WD 03/ 084092 PCT/ US03/ 08807 PRECODI NG FOR A MULTI PATH CHANNEL IN A M MO
SYSTEM BACKGROUND Field [1001] The present invention relates generally to
dat a commwoiosas4oen, and nore specifically to techniques fram/ymo®assdi ng dat a
for a nultipath channel in a nmultiple-input mnultiple-output (MM
conmmuni cation system Background [1002] A M MO system enpl oys multiple
(NT) transmit antennas and multiple (NR) receive antennas for data
transm ssion. A M MO channel fornmed by the NT transmit and NR receive
antennas may be deconposed into N5 independent channels, with N5 < mn
{NT, NR}. Each of the_ N5 independent channels s .al eferre a
spatial suBREGODING FOR M&WPA’HH‘RG’J&ME&# AMOW The
M MO system can provide inproved Fsayfsyr e (e.g., increased transm ssion
capacity) if the additional dinmensionalities created by the nmultiple
transmit and receive antennas are utilized. [1003] To increase the overal
spectral efficiency of the MI\/Dsyster& a data stream may be transmtted
on each of the N5 spati al subchaBACKGROWNBt a stream may be processed
(e.g., encoded, interleaved, and nodul ated) to provide a correspondi ng
synmbol stream which is then transmtted over a respective spatial
subchannef;fPue to scattering in the propagation-environment, the N5
transm tted synbol streans interfere with each other at the receiver. Each
recei ved H0QHal iy poemt iimedntide latesnpaneeaily tf datac¢pramunipationnsndr BAENI t t ed
synmbol streans. [1004] At the receive arious. egual | zat.j gl S ma
be used t%PeE)‘?%El@gEO fefenifpes E(Péfic\‘?gl(E‘gs abangqrsa Iflgﬁllpgtgo@lgp% H{é%&ghﬁi’ggl%ﬂft ed g
synbol stﬁlgﬁfﬁe_o,}{p@twp&dmhhi@moﬂ@gﬂaﬁiques i nclude linear equalization
and non-1linear equalization techniques. Linear equalization tends to
enhance the noise in the received signals, and the noi se enhancenent may
be severe f@{g a nﬁl tipath channel with frequency selective fading, which is
ng)n

char acterF? i fferent channel gains across the system bandw dth. WO
03/ 084092[190F} USQSMIBBO ystem employs multiple (Ny) transmit antennas and multiple (Vg)

receive antennas for data transmission. A MIMO channel formed by the Ny transmit and

Ny receive antennas may be decomposed into Ns independent channels, with Ng < min
{Nr, Nz}. Each of the Ns independent channels is also referred to as a spatial subchannel
of the MIMO channel and corresponds to a dimension. The MIMO system can provide
improved performance (e.g., increased transmission capacity) if the additional
dimensionalities created by the multiple transmit and receive antennas are utilized.

[1003] To increase the overall spectral efficiency of the MIMO system, a data stream
may be transmitted on each of the Ns spatial subchannels. Each data stream may be
processed (e.g., encoded, interleaved, and modulated) to provide a corresponding symbol
stream, which is then transmitted over a respective spatial subchannel. Due to scattering
in the propagation environment, the N transmitted symbol streams interfere with each
other at the receiver. Each received signal may then include a component of each of the
Nj transmitted symbol streams.

[1004] At the receiver, various equalization techniques may be used to process the Ng
received signals to recover the Ns transmitted symbol streams. These equalization
techniques include linear equalization and non-linear equalization techniques. Linear
equalization tends to enhance the noise in the received signals, and the noise enhancement
may be severe for a multipath channel with frequency selective fading, which is

characterized by different channel gains across the system bandwidth.



2 [1005] Decision feedback equalization can provide inproved performance
(e.g., less noise enhancenent) for a nmultipath channel. A decision

f eedback wouals®wer (DFE) includes a feed-forward filter &od/Eos/essdback
filter. The feed-forward filter is used to derive estimtes of the
transmtted synbols, which are further processed (e.g., denodul ated,

dei nterl eaved, and decoded) to recover &he transmtted data. The feedback
filter is used to derive an estinate of "the distortion caused by prior

det ect ed I's (i.e., ol s that have been.denpdul at.ed and. possi bl
decoded) . TNIORF e 1355 oegiirheraualigiionitat NPV Hb SRR POPETCEAR (GEnToht mu
errors) apgsk fenhgwcgf;}ﬁﬁ@nf%k 4 £ hafhdre Aalagdilgi&{ ff%%ﬁbﬁ&% ieqﬁilﬁ@ri eep the

di stortion cause the prior detected synbols may accurately
est i mat edirholeefaf feed-farslayd fitac edd edeedback Siltar e Thidegrefdrwardafilier igfuseddo

deci sion _feedback equalizer, is d ndent ,on_the need. tp feed back
correct| yda%‘feecetsgﬁla%nﬁélté? Fﬂ&“ﬁ%ﬁaﬁyﬁgﬂs’swﬁi&ﬁf 5%33@5%@5?08%3 (%®ai r ed
i f synbol gsme@nnel, Renteil968 o deletoded) k& ecalé thel @haghikted detl arme feédbatied
back. [1006] There is therefore a need in the art for techni ques to conbat

t he del et iteiggisedfor degive apfestiimatesy itmdistortemscagped eptpardetacipdsymbels Ge.,

the del et s 20fest _ .
ar e pr ovi GACHer e oy UeEP byt BERAE, aoeby i ol ol CEA b8 S

nul ti pl e- geRettd MuitiduPlerot {@Utvith MoMdhal efftrshiaeatif aie sisineMresfontecési ba
feedback equalizer may be used at a receiver to equalize_ the frequency
sel ect i ve 2¢@saelysestipriedn ghenpifip tdigartiongasrdeby thioRadierctested syabels Mdhbe” of

t he deci si L} Nig; il ack
e s b S SR e G
the M MO saedlbsuk dquakiedhiiedepepdsrt @nthe aecdconfpad bistkecorectindetectpd synbidsl, thy t he
deci si on feedbagk equalizer, wthout the need to feeg gack 3ynbo s at . the
recei ver . CHUAIERY S PHIIMABGHYAPIdehR mppityd ihigmbads f0F Be deiFgied SHBEEEE PRY dat a
for trans%éﬁﬁ&f‘errdﬂ o f8d Byt i path M MO channel . In accordance with the

met hod, which is perforned at a transmtter, data is initially coded in
accor danc €006l h cheerois thereforecdneryl imcthe metsfor sechpiques de combadhel delgteriong t he

coded dat %ffjecsts E)P ger%ec%g lélrr%‘)}secgjn tglle pgffbm?lergg 8% a %8889 }eeldgack equalizer in a MIMO

system.

SUMMARY

[1007] Techniques are provided herein for precoding data for a multipath channel in a
multiple-input multiple-output (MIMO) communication system. A decision feedback
equalizer may be used at a receiver to equalize the frequency selective response of the
multipath channel. However, the performance of the decision feedback equalizer is
dependent on the ability to feed back correctly decoded data. The precoding techniques
described herein allow the MIMO system to achieve performance comparable to that
provided by the decision feedback equalizer, without the need to feed back symbols at the
recelver.

[1008] In an embodiment, a method is provided for processing data for transmission
over a multipath MIMO channel. In accordance with the method, which is performed at a
transmitter, data is initially coded in accordance with one or more coding schemes to
provide coded data, and the coded data is then modulated (i.e., Symbol mapped) in
accordance with one or more modulation schemes to provide modulation symbols. An

estimated response of the MIMO channel is obtained (e.g., provided by a receiver), and an



accordance wth one or nore nodul ati on schenes to provide nodul ati on
synbols. An estinmated response of the M MO channel is obtained (e.g.,
provi ded w9 od/os@eri ver), and an WO 03/ 084092 PCT/ US03/ 088@CT/iBozopsdval ent
channel response is derived based on the estimted M MO channel response
and a response of a feed-forward filter of a decision feedback equalizer.
The nodul ati on synbols are then precoqf\ﬁ based on the equival ent channel
response to provide precoded synbols, ich are further preconditioned

based on the estinmated M MO channel _response ng.s i O- terrporal
pul se- shagsiuigjent ehgnmnel regonse de gprdvad; brsed °§¢H%8Ft§natf’%|1\’1ﬁ\{[9r?§’ﬁ$%fil "GO Fer t he
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processin ransm ssion received via a nu M MO channel . In
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equal i ze rwar ter to i zed synbol's, which
are esti nmtaansmmssmlhevemhmm/l(bchaayaﬂ)ol s that have been precoded at a

transmtter prior to trans ion over the.MM ¢ el Aveto

nodul o- ZI\,HIQB&( at Ton2ALheThH & 8‘3 fred th}otc}le 15 RGN dlegego TsPHssTag & pdraf)aw de
recover ed, Sybol $y redBiGe@IHRL hABEhAM MBEOV@RREE]S bRt Srdad withele sefodul at ed
and decoded to recover the transmtted data. The preconditioning

or t hogo nath;h 3s péréormed el ae@ewmacnunmer ehraseived sighil Areciaially mé%pmhflemdng may

be perforne arate for ea e te
't or a1 B4 ESA S meel Ty Scopt RS el i S EhiccRRRAR pike
esti mat Eds%h{@% G.Ba;%eider RSFOES %yﬁhBGls5| amnal ret@vedlalyﬁbehnﬁi"el theer filared der
rati os ( SNRs) nunber of transm ssion channels of the M MO, chanpel

may be deequabized wdths@fe@dﬁw@ Blterie nrevife pgyaliged symbppisWhie)} argsptimates o
enbod n‘en{h‘g 18?(? g?tg g Jlgv‘rﬁ{ ¢ nhid bEn PRYA% A02RLANRES Pﬂopﬂ) BandMisisHm

