t d i hi i . i t
s denot ed Hgeaege PRESA SyiflatesoeTieds Parl BRBRIsE resiirbe SR REVRIETECS
15 rel ati oRebRicWaRBepEdaritly) withOfE [dss of eeh{admaﬁoﬁpdrfbﬁmh_éé._)waes}@y,qf oped
herei nbel ow. Wth (err)1,(érr)2, K ,(err)Nt being the significant

pr opagat i othelg|Mys Nyt Ne @ nchianaek inpudse aesponse esangples tare matdehcolrelatédbed by
(1) can be expressed as p NE Y(t ) = ~ HT (zW~(t - ZO + g(t) . (2) 20 This
can be tramshdomepracesses the (N, - Ng, - N.) channel impulse response samples may
20 be modeled as a linear combination of a smaller number N, of channel impulse
response samples, wherein N, <(N, - N, N.). Such cases include, but are
not limited to, minimal angular spread at the transmitter and/or receiver in the
effective channels due to propagation conditions. If N is known, or
estimated, and the linear transformation of the N, channel impulse response
25 samples are resolved into the (N, - N, -N;) channel impulse response

samples, then modeling may be accomplished with the N, channel impulse

response sample estimations. This reduces the number of parameters to be
estimated while increasing estimation quality, yielding an increase in the

demodulation performance. Even if the exact representation of the linear



~(t)=U "~~~ ~(t _z~))(IcN-. ~ ~(t-22))K (I NK, ~ ~(t_zNE))w+~(t), (3) where
denotes the Kronecker tensor product, I "~ is a ( NRx X NRx ) identity
matri x, aw® @2Me08ctor (err) is obtained fromthe matrix HEYUSULMGBhat 25
~0,~, (z~ ) = vect~H(z~ )~, a = IK NE, (5) hold. The ( (NT X~ N~ ) x 1)

vector ~,0,~ (z~ ) is consisting of the elenents of the matrix H (t)
sanpled at z~ with all colums of H (z~9 stacked on top of each WO
02/ 060138 PCT/ US01/s00&8 13 other in the vector ~,"~", (z~) , whichis

denot ed by travesfopeatenr of ethe-HNzehannel nimpylsej respense, "sanfples ) irite dheen by
~h" (z~) h2) (z~) KhNtz 1 (ze ), T T N,2( €JT ~o~"r (T~) _ ~h,2 (r~)
hz2 (z~ ) koredponding (NI - LW}, - NR) chZengl inghNpe responye kampitdsRs npZ&npwnSi nce
the output signals ~(t) are sanpled at a sanpling rate of 1 1 T, vectors 5
cont ai ni ng theemddelingtreay istidl bergucempdished eprths 8yt cheeget itrpudde aespionse e
duration of the continuous tine signals. For the sake of sinplicity, the
recei ved sisgmple egtimatioms difs ¢the beubdpacei spaynesl dvy cveaters iCIle'e}3 this linear

ti .a finite d t f ti t =0) T) K, (NT -1)T,
whore N3 I GAHTRAERE IGIOEA R FER DERERAIRr ti e, Therefore, the
fol | ow ng abbrevwhat i.0ns.: ] | 11 e |, gnal
at an}tMenga n deﬂa}gég?@?/léé %s}%%g%gﬁgpaﬁsggéﬁﬁﬁ)dﬂf g;?‘ ef_ﬁ%}i&ﬁﬂ&ﬁ: dgé )g(] (T

- z) K X" (trdfsforbhdtion 2fthe N5 UficblirelatedV@lagingl iRpuldy fréspdiRes ihty filge al |
of the discrete tine transmtted signals delayed by a is given as S(z) _

[9v) (2) ~(Z%) - W - (N]Y)cofgelated { chbnkh emipiildel ¥esPoress caRedepehll dhsfatwirs tine
transmt signals fhavi ng significant delays. A = yl(N~,) (zl )~ (N~. ~
S(Z2) ) K ~1(ifNcludingy( BOE no} dirhitedvest the detebnhabiorfigiaatiofl aetéira patterns,
perturbation signal at antenna n is given as 20 ~(") _ ~z" (0) z" (T ) K z"
((NT -130r )potarization chayacteristie®) propagatien opdiions and Thetee i semet eases ne
erturbati Lgnal s i,s giv S.- (1T ~(2)T,K ~(NR )T~T,, 11 The, vect or
bF the i sabp rESRTTRAfart N B 0L PE KyRafe LPrigr hRier amft s bederivi 875\
(0) Y" (T Jestimbted,(f3r exhmbid b an%le_-:o']f-alﬁi%l‘ estimatibtt2) THOs@kbakd SpX P Of
all discrete tine received signals is given as WO 02/ 00138 14" _

~~(1) T~( 2) byKthe(lthéar trankforrhatRSid HERE /NbQ) dkdinitel Impit sé gespoase banples into
abbrevi ations, the discrete tine output signals of the M MO channel nodel
18 i || ustr ahedcorrespbfding OWer- N, pev] pdharindl i ingpiils@ mesponse, samplés ,caiNge - 1) T
may be reduced to the sinple nodel

15 determined by estimating the rank and the eigenvectors of the (N, - Ny, -N.)-

dimensional covariance matrix of the (N, - N, - N.) channel impulse response

samples. This subspace can also be determined by using a singular value

decomposition of a matrix holding columns with all (N, - N, -N;) channel

impulse response sample estimates for different points in time. Note that if the

20 channel impulse response samples are corrupted by a known correlation noise,

and if the noise correlation can be estimated, the (N, - N -N.) channel
impulse response samples may be filtered by a noise de-correlation filter first.

In one embodiment, the rank reducing transformation is known a priori

or is estimated. In other words, the mapping of the N, channels onto the
25 (N - N.) channels is ascertainable. The reduced rank channel is then

estimated using the ascertained transformation. When desired, an equivalent
full dimensional channel model may then be derived from the reduced rank
estimate by transforming the reduced rank estimate back to the larger

dimension.



=A~~+lt. (14) The second step in the flowdiagramin FIG 5 at step 42, is
to repeatedly process estinates for a set of parameters characterizing the
mul ti pl e widemmed1s8 bet ween transmtter and receiver. For tHRCHbGSMSo@Sscri bed
mat hemati cal representation 10 of the channel nodel, this may be equival ent
to processing estimates n =1K N,, of the vector (err) in (14) for N,,
different points in tinme. A conventionalpgnethod uses the correlation of the
received signals, shifted back in time by certain delays, wth known
transmtted sigralan adteciataserpbodimentgiibé saskemidiicing transformmagiosnis het
antennas, or predeterm ned training sequences. As 15 the significant

propagat i orflierstlyy knpwiry )hut the spbspace spannade byr they tranpdormetien mardbe n

step 40, the,ex r nbodi r ank e timatiqn uses
the correl ﬁf"gﬁ‘%@ h%ﬁ%\ﬁﬁe t‘?og{r"ljs%% t% %El{svl%g{rél)gggofw %hcﬁlge}g{%?oéﬁggg@n&ﬁg‘? '%ei ved
signals, shiieatlaPieksubiphédmabezreferrédto akthe fipRal sUbBpa&A6F BleckanaBRNNE!
nodel , such as channel del 14 of FIG 2, characterized by the vector

(err) . 3f subspavei sTheguboess(imvo)vedlfirsegsbmating & phanael eovhriavwpanatrixhi t e
perturbation, wherein the noise covariance matrix is given as R’ ~~~C' ~

= az . | ("and ‘hndipng the (domipant; giganyaiugsi s By ofletermuining, jthe j assagiated

i gnal s, ' | ti R i ned
by cor el atrebn asirn oWl AR the bl SthBRRe T HiooER, WiBRER ORLTor
(err) does cBfven@driaS@annePastimhteitito! theRdadineVBilbspaee) Lél@iéhtgi MedhbR

channel estimates obtained by correlation can be described by = A'R-' ~ ~ =
A" Rn' A ~rank chanfel model wigh rrdueed pstimgtion eyhorshelfkdesired, the irediuicest

could bg estimated fromthe received si.gnals. The channel. estjmate of (16)
Cont ai niD & ek fndsl e h b Barsormediiack IAES afparu 3l SRR it daane 068
with a covarigdce matrix of RP = A" Rn® A . This covariance matrix is not

di agonal in general, i.e., the conponents of the perturbation vector

cont ai ned i n ar FIGoBr #lustratksi a rgedelr B8 of laf MEMOschHammeh for coatinlieuse simerat ed,
the conponents of the perturbation vector contained in ~ could be
de- corr el athestirg by lineamMIMG filter-20umith AR Inputstared W4, lowputss sThetinear what
follows, wherein ~= R n2A"R-~ . p n shall hold. (17) As illustrated in FIG
5, a covar IMIM® filter 2Q isfdefinedchpthe| NparMgematexi H (9scomprisingaof tinear 44.
Covariance neasures the variance of one randomvariable 10 with respect to
anot her15 | dund¢tiansc 45@). i tHe - Nogy Arilade. naeneallyesdy (thés Lt ¥, , j=1..N, are
unknown linear functions. The linear MIMO filter 20 represents the (N, - N, )
radio channels through which the N,, transmit signals pass to the N,, receiver
antennas. These radio channels are characterized by their channel impulse

responses h, (f),i=1..Ny,, j=1..N, . The input signal to the model, ¥»,isa
20 (N, x1) column vector representing the N, band-limited transmit signals, and
the output signal from the model, y(t) ,is a (N, x1)column vector , sampled at
t=T,2T..., as illustrated by switch T, where the bandwidth of the transmitted

signals is less or equal to 1/T. The received signals contain additive

perturbation signals represented by the N, x1 column vector %(s), introduced

25 due to noise or co-channel interference. The additive perturbation signals are
added at summation nodes 22. The relation between the input signals ¥, the
channels H(t), the perturbation £(:) and the output signals Y(z) is given by

by =H" 0y« ¥y + B, (1)

