WO 02/ 060138 PCT/ US01/ 50068 METHOD AND APPARATUS FOR REDUCED RANK CHANNEL
ESTI MATI ON I N A COVWLUNI CATI ONS SYSTEM FI ELD The present invention rel ates
to wirel ew® coromsi cati ons. More particularly, the presemCTiUsoesitcON
relates to a novel and inproved nethod of reduced rank channel estimation
in a conmuni cations system BACKGROUND To inprove the quality of wreless
transm ssions, conmunication systens often enploy multiple radiating
antenna elenents at the transmtter to comunicate information to a

recei ver. The r g THHODRAND A PPERATFUS FOR'REPTKCED RANKnNas.
Mul tiple antennas are desirable, as wireless comunication systens tend to

be interfer OHANNELES TEMATION INoA QOMMUENIATIONSSE¥STEMeduces

i nter-synbol and co-channel interference introduced during nodulation and
transm ssion of radio signals, enhancing the quality of conmmunications.
The nodeling, and thus design, of such a system involves estinmating
several paraneters of the space-tine channel or |ink between the
transmtter and receiver. The nunber of estimated channel paraneters per
transmt-receiver antenna pair is nmullHERD ed by the nunber of pernutations
of transmtter- receiver antenna pairs, creating increasingly conplicated
cal cul ations and decreasing estimation quality. Therefore, it is desirable
to have net hods Thie prhsemtelinesitioratrebates htd wirelessr edooednisationd. More

paranmeters. Simlarly, there js a need for an inproyed nethod o hannel
esti mat i on PRsCHaHY otheoPrAIANC HvVERHeN 1g %%%awgﬁgnﬁumnrewégtm%@%ff? er
ant ennas. 0. S MYER: esently disclosed
enbodi nment g@%&%@%&g&?\g %égg%%ﬁ\ganc |nprov§)éls-r$g?ﬁ$§£l and apparatus for
estimati ng channel paraneters in a

BACKGROUND

To improve the quality of wireless transmissions, communication
systems often employ multiple radiating antenna elements at the transmitter to
communicate information to a receiver. The receiver may then have one or
more receiver antennas. Multiple antennas are desirable, as wireless
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.



5 conmunication link in a wreless comunication system having nmultiple
transmtter antennas using a reduced rank estimation nethod. Each path from
a transmwoar/oemBgnna to the receiver constitutes a chann@CTwisowes he

| i nk. The nunber of channels, therefore, increases with the nunbers of
transmtter antennas and receiver antennas. The nethod exploits redundant
and/or a priori 10 knowl edge within a sgstemto sinplify the channel nodel
used as a basis for the estimation calculations and to inprove the
estimation quality. In one enbodi nBUIMMARYvariance matrix is cal cul ated
and analyzed to determine if the nunber of channel paraneters may be
reduced for channel estimation. If not, all paraneters are estimated,

otherw se a redygedy fagknGNaRARkdPHRbolfimt tarel AifRled 18 _GahGHLIAGRAN Of

channel paraneter eStinma n one aspect, a netho or no Ing a link in

a W rel essigpeowdt Gabthod afdshpparatiie foy sdstithdtinyg ndadnél pasafetees ihavi ng N
antennas and a receiver having M antennas, each path fromone of the N
transm £t ecommeninagon dinkdnve wineddss ecoramuEHEREOTE Giyplers i iy ing cinatijele,

i ncl udes determ.ning a matri.x 20 scrLibin aranmetric relation f the
nk; T ankFagsERgeraRiengas ysnganedined ek BampBAR metods AR ¢t ne
rank is | egg ettt MhRENEOLThE FedivEddmth Y a PhnAePWRRRAAR Bhk! Nhe

mat ri x; deriving channel 1 npulse responses for each channel based on the
extract ed subhsacef ahahhelsheretgreanncréasasdwitt ithg aumberseiof etdassrgitdr usi ng

t he channel inpul se responses. The_matrix may be a 25 covariance matrix
descri bi nganieanas ARd reeRiV e aNtERBaS dh8rneihed %PE‘PW‘%(Y sbaApd/ona grigiial i ty

foi | . he . 1 i .
AL terndd: v TSR RBR SR Ao BB ShE ch MYl BRI S p basis for
Further, deferedlifiafignt fdcamtbhy arRY td Neipidee bl sairhagor qUalitdl | Iy odk

paranmeters describing at |east one channel. The paranmeters nay include a
30 di st ancemntbadiment, areavaniance madrix énerlculated amd analysed te determtine fahgnet er s

e 8 e gl AT Le AL SSPect 0 % Serh At ool e
embodi ment oyt e, Rk, %rd@SEMaRRE JIRERNBE bl feduced rank channel model is used
15  for the calculation of channel parameter estimates.

In one aspect, a method for modeling a link in a wireless communication

system, the 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

receiver antennas comprising a channel, includes determining a matrix

20 describing parametric relations of the link; ranking the matrix; determining if

the rank is less than NxM; if the rank is less then NxM performing an extraction

of a subspace of the matrix; deriving channel impulse responses for each

channel based on the extracted subspace of the matrix; and demodulating a

received signal using the channel impulse responses. The matrix may be a

25 covariance matrix describing the link, wherein the covariance matrix represents

a plurality of impulse responses between the transmitter and the receiver.
Alternatively, the matrix may be a sample matrix describing the link.

Further, determining the matrix may include estimating a plurality of

parameters describing at least one channel. The parameters may include a

30 distance between transmitter antennas. In one embodiment, the parameters

include a transmittal angle with respect to a configuration of the transmitter



relations of the link in the frequency domain. Further, ranking the matrix
may i nclude determ ning an eigenvalue for the matrix. In one enbodi nent,

if the rawbk mmemEgsial to (NxM a set of correlated 5 inpulpsa/usespmnses i s
applied for denodulating. In one aspect, a wireless apparatus is operative
to nodel alink in a wreless comunication systemby determning a matrix
descri bing paranetric relations of the Bink; ranking the matrix;
determining if the rank is less than NxM if the rank is |ess then NxM

per f or m ngaateneas.r adhi en aftemnaseibaphedinudntt Hbenatatrix; dderibes ngaxamaetniel

I mpul se 10 respons for each channel based on the extracted subspace of
the matri xrelafens Bé‘}ﬁdmkaltnit frequengy demaignal using the channel inpul se

o ' ] LfRL
olodec s | tor RAHABE ARRAG it B LEadaE TGRS 1 ARG R for

representi fge mhatfiKINohéE ethbodimeatlif teiraBRISEqe4l tdi (BNAIFa bEIC dvefbldtedm t he
transmtter; a rank analysis unit 15 coupled to the correlator and

oper at i e tiropelsei respensesr inkpplied her cdermedulating. ndnrone aspecta acwarehess

esti mationaunit coupl ed to the r@gk ﬁaﬁl'XSi s.unit and gipc%ﬁat!vet to
gener at e a?PBR#ACRY S APRTAEKEARANOES T HRE &1 AT S £PMYRY PR isystep by

r epr esent -al | . : DAL : t he
tranom £t e CeRF A 4 bR R ARG, o fnd B Bing e, 20
det er m ne amteikgdeteamireingaf ties patdinigss tharhbBixdyvidithamak i@iess xhern NxM

operative to conpare the estimated rank of the covariance matrix to a
pr edet er ni peEforming ymExEaction et 3 sybspase nek therpalimelgriving ghanmelimpulse

estimatjng a link in a wkel nmupi cat.i o S i ngl timating a

covar: Aboramerrse 15 eleAniRoassd WL s BltkiRRe Sibce R e Ba i =h

covar i ance deiodufatirsg & 8sbévdd fgnalaghicg Bt diineRikpalse r&fpdiR¥ari ance matri x;

and estimating a set of inpulsée responses for the link “using the reduced

rank covari ance Inmnotlxer exddodinuerd) & yir¢less comumochicadipn dppeiraie idedudesrani ng a

correlation of, the channel; ranki ng t he covariance matri x; aﬁl%e er.f orm ng
r

an ext r act FReBFOLOPFAHYEJO esHINAtR: AriOY aHANCH MATHX TEBTRSFNHRG fix. WO
02/060138 BGALMAY BARESN signals received from the transmitter; a rank analysis unit

15 coupled to the correlator and operative to estimate a rank of the covariance
matrix; and a channel estimation unit coupled to the rank analysis unit and
operative to generate a reduced rank channel estimate. The covariance matrix
may represent a plurality of impulse responses between the apparatus and the
transmitter. In one embodiment, the rank analysis unit is operative to

20 determine an eigenvalue corresponding to the covariance matrix and is
operative to compare the estimated rank of the covariance matrix to a
predetermined full value.

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.



4 In one enbodinent, a wirel ess conmuni cati on apparatus is operative

within a wireless communi cati on system having a transmtter having N

ant ennas wpd2as6riegcei ver havi ng M antennas, each path frompomassof/sdobe N
transmtter antennas to the Mreceiver antennas conprising a channel. The 5
apparatus includes a first set of conputer readable instructions operative
to determne a covariance matrix describing the Iink; a second set of
conputer readable instructions operative to rank the covariance matrix; a
third set of chmuteeembedinértte ai witelesst joonmuopeationn apparatgeissoperativief t he

rank is less than NxM a fourth set of conputer readable instructiaons
operative MOtHBr foWiTelers1 GORIRYIER T, Wﬁteénrgﬂﬂélgdar EaRsTattes ihagmg gqr’} t he

covar i anceagfler L'g?la{rrd L& LR ﬂ:ﬁ/iné Saﬁ@ﬁﬂa%“%clﬁapgiﬂ tﬁ{brﬁe(;neot)f GRETL er

readabl e in ons operative to°derive cHannel “I npul'se responses for

each channglanbasest antenpgs tedte e ferelver GoMainANEEMPBikiTigKa dhasingl h Thet of
conputer readable instructions operative to denodulate a received signal

usi ng t e epparatis ingutles ar firsp oat of .compuites readablainstruetiorfsuepdretive el ude
an equal i zer operative in response to the sixth, set of co er readabl e

i nstruct i oHSTEr{RE & FOVATIGIE TR R Agsrtng 1 € dijticiid 7gond S GBI by
the rank ofeddiie MRS dPirhtive tbraARCHRTBAHRRE mhfif; 2PRAN of

i ncludes a seventh set of conputer readable Instructions operative to
derive a coompludérecbadableniistriuntichs epemsivensedetdfimine Htthelraakds Hess thapect, a

wi rel ess communi cati on apparatus includes a channel estinmation neans
operative NMsaifpurtd setiveompiries rardabls instepstionsreperatise tp per{gran ag

transm.tter based Sl ' fr.o he : )t ’ r :

anal ysil? uﬁ)ldft}astb%npgga rfgﬂ?‘%gr%rg(?rﬁ{eal\{gggrdtanéhgﬁgyé{1%§%3%g§§ ﬁlr?a%g&t Re rank
of the covadsh AR&GENYNI & Fiftheqdd of coRPUIE re@dhblFBihbRUCHIBNSpativeypldedivieo t he
rank anal ysis unit and operative tO generate a reduced rank channel
estimat e. Ebanredr impulsaotdsponsespder eagh wihaginet sbasednoni the ireducgshamankus
includes a correlator operatjve tg estimate aﬁqvari ance matrix

represent i RYVar AR KM %\_Sl"tt afﬁ% (PEPYEE dgAdaPle B INS P SFaHVE tBm t he
transm tt een R iAtE FNAERYS YUdhhl 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