mean squa Criterion or "sone other criter 011] Vari ous
aspect s ageerefibadivientianntl. t mavemﬁmrtodnlb aMeopmram lrrmy ben p&nﬁomlmdr on dlgt ai |

bel ow. The invention further prOV| s et ho naI cessors,
transni t t equalipRfl YERSISAOPrRYife Ecowy %X%l%‘%ls ﬂ%%? Oréfﬁ‘if’ r‘?&ﬂ‘ggﬁtaﬁeat
| mpl ement th\éﬁrde%b%ulated and decoded to recover the transmltted data. The preconditioning
orthogonalizes the received symbol streams, in which case the filtering may be performed
separately for each received symbol stream. Channel state information (CSI), which may
comprise a sequence of matrices for the estimated MIMO channel response and signal-to-
noise-and-interference ratios (SNRs) for a number of transmission channels of the MIMO
channel, may be derived and sent back to the transmitter.
[1010] For both embodiments, the feed-forward filter may be adapted based on a
minimum mean square error (MMSE) criterion or some other criterion.
[1011] Various aspects and embodiments of the invention are described in further
detail below. The invention further provides methods, digital signal processors,
transmitter and receiver units, and other apparatuses and elements that implement various

aspects, embodiments, and features of the invention, as described in further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[1012] The features, nature, and advantages of the present invention will become

more apparent from the detailed description set forth below when taken in conjunction



aspects, enbodinents, and features of the invention, as described in
further detail below BRI EF DESCRI PTI ON OF THE DRAW NGS [ 1012] The

f eat ur es, woaBs®92 and advant ages of the present inventi onP@TluSopessone nore
apparent fromthe detailed description set forth bel ow when taken in

conj unction WO 03/084092 PCT/US03/08807 4 with the drawings in which |ike
reference characters identify correspondi ngly throughout and wherein:
[1013] FIG 1 is ahbl ock diagram of a %I MO system that perfornms M MO
processing to orthogonalijze the synbo] streans and further utjlizes a
deci si on Wige@p deaviagt il Vhisp like pefe eyné? CP‘FF@“F‘@&E?W&Y ,‘301[“15(??2‘%“ y(gllroiggﬁguta

bl ock di %g%gﬁe%%‘.a M MO system that perfornms precoding for a multipath
channel an ‘processing to orthogonalize the synbol streans; [1015]
FIG 3 i$1613) ocKIGilaigmaitodk diagrasndfcdMikiq systena titat perforimst MIMEyproesssiagd a

recei ver systemof a M MO system [1Q16] FIG.. 4 is. a.block diagram.of an
enbodi mef® oshogonalizs dhy f‘XrBli’g/lLﬁ’ﬁe?mF ﬁﬁg]fk}h%%ro@élézes F8F Yt %egdﬁ?.ﬁ%?er%%ilﬁer
channel ?ﬁﬁE&E‘rQ‘Q%@ -MO processing in the tine domain; [1017] FIG 5 is a
bl ock di agram of an enmbodi ment of a receiver unit that nmay be used in

conj unct i[be4li t hFIthe? {sr abiwktdiegramnifta MAMO Gystam thatopegformp @reagdingsfoa ap| ock

di agram of _a decj siop f k equalizer, derivye 0 equi val ent
channel y%ﬂEP?tﬁﬁhﬂlnFQ@TglfI%roé%s1n§ t%og}q%%q?aié%egt&?gi]l%g?l Sgrﬁa@%ual i zer for
the receiy@rsjuni Fr@ngl idvaisibckBikorae of! 88 @ribddadit Wi irginvitéhsystegn pné@odi ng
at the transmtter unit. DETAILED DESCRI PTI ON [ 1020] A nulti pl e-i nput

rru![ tipl e-rmpﬁ‘{mls?’s(tm:‘of))i MBAQuiistert i on system enploys nultiple (NT) transmit
ant ennas mu , i e f
f[md bijzk?'hlgm%%d{ c%g%a%{qe%tﬂ% L Qrordat-Ash R0 Sk gﬂecode% M MO

channel rans recelve antennas may deconposed

into Ns idagependatipahaimakandyetiorhis MAMriproctsving ibfhe tiffacdbmain;t he Ns
i ndependent channels is also referred to a tial .subchannel g,q)r a
c

transmi sdil®WIchafifal J iop Hork digewp ehah ﬁ%!b.og'*?%é‘% I%g AFErelYT WiGhAL ma
subchann Edsgd 1nscoﬁilﬁ1‘n%{i8?1 08 By G YRR in ¥AG. 4;

[1018] FIG. 6A is a block diagram of a decision feedback equalizer derived based on
an equivalent channel model; and
[1019]  FIG. 6B is a block diagram of an equalizer for the receiver unit and which may

be used in conjunction with the precoding at the transmitter unit.

DETAILED DESCRIPTION

[1020] A multiple-input multiple-output (MIMO) communication system employs
multiple (N7) transmit antennas and multiple (Ng) receive antennas for data transmission.
A MIMO channel formed by the Ny transmit and Ng receive antennas may be decomposed
into Ns independent channels, with Ng < min {Nr, Ng}. Each of the Ns independent
channels is also referred to as a spatial subchannel (or a transmission channel) of the
MIMO channel. The number of spatial subchannels is determined by the number of
eigenmodes for the MIMO channel, which in turn is dependent on a channel response
matrix, H, that describes the response between the Nt transmit and Ny receive antennas.

[1021] To increase the overall spectral efficiency of the MIMO system, a data stream
may be transmitted on each of the Ns spatial subchannels. Each data stream may be
processed to provide a corresponding symbol stream. Due to scattering in the propagation

environment, the Ng transmitted symbol streams interfere with each other at the receiver.



ei gennodes for the M MO channel, which in turn is dependent on a channel
response matrix, H that describes the response between the NT transmt
and NR reweimsms®nt ennas. [1021] To increase the overall ®paatSoxdsso?
efficiency of the M MO system a data stream nmay be transmtted on each of
the Ns spatial subchannels. Each data stream nmay be processed to provide a
correspondi ng synbol stream Due to scaéteri ng in the propagation

eﬂvi ronment, the Ns transmitted synbol streans interfere with each other at
the receiver. WO 03/084092 PCT/ US03/ 08807 5. Each of the NR receiye

si gnal s reaeht slehe Alsl Tsaeived siEmalsnBRY Ben dadidnf FHTRPUED! OF LA ttéﬁqgilnbol
streans. i.gennode deconposition is one technique for

facili tat%%ngg%%eg%@gﬁ%tﬁ%?%i'on of multiple synbol streans ove(r:I the M MO
channel . [1622] t eChahgeciganmbdd |dgcordpasitigo d& soneh tecbhigne efor r Bsilisaibng Mg ri x,

H, using singular val ye deconppsition (SyD of a t.i pat h. chan W th
freqlrJTgncytrf"é’é’P“é%ﬁqn\ﬂaf I‘F‘ﬁHPW&?’mtbﬂ Stﬁé@éﬁﬁ%&%ﬁmﬁﬁbaﬁ’&%@ﬁ ?egh'%ef%ﬁael ach of
a nunber of j [ ; QUVge it , (K)V
T L R S G A N o e L R A
(or frequegcy MuiBpkh, cHdakol ivithafeduBnoy MRetthiet Aidihgrahe idscdrhpasitionUntdylbe= 1,
where | is the identity matrix wth ones along the diagonal and zeros

ever ywher gerfoirmey foreachdf ¢ gumbengs freqnamcinsdgobequener bing). 8¥ fodlowgul ar val ues of
H(k) ; and Y (k) is an NT x NT unitary matrix. The diagonal matrix % k)
contai ns non-negat i real.,yalues along the diagonal (i.e., (k) = dia
{AL (k), 22(k) fﬂ%—ﬁm@% &})) »and zeros el sewhere. The )t,Eq@K are °

re}‘errgd to as the singular values of the matrix H(k). [1023] Singul ar

val ue decopposi n Ny ' [

n vari gu»gﬁ%’rsf BT IR Bl o PRFARKL 20 SRR B, tolSebincin (P20 P

entitled "Li Al d |t | i, cat j TS Edi t.i.on, '

Press, 1980, WatEhT & Aty Jorar etins (G mUnD =0 SRERCE 1S eghfteu PREEFT, ©

val ue deconposi ti _onwm%n%pgign Bie ngpanq%g;gggagwagﬁ McMO  channel into
wi t el genno ondin

its ei gennodes, eac corresp to a spatial subchannel.
MK) is an N, X N, diagonal matrix of singular values of H(k); and

V(k) is an N, XN, unitary matrix.

\

The diagonal matrix A(k) contains non-negative real values along the diagonal (i.e.,

Ak) = diag {4, (k), A,(k), ..., Ay (k)}) and zeros elsewhere. The A (k) are referred to as

the singular values of the matrix H(k).

[1023] Singular value decomposition is a matrix operation known in the art and
described in various references. One such reference is a book by Gilbert Strang entitled
“Linear Algebra and Its Applications,” Second Edition, Academic Press, 1980, which is
incorporated herein by reference.

[1024] Singular value decomposition may thus be used to decompose the MIMO
channel into its eigenmodes, with each eigenmode corresponding to a spatial subchannel.
For a multipath channel, the singular value decomposition may be performed as shown in
equation (1) for each frequency bin k, where 0 <k < (N, —1). The rank r(k) of H(k)
corresponds to the number of eigenmodes for the MIMO channel for frequency bin k.