30 where * denotes the convolution.



vari ance of the various channel paranmeters with respect to each other.
According to the above-descri bed mat hemati cal representation of the channel
nodel , stwpmmmaresponds to proce55| ng an esti mate Rh ofPATiBSWIFaesel

covariance matrix Rh = ~~ ~ ~" ~ . Such an estinmate may be given as 15 R =
1 ~<n>. ~(n)" . (1~) h Nh n=1 If the M MO channel has a reduced rank
wherein vh < (N,.x " N~'" NE) , i.e.1the (NT~ ~ N~ ~ NE ) M MO channel

i mpul se response sanpl es can be described as a |linear conbination of NCh

uncorrel ated ch®iGed illughratesthegqipsicsd confighmtionTfantéramasat the ttaosmittecan be
nodel ed as a linear transforpmation of cha vector 20 ~ of redu ed
di mensi on, ereeqemplgyimioﬁ? )mﬁ‘h'd“\ﬂﬁié nﬁg #- (Arrduged rapk ‘§l§< N~, ,

d he
Vector - i aPRUpdNER Sl HEE 1&%8%%%% @ﬁaﬂsﬁﬁsﬁéﬁﬁé“ﬂ%‘”ﬁg b s
~ 5 ="~ 1 s pandhAden® confiflired With ehermw(x) aﬂtanﬁés telaus spasR] amehﬁaﬁwel

“covariance matrix is given as Rh ( 0) WO 021 060138
PCT/ USOY 50068 The sfecidics @fdbg mnbgpraimn laadkrnoﬂel: are disanssed bereinbielowwe

matri x Rh to NCh G ven {20 d assu t hat rrel ation
accor di ng ﬁptggggt the estimation EﬁS’FF@é" %@%&ém‘i’é’i atn}?‘ﬁg'ﬁgeév?re ondelereRceat es
B 2 o) ClorCHER i BiYe oy Y Boephisf R gl of fansifesion off middured® -

ei genval ue vwdlge GeRARE ttbOthifreebihd@) TRERmMgle “BP cHriRsPBhds 6. an Bigle of 10

yi el ds only NCh non-zero ei genval ues, where A is a diagonal ITB.tI’I X

cont ai ni ng propagatyperpathuethanspdet ta the mference mithinya 2-Bhphineiasgllusteated.
ei genvectors_of

T T L A sangera Anglesith esact s g referencetis 454 llytrgteds Ehe allowings, 16

i.e., R~ | t tﬁ?eﬁaﬁ; Since Ais a
di agonal naﬁ?‘?f\ga i P%{%%B&gﬁég%?%r eﬁgl% seS R&g NE ) - NCh
ei genval ues of RIGAB&lleetiatesnd ﬂoamdilh@mmncﬂ@nvak laky (r&ltlli()d af ecHafhger
than the forner ones. These | arger eigenvalues are ter med dom nant

ei genval uesstumatxna wedukn pragess signilado Rarecgiver jynindn aseerdanee rwith iane

dom nant e| Iue t he stl ted 0 channel fcovarl nce, matri x,.. t he
matrix Ec f LOGESS, P?”e gml & searching for ‘significant propagdtion

15 delays in the channel, i.e. searching for significant echoes at step 40. In one
embodiment the process involves a sliding correlation of the received signals
with known transmitted signals or known components of the transmitted
signals. Correlation refers to the degree with which the received signals are
related to the known transmitted signals, wherein a perfect correlation proves a

20 relationship between the signals with high confidence. For time-shifted signals,
wherein sliding delays are used to shift the received signals in time, a resultant
sliding correlation provides the degree of certainty with which the time-shifted
signals resemble the known transmitted signals. Thus in the wireless system
context, sliding correlation relates to the synchronization of known signals

25 transmitted by the Tx antennas with time-shifted versions of the received
signals. The exemplary embodiment of reduced rank channel estimation uses
sliding correlation of the received signals with known transmitted signals to

estimate the number N, and the values 7,,7,,K ,7,, of significant propagation

delays, i.e. delays for which the received signals shifted back by these delays in
30 time resemble the known transmitted signals with high certainty. The



ei genvectors, and with the matrix EN, containing the renaining

ei genvectors, (23) becones Rh = E~ ~ A~ ~ E~ + EN E~", . (24) Therefore,

t he mat ri WOER/06®H3I8ai ns t he ei genvectors spanni ng the channCT/E80128068i gnal
subspace. The estimated covariance matrix Rh is then ranked at step 46,
meani ng that the nunber of dom nant eigenvalues is estimated. The rank is
conpared to WO 02/ 030138 PCT/ USOL/ 50068 17 a maxi mnum val ue "MAX" at step
48. MAX is equal to the total nunber of estimted channel paraneters in the
vect or ( er rproceduretdfeliding aerrelamixn;in ardenlto fimd sigrificanRpropagation delaysrany

of the mechani sngs inpacfing,corgelatlon, such as ' the directionality of

t he propagai# ﬁkﬁ‘ﬁwr}g?s ﬁa%&Y“%hHhGMﬁis(yﬂe?‘%ver time, the 5 correlation

‘characteristics j i V. : j
T@m@ﬁm@ffg{e i sBiPndt¥s géﬁ{lg%epegf& ﬁhl%@%t eseléﬁggené*@gls The

intervals in conparison e 1 nver Ing rate

rank of theeaQua e oE, haddrhitted GintérifiazemdMiRt Wel rb&gvéritennd At stepld2)
channel paraneters describing the (NTx . NRx) existing transm ssio

channel $ cahehdhaBeR! £€¢ radiEnétwierk! coraeblioR pad’s @uphi legst alfortibrbef NCh
of equival ent uncorrel ated channel paraneters If a reduced rank is

avai | abl e, théreV ¢ Heansehittenbnfeacesko ableashe portionmefcihecyarécaivee amenrias. Rh i s
derived at step 52. Note that instead of using the estimted covariance
matri x Rh, Inibe exempldryRémbediment, terarigla cannestion between eaths trapsmdtter ved

fromthe ri x of channel paraneter estinmat 15 X = ~~"' ~~2' K_=~""' -~
. (25) byﬁ§i#}@%ﬁ & %ﬂ%wegﬁ%aﬁf%%a't r%w?t?%ph({vme ¥ranthannelinsthice Ec,
ccor di ng Paraeters descgbiny tha: il <Ghindlt 278 JhdiPo Fbpriegif, that

originady: ' e t [ th ﬁnﬁﬂ@g ups - Thi's
pr oj ec?ildonll ﬁ%gﬂﬁﬁeeﬂgﬁgﬁﬁgﬁégﬁﬁ%gﬁgﬁé35\3@%@51 héses | tfllagnpérps? r _ﬁcgﬁf a
reduced co j e at bex) U i € GBANRRH i u ildpe
reduced ra?lgbg?l%%lﬂr?eﬂlj, HIEHZE (?gl?((sees%) o%lgg'ta%eg‘lggglgdqﬁtnbertte‘g? Eg]lgi cflé;érélln‘;eél?'
par amet er s (iMy} oNgcQ¥Ntorhplexdsamplles atfi tha,( X he Ng) ichatres iadp IS yesponsée
directly used in the denodul ator for coherent denodul ation. In other words,
pr ocessi ng conld be fisedvaslarset bf pafametess deschibing tls¢ epultiple chianmelsa Thisisetum
step 58 woul d used the reduced rank estinates. WO 02/ 001 18
PCT/ USUL/ SoDpararheters sndaited byl a ( @6ei Wy ; Nd@xi hwedof terméuk Af hedein. dFte
channel nodel, is to be useij the estimtes ~~"~ may be transfornmed back
=

into thg fyélatishBeaseandls) shaddrpandt {p) Eidevatspedhagiitelow. > = R-112H E .
~c"> (27) rtewp Cii
With 7,,7,,K,7, Dbeing the significant propagation delays between

transmitter and receiver, the model described by (1) can be expressed as

Ne
Say=SH"@,)-Ra-z)+ 8. @)
e=|
This can be transformed into

20
by =l @ & - )1 @ &t -7 )K (¥ @ 87t -2, )] K+ £y, (3)

where ® denotes the Kronecker tensor product, I'* is a (N, xN,,) identity

matrix, and the vector }: is obtained from the matrix H (¢) such that ;;

25 h

1ol

4() = vect{H(1,)}, e=I1KN,, 5)

hold. The ((N,, - N, )xl) vector k

1ol

«(7.) is consisting of the elements of the

matrix H(t) sampled at 7z, with all columns of H(z,)stacked on top of each



5 wherein the factor Rp~~2" is used to nmake the estimate unbi ased. Note
that the estimate of the channel subspace Ec may be updated continuously by
using a sMQUMAYOEBe wi ndow for the estimates Rh or Xh , rBEpEsewsnedsy. This
elimnates the delay of waiting for a new conplete sanple set, by using a
portion of the previous sanple set with increnentally tine-shifted new
values. 10 If rank reduction is not posg$8ble, processing continues to use
the full rank of the systfmto nodel the channel at step 50. In this case

the net hod hérd fithesethte A N (7)) , wiich is-dBhotedBiattiead parator Wi H 1S 7, )I} in (5),
i ndependent |y from each otfier! Once the systemis nodel ed, signa

denodul at i ongd NUESivah ep 58. The M SO path illustrated in FIG 1 is
provi ded ag'gaﬁ"""égegp&?@ry 1b§)t enbodiment. As illustrated, the transmitter,