30 coupled to the correlator and operative to estimte the rank of the
covariance WO 02/060138 PCT/USO01/ 50068 5 matrix; and a channel estimation
means couwload/ot@3g he rank anal ysis unit and operative toPgansat@ca
reduced rank channel estimate. In yet another aspect, a nethod for
estimating a link in a wireless comunication systemincludes estimating a
covariance matrix for the link; 5 detegmning if the rank of the
covariance matrix i s reducible; reducing the rank of the covariance matrix;
and esti mumatgxpandia dfannepeastimaties poessscdupled e the ndnk analygistirdt aaduced
rank covariance matri x. The net hod y further include determning a
correl at i oRPeativedo geRATNE a rednsadhgnkithapgokestiznate: natrix; and perforning

an extraction of a redu r.an tri te of & ovar i.apce I 10 In
anot her enbodi rTL'hty,e_t aa%%_ﬁgﬁ 3’§lggc§g%a£ﬂae{€ lrtﬁ(géllifrcl)gleusztile aclﬁn%%e:h gs%nl %g%vll{)grfless_rreans
operative tOMAKLSEARAE s§stati fih@adss @@t'il@ﬁé&ngnﬁ AehBEM N enaArikefor Ghe 188 mat es
of full dinension channel paraneters associrated wth the significant

del ays, Swhdeermiriaghif tmeratk ohihesmivavhnes tatrik ésreshrailde pedidsingptherrankst ance
in time; eigenval ue conputation neans operati v,epéﬁ det er m ne, ei ﬂeg\égl ues
of the 15 SbihefovasiangaPpalriyf and esimating aestaf JMRHShHFRPOPaRE (RS dnknd
find any  dagnant o IER bk ARl RURS! PRL IBHLANAY TP ShAKe 0
determne a  Set of reduced rank channe paraneter estinmates In response to

t he doni nagetergiifiepvalcelation bhehe chhenélppaildhygsthevyviariahte enatrigeamect or
conputation neans operative to determ ne at |east one eigenvector

associ at ed paiforminganexizactioreofforgdiad rank apatsix iy ofthe gevariancematsini nat es;
wher ei N t he channel ans uses the at.]| ctor to

estinati.on ast one ei genv
oroj ectllt he set TorredEr sHREmS Rl A WTElRF appamiE: MTede s s RelERs onto
the subs paﬁ?eaﬁga{%]ﬁ&%tiw tdedébrmir@sigriefiéartt! 881'&2@051% - deteriifleER BESER PTI ON
OF THE DRAW NGS The features, objects, and advanhtages of the present
i nventi on estihatebexfdoll dimnensappahanie! fpavameters desaridted widk ¢he pigraficadt
forth bel ow when taken in conjunction with the drawings in which |ike
ref erence BBRYsctEerein each one of the set of estimates corresponds to an instance in
time; eigenvalue computation means operative to determine eigenvalues of the
15 set of estimates of the full dimension channel parameters and find any
dominant eigenvalues; and channel estimation means operative to determine a
set of reduced rank channel parameter estimates in response to the dominant
eigenvalues. Further, the apparatus may include eigenvector computation
means operative to determine at least one eigenvector associated with one of
20 the dominant eigenvalues of the set of estimates; wherein the channel
estimation means uses the at least one eigenvector to project the set of estimates
of the full dimension channel parameters onto the subspace spanned by the at

least one eigenvector.
25 BRIEF DESCRIPTION OF THE DRAWINGS

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:



30 identify correspondi ngly throughout and wherein: W 02/ 060138

PCT/ US01/50068 6 FIG 1 illustrates configurations of wreless

comuni cawoor/06Eyst ens i ncluding multiple transmtter ant @amaspr/fo& 2
illustrates a nodel of a. wireless comunication system according to one
enbodinent; 5 FIG 3 illustrates a nodel of a channel between transmtter
and receiver in a wireless comunicatien systemm FIG 4 illustrates the
physi cal |ayout of antennas in a transmtter of a wreless conmunication
system FIG 5 illusfiates Blustratesdicanfignraions mdt vodeless revumericadioh 10
channel estimatian lLar a w r.eieess conmuni cati on system according to one

embodi ment SY#FRs Bcluding pputiple trangnttep ANteNNagst i hat i on gain of one

enbodi ment; FIG 7 igkdusti fi i i ng ne
enbodi mrent. 15 and F:Fgé g ﬁﬁ]ﬁgﬁé%ega%ééggér? gggrrp ag%%e%ﬁ%g%atﬁogf S}gsqs\n&r el ess
commruni cat ia@cfbrd&)@t(ﬁcﬁhe &hbod1iEENPESCRI PTI ON OF THE PREFERRED EMBCDI MENTS

20 Multiple radiating antennas may be used to inprove transm ssion hguality
in a w el ess comunitiat 8 dHustsgtes ymadel e glanngh hetween rteangerittentaindn

nobi | e radio s‘yst.ems .f%r exanpl e, vari Oﬁ?s transmtter antenna diversity
t echni ques "8 ﬁfﬁ@@e‘_}ﬂrg 55 WF‘E;iE‘fﬂléatf%Wss_ Tter antennas may be used to 25
conmuni cat e i nf or mat ikqQ, 4Hltﬁt1ra?€set'hﬁ‘§ﬂ\ &bl‘&géu,ﬁbf‘%t%nﬂés A taRbBith&CSH ver
antenna(s). Muiltiple antenna syste ffer an I nprovenent 1 n quality.
However, t hevirelesoseneninicatiotegysteant on t he accuracy of the channel nodel
used in the receiver tqQ denodul ate the transmtted information. Nodeling of
ré. § illustrates a fﬂ)w Jiagram of a method of reduced rank J
10 channel estimation for a wireless communication system according to one
embodiment;
FIG. 6 illustrates a plot of the estimation gain of one embodiment;

FIG. 7 illustrates a system configuration according to one

embodiment.
15 and
FIG. 8 illustrates an exemplary embodiment of a wireless communication
system.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

20
Multiple radiating 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,



the transm ssion channel uses paraneter estimtes and determ nes an
effective 30 channel inpulse response for the channel. Wien nultiple

ant ennas woaz2os@ds WO 02/ 060138 PCT/ US01/ 50068 7 the nodeldrripol/swes ves
estimates of each transm ssion channel for all transmtter-receiver
antenna pairs. The transm ssion channel fromtransmtter to receiver is a
space-tine channel described generally7by at | east one inpul se response.
Oten thereis 5 little change in the channel paraneters from one channel
t o anot her theusfodeinghéneolvbe edtanaes iofpehce tresgoissies diHaheel ofolry ailn
phase. In such a case, it may not be necessary to derive estinmates of

i npul se r eSjposBBEe-FREBIYERABIANDA PAF each channel, but rather some

i nformati on may.be reused.. Waen channel s, _are..correl at a reduced rank
representation € AT AOR %aw?greo ustera{lgrﬁﬁ&%eté’ulé%ggggnlﬁ 9 ap %Creégltng t he
reduced nURhEAndfd&eHbeE Rh¥rdINCHY l8ll8ds bneChapiiet Sesfsitte! COABS Ghbkeist he
i nk between transmttertggndrrgggjf\?er. Onér-1 V\}ay to observe this reduced
rank i s 5 héittl@ckangsirc the charfingl hparetreters| fromvané ghaenel et anothers edich ais

describe the nutual statistical dependengjes of the different, channel
i mpul se r edfedhe chanpel; papulss desRANFeE 1¢f§1hi?n{3’aﬁ‘ théﬁﬁ'bi“ sugh izeaseplt 15

other par aﬁ’?effko{‘ﬁé%‘érc&%arf 86 éigﬁ‘% R gﬁg}aitéc‘shgﬁﬁgﬁﬂmqjeﬁ%}{seé it PRI | X 1S

formed of col’unns comprisi’n I mpul'se resporse estt mates

over time, fohedci chadnhel, tRAUEEErlsome BiflrraAtion efayabés asied. NAhiehxchadnalp! i ed
as described herein. A reduction in rank may result in a | ess conplex

filter or atewcoteladedra reduced rankcepresentationbef the chanpelssmayidieonsed. t er

el ement s and/.or 20 denodul ation units used in the recei,ver. Furthernmgre,
the reduct i ﬂuS?‘;tWé‘i f %rtoo?h%srtefiﬁﬁ?‘idnbgﬁl’gﬁe?fercgnlpalgtﬁix 0“%‘1951193%@“ ze
the channeln)gads ukéd té MREQYRIHRCGM BeMv&in ErARsANBRNGId FRERler. Orfe wh
illustrates configurations for wireless conmunicati on systens havi na

mul ti pl e t tarbsetvieethisl xedundeenreadk. isTthie aiheedarcéionl dfudter diamahel ao¥vaniaice 25
multiple input, multiple output (M MO, and a second path I tiple input

si ngl e out pratrikpssg) to ﬂféCM‘S@‘%dﬁPF“gﬂrsétiﬁl%agldﬁ@éé‘dﬁml?ﬁ g:# éi‘? lgﬁ‘?f%fﬁnas in

channel impulse responses. Note that the reduced rank can also be realized by

15 other parameter measures. For example, in one embodiment a sample matrix is

formed of columns comprising samples of channel impulse response estimates

over time, wherein the reduced row rank of such a sample matrix is applied as

described herein. A reduction in rank may result in a less complex filter or

demodulator, i.e., reduces the number of filters and/or filter elements and/or

20 demodulation units used in the receiver. Furthermore, the reduction of the

number of estimated 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



communi cation with a single Rx antenna. The M MO confi guration extends

this to nultiple Rx antennas. The channel nodel for one of the systens of
FIG 1 iwoilkilcsassated in FIG 2, in accordance with one @ayadionsmwss
specifically, for a 30 wirel ess system enpl oyi ng coherent denodul ati on,
having a link between a transmtter and a receiver, wherein at |east the
transmtter enploys nultiple WO 02/060138 PCT/ USO1/ 50068 8 antennas. The
wi rel ess communi cation system 10 includes a transmitter 12 and receiver 16
t hat comuaneatrasyiTheamiraless comerdrscaiontsshemndl innlodles altdansmeipieed2ang t he
channel s for antenna pairs between transmtter 12 and, receiver 6 annel

nmodel 14 cdaeeaivRyr 461 Hat cCoRIRRBINCale t HRnaR fir pinterface, A ¢ goods! |1 of
FIG 1. Contj i i . used
G 1. MM MEUIERS, sl Bl S0t

I'n general 6. f OhaRASIMdUEN14 t6RdideR! theatiahheld witthidya Diekyeeth 44 gresMilsOer and
receiver, (NTX N,) transm ssion channels exist for the pair, wherein for

a si gni B9 cdimk dfFIor dpagati on del ay the received signals resenble the known
transmtted signals, with hi cerfainty. I n other rds, define NE.as the
number of si gni ﬁ%ﬁmun%w@ag‘gﬁ gn{e&elf’ay@? thg EH“%Fggl‘aéﬁeWSa‘ése o€ The
(NTX N,x NE) channel .inpul.se response sanples_are then estimted to
VRBEY oh i BafesPErUY ol BEERr A ne

per f or m colEANERtter i¢aRd| i Hif 0 T ah NG FRCRIVET d0aFeSPEALEY < 1 B8ReT

Corpi ety abEh AT Rk RS BB AR i BECH Y oer
of - denpdul Ao Nser RapmisaBIP LEmIRY ok B HY iie JARREAFRY o igibioapy! | oss
i mpul Seﬁd e%?Qﬁé?atm{elﬁz tRb ?e&wedlagﬂmrs%%ﬁﬁe the SR HARSS e sigﬁarsNTX