The A(k), for 0<i<(r(k)-1) and 0<k <(N,-1), are indicative of the channel

responses for the spatial subchannels corresponding to the eigenmodes of H(k) .



For a multipath channel, the singular value deconposition nmay be perforned
as shown in equation (1) for each frequency bin k, where 0 <- k <- (NF -1)
. The ramkoroloy400f H(k) corresponds to the nunber of ei gecmites 0480T t he

M MO channel for frequency bin k. The A; (k) , for 0 <- i <- (r(k) -1) and
0 <- k < (NF -1) , are indicative of the channel responses for the
spatial subchannels corresponding to the ei gennodes of H(k). WO 03/084092
PCT/ US03/ 08807 6 [1025] The singular values Al (k) are also the positive
square roots of the eigenvalues of a correlation matrix, R(k), where R(k)
= HH (k) HAA35]. Thke singelavsdues 4, (bF arerso dePEatiNe PYHIGEACE ¥ 1B RIBCRYARShus
the sane as the colums of V(k), and the colums of U(k) nay be conputed
from the o ngohelativelmesixaRik) hevheod W3 =L VORL(K) . [ Tbosjigeniectpmt of Bes U( k)
and V(k), for 0< k< (NF -1) , nay be used to orthogonalize the nultiple
symbol  staoemtmsion meatsni R darovieys thasame pthehegiwans off Bek) cend s oy @) are
steering vectors for frequency bin k and may be used a&dh transmtter to
precondi t D6h sppbecempute ff%t%lﬁﬁwlﬁr%hu%a%? colygngP (Zfﬁannel .

Co dingly, th | f Uk I [ t f
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processing) wth the matrices V(k) and U(k) at the transmtter and

recei ver, trafk@6teeclol pedcynditiens Wyhboisn ptibe tovieamainisstont hugyorhel MIMQ gthaeselt he
nmul tiple synmbol streans at the re(sei ver. pﬁLlQZ?] FIG_.1l.is a bl oc? di agram
of a M MEeyesperdingly. thesolussiafy HEOMIRBISoNGERg Yengrs i9T Seavagd vt <284 he
synbol streans and fupther .utilizes a.decisio dhagi | E) at
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assumed t ghafgelf Uihe praddnditionthg atth&)ramsmifierarreseivéiRhay aa gedonaanaither eam
is assumed to be transmitted over all frequ,enc%) bi ns gf each aof t h«% NT
spatial sthbdregnensiysdonpaingtheatimg dosirs s ideasribed (helav e The RFecopdifgRize (gf pe
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receiver.
[1027] FIG. 1 is a block diagram of a MIMO system 100 that performs MIMO

processing to orthogonalize the symbol streams and further utilizes a decision feedback
equalizer (DFE) at the receiver. For simplicity, the channel response matrix, H(k), is
assumed to be full rank (i.e., 7(k) = Ny = N, £ N;), and one data stream is assumed to
be transmitted over all frequency bins of each of the Ny spatial subchannels.

[1028] At a transmitter 110, the traffic data to be transmitted (i.e., the information
bits) is provided to a transmit (TX) data processor 114, which encodes, interleaves, and
modulates the traffic data for each of Ny data streams to provide a corresponding stream
of modulation symbols. A transmit (TX) MIMO processor 120 then receives the Nt
modulation symbol streams (denoted as a modulation symbol vector, s(r)) and performs
MIMO processing (i.e., preconditioning) on the modulation symbol streams to provide Nt
transmitted signals (denoted as a transmitted signal vector, X(n)). The Nr transmitted
signals are then conditioned (e.g., filtered, amplified, and upconverted) and transmitted
from Ny transmit antennas over a MIMO channel 130 to a receiver 150.

[1029] At receiver 150, the Ny transmitted signals are received by N receive

antennas. A receive (RX) MIMO processor 160 then performs the complementary MIMO



of nodul ation synbols. Atransmt (TX) M MO processor 120 then receives the
NT nodul ati on synbol streans (denoted as a nodul ati on synbol vector, s(n))
and per f owom3/0840880 processing (i.e., preconditioning) on tlea/usosiedsal i on
synbol streans to provide NT transmtted signals (denoted as a transmtted
signal vector, x(n) ). The NT transmtted signals are then conditioned
(e.g., filtered, anplified, and upconvefted) and transmtted from NT
transmt antennas over a M MO channel 130 to a receiver 150. [1029] At
receiver 150, the NT transm tted signals are received by NR recei v%

ant ennas. PrAcesgipsi Ane therXy rRaasdpsisnals {dgnoiesnas AdRCHETS Sighrl YIrePTe il elfent ary
M MO WO 03/ 084092 PCT/ US03/08807 7 processing on the NR received signals
(denot ed provide Nacesaiead sympahstrapast(@enotsg as)a reegdvedyyyERhol ¥edps: f8Ddi ved synbol
streans (denoted as a receiyed s ol vectqr, r . 11030 ci sipn
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provi de recovereé synbol streans (denoted as a recovered synbol vector,
9(n)), whicchvered symbbdl smdaess (fendpfed asoelubaivieon symbal vestoreaifs) ), s(high areat
transmtter 110. In particular, feed- forward filter 172 filters the NR
recei ved syindatds of tthe modplatigmyymbaltstrezms, exporss drapgmifist {102) In pagtigpiagyfegd- NT
equal i zed synbol streans (denoted as an equalized synmbol vector, 9(n)). A
summer 1 7@y filies A2 fidsrsithe Ne sesai ved sHmBlHFERmS i (1), IR adetorais EMi ABt es
(denoted as an interference vector, i(n)) fromfeedback filter 174 to
provi de tteeprowidoVar emiakizadooimpol sgeams (dapotrk a8 an gapalived symbol wwtarn 84 )-

denodul ates th d symbol s t i.d at ed. da d.furth
el nt er | cRveETER QORI B setiral St o Ronru0 G dedisaliuay "

whi ch is grpin?a‘%ér %eve_gior,t R?z? } frgﬁl:fgk&ﬂa@ﬁ fieflifd 6 dafvide th Qsdbveded s9RBoIS,

i npl enentation o ecli sion fee equalizer 170, the denodulatéd data is
re-modul agey. (AneRX EYATBRIcesBPREO)hdly déRfodlMias HeORes%REd PEbLIO topavide 1 e-
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filter 174 and tere a response o Mto provi '
data is re-modulated (i.e., symbol mapped) by RX data processor 180 to provide re-

modulated symbols, which are representative of the modulation symbols for the
demodulated data. In another implementation, the decoded data is re-encoded,
interleaved, and re-modulated by RX data processor 180 to provide the remodulated
symbols. In any case, the remodulated symbols (denoted as a remodulated symbol vector,

§(n)) are fed back to feedback filter 174 and filtered with a response of M, ({) to provide

estimates of the distortion caused by the detected symbols (i.e., symbols that have been
demodulated) on the not yet detected symbols. The details of the signal processing shown
in FIG. 1 are described in further detail below.

[1032] As is well known in the art, frequency selective fading on a multipath channel
causes inter-symbol interference (ISI), which is a phenomenon whereby each symbol in a
received signal causes distortion to subsequent symbols in the received signal. This
distortion degrades performance by impacting the ability to correctly detect the symbols.
[1033] Linear equalization may be used to correct for the frequency selective fading
of a multipath channel. However, linear equalization may also result in severe noise

enhancement, which may then yield unsatisfactory performance for a MIMO system.
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transmtted Lo dhig WRMVIVEcHYL MY T8 hesFolig@ielifes & @ER1aBYST the distortion
due to inter-symbol interference at the receiver and subtracts this estimated distortion to
the symbols to be transmitted. In this way, the MIMO system is able to achieve
performance comparable to that provided by the decision feedback equalizer, but without
the need to feed back detected symbols. The precoding can be performed at the
transmitter since (1) the symbols to be transmitted are known and can therefore be fed
back error-free, and (2) channel state information used to perform the MIMO processing
is available and may also be used to derive the distortion estimate.

[1036] In FIG. 1, an \equivalent channel for the received symbol vector, r(n), may be

defined to include the responses of (1) the MIMO processing by TX MIMO processor
120, (2) the MIMO channel 130, and (3) the MIMO processing by RX MIMO processor
160. This equivalent channel has an impulse response (i.e., a unit sample response) of

A(). Using this equivalent channel, the received symbol vector, r(n), may be

characterized as a convolution in the time domain, as follows:

r(n)=> A@)s(n—i)+z(n) , Eq (2).
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[1039] Using the spectral factorization described above, an equivalent channel for the
equalized symbol vector, S(n), may be defined to include the responses of (1) the MIMO

processing by TX MIMO processor 120, (2) the MIMO channel 130, (3) the MIMO
processing by RX MIMO processor 160, and (4) the feed-forward filter 172. This

equivalent channel has an impulse response that may be expressed as:
L
FF()=>M,(-DI0 , Eq (3)
i=0

where E(¢) is an N, X N, matrix that describes the impulse response of the equivalent

channel for §(n), with each element of F({) comprising a sequence of

L+ K, +1 values;

M, (i) is an N XN, mairix that describes the feed-forward filter impulse
response, with each element of M , (i) comprising a sequence of K, +1

values; and



processing by RX M MO processor 160, and (4) the feed-forward filter 172.
This equival ent channel has an inpulse response that may be expressed as:
L FOF(e)=¥bfosng4092i)F(i) , Eq (3) i=0 where F(e) is an NPCI/US03/p880T i X t hat
descri bes the inmpul se response of the equivalent channel for 9(n), with
each el ement of F(s) conprising a sequence of L + K + 1 values; Mfrx (i)
is an NT x NR nmatrix that describes t feed-forward filter inpulse
response, with each elenment of Mfrx ( conprising a sequence of K, +1

val ues; and WO 03/ 084092 PCT/ US03/08807_ 10 matri x that
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matrix, F(~), is also diagonal. [1040] If the hypot heti cal filter inmpulse
response, T(i), is,time limted to O<i< L and the feed-forward filter

i mpul se responBe= WML, (—iE¢) . is time linmted to - K < i :%1@) then the

equi val ent channelz_oresponse F( ) , is non-causal with a tine extent of -
KI < L<- L. In a practical system this non-causal response nay be
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providin perirods at the receiver. [1041]
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provided to a T a processor
[1040]  If the hypothetical filter impulse response, I'(i), is time limited to 0<i<L

and the feed-forward filter impulse responsé, M fix (i), is time limited to — K, <i <0, then

the equivalent channel response, F({), is non-causal with a time extent of =K, <{<L.
In a practical system, this non-causal response may be accounted for (or converted into a

realizable causal response) by providing an additional delay of K, symbol periods at the

receliver.