Tx, has four (4) radiating antenngs N, .Xx = 53/ and téEe recei ver, Rx, has
one (1) antenna ( N,~ =1 ). For bi nti(%)y(z.38vEsal7.d5sunptions allow a
straightforward anal ysis glenonstrpti i gabicd K[y of the exenpl ary
enbodi ment to nodeling amgydroanFap i ng&é?fﬁgfﬂ'mi ﬁ"’ﬁll(%)} 1. |[First, the (6)
exanpl e assunes that each Tx antepna transmts®a pilot 20 |signal specific
to that antenna, wherein the anteppg- $Ro®Lfi ¢, PKI B, Ns'(gr)}il is time aligned
and orthogonal to the pilot signats 6f the other TX &ntenrfas. Second,

assume t he giRaR! SuphA SigRAsYIPY ahOBaPI&T bt \esd iiﬁl% 180260 ¢) B, vedphs made
up of a large nunber, P, of radio network paths. e pat hs each have

appr oxi rfat ebitainisgrthe discréentihb samplées canrepaédepin sgg:’neﬂts ofhefiite daestish

assunption ensures that the relative propagation delay is smaller than the

i nverse of ofithe coniinnoustime signalai diar. theisake of simalicity, thel regeived tsignaladi o
un th. Thi

hs i i | | due. iff N | d h |
Poter 1 1 oY e YoéetEimsd Rerel o o ibctetel i Wreschiiat oyaf S ARRE
| ted i - . | it |y, 0 of, th
o o MR, PN, 2O BB B e e
WO 02/ 0601 o Vér Hite0 Trerdthe (MO RIRIWINEAIb-OARROAS AL Ll BAH discrllfasur ed
with respect to a reference Irfection o X, are concentrate ar oun an

aver agel(anginge transmitbed sigelabataitenen gl delapedbsat isgieen bysd vedoost ed havi ng
nean a and a standard deviation Q. For one sinmulation, a is selected

randonm y bet ween -5® (and= {ﬁ,,QOdegrx«;ﬁSfrmexﬁ(M,t anyfar o)|devi atn anKWi s #Epuned
to be square root of two degrees. Fourth, the arrival paths at Rx are
assuned uniWhereity thesmattixitdesctibingeall 0f ahd diBlretiegime stransmittesd dignalocal
scattering., Fifth, nao line of sight exists. Sixth, assume a specific phase
and Doppl edelayedby 5ris gi¥en asat h. The path specific phase is sel ected
random y according to a uz’g(f)or ;p(gli Striphut | between 10 0 and 2(err) .

Addi tional ly, the pa¥F) spati {9 pffakes & (’!ﬂ]usted for each Tx antenn48)

15 The matrix A describes all discrete time transmit signals having significant
delays.
a = [1% ®5@))1* @ s(z))K [ ® 5(z,,))] 9)
A vector describing each discrete time perturbation signal at antenna »n is given
as
20 R = [2,(0) 2, MK z,(N, -0D)]", n=1K N,,. (10)
and the vector of all the discrete time perturbation signals is given as
¥ = [Ror Rorg fover]T, (11)
The vector of the discrete time received signal at antenna » is given as
Po = [y, y, (K y, (N, -0D)]", n=1K Ny, (12)

25 and the vector of all discrete time received signals is given as



according to the geonetrical antenna configuration, i.e., the antenna

| ocation with respect to a reference point. For phase adjustnent, assune
obj ect sc¥Qex96AP8i s considered in the far field. The chanR€TAUSPEI06S C
Doppl er shifts are generated according to a uniformdistribution of the
angles of arrival paths at 15 Rx, a carrier frequency and a predeterm ned
Rx speed. In the exenplary enbodi nent, tlde carrier frequency is assuned to
be .8 GHz and the receiver speed equal to 60 kmh yielding a nmaxi num
Doppl er shift of 100 H;:’.zlfﬁ’(ltrl?eﬂq((é’rmb fy enbodi nent, each Tx antenn§3
covers a 120-degree sector, wth the antenna patterns all oriented t wglrds

a = 0 . 20 Gingnhhboveeiblraviations; fiv ascies aine dutpRbighalsi oMbl MINO
process of FIG™ 5 provides a channel nodel having a tinme variance accordi ng

to the cl asdiannEbpmiodel specilluginatdd ins HéssiBblaver o ac gesiaderofartime  from
antenna-specific radiation pattern, Wth hhi S cpanngl nodel , the channel

i mpul se r eshoRebK 6V rHY TRAnRE reducedforthe stigRlamedsl fferent transnitter
antennas can be generated 25 using thg sa t of radio paths, thus
introduc?ng realistic correlation in I“reAfrEﬁ ng of the different chatdls.
On the receiving side of the air-interface, at the single antenna of R,
the nmethod derives an inppul se response, imte for_each of the four
transm ssi oﬂ"ec”r?&ﬁﬂ@lsge,l) n @".e,ffqvﬁéh gam ’r‘ﬁ(%rgﬁ?étsﬁiﬂ #2/3p HhEeReatrly PERSRSEN Tx
antennas ang,. I o] . L Or ]

novi edge. oFtERfes i A ERRAmRIES, ok R TP BRI BB BeRebn
gener at e t heardthi®lepandpReéivet. Pol fie shbaadesceibedGhatheehatdah r@irebentition
antenna. Referring again to FIG 4, in the geographical configuration of
ant ennat0 atofTsthe ghammhtmﬂd@b dhis poay t beneqhivaleat | tnhepriogessing ceatinates
spaci ng d bEtween 5 nei ghboring aer;ennas, wherein d = ~, , i.e., antennas
are spaced pie wavEK eglofi theavdctoNat ant(14) féx Masliffetnt PAnBNiN @inierCtA onal
antenna. A total nunber of effective radio paths is considered with P = 50.
Channel spewinventivailirmbiheel, uses thé correlatiod of the redetypecbsignals, steftpd Giack ey,

t he angl e neasured fromthe reference |line, the Doppler shift and the
phase. The tigadi eerteiasdelaps nyithnknewatransmitied signals, sudpan qilot signals
channel between. 'I;x { nt.enna n andtt he. Rx_ant na .S given as hn (t~ :Al
tap )' exp JPeciic ty thergnsijutier ghtegnas, of bredete E“’le(‘f AIPE) SeqPEHCe3= AS
wher ei nygn i S z i Jd 0 ex i radi.ati . rn of
each Txlgnttg%r?éé.rﬁfﬁf&g( %ﬁggﬁoﬁggeﬂg %ﬁ&%?”@&?ﬁgﬁsg?ﬁ&g}fﬁ%ggh@?ééci fic
angl es ap 3 i 0

o emna T 5712 SaHRl R iEnt b2 308hod MU ARRECARAnin SRED e
p~exp~j ' ~~mbIrakitjon af knawn frahsmitteds signals2@jth=veisipas of xthe jreceived sighialy, a)
~h(t) where h(t) is the equival ent channel inpulse response for a

equi val ent shifeea dack ipotime Rt nfinKat?sg hto rgeneratnce channel. madel hsuchcase t he
channel inpul se responses for the different Tx antennas

channel model 14 of FIG. 2, characterized by the vector f . If the noise vector #

~ 8~

20 represents spatial and temporal white perturbation, wherein the noise
covariance matrix is given as R, =<)%)">=az %= M) and if the matrix A
comprises of the a priori known signals, such as pilot symbols of a CDMA

system, channel estimates obtained by correlation can be described by

F=an P (15)

25 If the noise vector A does not represent spatial and temporal white

perturbation, the channel estimates obtained by correlation can be described by

R=a"r? -P=avroa ks a"rf. (16)
Note that R, might be known 4 priori or could be estimated from the received

signals. The channel estimate of (16) contains a perturbation vector A"R- i



only differ by a conplex factor, i.e., the channels are conpletely
correlated. The steering vector is then defined as WO 02/ 030138 21

PCT/ US01/800886¢338 (a ) ~ expCj ~ ~~ sin (a ) -d | 8z(a)~-&XgA501/50088
sin(a)d ~(a) =d, (30) g3(ct)~exp~] ~ 2~sin(a)~ Sa(a)~exp~j ~ ~~ sin(a)J
and the channel inpul se response vector as h, (t ) 5 h(t)= ~(t) (31) ha (t)
The four (4) channel inpulse responses Eeen fromthe Tx antennas are then
copi es of the channel inpulse response h(t), weighted by four different
conpl ex faetith ;3 colvarianceeanstrix fd Vot dr“R;‘%A.) Thes acovianiaace tmatrsf ds mot on of
the 10 scalar h(t) given by ~(t) _ ~(a)~h(r), (32) i.e., the vector ~ in
the |inear diagonal it gedrah i.ef tid@mpenemtstdfithe pectupbaticrguedtot conthtezkial ar
"h(t) and the matrix B is equal to the vector ~"(a ) . This nmeans the 15
channel coYar anesBRtdd Xn"Befferal. ~1F'k .~ isSKAGHA of Ccdi) e elfimbidc? e !
h(t)l2 ~in this exanple. |11 the steeri‘hg vector ~'(a ) 1s known, ‘such as
"a-priori know edge of the antenna configuration an(t)at he radi o path

di recti on eomponents cfuthiei pérdntbationcsedtom centaireds tnlhaconld be aleccorielated
calculate an estimate fgr ~t(t) using the linear transformation with ~' (a )

or use Bheppsidr¥Rirenial M (Wikh TY? ~Thas willlbe@séryied o witht dsISRahéein  Not e

that for the case when ~"(a ) 1s known it may be sufficient to estimate

h(r) and then conpute an estimte ~q3 )y fromthe scalar estimate of h(t)
. If the denodul ator is designed siﬁ&phdp@ﬁe’pchannel consi sts of éli)i ngl e
WO 02/ 00138 PgroiéJS(l 1/50068 22 scalar, i.e., the denodul ati on consi ders
~'(a), t hershall possi ble to denodul ate using ~' (a ~ and the scal ar

channel. The a%g]ﬂgﬁ%ﬁt%gi ih! il 5 thoﬁéxq&}i‘éesrag}rii% gg tl’%éy 8%%&1& pefarfl@rd & Med

x~ (t~, n =1K e relfationshipis
estimated at step 44. Covariance measures the variance of one random variable

10 with respect to another. In this case, the covariance matrix describes the
variance of the various channel parameters with respect to each other.