E) chanhe S [

NEX N I npu response sdanples may 20 be nodel ed as a [l near
conbi nat i oRviglh hagls wetth@ity nupbetheNetioefs, definaeN . | apptHespumbes pod ifisantl es,

wherein Nch < NRX J . Such cases include, but are not limted to,
m ni mal anguwbpagativreddlays, tlse tefemeditot & echmbsor ThedeV,yewV j nNt heharfidlect i ve
channel s due to propagation conditions. If Nch is known, or
impulse response samples are then estimated to perform coherent
demodulation. When the channels are uncorrelated, the (N, - N, -N.) channel
15 impulse response samples are modeled as completely uncorrelated random
processes and the estimates of these channel impulse response samples may be
derived independently without loss of demodulation performance. However, if

the (N, - Ng -N.) channel impulse response samples are not uncorrelated
random processes the (N, - Ny -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



estimated, and the linear transformation of the Nch channel inpul se
response 25 sanples are resolved into the (NTX N& NE )channel inmpulse
response weanpbmEss then nodeling nay be acconplished w t hpPCRasShivhnoehannel

i mpul se response sanple estinmations. This reduces the nunber of paraneters
to be estimated while increasing estimation quality, yielding an increase
in the denodul ation performance. Even i9f the exact representation of the

| i near WD 02/060138 PCT/ US01/ 50068 9 transformation of the Nch channel

i mpul se r espoBtEnsdion esf itheo Vpehaooelr esgoueé ngespins& satnplesNEhtoe hidvenel

i mpul se response sanples is not known, the nodeling may still be

acconpl i shedrnespdnding (fanigl - N ppohaenel ésnpoteaessame sangsles enotdaowi, t he
subspace spanned by vectors of this linear 5 transformation is known or
can be est ithatraddelity snar istilli lpd @ccampbshead edth oV gshaReelumepuRamesideenel
Estimation.” The transformation of the Nch uncorrel ated channel inpul se
responses isaiplé¢ hestimldioas NRxtheNBubspacee | spanded hbynetectarpub$ ethieslhnerses can
depend on factors jncluding, but not |[imted to, the antenna

conf i gurat {TGHS oamaém\a}sgawg}%sanﬂ%ﬁ gdimaatedat i on characteristics,

propagati on condht and. ]Pgr@ ioni.ght be
known a priori ,q-:h# g{lﬁgﬁfgggg};&ﬁd %a%oge(gg??\%a orhéﬁiﬁﬁg@&}f orFm gxarrpl e

by angl e- oftrapsfdri@tioes bf ikl o), udbsrreldsd aBgnsdlainpdlse biespBsdsi HRGI the
transformation of the Nch channel inpul se response sanples into the

correspondi(ng, {MXNN correldidd channell imﬁ'amb&@sp@mm depehéorcadtide 15
determ ned by es |mﬁ|ng the rank and the eigenvectors of the (N, .X NRX
NE ) - di nensdadalg, danahoaniritedtto] xhefarithend NonKgubhtion, Nmteahapterhgipul se
response sanples. This subspace can al so be_determ ned by using a singular
val ue ecpepuigatioonclutragteriplies, prapagatin eonditinss andhmare. (I soxe gEses NE)

ot e that TP PRSI ARAR BrET U aPeponenfet soes beBbpF GBrdAdsy o
known cor r ek, 6t %ﬁamgwg 'efnﬁ@%f—ﬁﬁ'i@aﬁ GBI GH,. | cmecs%rbsg@ceesﬁ‘ﬁdn&%aed,
the (N,.X NRX 'NE )channél ?,rrp se response sanples may be filtered by a

noi se de- cbyriblediriean tfansfarmdtiorsof the N, channel impulse response samples into

the corresponding (N, - Ny -N,) channel impulse response samples can be

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

dimensional covariance matrix of the (N, - Ng, - 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, Ng) 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.



I n one enbodi nent, the rank reducing transformation is known a priori or
is estimated. In other words, the mapping of the Nch channels onto the 25
(N,. X NwWwWpoehensel s is ascertai nable. The reduced rank ciramnsh1/5®6g hen
estimated using the ascertained transfornmati on. Wen desired, an equival ent
full dinmensional channel nodel may then be derived fromthe reduced rank
estimate by transform ng the reduced rank estimate back to the |arger

di mensi on. WD 02/ 060138 PCT/ US01/ 50068 10 In an alternate enbodi nent, the
rank reduci ng t darsf attemtaterennisodigientdiheecanly redooing tyansfohmatob sip avet

db h f i b df he dom
o genvect oriresHy( REO¥Rammbl TEoPAPIRAE SHTERDY st SarRRANeTedshdee may
be referred 1o ag frﬁg} W -;gﬁg Bgegwg&o}%]%f hanighnal %8{9@?%&35%5@.” di ng

process invofv S fir esti nma annel covari anceé ma

the dom naNot@itHﬁr‘t\l‘@Wpac@%nd?%rr@fdﬂféwtdm}@%?%l%hb%a@icﬁﬁﬂ&%ﬁhﬁﬁé whi ch
span the channel subspace, the process projects th conventi onal channel

esti mat & i stibspave. cEaepebcesativpalves firsk pstimgting raedharnel qavakianeeammedtixnodel
with reduced .estipatign errors. |f desired, e reduced 10 rank nodel, may
be. t 1 anof ofABa RERE | i ASmsGit EIEERTANEr | dDmAGrURTnGna Soaerd F
3illustra I of, I (o] " Wiy i : ving a

i mear M MBI EERrS oV it SRR T ARRD subSPacE? pheg PRsS | PRicct™MED

filter 20 icendeaitiored dynhbleedtifate iNtX thatchaxnél §dbhspaceipyiekling aofedicedar 15
functions hj (t), i =1...NTX, j =1...N.. Cenerally, h:J (t), i =1...NTX |
=1...N. ar &ank ckapogl modehwith seducadsestrnation geearsiv idesiredetherreduggdesent s

toCt he Troc#ik g Snf BERBhSroR A 18 Ao palf D KT Bikebsifh EhRbE 5
NTX, |

t hei r chanpgdddinpul se responses hj (t), i =1... =1...N,, . The input
signal to the nodel, .(t), is a 20 (NTX x 1) column vector representing the
NTX band- i mi t edIGr nidluistrates gnahedel akédof ahMIMD phanselgfral cdntomonisetizmedel |
I (t), is a (NRX x | )colum v,eI'ctor, ,s%nRJIe_d at _
having a linear MIMO filter 20 with N,, inputs and N, outputs. The linear
MIMO filter 20 is defined by the N, xN, matrix H(t) comprising of linear
15 functions h;(t),i=1..N, j=1..N,. Generally, h,@),i=1.Np, j=1..N, are
unknown linear functions. The linear MIMO filter 20 represents the (N, - Ng,)
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;(¢),i=1..N, j=1..N, . The input signal to the model, ¥o), is a
20 (N, x1) column vector representing the N, band-limited transmit signals, and
the output signal from the model, Y, isa (Ng, 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 (z), 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 V) is given by
Yor=u"0)«Ln+ 80, (1)

30 where * denotes the convolution.



t =T, 2T..., as illustrated by switch T, where the bandw dth of the
transmtted signals is less or equal to 1/ T T. The received signals
cont ai n awdioios@3s perturbati on signals represented by thePRMUS01/2006®] urm
vector zi(t) , introduced 25 due to noise or co-channel interference. The
additive perturbation signals are added at sunmmati on nodes 22. The

rel ati on between the input signals .(t)j1the channels H (t) , the
perturbation zi(t) and the output signals '(t) is given by Y(t) = HT (t)
*(t) + (t) , (1FIG3Dilivsérates thegiosias] chrdfiguomtioh uf motenna®ad HOGaAS@itter

PCT/ US01/50068 11 FIG 4 il|lustrates the . i cal configuration of_ .

ant ennas aPf aRexemmay; %mé?dl%?nta{ﬁogﬁléﬁpﬂsdgl}%é’r%oﬁ ‘t‘@%o'ifé‘ﬁ‘éﬂe@q ¥ FIG
2. A reduced f.ank ] ' appl i iyt | repr ted b
channel nodBP Lﬂ, tcﬂg\g‘/thfr%\%téasth?rgﬁlé mreeﬁ’l) ¢ éeér%n%;{ cﬂéﬁfc ﬁgfﬁg@d% 1 ?‘Eeﬁggf&g 4) y
antennas, eaeBnIREC e cahfigurddsivancdeFousl (4) attensdreehdi §sacll dthedistance

configuration and nodel are discussed hereinbel ow. Note that the
est i mat iSon "g+ ode specifiss péthe coplgatatidreand gaodelrare6disgussed dreseiobelow.

direction i iven.by the horizontal line. Angles, of transni ssion are
measur e It GEhe estiTgHOR R Of e e dn PR OB AT S receis STty oA BOREN €0 an

| ¢ . . o : e D
STone ac | AIREABRICEIRA AL RliBof GERRE, Aty 6f BRNGRh td Mleflodted O |

al so il ustyigd qespetheofibid eaferihceN®THE thrigie U dodlespbrds @6 &invahglk2of @
system 10 to estimate the link. FIG 5 illustrates a flow di agram of an

exenpl ary meopraghtion pathrwigh respect tantheoreferenee within eeBplanegaallbistrated.
receiver, unit in gccordan with on enbodi nent. Process, flow i.ns by
ear ohi W Poranget AR R copress it Bhe FaBr e el ILRE SRRk oY folfoune

sear chi ng h@gthéaméécpa%e@géw& BlinSy8Rnt 90 td Bstfifte tBETRE MENt the process
I nvolves a sliding correlation of the‘received signals wth known
transmtted sigFiGs5dilukirates a floporkagranoiof tameexemaplkary trhethods bfjchhsnel

Correlation refers to the degree with_which the received sjignals are
rel ated toesth@akaBitseds nBIRGEsR Sighagh i) @, Terpivesiunih i @cerdanes, with gieon

f :’ %?2 h?f ,[2 gg{bgc#cfsrt#gﬁgs BRBE HERN b%gl%sslg}g ’L%L&Mé t}opisgé}\iﬁ&mg S%B:a%’atigﬁr
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



wherein sliding delays are used to shift the received signals in tine, a
resultant sliding correlation provides the degree of certainty with which
t he ti nme-wiioktoed3s si gnal s resenbl e the known transmtted Cgnasoys006h1ius in
the wireless system context, sliding correlation relates to the
synchroni zati on of known signals 25 transmtted by the Tx antennas wth
time-shifted versions of the received ®ignals. The exenpl ary enbodi nent of
reduced rank channel estimation uses sliding correlation of the received
signals w tphotariuse of slidarg mreelaﬁbg nalogdento fndisagnificamtepropagetionNEebayd t he
values r ,zZ, K ,zNE of significant agation delays, i.e. delays for

whi ch the #%%@P#@G“@Vﬁh%ﬁ@7 @HC@Q@ﬁ $tefifese delays in 30 time resenble

the known t rans%trﬁgth%' %ﬂ@hsesﬁh{a{@eﬂ)%n?&&tsaqo?trXultl-HTﬁ °§%§r§(’@6¢9‘% als

PCT/ US01/ 50068 procedure o ng correlation

si gni fi canpeprapagRt NNraRhdYRr ahferias AnkNABNNAS re@ Rk @hitétthasial sﬁ?\/lfg
systens. The net hod t fen esti mat es paraneters for mul'ti pl e observabl

channel 5 hgkV@@AnbRardT¥dio Aetsvirki@hnaticpass 28dp hhg al1&ask 8GRIrYieh of
antennas at step 42. 5 The channels are radl 0 networ connectl on pairs

coupl i ng athé @ggstiransputter enteohas he aNl¥st a postion todthen¥ gnreasivenantenhesst a
portion of the N, x receiver antennas. In the exenplary enbodiment, there
is a connedtithe ebemnmy emnbodimenisthere é5 a copngeliem atvaq?fdl eadbhirapemittasr 16

t | t h I TIh ; d th
MUl 1 pl e CRARMETEUATE! CHBSECRNAF be ABIRSE: TsultiE nﬂig&scméﬁcl%{o&h@g ’
EesEons;as %‘Pé hgt&qha C’E‘ﬁ‘ﬁ'ﬁs S‘%JP?BP‘ ga$ NEeisel%‘m f, cant IHpré)tga!'%atl dfal ays
echoes) e }?eadgi ex

I f t
o par aitpy SBac N mplike FRGMIEL: b e Hhakiap] Hghmf %Qt ¥ %?‘fg%e@%e?ss.es
denot ed by Faols;ig\mén NB& NE)(eéhde)? VRgisPr beake@ Kra!i@frﬁtt@r EH& rkeeif/8t,at i on

bet ween Y i s devel oped herei nbelow. Wth r, |,

r2, K, rNE(Dgj Nyt )sccgnpfelxcsaarmhplps @ﬁabat(ll\q;l dk| agtsartred Wurpmlset reapensest er
and receiver, the rmdel described by (1) can be expressed as NE pp
could be used as a set of parameters describing the multiple channels. This set

of parameters is denoted by a ((Ny, - Ng, - N;)x1) vector termed } herein. The
15 relation between ¥(t), }l’ , Y6, and Y@) is developed hereinbelow.
With 7,,7,,K,7, being the significant propagation delays between

transmitter and receiver, the model described by (1) can be expressed as
Ng
Sn=3H @) Re-7)+80. (2)
e=|