[1041] FIG. 2 is a block diagram of a MIMO system 200 that performs precoding for
a multipath channel and MIMO processing to orthogonalize the symbol streams. At a
transmitter 210, the traffic data to be transmitted is provided to a TX data processor 214,
which encodes, interleaves, and modulates the traffic data for each of Nt data streams to
provide a corresponding stream of modulation symbols. A separate coding and
modulation scheme may be selected for each data stream. In an embodiment, each
modulation scheme corresponds to a square (or 2-dimensional) quadrature amplitude
modulation (QAM) signal constellation, which may be viewed as a Cartesian product of
two orthogonal (1-dimensional) pulse amplitude modulation (PAM) signal constellations.
Each PAM signal constellation includes a set of M points, uniformly distributed along a

line, with values of {—(M —1), —(M =3), ..., (M =3), (M —1)}. TX data processor 214
provides Ny modulation symbol streams, s(r) .

[1042] A precoder 216 then receives and precodes the Nr modulation symbol streams,

s(n), to provide Nr precoded symbol streams, ¢(n). The precoding may be performed as

follows:
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NT nodul ati on synbol stre ms, f&(n), top ovi de NT precodecﬁ‘lsg}S ol streans,
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modul at i Qjualizer at the receiver. With precoding, this distortion is estimated at the transmitter

based on prior precoded symbols, ¢(rn—£), and the impulse response F(£) of the
equivalent channel for the equalized symbols, S(n). The distortion is then subtracted
from the modulation symbols, s(%) , to derive the precoded symbols, ¢(n).

[1044] Each precoded symbol, c;(n), is generated as a combination of a modulation
symbol, s;(n), and its estimated distortion. This combination can result in an expansion
of the original (e.g., QAM) signal constellation for the modulation symbol, s,(n). The
vmod,,, [-] operation is then performed to fold back the expanded signal constellation to
preserve the original signal constellation. The vmod,,, [] operation may be replaced
with, and is equivalent to, an addition with the term 2M[p(n)+ jv(m)]. Each element of
the vector p(n) is an integer selected such that the real part of the corresponding element
of ¢(n) satisfies the condition ~M; < Re{c,(n)} < M,, where M; is the i-th element of the
vector M and is related to the signal constellation used for modulation symbol s, (n).
Similarly, each element of the vector v(n) is an integer selected such that the imaginary
part of the corresponding element of ¢(n) satisfies the condition — M, < Im{c,(n)} < M,.
[1045] A TX MIMO processor 220 then receives and performs MIMO processing on

the Nr precoded symbol streams, ¢(n), to provide Nt transmitted signals, x(n). The Nt

transmitted signals are then conditioned and transmitted from Nr transmit antennas over a

MIMO channel 230 to a receiver 250.



synmbol, s ; (n) , and its estimated distortion. This conbination can result
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nodul at i owosgmkwby si (n). The vnod2M [] operation is theaTaso$/essned to
fold back the expanded signal constellation to preserve the original
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Im{cl (n) } . [1045] A TX M MO processor 220 then receives and

perforns w&@ proceSS| ng on the NT precoded synbol streans, c(n), to
provide NT transmitted signals, x(n). The NT transmtted signals are then
condi ti ongd47nd tA seedrfoiviad filtleoDTNheh fidiemnthe Nateividsymbel steeandy] ¥@)Gannel
230 to a receiver 250. WO 03/084092 PCT/US03/08807 12 [1046] At receiver
250, the pibvideavisequilizsl sysitghatrsanas, €5 (nic élsirgrthb ymiRse eesponse ofaEg]éanmafer A RX
M MO processor 260 then perforns the conplementary M MO processing on the
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[1047] A feed-forward filter 272 then filters the NT received synbol
streans, r(n), to proyvide NT equalized synbol streans, s (n) . Using the

i mpul se respon af pF L qui val ent channel for t he
equal i zed syrrbgfn) F (F&)J('Q eg)%%%rrl)gssed as: L s(n) =FO ZF?&;QC)’(n ) +z (n)

, EqQ (6) where z(n) |s the recei ved noi se, transfornmed by the M MO
processing and feed-forward filter at the receiver. [1048] The precodi ng
i N equat i where53(njraythb eedetwadi ol entrassféraleddysthe MBAD Jproceihd fm)) feed-foryard J = |
FMe(n - O . Eq (7)

filter at the receiver.

[1048]  The precoding in equation (5) may be rewritten as follows:

() + 2M () + ju(l = S E(Den—0) | Eq (7

=—K,

[1049] Combining equations (6) and (7), the equalized symbol streams, S(#), may be

expressed as:
50 =F,lst) +2M () + jvm]|+ Em) Eq (8)

[1050] As shown in equation (8), the precoding at the transmitter results in an
expansion of the original (e.g., QAM) signal constellation at the receiver. In particular, if
s;(n) is a valid signal point in the original signal constellation, then
5;(n)+2M,(u;(n) + jv,(n)) is also a valid signal point in the expanded signal
constellation, where 4, (n) and v,(n) are integers selected such that the corresponding
precoded symbol c,(n) conforms within the original signal constellation at the
transmitter, as described above. A unit 276 then prescales the equalized symbol streams,
S(n), with F 0_1 to compensate for the factor F, in equation (8), and further performs

vector modulo-2M/ operation on the resultant symbol streams, as follows:



k--K, [1049] Conbining equations (6) and (7), the equalized synbol streans,
9(n), may be expressed as: s (n) = Fo [ s(n) + 2M[(n) + jv(n)]]+ z (n)

Eq (8) [ 1wWBMB/oswIshown in equation (8), the precoding at tla/usozossnitter
results in an expansion of the original (e.g., QAM signal constellation
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a valid signal point in the expanded signal constellation, where u, (n)
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synbol cl1 (n) KBhF O] hi ’fhe original signal constellggi at the
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coding schemes to provide coded data. The coded data may then be multiplexed with

pilot data using, for example, time division multiplexing (TDM) or code division
multiplexing (CDM). The pilot data is typically a known data pattern processed in a
known manner, if at all, and may be used at the receiver system to estimate the response
of the MIMO channel. The multiplexed pilot and coded data is then modulated (i.e.,
symbol mapped) based on one or more modulation schemes to provide modulation
symbols. In an embodiment, one data stream is transmitted on each spatial subchannel,
and each data stream may be coded and modulated based on a separate coding and
modulation scheme to provide a corresponding modulation symbol stream. The data rate,
coding, interleaving, and modulation for each data stream may be determined by controls
provided by a controller 330. TX data processor 314 further precodes the modulation
symbol streams to provide precoded symbol streams, as described above.

{1053] A TX MIMO processor 320 then receives and performs MIMO processing on
the precoded symbol streams. The MIMO processing may be performed in the time
domain or the frequency domain, as described in further detail below. TX MIMO
processor 320 provides (up to) Nr preconditioned symbol streams to transmitters (TMTR)
322a through 322t.

[1054] Each transmitter 322 converts a respective preconditioned symbol stream into

one or more analog signals and further conditions (e.g., amplifies, filters, and upconverts)
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[1057] RX MIMO processor 360 may further estimate the response of the MIMO
channel, the signal-to-noise-and-interference ratios (SNRs) of the spatial subchannels, and
so on, and provide these estimates to a controller 370. RX data processor 380 may also
provide the status of each received packet or frame, one or more other performance
metrics indicative of the decoded results, and possibly other information. Controller 370
then provides channel state information (CSI), which may comprise all or some of the
information received from RX MIMO processor 360 and RX data processor 380. The
CSI is processed by a TX data processor 388, modulated by a modulator 390, conditioned
by transmitters 354a through 354r, and transmitted back to transmitter system 310.

[1058] At transmitter system 310, the modulated signals from receiver system 350 are
received by antennas 324, conditioned by receivers 322, demodulated by a demodulator
340, and processed by an RX data processor 342 to recover the CSI transmitted by the
receiver system. The CSI is then provided to controller 330 and used to generate various
controls for TX data processor 314 and TX MIMO processor 320.

[1059] Controllers 330 and 370 direct the operation at the transmitter and receiver
systems, respectively. Memories 332 and 372 provide storage for program codes and data

used by controllers 330 and 370, respectively.



recovered synbol streanms to provide decoded data. The processing by RX M MO
processor 360 and RX data processor 380 is conplenentary to that perforned
by TX MwDoosemessor 320 and TX data processor 314, resp@criusesyssoat
transmtter system 310. [1057] RX M MO processor 360 nmay further estimte
the response of the M MO channel, the signal-to-noise-and-interference

rati os (SNRs) of the spati al subchannel and so on, and provide these
estimates to a controller 370. RX data %rocessor 380 may al so provide the
status of each received packet or franme, one or _ nore other perfornmance
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system 310 in FIG. 3. Transmitter unit 400 includes (1) a TX data processor 314a that

receives and processes traffic and pilot data to provide (up to) Nr precoded symbol
streams and (2) a TX MIMO processor 320a that preconditions the precoded symbol
streams to provide (up to) Nr preconditioned symbol streams. TX data processor 314a
and TX MIMO processor 320a are one embodiment of TX data processor 314 and TX
MIMO processor 320, respectively, in FIG. 3.