According to the above-described mathematical representation of the channel

model, step 44 corresponds to processing an estimate R, of the channel

covariance matrix R, = <ﬁ B ) . Such an estimate may be given as

Ny
15 R, = —l—zf“’ fe | (18)
N}. n=l
If the MIMO channel has a reduced rank wherein N, <(N;, - N, -N.), i.e. the
(Ny, - Ng - N:) MIMO channel impulse response samples can be described as a
linear combination of N, uncorrelated channel impulse response samples. The
channel vector & can be modeled as a linear transformation of a channel vector

20 } of reduced dimension, wherein

K-8.§, (19)

and wherein B is a ((Ny - Ng -N)XNg) matrix describing the linear
transformation. As given hereinabove, the vector } is a (N, x1) vector with
uncorrelated components, i.e. R, = (E . E “) is a diagonal (N, XN, ) matrix. In

25  this case, the channel covariance matrix is given as

R,=B-R,-B". (20)



Ix"(t~2 --_ 1 "d nE ~1K NIx~. (33) The pilot signals are nmade up of
segments, each having a duration TS, referred to as the pilot synbol

dur ati on, Waveoesis8ch t he pil ot si gnal s are |10 orthogonal, pOTUSHKS0essn t he
followi ng holds ~~rs ~x; (t~ ~ x~ (t)dt =0di, j Ef 1K NTX ~ i ~

(34} ~n'~)Ts The pilot vector is defined as 15 x, (t ) ( ~ (35) .T(t~ x3(t~
i x4(tl and the receiver noise signhal z(b) represents white Gau55| an noi se.
The signal received by the single Rx antenna is described as 20 y(t)= ~(t)~
~(t) +z(r~. ,A$ 3@pnSauence, thaahnly of ther cheireel ngvarienceenairize®, $s gquad] twi V) .t he
four (4) pllot sequences derives a set of four (4) channel estimates.

Wer ei n t heGjyiehd20) agdaissurpingthat aotmlnjmmaccov@mgamp(il?bs usgdiioldepieeithe,

this estimation is then repeated at t E pil ot synbol rate. ;ESUCh a

correl at i onclRhAEEp@sé ?e@;@ﬂ@é aédmafe@f rﬂh@f&ownaﬁce M&Eﬁﬂbﬁ s?ggdeﬁum) and
may be expressed as nrs r ~ ~ yct~t ¢c3~ (~-

02/ 0@0138 23 PCT/ USQ /50068 {73 ,Mec I w e up of
conventional, i.e., inte iﬁt@gﬁé d’fmpﬂ% (ﬁxaﬁ’nﬁﬁp e ?m%rgg derived fr@hthe
n-th pilot synbol. If (34} is transformed into a discrete tine
represemgation, by putting N,. = TS |IT sanples of the pilot signals xn (t)
into the colums of the matrix A, NT sanples of the noise signal 5 z(t)
into the vector ~, and N,. sanples of the received signal y(t~ into the
vector ~', (34) yields = A' ~(t) + ~ . (38) Then the discrete tine
representation of (3~is 10 ~~"~ =1 A" "' ~ . (39) r If the channel

vari ati ons w,t bl i r ﬂ{.b?{res 15 ~~o0 ~
~(nTs ) + ~még}'{heq%age%%%mﬁwg%lsf|l§e?[|1é1né%teﬁ%ﬁlgr?§g§3%pr0§ns ormation of h(t)

i( ZEL;) ~e(t~, the received ﬁ;big@l,eg |.§H%/pr_e§§a(kh§?zz__0E_A : EA" ~' (a)h(t) +(~2'2)
10 yields only N, non-zero eigenvalues, where Ais a diagonal matrix containing
the eigenvalues and E is a square matrix containing the eigenvectors of
R/™B-R, -B"R)*. With (21) and (22) the covariance matrix estimate R, may
be expressed by
R;. = E_(A+I(~T,- N,,.NE)).EH ) (23)
15 e, R, shares the eigenvectors with R, B-R,-B"R!. Since A is a diagonal

matrix with only N, non-zero elements, (N, - N, - N;)— N, eigenvalues of

R, are constant, and N, eigenvalues of R, are larger than the former ones.

These larger eigenvalues are termed dominant eigenvalues in the sequel. With

a diagonal matrix A, containing all dominant eigenvalues of the estimated
20 channel covariance matrix, the matrix E_, containing the corresponding
eigenvectors, and with the matrix E,, containing the remaining eigenvectors,
(23) becomes
R,=E.-A.-E" +E,E}. (24)
Therefore, the matrix E,. contains the eigenvectors spanning the channel or
25 signal subspace.
The estimated covariance matrix R, is then ranked at step 46, meaning