This can be transformed into

20

fir =1 @ B¢ -)) 1" @ 8¢ - )R (1" @ £ e -7, )k + £y, 3

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

matrix, and the vector }zl is obtained from the matrix H(¢) such that }:
25 hou(z,) = vect{H(z,)}, e=1K N, (5)
hold. The ((N, - N.)x1) vector }i’am, (z,)is consisting of the elements of the

[{

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



Y(t) _EHT(ze)(t-re)+z(t) (2) e=1 This can be transformed into 20 Y(t)
~py,. y =[(I"N) (r)k" " (t-r,))(1(N) (9) pp,,. (t-TZ))K (I (N)

(c).? (t-whEpppt13s P(t) 1 (3) where (r) denotes the Krone®karuhen®es
product, 1("_ ) is.a (NEX x N& identity matrix, and the vector Kis
obtained fromthe matrix H (t) such that K25 ~'ota, (re) = vect{H(re)}, e
=1K NE, (5) hold. The ((NTX NEX) x 1)13vector t-~on, (re) is consisting of
the elenments of the matrix H(t) sanpled at re with all colums of H (re)

t acked on f 0 6 t
EEN R o e A

“iota, (Te i ,re) h21 (Te) KhNrx 1 (Te )1 T T Czar (Te)
[h12 (, )f %”Z’g ()rfeg)é?%ﬁﬁl& 2 (Te )]T (6) MT [h1 N,,, (Te) h21 N, u (,re)
K hN,,Nru (Te ) Since the output signals Y(t) are san;g]re at a sanpling
rate of 11T, vectors 5 contai ni n the(fd)’?zc(ﬂeﬂé ’tm,r(ﬁ anpl es can represent
segnents of a finite durz}i on of 7{, | U (rfe)]ﬁr gnal s. For the sake
of sinplicity, the receigd(m)gndl s Are e§’6f| bed herein by a (6)
discrete tinme representation over [a frnrte eratron of ]trrre t =0, T, K,
(NT -1) T , where NT is the nunber &aypl £z, Xrken, avey| (i me. Therefore
the foll owi ng abbreviations are uLs’g&" Each ﬁdr scrlel?é 10 time transnitted
signal at aHee dupat eAILW bﬁe SHMBRADYt & s¥ rate OF) /T [vettd@ - T)
Xxn (T- T) Kxn((l\l'l"t-g )@T%(T E Sﬁgﬂ ae(ree(rnthe mat ri x
descri bisng cahtairdhgthe dCBcﬁété einge QarﬁpldsrcaﬁS*épﬁe‘seﬂt ﬁg@ﬁ@i@ of a finite duration

of the continuous time signals. For the sake of simplicity, the received signals

Y(t) are described herein by a discrete time representation over a finite
duration of time #=0,T,K ,(N, —1)T, where N, is the number of samples

taken over time. Therefore, the following abbreviations are used. Each discrete

10 time transmitted signal at antenna n delayed by 7 is given by a vector
§2@) = [x,00-0) x,T-DK x,(N, -D)T-9)]",  n=1KNy. (7)
Wherein the matrix describing all of the discrete time transmitted signals
delayed by 7 is given as
s@) = B0 82k v (p)) . 8)
15 The matrix A describes all discrete time transmit signals having significant
delays.
A = [[% @ 5(z)) I @ 5(z,))K [ ®S(z, ) 9)
A vector describing each discrete time perturbation signal at antenna » is given
as
20 R = [2.(0)z,(DK z,(N, -DD)]", n=1K N,,. (10)
and the vector of all the discrete time perturbation signals is given as
f o= [Ror Rerg Rowr]T, (11)
The vector of the discrete time received signal at antenna » is given as
Po = [y, y,K y,(N; -pD)]", n=1K N, (12)

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



delayed by r is given as S(T) =1[9g(1) (T) P(2) (T) K[~J (Nm (T)] (8)

15 The matri x A describes all discrete tine transmt signals having
significawpDo02dehays. A = [(L1(N,,) (D S(T1)) (1(N.) (D S(T2COrjusi/fdos§ N ) (&
S(TNE ))] (9) A vector describing each discrete tine perturbation signal
at antenna n is given as 20 Pn) =[zn (0) zn (T) Kzn ((NT -1)T)]T, n =1K
N,r . (10) and the vector of all the discrete tinme perturbation signals is
given as nN = [J(DT p(2)T K n(NR ~ )T]T (11) The vector of the discrete
time received signal <erﬁ|a <8R,>g ven as P(n) [yn (0) yn (T) ﬁyn
((NT - DT)]T, n—lKN ? nd the vector of all dlscretetlrre

recei ved Smm%ﬁhé %bgweabﬁesnmr%/tr&@@ﬁ&%ete%hu 5@@ alsléf A MIMO (2) T
KP(N, )T ]T. (13) Using the above abbrevi ati ons, | screte time out put

si gnal s of chhnmél/l hvm)ddhdﬁnellustmted 18 FIGusd raved & onniQ}i 8f otime drgrori od
of time from = KJ NT -1) edyced the sinple nodel 5
?2=A. +R (1580, TTKe @\é;coh)@ maéfdoqwdﬂlﬁed¥q>g’w mig Ciq(i FIG 5 at step 42, is
to repeatedly process estimates for parameters characteri %1|4r;g t he

mul ti pl & channel s between transmtt én '*T cei ver. For the
above-descri bed mat hemati cal represent ation 10 of the channel nodel, this

may be eqw alent to processing,estinat 1K Nh of .t he vector K
in (14) forlheseernd gerip t}b%?lﬁf"s ﬁaﬁr%mr’rﬁﬁ(ﬁ gé%)?f\‘/’@%lzr isrqIreReatadly REOEESS: he

correl at! 0 fihaldGol 08k i ha @fér chifild:EAn PR nhllripld BRalILBELRUR

del ays, nown ransmt S S pilot signals specific to
t he transmitdrgmiaat @Iﬁtﬂlaécelﬁér FF(ﬁd;hb%bﬂiiféﬂés&ﬁil&éd\n{wh@ﬁaﬁ&l(}epreséﬁtaﬁon

10 of the channel model, this may be equivalent to processing estimates

f('", n=1K N, of the vector V in (14) for N, different points in time. A
conventional method uses the correlation of the received signals, shifted back in
time by certain delays, with known transmitted signals, such as pilot signals
specific to the transmitter antennas, or predetermined training sequences. As
15 the significant propagation delays 7,,7,,K ,7, are already determined in step
40, the exemplary embodiment of reduced rank channel estimation uses the
correlation of known transmitted signals with versions of the received signals,

shifted back in time by 7,,7,,K,7, , to generate a channel model, such as

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

20 represents spatial and temporal white perturbation, wherein the noise
covariance matrix is given as R, =<£t‘z)“>=0'2 PR 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

h=an P (15)

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

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

R=a"R? P=a'roa-B+a"R7R. (16)
Note that R, might be known a priori or could be estimated from the received

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



15 the significant propagation delays z, , T2 ,K ] N, NE are already
determned in step 40, the exenplary enbodi nent of reduced rank channel
esti mati owowgmeoissie correlation of known transmtted si gmalrased/sdo6s/er si ons
of the received signals, shifted back intime by 'r,, TZ, K, THE, to
generate a channel nodel, such as channel nodel 14 of FIG 2,
characterized by the vector r. If the ng se vector /i 20 represents spati al
and tenporal white perturbation, wherein the noise covariance matrix is

gi ven as Rwittr 4 fdograyiamice dnatrix "of* 'RT)= A"&NA.i Thideoratinhee AnateixTps irsss of
the a priori known signals, such as pilot synbols of a COMA system

channel estidgyras ir0pémdrab dehyhe eimpbatitenf che pbrutesivr badobsoritadedin (15)
25 If the noise vector | does not represent spatial and tenporal white

Cocer! bad 3l o UBRRE oSBT S 1P 2 R0 BF S ROBERRE ther

m ght be known a priori or could be estimted fromghe received signals.
The channekomgpineatseofothe( p&fudmiioa vecter pemthineddain ancoelett be da*dantetatedD
02/ 060138 PCT/ US01/ 5006 15 with a covariance matrix of RP =A H Rn" A. This

covari a@c?bZﬁHﬂsl‘oﬂrﬁin with 3g0AAITHIOWEEBEaSdumbd th wHall f0lEWR) Giedtetn Of the
perturbatioh vector containedin p h are correlated in general. If RPis

known or can be estimated, the conponep}s,of phe perturbation vector

contained in h coul d be de-correl atedR,5 dyRiransforming h with RP1EY) This
will be assuned in what follows, wherein = RP1r2AHRn1 . Y (17) shall hold.
As illustrdbedhoddri G 5, a covariance matrix of the channel paraneters is

estimted at st ol il TRUAN ARCS. IEBOMAR MEEL! HCA PRS- LANIRT,

variable 10 wi 0 an i S case, € covariance matri x

describes themiedd Atép od. wavidhtOHRaSiRs ke vRALAFESfife Mindont 0aRgkle t O
each other. According to the above-descri bed mat hemati cal representation
of the I&hamith 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, = <Z) B > Such an estimate may be given as

Ny
15 Ry =L S fo foot (18)
Nh n=1
If the MIMO channel has a reduced rank wherein N, < (N, - N, -N.), ie. 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

N (19)

and wherein B is a ((Ng - Ng N )xN_) matrix describing the linear
transformation. As given hereinabove, the vector £ is a (N, x1) vector with
uncorrelated components, i.e. R, = <£ . E ”> is a diagonal (N, XN, ) matrix. In

25 this case, the channel covariance matrix is given as

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



nodel , step 44 corresponds to processing an estimate Rh of the channel
covariance matrix Rh = CK KH ) . Such an estinate may be given as 1 Y] (n)
h (")H (18po02b601B = Nh n=1 If the M MO channel has a redwcadisoantossvher ei n
Nch < (NTX N, x NE) , i.e. the (NTX Nlex 'NE )M MO channel inpulse
response sanpl es can be described as a |inear conbination of Nch

uncorrel ated channel inpul se response sl es. The channel vector K can be
nodel ed as a linear transformation of a channel vector 20 of reduced

di mensi on, Adwecaideqierceltifel@ink afntiewheneélrroBarianee {ralix R,NsxequiHEp ¥ Nch)
matri x describing the linear transformation. As given hereinabove, the
vector Y i Giserf K1), and pssuecingrthat ¢drrelationacedratinglta Oifp tmesedsto derive tRg = (
PH) is a diagonal (Nch x Nch) matrix. Jn 25 this case, thg channel

covari ance ABRLAirriphlsH ¥8Pose dShnTREY l?'?-thé éNaridd W LENQAH 38given as
PCT/ US01/ 50068 16 "As a consequence, the rank of the channel covariance

matrix Rh is equal to Nch . i,y n _(120),, ,angu assumng, tat correl ati
according to (17) is use’g Téﬁ rfvée(pth 'Rchgn el +iliqrrpul se ‘response eg}]ir}mat es

r, , the covariance matrix of d h is given as 2+l (N '-Na,-NE) (21) Rh -(h
hHRp2HBSRg -BHRP 5 Due to the reduced rank Nch of Rh, the eigenval ue
deconposition RP 2HB _ Rg , BHRp 2 -RP 2HRhRP 2 = E A EH. (22) 10 yields
only Nch non-zero ei genval ues, where Ais a diagonal matrix containing the
ei genvalues and E is a square matrix contai ning the eigenvectors of R/2H B
Ry BHR-,' 2. Wth (21) and (22) the covariance matri x estimate Rh may

Due to the reduced rank N, of R,, the eigenvalue decomposition
R/™B-R -B"R)*=R/™R,R)/*=E-A-E", (22)
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+1%w Moy g1 (23)
15 ie., 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 Rh is then ranked at step 46, meaning