[1062] In the specific embodiment shown in FIG. 4, TX data processor 314a includes
an encoder 412, a channel interleaver 414, a symbol mapping element 416, and a precoder
418. Encoder 412 receivés and codes the traffic data (i.e., the information bits) in
accordance with one or more coding schemes to provide coded bits. The coding increases
the reliability of the data transmission. In an embodiment, a separate coding scheme may
be used for each data stream, which may be transmitted via all frequency bins of a
réspective spatial subchannel. In alternative embodiments, a separate coding scheme may
be used for each group of one or more data streams, or a common coding scheme may be
used for all data streams. The specific coding scheme(s) to be used may be selected based
on the CSI received from the receiver system and are identified by the coding controls

from controller 330. Each selected coding scheme may include any combination of cyclic



may be used to nore optimally allocate the total available transmt power
to the eigennodes such that high performance is achieved for the M MO
system TWe oslostprl ei gennmode deconposition and spati o-t @CEArsas/08807

pul se-shaping are described in further detail below [1061] FIG 4 is a

bl ock di agram of an enbodi ment of a transmtter unit 400 that precodes
data for a nultipath channel and perfoq M MO processing in the tine
domain. Transmitter unit 400 is a specific enbodiment of the transmtter
portion of transmitter system 310 in FJG 3. Transmjiter unit 400 includes
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symbol to a point in a signal constellation corresponding to the modulation scheme (e.g.,
QPSK, M-PSK, M-QAM, or some other scheme) selected for use for that data stream.
Each mapped signal point corresponds to a modulation symbol. Symbol mapping element

416 provides a vector of modulation symbols, s(n), for each symbol period n, with the

number of modulation symbols in each vector being equal to the number of spatial
subchannels to be used for that symbol period. Symbol mapping element 416 thus
provides (up to) Nr modulation symbol streams (i.e., a sequence of modulation symbol
vectors, with each vector including up to Ny modulation symbols).

[1065] To perform the precoding and MIMO processing at the transmitter, the
response of the MIMO channel is estimated and used to precode the modulation symbols
and to further precondition the precoded symbols prior to transmission over the MIMO
channel. In a frequency division duplexed (FDD) system, the downlink and uplink are
allocated different frequency bands, and the channel responses for the downlink and
uplink may not be correlated to a sufficient degree. For the FDD system, the channel
response may be estimated at the receiver and sent back to the transmitter. In a time
division duplexed (TDD) system, the downlink and uplink share the same frequency band

in a time division multiplexed manner, and a high degree of correlation may exist between



codi ng schene. The interleaving provides tine diversity for the coded bits,
permts data to be transmtted based on an average SNR for the spati al
subchanneWw(Op/oswezl for data transm ssion, conbats fadi ngpcansos/essvher
renoves correl ation between coded bits used to form each nodul ation
synbol . [1064] Synbol mapping el ement 416 receives and multipl exes pil ot
data with the coded and interleaved data, and further synbol maps the

mul tipl exed data in accordance wth ohe or nore nodul ation schemes to
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PCT/ USOB/ f%?%?e?equ%ﬁzed symbols, §(n). This equivalent channel impulse response F,F({) may

be derived at transmitter unit 400 based on a model that includes (1) the MIMO channel
with the estimated impulse response of H(n), (2) a decision feedback equalizer adapted
to provide the recovered symbols, §(r), and (3) the processing with the matrices V)
and U(k) at the transmitter and receiver, respectively. For this model, the modulation
symbols, s(n), are transmitted over the MIMO channel, and the output of the MIMO

channel may be expressed as:
L
b(n) =Y H)s(n=10) . Eq (10)
£=0

[1068] The decision feedback equalizer in the model then forms an initial estimate,

s’(n), of the modulation symbols, s(1) , which may be expressed as:

s'(n) = ZM N (e)b(n—z)+ZM,,,x D5n-0) , Eq (11)

£=—K,



t he downl i nk and uplink channel responses. For the TDD system the
transmtter system can estimate the uplink channel response (e.g., based
on the piwotosws@apsn tted by the receiver system on the umpcirnsps/essdr deri ve
t he downl i nk channel response by accounting for differences between the
transmt and receive antenna arrays and front-end processing. [1066] In an
enbodi nent, the M MO channel response ﬁ{ti mates are provided to
transmtter unit 400 as a sequence of X NT matrices of tine- donai n
samples, 3f (n) . The (i, c? -th elenment of the stlmated chan 1 npul se
r esponse whete | (nH 4n) the egrodulatesl jsymbglie Frichy gngy benget equal oo er’né’e of L
+ 1 sanpl es representlng the sanpled inpulse response of the propagation
path fromthe j-th&ﬁéﬂéﬁﬁ)t’ antenna tothe i-th receive antenna. In this
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adapted to provi d%lérﬁ@htro?MV Borspiiling & sequee ofakid codficieh®. pr ocessi ng
with the matrices V(k) ? at the transmtter and receiver,
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Communication System,” filed November 6, 2001, and U.S. Patent Application Serial No.
10/017,308, entitled “Time-Domain Transmit and Receive Processing with Channel
Eigenmode Decomposition with MIMO Systems,” filed December 7, 2001, both of which
are assigned to the assignee of the present application and incorporated herein by
reference.

[1070] The equivalent channel impulse response F F(£) may then be derived as:

F E(0) =3 M, ((~)TG) - Bq (12)

i=0
[1071] Precoder 418 precodes the modulation symbol streams, s(n), based on the
equivalent channel impulse response F F(£) , which may be derived as shown in equation
(12), to provide the precoded symbol streams, ¢(n).
[1072] TX MIMO processor 320a then performs MIMO processing on the precoded

symbol streams, ¢(n), to orthogonalize the symbol streams at the receiver system. As

noted above, the MIMO processing may be performed in the time domain or frequency
domain.

[1073] Spatio-temporal pulse-shaping is a technique for performing MIMO
processing in the time domain. At the transmitter system, the channel frequency response

matrix, H(k), may be decomposed into the unitary matrices V(k) and U(k) and the



where s(n) are the renodul ated synmbols, which may be set equal to s(n),
i.e., s(n) =s(n) ; Mftx (.?) is an l\ﬂ' X NR i nmpul se response matrix for
the feed-wormas®9iilter, with each elenent of Mftx (f) @ECTFIrSV$08397 a
sequence of (KL + 1) coeffici,ents; and Mot Y) is an NT x NT inpul se
response matrix for the feedback filter, with each elenent of M¥x (P)
conprising a sequence of K2 coeffici enfes. [1069] The feed-forward and
feedback matrices may be derived based on various «criteria, as is known in
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provi de the precoded synbol streanms, c(n). [1072] TX M MO processor 320a

then per fpalsgshMiMPrpunG eB s gwhithtih ﬁlrﬁree osaded pr@y)ndmlon she pracmiedémbolst 0
ort hogonal i ze the synbol streans at the receiver syst not ed above,
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symbol stream may be transmitted over all frequency bins of a given spatial subchannel.
This then allows for separate coding/modulation per spatial subchannel, which can

simplify the equalization of the received symbol streams, r(n) , at the receiver.

[1075] TX MIMO processor 320a performs spatio-temporal pulse-shaping on the
precoded symbol streams. Within TX MIMO processor 320a, a fast Fourier transformer

422 receives the estimated channel impulse response matrix, H(n), (e.g., from the
receiver system) and derives the corresponding estimated channel frequency response
matrix, E(k), by performing a fast Fourier transform (FFI) on ﬁ (n) (e,
E(k) =FFT[£ (n)]). This may be achieved by performing an N, - point FFT on a
sequence of N, samples for each element of i[ (n) to obtain a corresponding sequence of

N, coefficients for the corresponding element of E(k) , where N, 2(L+1). The Ng-Nr

elements of _ﬂ(k) are thus Ng-Nr sequences representing the frequency responses of the
propagation paths between the Nr transmit antennas and Ng receive antennas. Each
element of ﬂ(k) is the FFT of the corresponding element of _5:_[ (n).