that the number of dominant eigenvalues is estimated. The rank is compared to



Fromthis, an estimate of the scalar h(t) is derived as hcn~ __ ~T (a ~ .
~~~~ (42) ~ortv ' 25 Again, when the channel variations within one pil ot
synbol arwG@medd, (13) becomes r h~"~ = h(nTs )+ ~ (a~ BPCFHUS01/50068. (43)
NT ' ~~~(a~~ WD (12/0f0138 24 PCTIUSO 110068 Fromthis scal ar estinate,
using the linear transformation, a new estimate of the channel inpul se
vector is generated as rtewa "h tonv '17/"a 5 Ignoring channel variations
within one pilot synbol, (44) becomes ~a,'r = h (nTs ) + ~(a ~~~, _T (a ~
~ A" ~ ~ . am@xinm valye ' " atpstep 48: MihXiis eqarl tortbeotal puirer of i t may be
estimated using the covariance matrix givengby R, _ ~~(nTs ) ~ ~~r (nTs ~~

_ ~(a ) ~ -esfinfaled chariel patbmeier8irPthebgdchsr & hdnDERELGOrd) MEAXOE ehligl ®cal ar
channel inpul se response h(t) . The covariance nmatrix Rh can be

appr oxi mat e@V,as A}, =N1) ~ As-many of thelinedvnismslimpagting nerrelasipm such 20 whi ch
averages the vector with the conventional channel inpulse response

‘esti mat es dhedirectionality of bg propagatison paths, dthnochapge quickly awer time, the

noi se a havi ng, an ,angqul ar .spreaq equal .to.zero, Rh is rank ope (1) and
the vectbr OF O%ﬂéﬁ{gc st_lC#fﬁ\@g%@%ﬁﬂpég%@gng@grngggepﬁat e‘:ﬂjﬂ?g t‘_&‘ﬂ(a )
~_~ 2(a) 4 10 ' ~C(a)l I~ (a~l
spans Rn . ' ‘S?@%IS%FQ@ ?gégw\?\‘ﬁsﬁ]éEﬁ%ﬁéﬁgﬁg{%{e/&ﬁg&sgﬁ%\%ﬁ?)'and sufficient

| ow angul ar sprgide, Rnhk s oft ithe deviabiahed hyatbe degminbsie whétheef die, the

process 30 perforns an ei genval ue deconposition of Rh . When one ei genval ue
i's much (Npy - Npo-Ng) annel parameters describing the (N, - N,) existing
transmission channels can be modeled as a linear combination of a smaller

10 number N, of equivalent uncorrelated channel parameters If a reduced rank

is available, the channel subspace E_ of the estimated covariance matrix R, is
derived at step 52. Note that instead of using the estimated covariance matrix
R,, the rank of R, and the channel subspace E. can also be derived from the

matrix of channel parameter estimates

15 X, =[f“> Fox f‘"v], (25)

by using singular value decomposition.

With the channel subspace E., reduced dimension channel parameter

vectors are estimated at step 54, according to

20 for g fo, (26)
effectively projecting the originally estimated channel parameters into the
channel subspace. This projection into the channel subspace reduces the
estimation error. If a reduced complexity demodulator is used in the receiver,
which uses the reduced rank channel, i.e., takes only a reduced number of

25 channel parameters into account for demodulation, the estimates of (26) may be
directly used in the demodulator for coherent demodulation. In other words,
processing would flow directly from step 54 to step 58, or at a minimum step 58

would used the reduced rank estimates.



W O 02/ U60138 25 PCT/ USOL/ a0068 | arger than all other eigenvalues, it is an
i ndi cation that the angular spread around ~' (a) was rather small.
Ther ef or ew0aR/0601386x i S the ei genvector correspondi ng to theCT/H$WJE0068

ei genval ue of Rh , the approximation becones 5 R~_ ~(a) ~~ 2(a ~ = ~~x '
~~X Note that the vector ~',~x in this exanple is equal to the channel
subspace Ec . In general, the estinate R is used to determ ne whether the

rank of the channel estimation covariance matrix can be reduced. If Rh is
full rank, the dhacomveritipred réceinerodesigoed éon the fuldramnle doared:] nodelsisud | er

di mensi on. According to the gxenplary enbodi ment, orthogonal pilot signals
of binary delyedhthecestintdtep fi"aneayobe frapafedmddisackantd thefullatineysionial
‘duration of 64 chips. Wth this channel nodel, a received signal, including
whi t e Gausspace altep b6 accgedingd®ed for 4000 consecutive pilot synbols
having a pilot Signal-to 15 Noise Ratio (SNR}, Fromthe received signal,
‘4000 conventional vector estimte ;:zaak*",z“ggeEQEnerat ed. The thus ggpgyat ed
covariance matrix Rh is averaged over these 4000 consecutive conventi onal

h I ' I g i . .
channé 595211{1/@:%@;}? @g&?%ﬁf%ﬁ%@fxﬁﬁ%@{ﬂﬁ%@éﬁm&ﬂ%ﬂ%ﬁ NORKRSE the

appr oxi mat el genvector corresponding to

t he maxi rmIesﬁIr%S%éﬂh%%h%kn?hsubsé?lgem%? ﬁ f)é Iﬁp@égrdzco%?iglglﬁggmusin

Subsequent Iy, new vector e corgiang to
~ch~ = R. =gnh~ t 50) 2 i t heg I di t
torati ons SHREg BRERE Y Do sSRRL R, O s 1RO VEDE, Hop SHENTAES

t itt A i ed h th i i, form.y distribut it hi
(- "50) - adhF BBlay ol iohEof dnatf comefie Sunpls S Woiseiorion g s
standard dﬁ)gkafdue@a 16 S fh 1R br@htd1WPtifneshift@ fle®BPaludsidi tional |y, the

channel meters for a given pilot SNR are vari ed. WO 021 060138 26
PCTI USQ15( 1068 Theankaréduktivar smeotepessiller psecessingdcomtivatel tdi wsectheofilk) ,

LT Bl R i e s T P

I A i h [ f &th f i I i
(RS SRR Pt RS oo RAARAEOT o WO
(he, rean gk RS AR B ARAORATgha) QAR P,

10 For the exenpiter MISTPQsttRelustiatéd ifi FIGUIt iipevided astarMabdesiplaa) N in
dB as a function of the pilot SNR Werein the pilot SNR is defined ds the

rati o of5 t eenkodimene Asdlystrated, thed tvansrhitperEEx dasoiour (4) rediatingnamtennasi ved
at the single antenna receiver to the recFi ved noi se power density to in
dB. The uppd¥r Fidh and ghe raeervery iRathagongall) antenpa éVm mddr Fpris@pliger of

15 transnmt ant ennas, ich Ill% illust r.ah%gr‘i”grézl G .6 .as ,6dB. égﬁ

il II'?I rat ed
in FIG 6, several assumpfions allow a straig analysis ~ demons g fthe

n
applicability of the exemplary embodiment to modeling a system as illustrated
in FIG. 1. First, the example assumes that each Tx antenna transmits a pilot

20 signal specific to that antenna, wherein the antenna-specific pilot signal is time-
aligned and orthogonal to the pilot signals of the other Tx antennas.

Second, assume the channels are frequency non-selective fading
channels, each made up of a large number, P, of radio network paths. The
paths each have approximately a same run length and a same attenuation. The

25 second assumption ensures that the relative propagation delay is smaller than
the inverse of the transmission bandwidth. The propagation delay of two radio
paths is typically due to differences in run length.

Third, the channel model is restricted to 2-D propagation, i.e. all effective
radio paths are located in a 2-D plane. See FIG. 4. Additionally, the geometry

30 of the effective radio paths at the transmitter is assumed to be time-invariant,



the estimation gain approaches the upper Iimt even though the assuned
angul ar spread is not zero and the received signal is severely corrupted by
noi se. Thworeedemts on of the estimation gain with increasi METPUSOESOERR i s
due to the non-zero angul ar spread. 20 Although the channel inpul se
responses are not conpletely correlated, the derivation of the inpulse
response (err)new assunes this propertyl9For |arger angul ar spreads, a

smal l er estimation gain is expected. For small angular spreads, the

esti mat i on whéneiramaehr patbodspadurs langlenomeasured withyaaspest tof arreference

residential, and suburban envir nr[e ts a standard devi ation Qf ong i)l} to

two 25 (2) diteeBel bodte saBrRIEAS By Yad Angiesags apeleng - ithe wdigpath) o ¢ o
eval uate t rfor i eg-lbq.ﬁ{jr " .est L mati on
nmet hod usi %gg?%%tg?@%%t%ﬁﬁgﬁg%g eralf]ve t eare ucéfrgagﬁ&g hgétélrhati on
errors of tHee opeasingilatic) Uy Sie selesrednaesonsyderwaeed6d and oroleddgressl Thdannel

‘estimation using independent correl ators. W O 02/ 060138 27 PCT/USA / ~0068
Reduced T askarclaad deviatian gais assumed toyka square spagohive degeeesr Kiounthy, the

antennas al | qws, i nprov nt _of the cghannel est,. i on, qualit nder rtain
pr opagat i o_r?reﬁﬁldipf" §F I‘i‘r?i%?‘t‘@ﬁadwlg?%‘?"&/ d&ﬁﬁ*ﬁ*’%%?ﬁ%éﬁ aﬂﬁd?’ﬁ(g As
the mechanigasedfthebhsider ftal SlatleliNg. FittR néink BEsight gkistonal ity of the
radi o wave 5°propagati on, change refatively sPovay over tinme, the

correl ati on chaSictheasssimea spegifibphase andtlRepplyr shviér fogieagh patit. Tt patbled
time intervals. This is in contrast_ to the time intervals associated with

inverse faéPﬂ‘éﬁFth}@S?is selpct M RFCOFHIBE AP agaforay disfibutien F’F&G?ef} n
For mi 10 St 975 At dabuha B badaas hiBIN AR AT Ko AR IR arfiehhd ™ ! O

frequency- seégelingy o thagiintetbital @ARRUhh Nébrifigubfion eRA HeLaR@hhAEbESIG] the
correlation characteristics or by conputing estimtes of the correlation

char act er i syitle srespeds $o &l refarepcey pdinth  dEdm\phasSepdjustneerds tassemnes objetker s t o
tati f Rh, f h t. lay. R d.. k channel
ot mat | on Setterkih s csiiared o 4he A felto TR ipmnel ot e DRPRIRINES AEE 15 | n
he f - ] . N I . I
the fr eq“e%%\}lﬁ\ﬁﬁa%& %E&dé?ﬁé‘@@%ﬁhpn@ ﬁd%&?tﬁ:)ﬁﬁgﬁ%?ethe ;{}@é& 81 {xfr{%gtpﬁths at

enbodi nent erern a onal I'on, such as € antenn

confi gurmt iRY) Alcaidier Flegnenty @ad, ai predettmified Rorspeedhelsithe eXengsibiyrat i ng
the linear transformation of the reduced nunber of uncorrel ated channel s
into the | amhadimentetheofarrier frequendy thassvaned ttmbede8 fdiz anddbheaeeeiver
Additionally, the 20 r ced rank. estimat.i on ocess engded to
cases. wi ¢ h Shrd SHADIFL KFEA biRlineg Rpimrn g et sBRY of g0 SLE| FEion i s
per for med feQerpifyMdAbLARABNC kAch &% drltbit kav&d d Tafhibreb ol it the

pr esent exarrpﬁn I nvol ves a system enpl oyl ng coherent denodul ation, reduced
rank channehntersia pattdérns al oribased tdveatdsex eitn is al so applicable to

comuni cation systens_enpl oying non 25 coherent denopdul ation. . A receiver
100 acc#t di ng t &iyeR tBRIXeMRIAtY systemeay detailed, japphicatiom ofthe| presessapbd i n
FIG 7. Th egel ver 0 i ant e t cel Ves. S S
froma t ra%gr%i ?g) éérgs dae\g;l(‘)incg}]1 Q%F%%ngié%f@gnaag&%f#gép ecggl%ge@?% gona esélgér}’e first
processed Ipyo én@r RpeEr @S J0ris Jfkksiblé aoSt@ivadis aheantefaBpeifida@ddistich 30
correlator 106, which is used as a sliding correlator for searching and as
a correl at patteon. t Withjthis thammel oweidgl,stifeochamrelnishpulsei responses for the

alternate . ,
channels seen through the different transmitter antennas can be generated

25 using the same set of radio paths, thus, introducing realistic correlation in the
fading of the different channels.