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



be expressed by Rh =E. (A+HI (NT N ~NE)).EH, (23) 15 i.e., Rh shares the

ei genvectors with RP 2HB Rg BH RP 2 . Since Ais a diagonal matrix with
only Nch wormperaes el enents, (NTX N, NE) - Nch ei genval ue@stafSoRoes e
constant, and Nch eigenvalues of Rh are larger than the fornmer ones. These
| ar ger ei genvalues are ternmed dom nant eigenvalues in the sequel. Wth a
di agonal matrix A, containing all dom tant ei genval ues of the estimted 20
channel covariance matrix, the matrix EC , containing the corresfpondi ng

ei genvect orgnadnmimivaiue N Angtatisiepeds. Meénk i efuad te Hee totataiumber o
ei genvectors, (23) becomes Rh = Ec A c + ENE. (24) Therefore, the

matrix EC eoiidtdibcliditebparim@etsinghe pator ng Ihethehanniels, AR S %ﬁm%
subspace. The estinmated covariance matrix Rh is then ranked at ep 46,

meani ng t Kat, t Ng, mMipberAsahymofrthemeshgsisved imagadtingesirielatiay suthes r ank i s
conpared to WO 02/ 060138 PCT/ US01/50068 17 a maxi mum val ue "MAX" at step
48. MAX i s teedikctianality of theaprapagption plathse dpinvdichanghgnickly peerdimeche i n

t he vector r. In ot her words, iS equal to NTX N, X 'N.). As many of
he mecimnicGielataBAR e ahat P gesar ts Vit putthibng B3t na
bropagat | Oy QAVNS in dinBRtisGRANGR iAVERE!HAAKEE b TRe chifina(g)Or r & at i on
characteristics nmay be'estimated by averaging over rather long tine
intervals in coMperigmk tofthkei Roeasandeadngrikat detefmirtes cwhettadr( sthe The
rank of the covariance matri x determ nes whether the gN,.x NRx NE)
channel par(@het ¥is Mescr icbrngelt rarangeters NRRSCridingt they (Vran¥e) s KisAng
channel s can be nodel ed as a |inear combination of a spmaller 10 nunmber Nch
of equi val &FpnsoisRR chanaelsganhe mpdelsfetseaslingarcqrabinabigny efng smaller

avai |l abJ e, the channel subspace E, of .the,esti.mted covarj anc trix Rhis
Gor 1 ved(ht rufdhstBe bRt HSPERIpte ShERhY RHEmeRnih A TR Rk o
matri x Rh, the rank_ of Rh aind t he channfel subspace E, can al so . be.derived
fromthe 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(‘) Pok f,’w], (25)

by using singular value decomposition.

With the channel subspace E., reduced dimension channel parameter

vectors are estimated at step 54, according to

20 foo g1 o, (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.



matri x of channel paraneter estimates 15 X h = [pl) p(2) K 1(Nn) (25) by
usi ng si ngul ar val ue deconposition. Wth the channel subspace EC , reduced
di mensi orwolaneEaBs par ameter vectors are estinated at stepCPASOEs®Es di ng to
20 P(") = EC h (n) , (26) effectively projecting the originally estinmated
channel paraneters into the channel subspace. This projection into the
channel subspace reduces the estimatiorgerror. |If a reduced conplexity
denodul ator is used in the receiver, which uses the reduced rank channel,

i .e., takes onl ¥f acoredmtienahratbiver,alesiedhfan tled fydhrankathensel modehdsmunt f or
denodul ation, the estimates_of (26) may be directly used in the

denodul at oPoefL@édpuhbesﬁmatdaegfd’dmaqtbedmandformedh baclbrtdshe fidt doraarsdiogalwoul d
flowdirectly fromstep 54 to step 58, or at a mninmumstep 58 would used
t he reducedpacerit séep PoraceardingX®?2/ 060138 PCT/ USO1/ 50068 18 If a
conventional receiver, designed fgr the full gank channel nodel, is to be
used, the estimates P(n) may be tjs@nsfrol ek into the full di me(sional
space at step 56, according to (n)”_ 1f2H Er(n) i (27) "new- Rp C5

uher ei 0 st heyi{aeh aheRadib 218 4984 FRKAHERRH TRbASHIDNESthatlfi e that

the estimate o he chanrfel .subspace Ec may be updated continuously by
Thi s el i m SSTEE of T8 cHpfbebiace B ARy LT cohidfous [ BRERILH® V.
new val ues S48 Fnpipdo Bk P AT R R Bt bt SPeL iR AL B AR es. o
cace the mindiR) SHALFESYTRER PRIRITarkelf BBV Bnga PRk e " 11 S
i ndependentryvibii9Bar@pldset with incrementally time-shifted new values.
10 If rank reduction is not possible, processing continues to use the full

rank of the system to model the channel at step 50. In this case the method

estimates the (N, - Ng -N;) channel parameters independently from each

other. Once the system is modeled, signal demodulation continues at step 58.

The MISO path illustrated in FIG. 1 is provided as an exemplary

15 embodiment. As illustrated, the transmitter, Tx, has four (4) radiating antennas
(N, =4) and the receiver, Rx, has one (1) antenna (N, =1). For simplicity,
several assumptions allow a straightforward analysis demonstrating the
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,



other. Once the systemis nodel ed, signal denodul ation continues at step
58. The M SO path illustrated in FIG 1 is provided as an exenplary 15
enbodi merwO 0496G1B8 ustrated, the transmitter, Tx, has four PCE)USoaSi06] | Ng
antennas (NTX = 4) and the receiver, Rx, has one (1) antenna (NRx =1). For
sinplicity, several assunptions allow a straightforward anal ysis
denonstrating the applicability of thel®xenplary enbodi nent to nodeling a
systemas illustrated in FIG 1. First, the exanple assunes that each Tx
ant enna tr anlsareirs eaclpipash depaityiealangleegheassired whht respeenna, a watereince t he

t - ific pilot si I time- [ d and orth | tq. the,pil ot
S anale. of dirstionmtr TS AR erAE kSR ~ Y EHEn HEIEndnndre 1afle PFduency
non- se’ ect 1 e1dsatteGau el Bl by AR HaVIRE AN OF aAd! ALBRIANI RRtviation ¢ 1 adi 0

net wor k pat e pat eac ave appFoximately a sanme run length and a

sane att enek iope.sirhbatitin, $&deseleateduantonily basueas—6hatd tH60 degltalsi Vithe
propagation delay is smaller than the inverse of the transm ssion

bandwi dtth. stanslasd slexipdiarofl casaymed toe sqarorogafiwq degreps.cBousthdihe t o

di fferences _i.n run,len . Third, the channel del . is,restrigted,tpn 2-D
pr opagat i oﬁ,m}’?lep_ag}sl ag}l&eéf? Vi Surpﬁ‘gi ‘H“E‘?Rﬂgf gfggrlﬁlé‘i?gt BﬁW%er‘aBZ?II’fgp% ne.
See FIG 4;de?9é13‘s?tb%8ﬁéih¥r lchPscﬁ&@ﬁﬁ%éFiftl%Q\cPﬁné Bﬁsvi\%ﬁf &Gitsve radio paths at
the transmtter is assuned to be tinme-invariant, 02/ 060138

PCT/ US01/ 50068 Sih@hwissueiana spedifip phhsedapd Doppderashgftdor esdspathd The path-espect

to a reference, direction of Tx, are concentrated around an average angl e,
Z F. The r&Beafiphase gﬁgreégedaw@d@guyﬁcawddng te Pméanh%wrﬂw@hﬁewe&nd a

st andar{, devj.af hon a.3.4; i owl at i i r ween
760 and 60 A2 20 A IHAIRD ThELH Sidchil ok s BB SRLG0: AN PR BT
root of twaceadieso theyeomettibdl amtenhy donfighhdic, iy theearasswkrbstationf or nl y
distributed between 0 and 360 degrees to consider local scattering. Fifth,

no |ine of witlyhespagtstas.a Spferenceapointe Fappbiase adusimeninastupp| ebjeghi f t
oo e T P o TS RIS, e S BN hE  0 °
phase is adlHst86l htorBRE to% iR Bistribution of the angles of arrival paths at
15 Rx, a carrier frequency and a predetermined Rx speed. In the exemplary
embodiment, the carrier frequency is assumed to be 1.8 GHz and the receiver
speed equal to 60 km/h yielding a maximum Doppler shift of 100 Hz. In the
exemplary embodiment, each Tx antenna covers a 120-degree sector, with the
antenna patterns all oriented towards a =0.
20 Given the exemplary system as detailed, application of the process of
FIG. 5 provides a channel model having a time variance according to the classic
Doppler spectrum. It is possible to consider an antenna-specific radiation
pattern. With this channel model, the channel impulse responses for the
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



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

| ocation wth respect to a reference point. For phase adjustnent, assune
obj ect sweatoemeildgy i s considered in the far field. The chaomalSospmwes fi 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 enbodinment,20he carrier frequency is assuned to
be 1.8 GHz and the receiver speed equal to 60 kmih yielding a maxi num
Doppl er shiusedab geerpte the) antrnnaespmeificapilot sigrdilsrassqciatadhwith eathedira
covers a 120-degree sector, with the antenna patterns all oriented towards
a = 0. 20 &R he exenpl ary system as detailed, application of the
process of FIG Vi apn i j yvar |

according to thg egplrgirsn% %éjﬁ%éggﬁ gf Q‘sg{egggr)g%grwwlcgg%%}sﬁs lgllsgﬁf}odf%gﬁl%?n esr an
ant enna- spaeirki, ¢ché¢ adteninasare paditioned ivétlinetidving banstaht spediilg dt betwadeannel

i mpul se responses for the channels seen through the different transmtter
ant enna® cagighbogisgeantenpay svhespingdihé, sanenteanapare spiiced paetvsavelength

o ot B RSl SRR SR able L GRS
the nethoddesyey Pﬁi??a%ﬁ@fé'c%ﬁsiﬁ%?é@ﬂﬁﬁq @61 MBI ARk ﬁﬁéﬁﬁ@@aﬁﬁﬁe

transm ssion channe i.e., the four radi o network nect 1 ons %gckl‘ir/(/een TX
0 _ : : e
knowt edge. B8 B For8lhe WibecIBNET SRUE oL ReRE Ot fhe

generate t ﬁnél‘as j f i ilat sl : L i ]k}‘]i]%

antenna. Re ee?jr6 glg a&gﬁﬁaq{tdot I@Asgl ﬁ@%&ﬁg&%ﬁ%rﬂ@cén |ggi}g F%Srel of
antennal) aéspbnse féiheclearirehbaisverrelpastiechhanethd thelRot anenhavs gigenasst ant

spacing d between 5 neighboring antennas, wherein d = A i.e., antennas

. e
are spaced one, wavelkengt h apart.[ Note that Rﬁn-hia)d a(siyigl ¢ ommi di regt i onal
antenna. A tot&\)m %-1(% SPXR It @e T fdi'or paghs Sf'&“ﬁ: ’s‘?(ﬂe_rfeh Wi t@%k? =
50. Channel specifit, variables, \ap~, f p, and (D P , /fepresent,
respect i vewhereine 4@} iscthematennedspectin eamaplesfagironteradiafion pattern of each
Tx antenna.
If a channel has no angular spread, and all path-specific angles ¢, are
15 equal to &, the channel impulse response for each Tx antenna is given as

1)=e.(@) s - (@) LS enal o, +201,0) 601,

(n—3)d

A

(29)

= gn(ﬁ)-exp( J sin(&"))-h(t)

where h(t)is the equivalent channel impulse response for a equivalent isotropic

20 Tx antenna at the reference point.
In this case the channel impulse responses for the different Tx antennas
only differ by a complex factor, i.e., the channels are completely correlated. The

steering vector is then defined as



the Doppler shift and the phase. The equati on describing the channel

i npul se 10 response for a channel between Tx antenna n and the Rx antenna
is given w6y = 1 gn (cep exp j. P+ 2)7Pt + (n z)d PCA(EP)/500685(r-2z-0)
(28) A 'V P P=1 wherein g,, (a) is the antenna-specific conplex azinmuth
radi ati on pattern of each Tx antenna. |If a channel has no angul ar spread,
and all path-specific angles ap are 1%3jequal to Z T, the channel inpulse
response for each Tx antenna is g| ven as P hn(t) gn(a) exp i. ~z)dsin(a) . |
P exp(j-(4)P+22tfPt))-S(r-ro) r Pl( 9)-%gn( ) pj n 2z sin(u) h(t)
where h(t) is the equival ent chann@l@ r?iSHflse—r‘eséb b for a equival ent
isotropic 20 Tx antenna at the reference p0| hi s case the channel

i mpul se responses for the di ffere gq{ nl differ by a conpl ex
factor, i.e., the channels a{?@c fet’el coﬂﬂel ate The steering ctor
is then defined as WO 02/ 060 —PCT/ JS01/ 50068 n%ai 1(a) exp~j 22 si F]%bi

g2(2) exp - dj sin(g) 9(a) d (30) & “EAP| Je (5] sin (U94(a)exp( j 2d
sin(a and the channel inpul se response vect crl as 4(t) 5 h(t)= hz()
(31) h3() g4(c_z)-exp j-asin(&")

and the channel impulse response vector as
)
t)
: (31)
1)
)