[1076] A block 424 then performs singular value decomposition of the estimated
channel frequency response matrix, E(k), for each value of k, where 0<k < (N —1)

and Np is the length of the FFT. The singular value decomposition may be expressed as

shown in equation (1), which is:



WO 03/ 084092 PCT/ US03/ 08807 19 diagonal matrix X (k), as shown in equation
(1). The diagonal matrix k(k) may be used to derive a diagonal matrix Ea
(k) that wodBostes the energies (or transmt powers) assipgmawsos/assvhe

ei gennodes in frequency bin k. The energy assignnent may be perforned, for
exanpl e, based on a well-known "water-filling" transmt energy

di stribution technique that assigns m)é(? energy to better eigennodes and

| ess energy to poorer eigennodes such that the overall spectral efficiency
is maximzed. [1074] The mah;ri ces V(k) and E2(k) are then used to derive a
spati o-t enpor all(k)pulUgeretdpi Ay matrix, P,x (n) , which is further used to
precondition the precoded synbols in the tinme domain at the transmtter.
Correspondingly, the matrix U(k) is used to derive a spati Wte or al
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precoded synbol streang. Wthin TX M M) processor 320a, a fast Foyrier

t r ansf or ragrgulag22lyes (i Hé) -t Hbe anatyichst éﬁkghaéﬁﬁlniﬂ(k) Y R UsedstB RREODIHION; X
.f(n), (e.g.,. framthe .receiver. system..and derives the correspondin

esti mat eéygwaﬁr%%qtf@ﬁ%Wéﬂn?éescﬁla’ﬁgé%p%que?x{, H(k), by perforni er])g a fgst
Four i er Ug@’f‘@f or 'Th% Fe'l:e-[ﬂen@snal'oﬂ%l’thé Aagbhal€of, AHN ke 7, @5Tof 1K ilm(k) ) whiki s may

be achie y performng an NF - point FFT on a sequence of NF sanples

for each e grrfsnttheofralﬁ{ (Oq) ﬁ(%z)ob_tﬂien c?luﬁfhrsr g§pg@gi ng Wgﬂe@cmg)gjnd Wik,

coef fici el or the correspondi ng el enent of "H('k), where (L‘+‘1). The

NR-NT el Se1Pfard LikdoRt6 ah Bissn NRNE R ERHRAGES BebRsetdsng the frequency
responsesrgg)%%ﬁeelﬁ aé%opag%ti oﬁ piéé?rﬁs belt ween tﬁigd%ll\ﬂ' t?ansm’t antennas and NR

recei ve antennas. Each elenent of fl(k) is the FFT of the correspondi ng
el enent of -4fﬁ((k1))vi(k)[-—1,@ﬁ§1k)°~ bl ock 424 then perforns singuE@fl3yal ue
deconposition of the estinated channel frequency response matrix, H(k),
for each value of k, where O< k < (NF -1) and NF is the length of the
FFT. The momgul arhealldg), dgknngpdsVik)omareyesbemagxpe gseddechsn two forms - a

“sorted” form and a “random-ordered” form. In the sorted form, the diagonal elements of
MFk) are sorted in decreasing order so that A ()= Ay (k)=...2 A (k), and their
eigenvectors are arranged in corresponding order in U(k) and V (k). The sorted form is
indicated herein by the subscript s, i.e., U (k), A (k), and V (k). In the random-

ordered form, the ordering of the singular values and eigenvectors is random and
independent of frequency. The random form is indicated herein by the subscript 7. The
particular form selected for use, either sorted or random-ordered, determines the
eigenmodes to be used for the data transmission and the coding and modulation scheme to
be used for each selected eigenmode.

[1079] A water-filling analysis block 426 then receives (1) the set of singular values
for each frequency bin k, which is contained in the sequence of matrices, A(k), and (2)
CSI that includes the received SNR corresponding to each singular value. The received
SNR is the SNR achieved at the receiver for the recovered symbol stream, as described
below. The matrices A(k) are used in conjunction with the received SNRs to derive the
sequence of diagonal matrices, E,(k), which are the solution to the water-filling

equations given in the aforementioned U.S. Patent Application Serial No. 10/017,308.



shown in equation (1), which is: WO 03/084092 PCT/US03/08807 20 H(k) =
U k)1, (k)V H (k) The result of the singular value deconposition is three
sequenceswofosms4opmt ri ces, Uk), 1,(k), and V H (k) , for PCTAISk3/6880NF - 1)
For each frequency bin k, Uk) is the NR x NRunitary matrix of left

ei genvectors of H(k), Y (k) is the NT x NT unitary matrix of right

ei genvectors of H(k), and X(k) is the X NT diagonal matrix of singular
val ues of H(k). The matrices V(k) and k) may be used to precondition
synbols at the transmtter and receiver, respectively. £1077] The el enents
al ong t helheti diggomal mefricks (H)(karcentain the Ié?t glopneraies or HESil PRNEP @SSIENE)0j 5 t he
rank of H(k). The caol ums of (L)’J\g%t% and V(k ui (k) and v1 (k) ,

respect i ¢b¢91gelgp@ie§(§pqﬁapgﬁ§the BrPBYuat i on, which may be expressed

as: H(k) V[ 0?£dﬁ Tge t"eg lf})lhnfqteél?rﬁ%ue[ ]197%]3SCHB§d U()ii) Robék) G. aﬂﬂllh/ée]f) in

matri ces ay "be provi ed I'n "sorted"” form and
"random Oﬂﬁfehﬁahonf"ﬂfemsry hmd Rﬁmmeommmmnt hehndWalg aad Sens d@‘?ﬁ gvhaeh is) of k)

ted d " 22 Kk
:ar gnin{ hgp?él’g’]‘é@%@;gﬁgg‘%‘g ¥ rﬁ ée“&FT a B%dm}t?f %@ge@ﬁbﬁg’ ng)dS?’ﬁee fhe dwi%f) @%ﬂ aEld) Y,
(k) . Then(lé% d_Ef 8{)/mrha(§'k3bé Qﬁi: Ahed ahelesidbelYint the FUR$CtiBhedSU.S.. PatentU S

(k) n the random ordered form the ordering of

the singuh 1c\é§d>r95§nﬁrwb Qi0gAT\ID8 At $n TES. rmﬁmnq@ﬂudauommmhbeﬁw%s,sm,
frequency.  The random formis indicated herein by hg subscrij pt wge
H e

parti cul amtifled niethedt anfl fAppages fer (Reprmiginge & OWFT UGB e
det ermnes the . pica &%{%‘B&ﬁ fh&% S S f) t\bl?lclg?st &si gﬁ@(ﬂ%c? §§s?g"he@'6@ tehe
codi ng an T

i on’’'sc be use each se€l ected el gennode.
[ 1079] Api@éeﬁfaﬁphlchﬂloagarﬁinad:qtpomtekilhardmhﬁﬁefeﬂame receives (1) the set of
si ngul ar values for each frequency bin k, which |e§ x(%al ned, in.t
d

sequence BPSHat r idc sealerlFkY 4thdeqenies theunitary maig hé"d &b h%@NR
. the' T oBaraes ok 8 Mﬁrgawg@ml?ﬁg et * SeogacnpybaRsgRslE e
equence Bl Thanbi et eauntE bl ot Y bt THRLYES) B e e
water-fi lrloio{-I Ut the diagonal matrices, K, (k), is computed to derive a sequence of diagonal
matrices, m , whose elements are the square roots of the elements of E, (k). The

elements of the diagonal matrices, E,(k), are representative of the transmit power

allocated to the eigenmodes. The square root then transforms the power allocation to the
equivalent signal scaling. The product of the square-root diagonal matrices, m ,and
the unitary matrices, V(k), which are the sequence of matrices of right eigen-vectors of
H(k), is then computed. This product, X(k)m , defines the “optimal” spatio-
spectral shaping to be applied to the precoded symbol vector, ¢(n).

[1082] An inverse FFT of the product X(k)m is then computed to derive the
spatio-temporal pulse-shaping matrix, P (£), for the transmitter, which may be expressed

as:
P, (&) =IFFT [V(k)yE, (k)] . Eq (14)

The pulse-shaping matrix, B, (£), is an Ny x N, matrix, with each element of P, )
comprising a sequence of N = L+1 values. Each column of P, (¢) is a steering vector

for a corresponding element of ¢(1).



equations given in the aforenmentioned U S. Patent Application Serial No.

10/ 017, 308. WD 03/084092 PCT/ US03/ 08807 21 The diagonal matrices E2 (k)
contain tWe (308400f energies or transmt powers assigned t®CTiuse3/essgennodes
for each of the NF frequency bins. [1080] The water-filling technique is
described by Robert G Gallager, in "Information Theory and Reliabl e
Commruni cation,"” John Wl ey and Sons, 1?%8 which is incorporated herein by
reference. The water-filling analysis derive the di agonal matrices, E2

(k), may be perforned as described in the aforenentioned U S . Paten
Appl i cat ﬂé@ﬁﬁerlél CW()lVPO/“éQ?re%‘BeSa?’FHi PrFoQR loriﬁg&‘e%]t C‘lﬁi’ﬁ”eé%m oRreededal No.
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is assi gne, g‘ #QecttJ}ex %gée(]% Xgluhgf‘)fe s\%m Parml hﬁ;llbbg;?@gg@dla@cor por at ed

herei n by erente. sca erf FT 478 r'ecei ves the unitary
matrices, V(k), and the di agonal matrices, E,, (k), for all NF frequency

bi ns, and derly(f;% g?)qgj&nt@m)oral pul se- shapl ng matrix, %(qs()n) , for
a ’ t

thetransmtteT he feceived matrices. Inltlally, e square root
of the diagonal matrices, E2(k), is conputed to derive a sequence of

di agonal Tﬂmhaﬂn%%nv&auéﬂs)showmaﬁb@nm)trﬁayafeepdrft@mwuafcﬂldmt”so dérivehe
elenments of Ea, (k). The elenents of the diagonal matrices, Ea (k) are

r epr esenttht u—ﬂealelfnenw the aneini KOPofoetiment| 1éak e et Predest s Mhbdsowdfe
square root then transforns the power allocation to the equival ent si gnal
scal i ng. thbeaprio®udl) ofitht the veglonce: + bbis Wrmgdfdla W‘qu&féielaﬁdn icgS) (&:8-and
the unitary matrices, V(k), which are the sequence of matrj f rlglht

ei gen- vec® &rls< &), anqg [y Tqsylty | accymplAted fo ﬁﬁﬁ“ée greoalaﬁen ‘@‘ ) E E1eP<,

def the "optimal " spatio- ral_shaping ! d to th

br ecoded EywEIeARRash AR AnPEOBEL 4ACh ABFLERED oft CHE haﬁcf?rerw% £2
k th ted tQ { |

19,1, aa“%%%:g%zedfmm@{n;%ﬁhﬁme%dggm@;sg%@a bt dp iy
[V(k) E, l eacﬂ’ ﬁ%zl\)lel-ﬁrﬂ‘ﬁ}%)&gtéﬁuﬁém 9 aBBichli%te 1B ofth matrlxs Pane)NTThe NT

matri X, Pax (~')" conprising a sequence of NF> L +1
val ues. Eﬁ%&sg@é 1pBatal siRpth4rARh EIBm@niSfRE vEGoVLEH) Gk derived from a respective

row of the matrix P, (¢) and the vector ¢(n).
[1084] Each element of the transmitted signal vector, x(7) , corresponds to a stream of

preconditioned symbols to be transmitted over a respective transmit antenna. The Nr
preconditioned symbol streams (i.., a sequence of preconditioned symbol vectors, with
each vector including up to Ny preconditioned symbols) are also denoted as N transmitted
signals. The Nr preconditioned symbol streams are provided to transmitters 322a through
322t and processed to derive Ny modulated signals, which are then transmitted from Nt
antennas 324a through 324t.