On the receiving side of the air-interface, at the single antenna of Rx, the

method derives an impulse response estimate for each of the four transmission

channels, i.e., the four radio network connections between Tx antennas and the

30 Rxantenna. The estimate is based on the a-priori knowledge of spreading codes



W O 02/060138 28 PCT/ USO 1/ a0068 enbodi nent the del ays are determned in
software without use of a correlator. The outputs of the correlator 106 are
used to pwowizdeo1as estimate of the covariance matrix. |n dieE/estsH6dent ,
the correlator 106 is made up of fingers . to forma rake, having one
finger for each conbination of transmtter antenna, 5 receiver antenna and
significant delay. The estimtes are pr@@ided to the central processor 112
via bus 116. The processor 112 stores the channel paraneter estimates in
menory 114 usedt ivageneratedhe matennarayeditic pslod signalerasseciatesl otitmrearh Tx
covariance matrix averaged over time. Frommenory 114, the estinmated

covari ance ¥M&H | s provided to the 10 rank anal ysis and subspace
‘estimation unit

oi genval ues. dortoata h,aEHE RO G, B EREREOIphial confpfr o B fotenpas
conputing takdxsitheanesinas aré pasitioneddapdite havingeonstanbgpaciff e bebheas. The
‘ei genvectors spanning the channel subspace are witten to nenory for
further Sts@eighhqug:mteneas,wh@pmei Proj.ecantanngs |are sparedhenewaseleagtited

ot ha (N apab ISR Bt B bR o SnBleCoRnibreGional ahBER g,  AdotalufthBh St 1o
interval ong@ G réﬁlﬁ‘ryﬁf\s RUbTRHre %l‘ﬁllq“DQONg?harﬁﬂéi'gﬁg%lE?%nﬁP%?he o

paraneter estimtes p eStII’TB.tIOI’l ime interv ts o

channel subg pgﬁ§1‘8 tﬁ% %e(r?]tg,] %Qf)%%h]v%? héa 1etr%1§9511r8d TR ) ];gfrere'ftscg li!n t he

denodul at or anne ace proj ec ion unit

could genengl %)o‘iﬁznéé’ %ﬁnc{ tﬂé Hﬂé}% Eﬁgﬁl@%&mﬁﬁ&ﬁ[ﬂg‘%ﬁ& chgthdl TRififise by

re- transform n educe arane estl rrates Fnto” (NTX

~ N, ~ “ldVErés;ﬁﬂiéb‘l@ﬂ £ Bharindl beely e&Fx @ﬂt@iﬂaﬁﬂ&hdﬂ@émh&inr&%'gm per
estimation tine | nt erval . For exanple in a conventr onal RAKE-Teceiver

design for the aﬁm hanpnel nodel t(pe— ke f| ngers fox a
full rank denof C(ﬁpEéXQ NTE ~p1\?7‘f L"’t‘tlE—')g‘—S"i'(r ,@D Stemk Jdeno@at or
woul d t hen use the ?IEI'L' » original channel aneter estinmates
for the fi ngeeretrogf(&) ds &retasttem\a-splemhdcaunptdxeaammthemdndhbatpmttemof dach

eventual ly use only NCh RAKE fingers using the NCh reduced rank channel
esti mat es dx aydesa.ci ents. However, since the 30 recei ver woul d generally

be designed in antr |pa§¢on of a w?rst case srt at i V\D 02/ 060138 29
PCT/ US01/ 50068 ilf 8 chagp h@%n?mguarr\mea Neng adli p Fspe&r Mgt N, it
woul d be sufficient to conp NE )_correl ated channel

par anetkr €quphig; &s the fﬂrﬁ rrap ee*gmcrrﬁefeﬁe@ﬁraﬁ antenna s givenyas NCh
reduced rank channel paraneter estimates. 5 The rank anal ysis and subspace
estimation unit 108 and t e&?‘ub pace ro ection unlt 109 may be |rrpl enment ed
ina Dagital (g ( R

firmare, or @%oféﬁﬁg E theteo l\/g[jjwﬁa? ”rec P\)ng 10

i ncor por at ed t oget her, Zre |IIustrat ed as separate bl ocks for é%rl ty
based on functi on. %% ejx ﬁﬁc h@yT ation of one enbodinent is
illustrated in FI é foP sy,istem |ng four (4) transmtter antennas and
two {2) recei ver antennas. Three {3) transmi ssion paths are illustrated and

| abel ed 1, | f bot h
2 sams. e i 9% ihas ARty Ahark® uRBltateinR Tona edvi it BREgPE (1o

focal is 15 superinposed on the illustration
of the™p yS| Car{t@:ﬁ:%éﬂ?\re Fgﬁﬁ%es‘}&ﬁgm Path 3 falls outside of the
ilTustrated ellippsthis Balethe J:haﬂﬂeIZirﬂi]:aMQe tdporseefar theidifferdt TheArd¥nndLr )
wWith respect to the receiver, while path 3 has a significant delay, i2

di fferent fonbndif éerrrl)y arn@mpbamfagmrayerté\eachﬁnnelslam compﬂqrtel)tmmlgtcdatﬂm of

t he antenna? as wel L gavi onment of the system As illustrated, the
- four (4) Steeringvector is then rdéfined as



20 transmtter antennas and the two (2) receiver antennas result in eight
(8) channels. Each of the path delays, T, and z2, produce an echo, wherein
(NE = 2).wohwe/diaensi on of the covariance matrix i s given REI/USOFH068 NRX .
NE ) or sixteen (16) corresponding to the ( NTx ~ N,~ ~ NE ) channel

i mpul se response sanples. Therefore, the full rank channel paranmeter vector
is a 16-di nension vector. 25 Using the pank reduction nmethods descri bed
herein, the rank of the channel estimation may be reduced to three (3)

di mensi ons, corresponding to path ](,_ 2, And-8¢ _vvhgi in ( NCh =2 ). Note

t hat where the mappi ng of the NCh ed@ s $i1§2—§'§{fﬁ to the ( NTx . NRx .
NE ) channel inpul se response sanples is t own, (tlhe subspace may be
‘extracted fromconfiguration info @B(&'p@xp I -f.:s‘gsi{;, )JI ocation and
characteristics, such as di rgﬁ.fr.}'eg Ahd di réctﬁﬂona 1"y, of the WO(

02/ 060138 30 PCT/ US01/ 50068 nphas g;e owg, thelinformati on may %@ used
‘to generate an array response or 5t8a&¥ ] §YP\ve 7 '?( iflng the steering vector
and path direction information, ichis a s% ext ragtlabl e usi ng subspace
algorithns, the angle of transms iﬁ&g).@xpiﬁ_&ﬁﬁ(@ gd. |f the antenna
configuration has a fixed 5 depl oyrment” the "argl e of /tyransmi ssion is

cal cul able. A vector is fornmed including an angle of transm ssion for each

transmtter_gan na. .ol arl riv angl e vector is forned
consi deri nan?ﬁ%g?%weiéﬁpg%{egﬁﬁ%@se%qch{?& transformation for the mapping
of the NCh transm ssion paths to the ( NIs ~ N,~ ~ NE ) channel inpulse

response sanples is constructed using Iq(tﬁ; 10 information from both the
transmtter and receiver configuragio S%(IE is provides the matrix B as

given i85 (19) hereinabove descri bi g):th .near transformation(3ijhe
covariance matrix is derived therefro ’BQ n (20) herei nabove. The process
then proceeds as for the case where ¢ 'R, ; onding information i s obtained
froma priori know edge. 15 Wil e one di rent has been described herein
with respect to_the tine domain, an_ alternate enbodi ment perfornms a rank

reduction of th&hedour i(dhehannel impudse respansaseseen: frpm the dxanternasearey
domain. I|f ;the parangters,and .equatjons are d | oped..in. .the fr enc
domai n, thg‘e& 8‘2%‘5% %?otﬁgs%ﬂﬁ?leﬂf‘ﬂ‘éisgﬁgmﬁset ﬁéﬁ’ Wr%kg}tﬁ(grbﬁg T @Pelr?% uency
domai n val ues. ,20. The previ.ous description .the, preferred enpodi pents is
provi ?'Ed tS‘_’r‘E‘ﬁ’M @_CERY;?' Wg‘gg?ﬁ‘egff'l '?‘@achhzr}] E@j é?fj d?ﬁﬁﬁ?ﬁ‘s&rﬂf’%@;‘tﬂgﬁ}faelsent
i nvent i,an. e i 0 ifications to these enbodi ments wi e readily
appare tgcatl'ﬂ-oé@ §}<‘}{Jﬁ in the art, and the generic principles defined
herein may be applied to other enbodi nents without the use of the inventive
faculty. Thus, the present 25 inve (i)cln%l§ g@t intended to be limted to
t he enbodi nents shom@herel n but i$Ws rded the w dest scope (32)
consi st ent i.ej the véutop@ ircthe ksearntamfoshatiemof (1 islirs this exdmipde egual to WO
02/ 060138 31 CLAIM5, | {VE) CLAIM PCT/USO 1/500&8 1. A nethod for nodeling
a link in therscadiresl) codnthe mattiorB 55 equal ta Hee veetpr ta{@) halhiagneans the
transmtter having N antennas and a#azpei ver having M antennas, each path

H

from ong othdrieel Novarance marixar, 'Qoisté@xd‘l/l ek @t(npsy in
conprising a channel, the nmethod cohprising: determning a matYix

Gescr D nOURBRSTEAL ¢ Sk OhobP ) i bR AR S st
perform ngopth&XhieRfh @RfighraiciV BARARE rRlio path direction @, it is sufficient to
estimate the scalar h(t) and either calculate an estimate for )n’ (t) using the linear
transformation with &{@) or use the estimate of A(f) and &a) directly for
20 demodulation.
Note that for the case whenb’(c'f) is known it may be sufficient to
estimate A(f) and then compute an estimate of 1 () from the scalar estimate of

h{t). If the demodulator is designed such that the channel consists of a single



the matrix; 10 deriving channel inpul se responses for each channel based on
the extracted subspace of the matrix; and 12 denodul ating a received signal
usi ng t heWwsheMee138i npul se responses. 2. The nethod of cl ai PC/PSe@OES N t he
matrix is a covariance matrix 2 describing the link, wherein the covariance
matrix represents a plurality of inpulse responses between the transmtter
and the receiver. 3. The nethod of clai @1, wherein the matrix is a sanple
matri x describing 2 the link. 4. The nmethpd of claim1l, wherein the step of
det er ni ni ngcalae #eatthexdemédulation consislers gz& ) ethennibtis pgssiblel tor dérnbgiulate
paraneters descrj bjing at | east one channel. 5. The nethod of claim 4,
wher ei n t haisieg a(@) end theigsalarechanaiekt ance 2 between transmitter antennas.
WO 021060138 PCT/ US01h0068 32 2 6. The nethod of claim4, wherein trz
par anet ers i ncl dde antepaaspeeifig) pilofgsignalst at the eosmitten ate termed at,i lSn of
the transmtter antennas. 7. The nethod of claim4, wherein the determ ning
the matrix noMdrNseand therealaionship indefimgd bx. 8. The nethod of claim 1,
wherein the matri x describes paranetric 2 relations of the link in the
frequendy domain. 9. The nethod of claim1, wherein the ranking the matrix,
further 2 conprises: determni nlg @ gilgq;nvggL{ﬁ(fl@”.t he matrix. 10. 'I@g)
met hod of claim 1, wherein if thé fank is equal td (NxM a set of 2
correlated i npulse responses is applied for denodulating. 21. A wireless
appar at us oper afliheepilet signalsrare hadenuphelisegmentai each. having/a duratiesd;,
conmmuni cation apparatus, conprising: 2 a correlator operative to estinate a
covar i ance refgrtedy to dsr g pilop yambolndupation, overamdvich tthe piletesignalssammal s
receiv fromthe transmtter: 4 rank,apal ysis unit coupled to the
correl :]?)or ° %38881'39&%%?8%&%fﬁgf’@'lggrhé’ﬂ% of the covariance matrix; and 6
a channel estimation unit coupled to the rank analysis unit and operative
to generate a reduced rankgzchannel estimate. 13. The apparatus of claim 12,
wherein the covariance mat L%\ e sya:. : lity.of inpulse
responses between the appapéi({)sgg@??t"hrﬁe Yr é’ﬁ/s%{lg&f& 17 I The appar at®d of
claim 12, wherein correl &8F is operative to determine a 2 correlation of
at | east two channel s. WO 02/ 030138

The pilot vector is defined as

15
X G )
)= x| 35
X3 (t ) 35)
x(t )
and the receiver noise signal z(t) represents white Gaussian noise. The signal