The four (4) channel impulse responses seen from the Tx antennas are
then copies of the channel impulse response h(t), weighted by four different
complex factors, which means, the vector };(t) is a linear transformation of the

10  scalar A(z) given by

he)=8@)-ne), (32)

i.e., the vector § in the linear transformation of (19) is in this example equal to

the scalar h(t) and the matrix B is equal to the vector 5’(67 ). This means the
15 channel covariance matrix R, =<ﬁ 4 ”> is equal to R, =(9(b?)g(c_¥)ﬂ<|h(t)|2> in

this example. If the steering vector &(@) is known, such as a-priori knowledge
of the antenna configuration and the radio path direction &, it is sufficient to
estimate the scalar k() and either calculate an estimate for 1 () using the linear
transformation with 5(67) or use the estimate of h(f) and &'(Zf) directly for

20 demodulation.
Note that for the case when&(@) is known it may be sufficient to
estimate h(t) and then compute an estimate of ﬁ (t) from the scalar estimate of

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



h4 (t) The four (4) channel inpulse responses seen fromthe Tx antennas are
then copies of the channel inpul se response h(t), weighted by four

di f f erentwomesmpliex factors, which neans, the vector Ki(t) PCI/tB0l/sesar
transformation of the 10 scalar h(t) given by h'(t) = h(a) h(t), (32)
i.e., the vector ' in the linear transformation of (19) is in this exanple
equal to the scalar h(t) and the matri22 B is equal to the vector #(a)
This means the 15 channel covariance matfix Rh = (~. /") is equal to Rh =
li (Cr)g(a) btalar, e, ¥he dpmioduldtiors censdptsea (@ ), thére itsisqrossibie vedeorodyate is .
known, such as E priori know edge of the antenna configuration and the
radi o pat husinge&{or)Joamdthe scalag chamrfi¢lci ent to estimte the scalar h(t) and
either calculate an estimate for Ki(t) using the |inear transforma{i on
with N(a) or us®&hetenternd-apecifiofpilettsignae at(thy @anwvittey arsr termed x, (1),
denodul ation. Note that for the case when '(a) is known it nmay be

suf fi ci ent nt=lK &4 j arad thetrelatiomslip iselefimedht e an estimate of t(t) fromthe
scalar estimate of h(t). If the denodul ator is designed such that the
channel Sconsi sts of a single WD 02/060138 PCT/ US01/ 50068 22 scalar, i.e.,
t he denodul ati on consi ders 8(aﬂx (Fpiem Iy isc pesy Bl.e to denodul ate (335i ng
8(a) and the scal ar channel. The antenna-specific pilot signals at the
transmitter are terned xn (t), n =1K NTX, and the relationship is defined
by 5 Ixnq2 = " dThE Hilck signdls at@BjadeThp qfisegmesityyreach havengraddunapoof T,
segnents, each having a duration TS referred to as the pilot synbol

duration, eeferredniciastthe pilpbsymbphaturation, over ovhishyghpilosrragnalerasen t he
foll oW 39 pngt %%oﬂ:ﬁ?aﬂé%ﬂér)éﬁ l)n%tfgﬁ)owgng' hofdsE {IKNTX } i~ ). (34)

nTg

[5(0)-x,()ar=0 v ije{lRN.} i#]. (34)

(n=DTy

The pilot vector is defined as

15
x,(t )
&= 2 , (35)
x (¢ )
X4 (t )
and the receiver noise signal z(t) represents white Gaussian noise. The signal
received by the single Rx antenna is described as
20

y(6) =87 (0)- hr) + 200)., (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

fo = L TR0 (e 37

S (n-DTg



(n-1)TS The pilot vector is defined as 15 X (t) ~(t) = x2 (t) (35 x3
(t) X4 (t) and the receiver noise signal z(t) represents white Gaussi an

noi se. Thwosn@naBs recei ved by the single Rx antenna i s desarisoecioas 20
y(t) =xT (t) Ro + z(t) ., (36) Conventionally, correlating the received
signal with the four (4) pilot sequences derives a set of four (4) channel
estimates. Wierein the pilot signals 25=5are orthogonal over a pilot synbol
period, this estimation is then repeated at the pilot synbol rate. Such a
correl ation ,proce e.isv%epera hg referre % dunp and

my’ be- expPUUEEE davhis d YUERR Paad 4 oF doRFehRofly 4¢) TR, et
02] 060135 BCTHYSOMRRNE8 dchBe AT INChR! R TndiVedetod) VAHEL i BYRefp

convent i on§ rate an ann esti deri ve rom t he

n-th pilot lﬁ%rﬁ)akscrété tﬁﬁél)relklr?séﬁtﬁﬂéﬁpfﬁ?ﬁtnhgtﬁ arﬁ“/?%&xh?lés‘ (51’9the lot

representatlon by putting s of the pi 5|gn s xn (t)

into the Cg Cg[ﬁ xc{[rr)dfdﬂé tRREb oy oNBeSxﬁHHhﬁ% Ofn 1 B&m gﬁ!ss& thk $idRe 55%1%{1'[)

into the v sanmpl es of the received 'sign into t

vector )5, zQﬁQnt?'t?%%?ecFog ?’ éga(ﬂd) N shiPles sheRe tr@@elgé&gfg?lta? $(HMto the

represent ation o
vector ¥, (34) yields

Poa-biy+R. (38)
Then the discrete time representation of (37) is
10
ho = Loan.p 39)
T
If the channel variations within one pilot symbol are neglected, (39) becomes
15 ho = R, )+ - av . (40)
N T
Considering the linear transformation of h(t) into b (), the received
signal is expressed as
20 F=a-&an)+h. (41)
From this, an estimate of the scalar A(z) is derived as
o - 47@) po @)
Jeler)
25

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

becomes

&@
Ny ”g(ﬁ)"2

S

A® = h(nT, )+ LN 'S (43)



h~~0 = 1 A" (39) NT If the channel variations within one pilot synbol are
negl ected, (39) beconmes 15 h ~~o0o =h(nTs ) +1 AH R (40) T Considering
t he | i neawotasasor mati on of h(t) into Ki(t), the recei ve®CT4iSgnsioss s
expressed as 20 A Y(a)h(t) + Y. (41) Fromthis, an estimate of the scal ar
h(t) is derived as h(n) "+T (a) h(n) (42) 1l (~(a_\'l conv 25 1 /N

Agai n, when the channel variations wthppn one pilot synbol are ignored,
(13) becones (n) = h(nTs )+ g*T (a) 2 AH g. (43) NI . g(a ~I WO

02/ 060138 PEImURIK4calaaBtinRve, Rrsomg tie Bneraransfeshatiot, @ newiesgmateof theear
transfor ITB.tI on, a new estimte of t channel inpul se vector is generated
as h cn~ _champpel mpt@%a‘jectq*lﬁfg(ea?raﬁefﬁ§ (44) new ( ) I1kp(Z/plj2 cony 5

| gnoring channel variations within one pilot symbol, (44) becones ~eW =
h(ni )+ g( NT a) *T (V 2 AH 1i (45) ??_ fo.!i(a) is not known a-priori,
|t may be estinmated usmgt e-)cg ( )g wen by Rh = (J (M}g) h
T (nTs )> _g(a) "T (a) Ph (8216) 5 vmth él ng “he average power of the
scal ar annel inpul se response h(t). The co ariance matrix Rh can be

appr oxi mat ed as o L )
Ignoring channel variations within one pilot symbol, (44) becomes

(m _ (C—Z)'gq(_) H
b~ B, ___||£a)|| LS (45)

10 If &@) is not known a-priori, it may be estimated using the covariance

matrix given by
B, =(homs)- b o1,) = B@)- 87 (@)- B, o
15 with P, being the average power of the scalar channel impulse response h(t).
The covariance matrix R, can be approximated as

.vym
ﬁ(") ﬁ)(")H

conv conv /

(47)

sym Il"‘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,

ﬁh is rank one (1) and the vector &l(c_v ) spans ﬁh. Thus (47) reduces to

_p M@ 87@)
B | noisetess R, llg(67)||2

25 (48)

Note that the normalized vector 5’(5)/”5(67)” spans R, .
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



1" pp(n), (47) Rh = N conh cony 'on symn=1 20 which averages the
vector with the conventional channel inpulse response estinates over a
nunber, N&QR/060088 pi | ot synbol s. For the case w thout noi PETArSAd/bMes ng an
angul ar spread equal to zero, Rh is rank one (1) and the vector t'(a)
spans Rh . Thus (47) reduces to R( 25 Rh | noiseless Rn = a) hi2(a) (48)
Note that the normalized vector spans R5. For a noisy case with sufficient
| ow noi se power and sufficient low angular spread, Rh is still dom nated
by one ei géargat ubkan Bhleotfepreigertuadugs; ot esen iBdiqadiohothat the aigydary spreed
deconposi tion of ?P_. When oge ei ge vaiike i s much 02/ 060138

PCT/ US01/ 56088d 28(F hryas Faiher simalbt hekheaspioaey Abuds, 16 the LILSTVELAt i on
that the angular spread around o(a) was rather small. Therefore, as ',,, ax
i s the ei geomrespandingdo thesloogest rigenyatuecof| By,dbe approdmationdesdrids, t he
approxi mati on becomes 5 R =g(a) _g*T (a) = V'T (49) n 1l p(ajj 2 max nmax
Note that the vector V.,, in this exanple is equal to the channel subspace
Ec. In _general, the estimte kh ﬁ’(ﬁ)uggcﬂc‘xﬁo et erm ne whet her the rank of
the chafnel estimation covar iRan—T:F%ﬁTE o B8mr educed. |f kh i s@HI 1
rank, the channel 10 estimation pr| mis not reduced to a smaller

di mensi on. According to the exenplary enbodi nent, orthogonal pilot signals

of  bi nary Ndik RRath@eevetebp ﬁﬁttﬁisoéxaha;f@&s? eifiSto @RMcHANRel SibspREdH,. .

duration of 64 chips. Wth this channel nodel, a received signal,

i ncl udi ng [ ?%n OopS i ﬁfé»‘% %{?ﬂ? IMEnam! ot
symbol s ha\\r)\@%ﬁ%&g#ﬁg? i S{r%ah ?Sou%e? %oeﬁm&gé at ix&rﬂ%tg%g)@r?e ron(?ftﬁ% C}r{ecellved
signal, 4099&&8{}33 né&v%plglncev 254tP can be reduced. If R,is full rank, the channel

10  estimation problem is not reduced to a smaller dimension.
According to the exemplary embodiment, orthogonal pilot signals of
binary chips have a chip rate of 1.2288 Mcps, and a pilot symbol duration of 64
chips. With this channel model, a received signal, including white Gaussian
noise, is generated for 4000 consecutive pilot symbols having a pilot Signal-to-

15 Noise Ratio (SNR). From the received signal, 4000 conventional vector

estimates, ﬁ ™, are generated. The thus generated covariance matrix R, is

conv ’/

averaged over these 4000 consecutive conventional channel estimates. In the

exemplary embodiment, the process takes approximately 208.3 ms. After

extracting the eigenvector corresponding to the maximal eigenvalue of R,, the

20 matrix R, is calculated. Subsequently, 4000 new vector estimates ﬁ ™ are

new

produced according to

hoo —g fo (50)

new cony

25 Using the exemplary embodiment, iterations are repeated N, =50

times. Over the 50 iterations the transmitter angles are varied such that & is
uniformly distributed within (+/- 60) degrees, while the angular spread
remains constant, having a standard deviation of square root of two («/5 )

degrees. Additionally, the channel parameters for a given pilot SNR are varied.