[1085] The embodiment shown in FIG. 4 performs time-domain beam-steering of the

precoded symbol vector, ¢(n). The beam-steering may also be performed in the
frequency domain. In this case, the vector ¢(n) may be transformed via an FFT to obtain

a frequency-domain vector C(k). The vector C(k) is then multiplied with the matrix

V(k)/E, (k) to obtain a frequency-domain vector X(k) , as follows:

X(k) =[V(K){E; (k)] C(k) .



for a corresponding el ement of c(n). WD 03/084092 PCT/US03/08807 22 [1083]
A convol ver 430 receives and preconditions (e.g., convolves) the precoded
symbol vewDmB/084wfn), with the pul se-shaping matrix, P,, (IPCE/Usos/essderive
the transmtted signal vector, x(n) . The convolution of c(n) with Prx
(.?) may be expressed as: X (n) _ 1'~x (~) ~(n - ~) Eq (15) The nmatrix
convol ution shown in equation (15) may @e performed as follows. To derive
the i-th elenment of the vector x(n) for“time n, xi (n), the inner product
of the i-th rowof the matrix Pl (.?) mnth the vector c(n - is fqrnmed
for a nunihertrapsmifisdagjgriahdpeies ¥(a) gmay thpa becdqrived byRerfoRaInEy gle
accunul ated to derive the elenent x; (n). The signal transmtted on each

transmit V&ﬁ@é&(ﬁ)(lreexﬂn)e'algﬁre[%hﬂnt of x(n) , or xi (n)) is thus forned

as a wei f .the NI, d
Synbol Séf)ffeﬁﬂd OB s oft tlyinh gt BLEERSERY I lerd VeI sAL LR WIDEL ©f
the matr 's’;Se(P ¥ic efn'b))dlme-ﬁh%f tHY REaSE pcﬁ'tldilebﬁﬁdceﬂeﬁ Bl}ishanﬁ Bao ieFB. & Reesiverof t he

vector x(n) is derived froma res(gectlve row of the matrix PrX (agn nd t he
vect or c(umjt 5q01io8UeEbhare REMHMQ preqsasor 3903 hatinsecesseg ¥ 1GFELVES Samp ,

¢ ospoct s vesPLERRY BT Rrar R SR LG Y TRORER %8{0'&2%@2%%%‘.’“” a

sequence RinodiRERNERihicflB8Eds SM‘IMCO&@Qh@ reovevetl Bymbals ho pentide décndéd daltag up
to NT precondltloned synbol s) are_al so denot ed @s NT tranﬁﬁ%tted B%gals.

The NT prREECMEVIO prrsessey 390p a8 ra¥ndata PEOGSsO0i 3908 A% PP SAAdiPEl s

t hrough I whi ch th
tranom t CHTP SR SRR AR By ool DL R T BIOLE. ebodi ment
shown in [F0§7] 4 Refchangrbadk tweFIdbBaite Jlnedmiatstl@@nlahqr&mﬁrmttﬁ@ fr@né\&d@wﬁsyrrbol

vector, c(n The b t
dormi . 1AW TEASE AT AL NSRS e e Aeg OF feosiyeREReY
obtain g fnegue Qﬁt)é ﬁ?@oﬂteﬁ%té)fesg&dﬁxe rJd%@veY@gﬂQWh%iﬁ)s Al fehgrdnwldsiapl i ed

with the matrix to obtain a frequency-domain vector X(k) , as
f ol | ows: fxgt)end upw kEacEZ(ed?\e)lYﬁi@Iﬁ)l cowliggn 0@ dilterermpifisy, @gddywnconverts) a

respective received signal and digitizes the conditioned signal to provide a corresponding
stream of samples. Receivers 354a through 354r provide Ny sample streams (i.e., a

sequence of received signal vectors, y (), with each vector including up to Ng samples).

The Ng sample streams are then provided to RX MIMO processor 360a.
[1088] Within RX MIMO processor 360a, a channel estimator 512 receives the

sample streams, y(n), and derives an estimated channel impulse response matrix, H(n),

which may be sent back to the transmitter system and used to perform the precoding and

MIMO processing. An FET 514 then performs an FFT on the estimated channel] impulse
response matrix, H(n), to derive the estimated channel frequency response matrix,
H(k).

[1089] A block 516 then performs singular value decomposition of H(k), for
0 <k < (N, —1), to obtain the matrix of left eigen-vectors, U(k), for each frequency bin.
Each column of U(k) is a steering vector in frequency bin k for a corresponding element
of s(n), and is used to orthogonalize the symbol streams at the receiver system. An IFFT
518 then performs the inverse FFT of U(k) to derive a spatio-temporal pulse-shaping

matrix, U(¥) , for the receiver system.



23 The transm tted signal vector, x(n), may then be derived by performng
an | FFT on the wvector X(k) , i.e., x(n) = 1FFT [X(k)] . [1086] FIG 5 is a
bl ock di aypadiosfooan enbodi ment of a receiver unit 500, whiPCh/tise3/e8805peci fic
enbodi nent of the receiver portion of receiver system350 in FIG 3.
Receiver unit 500 includes (1) an RX M MO processor 360a that processes NR
received sanple streans to provide NI recovered synbol streans, and (2) an
RX data processor 380a that denodul ate , deinterl eaves, and decodes the
recovered synbols to provide decoded data. RX M MO processor 360a and RX
data prode890dr 38CGmnavleemi? therhdaivies the toteiRd symMbbVefte: d€blo PY PETOHREERX
data processor 380, respectively, in FIG 3. [1087] Referring bac o FIG
3, the nodednavkdosiafrihe seacivestignal ¢GCtoroMMNT WithathgrRonIueale KHITReSClsthe

recei ved by each of NR antennas 352a through 352r, and the received signal

f r om eachpaiy-@nparil putsewshasing maarix, g2 P et iThes caveluien nBFhe(enbieetedias: al so
referred to as a front-end unit). Each receiver 354 conditions (e.g.,
filters, anplifies, and downconverts) a respective received signal and
digitizes the gapdiYiggh@pyGi-gfal. to provide a correspondi ngEq €60 eam of

sanpl es. Receivers ™ 354a through 354r provide NR sanple streans (i.e., a
sequence of received signal vectors, y(n), with each vector including up to
NR sanpl 4)91] Th&h&lRubsarshhming tat ebersecarver tohash alse dei pretPrngd AX the fodpesdessor

360a. [1088] Wthin RX M ND p 360a, | est]
Fece ves ORI SHRIRE Kt SREPESE Ao el e OeB R ab fherEh B sithyed

i mpul se r TR | Xnay b& forfhHdGHa BRYFIPa0 980in Raelude yiddehaln agussn tt er
system ansggﬁggéﬁ?é—p@r’f oarlym t?%nspcr) ecodi arllg and M MO progess?]ng. An FFT 514

then per f_[?_gc'gs afheFE%%(SW YE(QF i@%h%&@ﬁluﬁrtﬁﬁﬁ%itﬁ R B fjughte SPARS e MRbITXX,

-4'[(n), derive e estimte annel” frequency response matrix, H(k).

1089] A bl 16,1 | - d e R
[ 1089] QF?HE)%, Bpldiers ARG BECPashARU Lo RS deeREPRSI Iamugl ikl T or