received by the single Rx antenna is described as
20

()= () h(e)+ =), (36)

Conventionally, correlating the received signal with the four (4) pilot

sequences derives a set of four (4) channel estimates. Wherein the pilot signals

25 are orthogonal over a pilot symbol period, this estimation is then repeated at
the pilot symbol rate. Such a correlation procedure is generally referred to as

"integrate and dump" and may be expressed as

fio < L TR 0) e @



33 PCT/ US011501168 15. The apparatus of claim 14, wherein the rank anal ysis
unit is operative to 2 determ ne an ei genval ue corresponding to the

covari ancwontocdétds 16. The apparatus of claim 15, wherei n RCBUSEIROENAl ySi S
unit is operative to 2 conpare the estimated rank of the covariance matrix
to a predetermned full value. 17. A nmethod for estimating a link in a

W rel ess communi cation system the 2 nephod conprising: estimating a
covariance matrix for the link; 4 determning if the rank of the covariance

i i d blf%,, d k of th d 6
ot mmt | ng "B o Fodl G5t bdesaR Q/rortRBUPRAR “651 e aTAlE PRABREPY ank
i t t,h |
Gt or ot weBhAdstitited Mer Ve B0m0 tnd nthbikds syabol1Ce EOTHE Wiirlfbenfed
and 4 perf gqy Qghs%?elg)ﬂrﬁ@%?ﬂ%}eﬁfat@n m‘rgﬂ;ﬁ.?‘gitnggﬁk IR IF X% leQBf Eﬁkegll

covariance matrix ess co n appsar at us oper ativ

a wrel ess @-&W ) GfthItRE SUFhASLN Y RtEx 4anﬁmsﬁﬁﬁﬂ?§"@ﬁﬂ@%&ls@§‘i QPaS

and a recei ¥ing M antennas, each path ttonfone‘o e NtranSmtter
ant ennag t h r n o Aatus
compri arng 2 Tt e B, O AP of ShO ool P Highal WIF LRI
deternmine ebtogdq 54)35r1@msmatr| x describing the link; a second set of
conput er readabl e instructions oper éll ved!;o rank the 8 covariance matri X; a
third set of conputer readable instr er ative to determne ig)0
the rank is | ess than NxM W O 02| 060138 PCT/ US01h0068 34 a fourth set of
conput er dabl e ,instr ctl ons erforman 12 extraction of a
reduced raﬁ% Prgt‘?idksc i3 lﬂef%eﬁ%sﬁﬁ?%ﬂgwé{)rlx if the rank is less then
NxM . Wa afifth set of conput er readabl e instructions operative to derlve
channel inpul se responses for each @mnnél aged on the reduced rang
covariance matrix; a sixth set of coffputgy r eadabl e instructions op ]?’a)(l ve
to denodul ate a 18 received signal using the channel i mpul se responses. 20.
The apparatus of claim 19, further conprising: 2 an equalizer operative in
response 1 g flaesahKélva ikl WhRRRHR pi 8] drBReEIELDN) BhshRsn 2
configuration of the equalizer is 4 term ned by t e rank of the
covariance matrix. 21. The apparat us of claim19, further conprising: 2 a
seventh set of conputer readabl nfruc)tl ans ppgrative to derive a

correl aPed channel inpul se resp ‘fAel'8ss communication (40)
apparatus, conprising: 2 a channel estimatidn nmeans operative to estimate a
covariance matrix representing a link with a transmtter based on signals
recei ved 4 fromddagideritips thé Rvear Qrdr%?dﬁrﬁﬁﬁéﬂ%fshgﬁlﬁt&o ) ,ethet fecellRd
correlator and operative to estimate 6 the rank of the covari ance matrix;
and a chansignabistéxpaedsed aseans coupled to the rank analysis unit and 8
operative to generate a reduced rank channel estinmate. 23. A wireless
conmruni cati on apparatus, conpri Si n% v\? correlator operative to estimate a
covari &dce matrix representi ng a | FrkAws(@Hkf)+kansmi tter based on si(gbal s
received fromthe transmtter;

From this, an estimate of the scalar h(t) is derived as

,;(u) =%E,f(n) . (42)

25
Again, when the channel variations within one pilot symbol are ignored, (13)

becomes

g.r(a) ”.h)
e ey

h™ = h(nT, (43)



WO 02/ 060138 35 PCT/ USO 1/500&8 4 a rank analysis unit coupled to the
correlator and operative to estimate the rank of the covariance matrix; and
6 a chann®O ¢X4618t i on neans coupl ed to the rank anal ysi s RETAUSENIN068
operative to generate a reduced rank channel estimate. 24. A nethod for
estimating a link in a wireless conmuni cati on system the 2 nethod
conprising: estimating a covariance matragx for the link; 4 determning if
the rank of the covariance matrix is reducible; reducing the rank of the
covari ance Fratm ithis sealdr estonaleyusinggthe lwarcbn‘ansfqymat@m esponestiméteroftthe | i nk
usi ng the reduced ranIk covariance matri x. 25. The nethod of claim 24,
further cor1"§'\ai"‘§1‘3 hgnpylsg ¥eelorihgeneratedAs el ati on of the channel : r anki ng the
covariance matrix; and 4 performng an extraction of a reduced rank matrix
out of the covariance matrix; 26. A wirel E)a us, conprising: 2
channel estimation neans ope @u. ude.tm r|>f| cant del ays apg)
determine a set of estimates "6f fuI d| menj thanﬁ’é"l paraneters 4
associ atid with the significant delays, rei’h each one of the set of
estimates corresponds to an instance in time;, 6 eigenval ue conputation
means oper dgnoEngshaenelvariasiansyeithin eraspilet fymabalef44)becomesmt es of t he
full dimension channel parameters and 8 find any dom nant eigenval ues; and
channel estimation neans operative tog&;‘)t g[@ e a set of reduced rank 10
channel paraneter estimtes i [ ?W“L n nt ei genval ues. 45 WO
02/ 060138 36 PCT/ USO1/ 50068 27~ j gggpar at us of claim 26, ? ?ther
conprising: 2 eigenvector conputation mea(n rative to determ ne at | east
one ei genvector associated with one of the dom nant ei genvalues of 4 the
set of &&timatedf &(@) is not known a-priori, it may be estimated using the covariance

matrix given by

R, = <’:(nTs)- b (nr, )=8@)-87 (@) P, (46)

15 with P, being the average power of the scalar channel impulse response A(t).

The covariance matrix R, can be approximated as

A

N,’,,,
(n) ﬁ(n)H

1
h =-1V__ conv  Trcony # (47)

sym n=l
20 which averages the vector with the conventional channel impulse response
estimates over a number, N, , of pilot symbols.
For the case without noise and having an angular spread equal to zero,

R, is rank one (1) and the vector g(o_! ) spans R,. Thus (47) reduces to

_ _d@)-87(@)
Hoseess Ko = Pl (48)

Note that the normalized vector 4@ )|(@)] spans R, .

25

For a noisy case with sufficient low noise power and sufficient low

angular spread, R, is still dominated by one eigenvalue. Therefore, the process

30 performs an eigenvalue decomposition of R,. When one eigenvalue is much
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wherein the channel estimation neans uses the at |east one eigenvector 6 to

project the set of estimates of the full dinension channel paraneters onto

t he subspaod28ptdhed by the at | east one 8 eigenvector. PCT/US01/50068
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The upper limit for the estimation gain is determined by the number of
15 transmit antennas, which is illustrated in FIG. 6 as 6dB. As illustrated in FIG. 6,
the estimation gain approaches the upper limit even though the assumed
angular spread is not zero and the received signal is severely corrupted by
noise. The reduction of the estimation gain with increasing pilot SNR is due to

the non-zero angular spread.

20 Although the channel impulse responses are not completely correlated,

the derivation of the impulse response f assumes this property. For larger

angular spreads, a smaller estimation gain is expected. For small angular
spreads, the estimation gain appears considerable. Note that in general, for
residential and suburban environments a standard deviation of one (1) to two
25 (2) degrees is frequently observed. Note also that it is possible to evaluate the
performance improvement of the reduced rank channel estimation method
using a Monte-Carlo-simulation to derive the reduction of estimation errors of
the channel impulse responses as compared to conventional channel estimation

using independent correlators.
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allows improved accuracy in estimating the correlation characteristics.
Reduced rank channel estimation for multiple transmitter antennas is
10 also applicable to frequency-selective channels by computing either separate
estimates of the correlation characteristics or by computing estimates of the

correlation characteristics across all propagation delays. Separate estimates
refers to computation of R,, for each propagation delay. Reduced rank

channel estimation is then performed taking into account each delay occurring
15 in the frequency-selective channel impulse response. In an alternate
embodiment, wherein additional information, such as the antenna
configuration at the transmitter, is known a-priori, the step of estimating the
linear transformation of the reduced number of uncorrelated channels into the
larger number of correlated channels may be more accurate. Additionally, the
20 reduced rank estimation process may be extended to cases with more than one
receiver antenna. In this case, the estimation is performed for the MIMO
channels, as illustrated in FIG. 1. While the present example involves a system
employing coherent demodulation, reduced rank channel estimation as
described herein is also applicable to communication systems employing non-
25 coherent demodulation.

A receiver 100 according to one embodiment of the present invention is
illustrated in FIG. 7. The receiver 100 has a single antenna 102 that receives
signals from a transmitter having multiple antennas. The received signals are
first processed by the preprocessor 104. The signals are then provided to a

30 correlator 106, which is used as a sliding correlator for searching and as a

correlator for the significant delays for channel estimation. In an alternate
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5 receiver antenna and significant delay. The estimates are provided to the
central processor 112 via bus 116. The processor 112 stores the channel
parameter estimates in memory 114 so that the estimates may be used to derive
the channel covariance matrix averaged over time.

From memory 114, the estimated covariance matrix is provided to the
10 rank analysis and subspace estimation unit 108 for eigenvalue decomposition.
If one or more eigenvalues dominate the others, the channel subspace is
estimated by computing the eigenvectors that correspond to the dominant
eigenvalues. The eigenvectors spanning the channel subspace are written to
memory for further use in the channel subspace projection unit 109 where