estimates, hC(nv , are generated. The thus generated covariance matri x Rh
Is averaged over these 4000 consecutive conventional channel estimates. In
the exenwbargpemEasbodi nent, the process takes approxi nat el pCZOBOB5068 Aft er
extracting the eigenvector corresponding to the nmaxi mal ei genval ue of Rh,
the 20 matrix R, is calcul ated. Subsequently, 4000 new vector estimates
k("..) are produced according to h cn>& Rn (50) new conv ' 25 Using the
exenpl ary enbodi nent, iterations are repeated Nexp = 50 tinmes. Over the 50
i t erati ons Theevanehparameterangpreesent eadiar patti dwedtiari{s), pthspedific fprasey
spread remain

distributed within (+/- 60 egrees, while the a ar

constant, REG R@thas@t:’éﬁd@iz’ép@é hit 9% %Feréﬂﬂd?lg)tp%gk ofAnt el numbereRfy ees.
Addi ti onal . - h r : - i 1] ot r i gd. WO
021 060138 HE S FoBOLE ™88 BREAAERAL Fich Skt T SRAREANY BF:

di rect i on( fualiPprbh tisee& éf Crieasional estin@Rs fto e eef bENBAPR®Sr &dtrhitesf Or a
certain pilot SNR An equal nunber of iterations is perforned for

di fferert prithhrespit toatheaedugtion fasker efothegnearhsquagediestisnadiontenzorstbat isf
conventional esti,mt egl.lnglo t he set of. new,vector, esti|. mag.e 5 wth respect

to the red@¥eTagedioyef Smennd Herahots sqmadesingthrgstiog igp 3 Elven 35

averaged over tinme and iterations, is nade using the estimation gain given
as (lconv - glz gr -z (51) 1) newl or the exenplary enbodinment, FIG 6
illustrates the estimation gain in d Egsqq’f nction of the pilot SNR
Wherein the pilot SNR is defined as the“Fatijo/ of the average energy_per
pilot chip E, of one pilot signal Bétyg] the single antenna r &8 ver
to the received noi se power density t ‘ n .y The upper limt for the
estimation gain is determ ned by the nber lo 15 transmt antennas, which
is illustrated in FIG 6 as 6dB. As illustrated in FIG 6,

10 For the exemplary embodiment, FIG. 6 illustrates the estimation gain in
dB as a function of the pilot SNR. Wherein the pilot SNR is defined as the ratio
of the average energy per pilot chip E, of one pilot signal received at the single

antenna receiver to the received noise power density I, in dB.

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 fnew 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.



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. ThwoOroedenass on of the estimation gain with increasi RETAISOUS00BNR i S
due to the non-zero angul ar spread. 20 Al though the channel inpulse
responses are not conpletely correlated, the derivation of the inpulse
response hnew assunes this property. Fa7 |l arger angular spreads, a snaller
estimation gain is expected. For snmall angular spreads, the estination

gai n appears coReddeechibdrgs ciNotrel ebtimationdeneystemsfusing medtigntrandmettedt

subur ban environnments a standard devjation of one (1) to, . two 25 (2) .degrees
i s frequenfNETEBS &LIPUE, IOy eI Oﬁﬁhf’ c:htanpél ‘i?glég?tﬁﬂ"%e qralikg undes é‘ﬂ%EHB °
erfornmance,_i . : : ' ' t

DSl ng  NoRr PR B idnd Weu{ RANEAT ARG CARE RFLoSLITRIAN TS 1 ¢

of the chafdhnistuhffectingsaabdatonssicdnpateddirectierlgptdfanalradianaee
estimation wusing independent correlators. WO 02/060138 PCT/ US01/50068 27

Reduced 5r apkopdgationl, changaralatdvely slowls oeerstimesi, Hae cerrelapion chazacteristiasr
antennas allo | npr ov nt of the chanpel, estimation.quality.under cgertain
P opagat | oD NEIPTBRE AU S RNy € O BrGer T G alay bisdt dTRinatg.  as
the  mechag) Bie:ilel il B SSQ5iSkEN IR iniiSh iAfink Betebife chapdliang @hust he
radio wave 5 propagation, change relatively sloWy over tine, the

correl at i onlloWaliagireved hiasacynimyeshienatirig thetedrdatiary ehargttegistiver ext ended
time intervals. _This is inci\gntrast to the ting intervals associated with

inverse fading Reduced rf‘h]é &ﬂﬁ]e?StHﬁﬂti?lhlfgr myltiplg trapsmdies AREIUPECY i n
e T AN P P SR iR el e

frequency- sgtiatdsVes eaonebRtioy ERiFRetbriBEcsebE ST corapatiabeest@titeswfapeo! the
correlation characteristics or by conputing estimtes of the correlation

char act er i soirelatinor dsaragtieristieso pargas i abh pdepagationSdphuyat eSeparatenestimatesf er s
to conputation of kh, for eachdaro agation del ay. Reduced rank channel
esti mat i onréfers hercopeptiatinndot rieach prepagationadelagel aReduced rmank

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



15 in the frequency-sel ective channel inpulse response. In an alternate
enbodi nent, wherein additional information, such as the antenna

conf i gur awoan/oai13g¢ he transmtter, is known a-priori, the PCawsoi/s®sti nmating
the linear transformation of the reduced nunber of uncorrel ated channels
into the [larger nunber of correlated channels nmay be nore accurate.
Additionally, the 20 reduced rank estin¥ion process nay be extended to
cases with nore than one receiver antenna. In this case, the estimation is
perfornmed eombadimeit ME delhpsiaed determindd ussaftwaxe witheuGusa of Wirorrelathe

ank. channdlecouipit id5nhes coNELErT 0 Her bt (16 BICSaa 0 remate @ the "
comuni cat h89aﬁy§&%ﬂ§u§gggl?%é;§ng§a§ﬂ&ﬁ ARG AL amRY h?éde% Pf\gﬁg&%' ver

100 according to one e e present rnvention I's sPrated in

FIG 7. Theo f&eRIaviake REviRgore Shagl for 2atle combiftdidrhai traaskitv@santehga)al s
froma transmtter having nulti EI e antennas. The received signals are

first pdoceeceierbyntehpa prishsigritieant delay. Thhe s¢sgimadtes aare piovidest doithed to a
30 correl ator ' di corre chi ng and
S

06, which._i |1 | f
as a corr SFY Pf%‘feslf‘?cfe 122 gYuflsafe E‘dgﬁtl%d;faw g?%cresﬁ(?far]ti%logt%et%ir Hfﬁegbﬁr.‘qun an
al ternat e YO 026060438 R h YROorP 998 s0 8%atGHP eelifBRs ﬁ_l“_lﬁg 1e61s8Y So Hefive

determ ned 1 n software w thout use of a correl ator. out puts of the
corr el at or tidéhamel osedidroe pnatvixdey epageesoverdirmeof the covariance natri x.
I n one enbodi nent, the correlator 106 is nade up of fingers to forma
rake, having on&remngemaryrlidadhe esimated rovariAnce RARM i3 provdded dAdhes

e, DA A FIEL08 W B i |

central ‘processor e processor annel

paranmeter gslongBbLmbie RRIEYIUeb4dEmihdtat tHehotlkat) MRé ehafiByl bebsird 10
derive the channel covariance matrix averaged over tine. Fromnenory 114,

t he esti maestimatedabyacerepmtingi the sigenvedtdesd thay comsespand 4o kthandoypénantand
e e Th oS SR e SRTBE b wd BT, ™
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
(N, - 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,



estimated by conputing the eigenvectors that correspond to the dom nant

ei genval ues. The ei genvectors spanning the channel subspace are witten to
menory fowofoaédies use in the channel subspace projecti onPamiusoLS®esvher e 15
reduced rank channel paraneter estinmates are produced by conmputing the
projection of the (NT., N, NE) original channel estimates per estimation
time interval onto the channel subspacz9 vyielding Nch reduced rank channel
paranmeter estimates per estimation tinme interval. The results of the
channel subspdegeir ONgctV QnMNi fingd9 aze émplérnerted; o weodd e fsaffigiest fon t he
denodul ator 20 110. Optionally the channel subspace projection unit 109
coul d genercatquutéqL(Néﬁl aht - Np) | cdrredated orchahashepapaneteet estieatesnaiveth, by
re-transform ng the Nch reduced rank channel paraneter estimates into (NT.

N, u NE) egmipravediestimationdjuatitgiover ohamneV ., paedaied eanke shanmélgsarpateter
estimation tine interval. For exanple in a conventional RAKE-receiver
desi gn for estimatasl | rank channel 25 m)del the nunber of rake fingers for a

full rank denodul at or woul d bermé E ) A full Plk (&gm)dul at or
woul d t en use the ragk analypis a St)leRi‘FF‘ g%SHg}atmaHﬁ& 1%@%@ 8rSUPEPGRat es

for the f| f

event ual | y Ct? ﬁ?JW{E%% ﬁl ng[gﬂg&(élslltérz\ﬂ’f?ﬁ ié{ga%dﬁgigﬂ g%r?ﬁc(?ég’ nel
esti mat es @ﬁd@&@é& hat@Wwhee, sbeeie firdiwige, bha afnb@atbnethey&! dvigdngssal | y
be designed in anticipation of a worst case situation, WO 02/060138

PCT/ USO1/ 50088n 2eceives. 10urengi e (iRconporated togethen, naed sarer dlusiateshest ed,

it would be suf ent X .NEX NE) correl ated channel

par anet er é%?ﬁ?’&ﬁ@g gﬁ%de} W%@g gg{‘f‘ﬁtﬁ Ton quality over of the Nch
reducedy ank Ch@m‘@kerﬂgfﬁg%ﬁﬁgu?ﬁdr{%l‘ Bhe emnJOBinteHtKs @magtya%a larrfics gospace
estimation unit 108 an subbspace projection unit 109

i mpl enent edox msystargna\ahg Soymé) tﬂamrmﬂemnt(aﬁﬁﬂ) and d\&dl(@)ateemvhaadtmms
software, firmare, a conbination thereof wi_thin receiver 100

may be i ncdmes @t)é@n@w@%%paﬂ&rﬂiealihéstrqw%pdd@'é%leéé 2 3gd g dkhe priBE@f f or
clarity based. Qfyf H)@C}gétﬁg' 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 1,, 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, - Ny -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 (Ny, - Ng, - 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



10 An exenplary configuration of one enmbodinent is illustrated in FIG 8
for a systemhaving four (4) transmtter antennas and two (2) receiver

ant ennas.wobhknewr3§ 3) transm ssion paths are illustrated amdTibebmds 1, 2
and 3. The points of reflection for paths 1 and 2 are both on a sane
ellipse, wherein the ellipse is forned such that Tx and Rx are the focal
points. Note that the ellipse is 15 sup®inposed on the illustration of the
physi cal |ayout of the system Path 3 falls outside of the illustrated

el |i pse. Pahtennhsaard Rnbwwe thiee infarmatiognirfayc et usetb|tay geffératenianh arraypect

to the receiver, while path 3 has Tf% significant delay, tie different from
Ti. The paf$sPeEsayor Steglingnkesten of singetheAteeEingal pghr ind path giresHRBs as

well as th L EQRNBRAN ) f

transm tte&@g%ghﬁg‘s anﬁpg%geﬁ?m%‘l%%%@ee?gﬂgegr&%h? ‘2‘%% Orfrtglg}fl ?A{n{ %ﬁéll}g_ t (8)
channel s. EagBn®dsidileopathesiahand, i @ drdendd Qdﬂﬁ%ﬁﬂti&‘?hl’i’as wheneln (NE
= 2). The dinension of the covariance matrix is given as (NTX N, NE) or
si xt een5 ( #6playonerds gundingte taf trassilésIon NRXaldwblehamhevedtopus sfermedponse
sanpl es. Th?r fore, the f

|1 rank channel paraneter vector js.
16- di nensi 'Y n apgle, of; FNSIRISSIOANTRT agky AFANSHUHEE ﬁBEFé‘“&e&W@é]d'f RErein,

the rank of .t i i . 3) A i si ons,
corres pond%ﬁ%yiﬁog%@? R‘Zéci?lezsf f%%&% ,O Hg%ee?lgl n i llilg%q}é‘;(%) %Rﬁrﬁg@aeg't h%’?l Iuﬁagr e the
mappi ng of tlahefdNatatiohr #58 Mhes iMApPiaghoft thd hE ( NieinstNiRSiorNBathf atethe

i mpul se response sanples is not known, the su'bspace may be extracted from

configurat i an . Nt TRt tledhnel fingulb@&eb I gimpled BhasrathiRtéb sisy thidch as
di rection gncrl' di r’gxeé\{]é?onal ity, of the v% 02/ 060%38 PCT/ US01/ 50063% 30

antennd9 airfolan@vion froen iUthr Bed iteansimiyteb earud e@céiv e aveifigiu@atéohsar r Blyis
response or steering vector. Using the steering vector and path direction
i nf or mat i oRrovides Hhesmaty Bxiapgivanl & (1) nhersinphoyeedescaibing Khe, linegs angl e