15 reduced rank channel parameter estimates are produced by computing the

projection of the (N,, - N,, - N;) original channel estimates per estimation time

interval onto the channel subspace, yielding N, reduced rank channel
parameter estimates per estimation time interval. The results of the channel
subspace projection unit 109 are written to memory for use in the demodulator
20 110. Optionally the channel subspace projection unit 109 could generate
equivalent full dimension channel parameter estimates, by re-transforming the
N, reduced rank channel parameter estimates into (N, - N, -N;) equivalent
full dimension channel parameter estimates per estimation time interval. For
example in a conventional RAKE-receiver design for the full rank channel
25 model, the number of rake fingers for a full rank demodulator would be
(Ny, - Ng,Ng). A full rank demodulator would then use the (N, - N, -N;)
original channel parameter estimates for the finger coefficients. A reduced

complexity demodulator could eventually use only N RAKE fingers using the
N, reduced rank channel estimates as coefficients. However, since the

30 receiver would generally be designed in anticipation of a worst case situation,
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5 The rank ana ysxs an su space estimation unit 108 and he subspace
projection unit 109 may be implemented in a Digital Signal Processor (DSP),
dedicated hardware, software, firmware, or a combination thereof. Modules
within receiver 100 may be incorporated together, and are illustrated as
separate blocks for clarity based on function.

10 An exemplary configuration of one embodiment is illustrated in FIG. 8
for a system having four (4) transmitter antennas and two (2) receiver antennas.
Three (3) transmission paths are illustrated and labeled 1, 2 and 3. The points of
reflection for paths 1 and 2 are both on a same ellipse, wherein the ellipse is
formed such that Tx and Rx are the focal points. Note that the ellipse is

15 superimposed on the illustration of the physical layout of the system. Path 3
falls outside of the illustrated ellipse. Paths 1 and 2 have the same significant
delay, 7, with respect to the receiver, while path 3 has a significant delay, 1,
different from 1. The path delay is a function of the configuration of the
antennas as well as the environment of the system. As illustrated, the four (4)

20 transmitter antennas and the two (2) receiver antennas result in eight (8)

channels. Each of the path delays, 1; and 12, produce an echo, wherein (N, = 2).
The dimension of the covariance matrix is given as (N, - N, -N.) or sixteen
(16) corresponding to the (N, - N -N;) channel impulse response samples.

Therefore, the full rank channel parameter vector is a 16-dimension vector.
25 Using the rank reduction methods described herein, the rank of the channel
estimation may be reduced to three (3) dimensions, corresponding to paths 1, 2,

and 3, wherein (N, =2). Note that where the mapping of the N,
transmission paths to the (N - N, -N.) channel impulse response samples is

not known, the subspace may be extracted from configuration information. If

30 the location and characteristics, such as direction and directionality, of the
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(Ny. - N;, -N;) channel impulse response samples is constructed using this

10 information from both the transmitter and receiver configurations. This
provides the matrix B as given in (19) hereinabove describing the linear
transformation. The covariance matrix is derived therefrom as in (20)
hereinabove. The process then proceeds as for the case where corresponding
information is obtained from a priori knowledge.

15 While one embodiment has been described herein with respect to the
time domain, an alternate embodiment performs a rank reduction of the
covariance matrix or a sample matrix in the frequency domain. If the
parameters and equations are developed in the frequency domain, the process
to estimate the channel then incorporates the frequency domain values.

20 The previous description of the preferred embodiments is provided to
enable any person skilled in the art to make or use the present invention. The
various modifications to these embodiments will be readily apparent to those
skilled in the art, and the generic principles defined herein may be applied to
other embodiments without the use of the inventive faculty. Thus, the present

25 invention is not intended to be limited to the embodiments shown herein but is
to be accorded the widest scope consistent with the principles and novel

features disclosed herein.
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2. The method of claim 1, wherein the matrix is a covariance matrix

N

describing the link, wherein the covariance matrix represents a plurality of

impulse responses between the transmitter and the receiver.

3. The method of claim 1, wherein the matrix is a sample matrix describing
2 thelink.

4. The method of claim 1, wherein the step of determining the matrix
2 further comprises:

estimating a plurality of parameters describing at least one channel.

5. The method of claim 4, wherein the parameters include a distance

2  between transmitter antennas.
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9. The method of claim 1, wherein the ranking the matrix, further
2 comprises:

determining an eigenvalue for the matrix.

10.  The method of claim 1, wherein if the rank is equal to (NxM) a set of

2 correlated impulse responses is applied for demodulating.
11. A wireless apparatus operative to perform the method of claim 1.

12. A wireless communication apparatus, comprising:
2 a correlator operative to estimate a covariance matrix representing a link
with a transmitter based on signals received from the transmitter;
4 a rank analysis unit coupled to the correlator and operative to estimate a
rank of the covariance matrix; and
6 a channel estimation unit coupled to the rank analysis unit and operative

to generate a reduced rank channel estimate.

13.  The apparatus of claim 12, wherein the covariance matrix represents a

2 plurality of impulse responses between the apparatus and the transmitter.

14.  The apparatus of claim 12, wherein correlator is operative to determine a

2  correlation of at least two channels.
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4 determining if the rank of the covariance matrix is reducible;
reducing the rank of the covariance matrix; and
6 estimating a set of impulse responses for the link using the reduced rank

covariance matrix.

18.  The method of claim 17, further comprising:
2 determining a correlation of the channel;
ranking the covariance matrix; and
4 performing an extraction of a reduced rank matrix out of the covariance

matrix.

19. A wireless communication apparatus operative within a wireless
2 communication system having a transmitter having N antennas and a receiver
having M antennas, each path from one of the N transmitter antennas to the M
4 receiver antennas comprising a channel, the apparatus comprising:
a first set of computer readable instructions operative to determine a
6 covariance matrix describing the link;
a second set of computer readable instructions operative to rank the
8 covariance matrix;
a third set of computer readable instructions operative to determine if

10 the rank is less than NxM;
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21.  The apparatus of claim 19, further comprising;:

2 aseventh set of computer readable instructions operative to derive a correlated

channel impulse response.

22. A wireless communication apparatus, comprising;:
2 a channel estimation means operative to estimate a covariance matrix
representing a link with a transmitter based on signals received
4 from the transmitter;
a rank analysis unit coupled to the correlator and operative to estimate
6 the rank of the covariance matrix; and
a channel estimation means coupled to the rank analysis unit and

8 operative to generate a reduced rank channel estimate.

23. A wireless communication apparatus, comprising:
2 a correlator operative to estimate a covariance matrix representing a link

with a transmitter based on signals received from the transmitter;
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25.  The method of claim 24, further comprising:
2 determining a correlation of the channel;
ranking the covariance matrix; and
4 performing an extraction of a reduced rank matrix out of the covariance

matrix;

26. A wireless apparatus, comprising:

2 channel estimation means operative to determine significant delays and
determine a set of estimates of full dimension channel parameters

4 associated with the significant delays, wherein each one of the set
of estimates corresponds to an instance in time;

6 eigenvalue computation means operative to determine eigenvalues of
the set of estimates of the full dimension channel parameters and

8 find any dominant eigenvalues; and

channel estimation means operative to determine a set of reduced rank
10 channel parameter estimates in response to the dominant

eigenvalues.



33-"10%" & ()-3 ,#"'10%e' {& ()- @#"10%& ()- ,#"10% e {& ()- 3

f10% ' & ()- 9| obU410 3&10%Z" Z& ()-10e' 10e' 10e' 3 &f 710% ' & () -

3F5&10% ' W )2/068B38n10% "' & ()- vOm' 109%&& ()-'|\obU410 PCT/US01/50068
3&10%Z" Z& () - 103#10%Z" Z&' () - 3 3#109%&Z"Z& ()- !'#109%RH& ()- 3"&10%"Z& () -
3109%Z" Z& ()- Normal" "Heading 13]c" "Heading 23]c" "Heading 33]c" "Heading
43]c" "Heading 53]c" "Heading 63]c" "Hed3dling 73]c" "Heading 83]c" "Heading
93] c"A "Defaul t Paragraph Font9'.$7?HPYag] oul Nu+VF" P(*
TSkCr . 02408 <o BB AReA PR OLFT JOADF G kOGP TISing:

) A e et Bt ulalh SR obeRRTRIN ddiERhine ot leass one

<=>? @\BCDEFGHI JKLM\OR{denldfol dxescitied Watkeone ioflthe WdriinaNe Wigerivadies of
Ent ryWor dDocument ! "H$9& ()*+, -./ 0123456789 ;

<=>? @\BEDEFGHI J KL MNOHBRStION\eRN R[Sy "~ abcdef ghi j kI mopgr st uvwxyz{|} ~
ASVE() T - RO Haninel Sotmation meass Lses The at feast dne eigenvector
6 to project the set of estimates of the full dimension channel
parameters onto the subspace spanned by the at least one

8 eigenvector.