O ool et b TR ubl A2 SHPAGR AN B2, R, L
i ncludi ng aBraRMER/ 0T ThE PRSEBESE ThOW prOFecdi@ W3 fok 3RS Fabd Whed (6FBSporlifly! arl Y,
an arrival angle vector is fornmed considering the receiver antennas. A
| i near 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.



transformation for the mapping of the Nch transm ssion paths to the (N, N,
NE) channel i npul se response sanples is constructed using this 10

i nf or mat iwo okiermsbot h the transmtter and receiver confi gecCatisonsnoeshi s
provides the matrix B as given in (19) hereinabove describing the |inear
transformation. The covariance matrix is derived therefromas in (20)

her ei nabove. The process then proceeds 3s for the case where correspondi ng
information is obtained froma priori_know edge. 15 Wil e one enbodi nent
has been described herein with respe&ftLAelMﬁhe time domain, an alternate
enbodi nent .rank reduction of the covariance matrix or a sanple
matrix in gﬁ@é%@ﬁby domain. |If the paraneters and equations are

devel oped in the frequency domain, the process to estimte the channel
then i ncorporates the frequency donmain val ues. 20 The previ ous description
of the preflerrec metosll frenhedeélsngpa dinkded wirelees edrnenaniyatpen systernkibel ed i n
the art _to nake or .use the present invention. The wvarious nodjifications to
these efbodysemRavingp %‘W&GFF‘ V%&H@@Fﬁm’@é af\ﬁcﬁseecegw ¥g M the art,

and the ge i? ri.ngi i I i ther

enbodi nent §E€M igz)fu a@{iﬁ%&lﬁ?gﬂﬁ?h?ﬁgtlﬁkﬁggkﬁsﬁ¥?ggm %y.ag%gge?h/{%é&g?resent 25
i nventi®n hAitetdlas ggcgaathéljmetrﬁahbacbhqg@gm di ments shown herein but
is to be accorded the wi dest scope consistent with the principles and

novel feat ur esddtesplinigh metwx desanbing pesuonegicrertisdsvfsbebsk; 31 CLAIVS |
(W) CLAIM 1. thct) for .nodeling a link in a wreless conmuni cation
systemPthe 2 LYLPBEIaPAYXa transmitter having N antennas and a recei ver

having M ant enpagrnf Pt rakagnQeehai Nbdvg, N transmitter antennas to the
M receiver 4 antennas conprising a channel, the nmethod conpri sing:

det er mi &i ng a miftthexanle sclesdtheg Nevapatorntinganedxtrarsionfoftahsblspade; of 6
ranking the matrix; i
the matrix;
10 deriving channel impulse responses for each channel based on the
extracted subspace of the matrix; and

12 demodulating a received signal using the channel impulse responses.

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



determining if the rank is less than \xM 8 if the rank is |less then NxM
perform ng an extraction of a subspace of the matrix; 10 deriving channel
i mpul se rwepans@ss f or each channel based on the extractedcausspsmes of the
matri x; and 12 denodul ating a received signal using the channel inpul se
responses. 2. The nethod of claim1l, wherein the matrix is a covariance
matrix 2 describing the |ink, wherein t32e covariance matrix represents a

plurality of i rTEuI se responses between the transmtter and the receiver.
3. The 2ret hod offheimgthed of glaéned, whereinihe paxametess inghpdea feansmittalescr i bi ng

2 the link. 4 The method of claim.l in.t t f determining th
mat x| 2 POl Ot GuaconafieRipn el e Frlpme Pty et ers

describing at | east one channel. 5. The nmethod of claim4, wherein the
paraneters include a distance 2 between transmtter antennas. WO 02/ 060138
PCT/ US01/ 50068 TRe nZethod Tifielaitet 4) ovhertircthaidetekminirgy tenmhtrix panpriséser s
include a transmttal angle with respect to a configuration of the

transmi 2t epstimabng e mMatrixhe met hod of claim4, wherein the deternining the
matrix conprises 2 estimating the matrix. 8. The method of claiml,
wherein the matri x describes paranetric 2 relations of the link in the

frequency gonai The $hethb8 ofeldi@dl, Wherbi e Inattied@icAibbd\Baratidtiicg the matrix,
further 2 conprises: determning an eigenvalue for the matrix. 10. The

met hod »f célatiomslof thiedinki in the ftegmenenklommimqual to (NxM) a set of 2
correlated i npul se responses is applied for denodulating. 11. A wireless
appar atus operative to performthe nethod of claim1.

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.



12. A wireless comuni cation apparatus, conprising: 2 a correlator
operative to estimate a covariance matrix representing a link wth a
transm t two dams@ds on signals received fromthe transm ttePCT/U0a500881k
anal ysis 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 gesgerate a reduced rank channel
estimate. 13. The apparatus.of claim 12, wherein the covariance matrix

representsla 2 Ihe@Praratys of cipids whesaip dhe anlpanalyss Uil gpeeatiteds and

the tragsmgter.. f.claiml wherein.correlator is

oper at i ge tdg%e%gyg%%nr(}%é]egw%gpeg%o?%%ﬁ%gg fibr}g gqthgtc%l’vgggﬁcet I\}[\}(Sltré’ﬁ'annel s. WO

02/ 060138 PCT/ US01/50068 33 15. The apparatus of claim 14, wherein the
rank analysis unit is operative to 2 determ ne an eigenval ue correspondi ng
to the covadbi andbempparatus 06claithd Saphareinibke odnlchmalysis Sinitikeperativiete r ank
analysis unit is erative .to  2_.conpare the estimted rank of tfgﬁ

covar i ahce SHEWAr theoesiimated sas pf Rsavariancs Blalex 1 2 pradefermmed
estimating,g,ld nk in a wireless commnication system the 2 nethod
conprising: estimating a covariance matrix for the link; 4 determning if
the rank of the covariance matrix is reducible; reducing the rank of the
covariance matrix; and 6 estimating a set of inpulse responses for the |ink

usi ng t he RAéducddmeshd farsstimadinge link in & wirgessuosnmanicagionfsystean the 7,

further co%rhsi ng: 2.determining a correlation of the channel; ranking
t he cov%ri ei:t Oﬂﬁ MBESid 4 perform ng an extraction of a reduced rank

matrix out of tR&isAWAEIaadYariall8d fiaXrix for the link;
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;



19. A wireless comuni cation apparatus operative within a wireless 2
conmuni cation system having a transmtter having N antennas and a receiver
havi ng Mwotoensrass each path fromone of the N transm ttercantsensmssto the
M 4 receiver antennas conprising a channel, the apparatus conprising: a
first set of conputer readable instructions operative to determne a 6
covariance matri x describing the link; 3 second set of conputer readable

i nstructions operative to rank the Sbigyari ance matrix; a third set of
conput er r eadabrdoyiBset el jusnRuUEHEFadableIns ugHPRS APARALIVE to periosm ank i s

eadable | nat 1 uct] ong CRGIN PR TR Prat hatt oy’ ik oRfiate 98B og

rank matrix out of t{faheexa¥ isABGhEANAN; if the rank is less then NxM 14
a fifth set of conputer readable instructions operative to derive channel
i mpul s&4 r esponseadifthoset @b compludenrehdazle dostouctidne apedatieeita derkve dianoeVar i ance

matrix; a sixth set of conputer readable jnstruyctions operative t

denmodul ate a 18 recEPPBﬁesrﬁﬂ?%ﬂse% rr?@‘:}f‘ﬁjéa‘@:‘?ﬂg’ﬁé?gpﬁﬁﬁ?§ Lfcéglrféﬁges. 20.
The apparat us of cl ah&@a]rganc;e%élji’&r conprising: 2 an equalizer operative in
response to the sixth set of conplter readable instructions, wherein a

configuration of sixile sesfadonzlitet Seadhblieingtriiciens yerakivetaden@idulite a
covariance matri x. 21. The apparatus of claim 19, further conprising: 2 a
sevent Bset of conputeseivedadgmalasingthedhanoakinpelseresponses.deri ve a
correlated channel inpulse response. 22. A wireless comunication
apparatus, conprising: 2 a channel estimation neans operative to estimte a

covari ancepgat r ifke apPRIRSS0E £13fn 39| M{q]éf\jcgﬁlp}isriﬁg}nsm tter based on signals
recei ved
2 an equalizer operative in response to the sixth set of computer readable
instructions, wherein a configuration of the equalizer is

4 determined by the rank of the covariance matrix.

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;



4 fromthe transmtter; a rank analysis unit coupled to the correlator and
operative to estimate 6 the rank of the covariance matrix; and a channel
esti mat i owore@sa3goupl ed to the rank analysis unit and 8Poparsat/sopesto
generate a reduced rank channel estinmate. 23. A wireless comunication
apparatus, conprising: 2 a correlator operative to estimate a covari ance
matrix representing a link with a tragsmtter based on signals received
fromthe transmtter; WO 02/060138 PCT/US01/50068 35 4 a rank anal ysis
unit cohpl ed toatrpek @aalysisanit canpleshier the casrelatasandraperativedo esirade t he
covariance matrix; a der6 2 Cfrtl nnel esti matti Qn n§ans coupled to the rank
analysis unit and oﬁér I've %C%‘é%éar%f:én%rﬁxéaﬂ ed rank channel estinate.

24. A ngthod fop RghhdTREHAALBN! hBknd ddupleM FCHRSANK AMAURILEt GAdSystem  the
2 method conprising: estimating a covariance matrix for the link; 4

determining if the rapé&rativetdgenenate a aediecedataniochasnelegtiondie.e; reduci ng
the rank of the covariance matrix; and 6 estimating a set of inpul se
responses for the link using the reduced rank covariance matrix. 25. The

met hod of aim . nri Sk Ng: . rggnﬂ'._gj_ . A.a0r i of the
channel ; %{nki 'r?é%tehﬁe&{:%)\?g%?%%gggr@%&?%aé’ﬁﬂﬁéﬁper opﬁ%%aggr?glgfﬁ’gg i on of
a reduced ﬁ@mkocﬂra@mipxjsﬁég; of the covariance nmatrix; 26. A wreless

appar atus, conpri sing: channel estinmation neans operative to determ ne

si gni ficant del estématadg ageveariangeamatrbefordhe tiski nat es of ful |l di nensi on

channel , par amet grs 4 ASSPRALER AL SISl IESAL L BEkgs. vherein each

reducing the rank of the covariance matrix; and
6 estimating a set of impulse responses for the link using the reduced rank

covariance matrix.

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.



of estimates corresponds to an instance in tinme; 6 eigenval ue conputation
nmeans operative to determ ne ei genval ues of the set of estinmates of the
full di mrewsicenembannel paranmeters and 8 find any dom nantecarggensmbties; and
channel estinmation neans operative to determi ne a set of reduced rank 10
channel paraneter estimates in response to the dom nant eigenval ues. WO
02/ 060138 PCT/ US01/50068 36 27. The wi36el ess apparatus of claim 26,

further conprising: 2 eigenvector conputation nmeans .operative to determ ne
at |east oA eifb@w&%ra%%w%é@lwﬁﬁngwﬁﬁero@om%swm nant ei genval ues

at Ieast ono ci GURErtr ComPHEBR siolf ARy o 10, (TR, WARRCBRT, | €
gi rer?gzlnsgctcg?nnel PailRAPEADE aSstctatédavith iheasktiePabntfaktyeibbevalied oASt one
4 the set of estimates;
wherein the channel estimation means uses the at least one 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.