0 <k <( obtain mat ri x of i gen-vectors, Uk) , for

each fr e%ﬁl@i@ﬁcﬁo‘ﬁ; RECRaf YheinBe Bhndfbied SiadanSineerst TFTV L bBtain theftieuency
bin k for a corresponding elenent of s(n), and is used to orthogonalize

t he symbolorstif @80yt syirio]l M RERIY @(1)S Y The BonAblutibh bf thd &etthery (persidr the t he
inverse FFT of U(k) to derive a spatio-tenporal pul se-shaping mtrix,

u(?) ] Oﬁlatg“igegw?E')eéa\ﬁecflusslyesxteﬁfgsented in the discrete frequency domain as:
R(k) = U" (k) X(k) = MRICK) + Z(K) Eq (17)

where i(k) = L(k)\/E_;(k_) is a matrix of weighted singular values of _ﬂ(k) , with the
weights being the square root of the water-filling solution, m ;
C(k) is the FFT of ¢(n), the precoded symbol vector;
Y(k) is the FFT of y(n), the received signal vector;
R(k) is the FFT of r(n), the received symbol vector; and
Z(k) is the FFT of 2(n) the received noise process as transformed by the unitary
matrix U” (k).
[1092] From equation (17), the received symbol vector, r(n), may be characterized as

a convolution in the time domain, as follows:

r(n) =Y Al e -0 +Emn) , Eq (18)

where A({) is the inverse FFT of A(k) = M(k){/E, (k) ; and



WO 03/ 084092 PCT/ US03/ 08807 24 [1090] A convol ver 520 then derives the
recei ved synbol vector, r(n) , by performng a convolution of the received
signal vewDmB/0840n), with the conjugate transpose of the PpepatSopesseTpor al
pul se-shaping matrix, UH (t). This convolution may be expressed as: r(n)
"41H (~) y(n -~) Eq (16) [1091] The pul se-shaping at the receiver may al so
be performed in the frequency domain,,simlar to that described above for
the transmitter. In this case, the rec%?ved signal vector, y(n), may be
transformed via an FFT to obtain a frequencg-dorrai n vector Y(K he
vector Y(k) i sZ(whénthsrisceived ngipe, &g tignsiarmpek Dy & 17GEHVEr %Hagﬂ‘éwé‘@)ahﬁlf P9x  UH
(k) to obtain a frequency-domaip vector R(k). The result of this matrix
mul tiplication, R( Ihapioamativerilb&)t r ansf or med via an inverse FFT to obtain
the time- domain received synbol vector, r(n). The convolution of the
vector y(ie matix thd) et didgonalHmatrix ehsigeRuRilsss Withr eASBneIgen-PHSE hEing

di screte frequency domain as: R(k) = UH (k) Y(k) =i (Kk)C(k) + 2& ) Eq
(17) wherdsrivék)as=the, JFIY Bh thi rorrespanding riequaiceveli gineelat é’iah’ﬁﬁlllar—b‘ﬁl s of
11 (k), with the weights being the square root of the water-filling

sol ution,0 8% £K¥-~1(k) is the FFT of c(n), the precoded symbol vector;

Y(K) | i ) - i
Yy, ¢ ndifedici  She Yt G G et Rl e pouge L) ehotalid B
noi se pr %ﬁﬁtsinaﬁotdﬁﬁéfélﬁtﬁ&ﬁ&%flé)rfgggfpaldéﬁli Fa e soraddroxmUhk (és)lting BRga}puiseom

equation (17), the received synt vector, r(n), may be characterized as a
convol ut imatrikn At, (R, si andiaglonhinatrixaef fudses ios arerspppd in doscenydingordprof gRpreyy (18)

PCT) Usos bl ThsphibhpornespoRdng st isd atebl ook o BE Gt by HAe

receiver f&sa(%}g: PRI r"ﬁlcmtpel%lle?g%f, and AR Btgsépéo'hie@on%ﬁlgﬂo elements further down
the diagonal have successively less energy. Furthermore, when the SNR is low enough
that water-filling results in some of the frequency bins having no energy, the energy is
taken out of the smallest eigen-pulses first. Thus, at low SNRs, one or more of the eigen-
pulses may have no energy. This has the advantage that at low SNRs, the coding and
modulation are simplified through the reduction in the number of orthogonal subchannels.
However, in order to approach channel capacity, it is necessary to code and modulate
separately for each eigen-pulse.
[1094] The random-ordered form of the singular values in the frequency domain may
be used to simplify coding and modulation (ji.e., to avoid the complexity of separate
coding and modulation for each element of the eigen-pulse matrix). In the random-
ordered form, for each frequency bin, the ordering of the singular values is random
instead of being based on their size. This random ordering can result in approximately
equal energy in all of the eigen-pulses. When the SNR is low enough to result in
frequency bins with no energy, these bins are spread approximately evenly among the
eigenmodes so that the number of eigen-pulses with non-zero energy is the same
independent of SNR. At high SNRs, the random-order form has the advantage that all of
the eigen-pulses have approximately equal energy, in which case separate coding and
modulation for different eigenmodes is not required.
[1095] If the response of the MIMO channel is frequency selective (i.e., different

values in H(k) for different values of k), then the eigen-pulses in the matrix A({) are

time-dispersive. In this case, the resulting received symbol sequences, r(n), have inter-



The matrix A(.e) is a diagonal matrix of eigen-pulses, with each

ei gen-pul se being derived as the | FFT of the correspondi ng sequence of

si ngul ar weloaes40pn 5. (k) for O<k<(NF-1). [1093] The two framrnmsos/es80Dr deri ng
t he singular values, sorted and randomordered, result in two different
types of eigen-pulses. For the sorted form the resulting eigen-pulse
matrix, A . (.?), is a diagonal matrix gf pul ses that are sorted in
descendi ng order of energy content. T%e pul se corresponding to the first
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separately for each eigen-pulse. [1094] The randomordered form of the

si ngul ar S\a@lplj?@snlthe esindted ghamel irpHes respange rpyitits EH(7) ) thennibe ielgenqudieng and
nmodul ation (i.e., to avoid the conplexity of separate coding and

nmodul at i cmatfmns @aglzatd smenttriofn thealchiygerialfel 44 .amh ) A" (HE) t he random

ordered for for each fre uency bin, the ordering of the sjngular val ues
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ei gen-pul'ses with non-zero ehergy is the sane epen ent SNR. At high

SNRs,  t hejetAnKlasy Orue rreéc%fémg«ﬁlbbhee&&v @Ql)a%eth’éﬂ %Eo@ﬁéd RfRXdR ﬁb%ﬁbrpm ses
have approxi mately equal energy, in case separate coding and

nodul at i &80h.or dlfferent ei gennodes |s not reqw red. [1095] If the response

of the M han equency sel ective (i di fferent vaI ues_in H(k)
for diffdl Bi)gta hRRCEHE eiffan- 3pu5|y§‘ét§’1| HPRRPTRG FIEReRy 32ar e
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(e.g., M-PSK, M-QAM) that is complementary to the modulation scheme used for that
symbol at the transmitter system. The demodulated data from symbol unmapping element
532 is then de-interleaved by a deinterleaver 534, and the deinterleaved data is further
decoded by a decoder 536 to obtain the decoded data, which is an estimate of the
transmitted traffic data. The deinterleaving and decoding are performed in a manner
complementary to the interleaving and encoding, respectively, . performed at the
transmitter system. For example, a Turbo decoder or a Viterbi decoder may be used for
decoder 536 if Turbo or convolutional coding, respectively, is performed at the transmitter

system.

Decision Feedback Equalization

[1098] As shown above in equation (12), the transmitter system may derive the
equivalent channel impulse response F,F(f) (which is used to precode the modulation
symbols) based on the channel impulse response estimate #(¢) and the impulse response

M, () of a feed-forward filter of a decision feedback equalizer. The receiver system



26 synbol interference (1SlI) that will in general require equalization to
provi de high performance. Furthernore, because the singular values in X(k)
are real ,woleosloerrents of (k) _ (k) Ea (k) are al so real pcanos/bsso7
eigen-pulses in the matrix A(e) exhibit aliased conjugate symetry
properties. If steps are taken to avoid this tine-domain aliasing (e.g

by using an FFT length, NF, that is SU%-;I ciently greater than the nunber of
non-zero sanples in the estimated channel inpulse response matrix, af(n))

then the eigen-pulse mtrix_ i s conjugate ymTet icin't el a riabl e,
. i.e., Alsopesfommsequylization gbHe P P RS AR ee&%a%%?ff

space-ti r(n), to obtalnthe
recovere?s@‘%ﬁiﬂc{ de%gfnto?% d%&gf@%%ﬁ&ﬁéc}{gﬁéiﬁggﬁc?l@&%\? t he nodul ation
synbol vdi09%], sAithoughtheeqtpailts afahe (ﬁfwdrfsr\dmﬂ(frltelﬁeai the trhnsntikterr anddeeeivdr

bel ow. The recovered synbol vector, 9(n), hen vi ded t dat a

pr ocessorsystg@ednay hesinpilagy the lﬁlpﬁkedﬁi%’nﬁﬁ' @on f‘&l%O%edg Wﬁ‘géﬁxﬁ AR pi ng

el enent 532 denodul at es each recovered synbol in s(n) i accor ance with a
denpdul attrapamiier eyygtemy may. be fiffenrat fkprmahy Tpaise | r§SR96ﬁ$|Mme(rﬁ Ayt Pofe?Che
nodul ati on schenme used for that synbol_at the transmtter syste

denodul atfervadfider aichs Beaber sYsisahbRsRRY ditervahinputs 3 providad fp Gese fﬂ]feé? | eaved
by a dei Diggdieav Rl fdéincdNthdyBe asl el alohC ANRHe IR Ak SeldddGmndiaeeded by a

decoder al n ecoded dat a, IS an estinmaté of

transm ttgd) | nafhf be difihed tdheavdeamtigiphBaviesgpnas cbfdagodiang aroenpqrdndmged in
a manner conplenentary to the interleaving and encodi ng, respectively,.
per f or medreguetdye resporeaseoli M £). s¥bt ent-té-ond dreqnpicy, reapdsebef théc egivalont a
Viterbi decoder may be used for decoder 536 if Turbo or convol utional

codi ng, rohamest tanddtsymaicheddilfegr yed) an(f NECLY, amsynbbts«pcctreélysﬁammﬂe gitsiaon
Feedback Equalization [1098] As shown above in equation (12), the

transmi t tiypotyttatniloayandeits weatthvd fikguhavan@nn addareatl ’ﬁrm@n@erqse@rpﬁor@fe
FOF(e) (which is used to precode the nodul ation synbols) based on the
channel | nOVSef Yeyidhs eTes hypaihasicrf fijtenmaythredsfingd| tochavespemsel iopusex(e)

of a feed-forward filter of a decision feedback equalizer. The receiver
syst em WegRho84D DY) RPOT/aI80B4BBENE frequency response of Y(f).

(1101} In the following analysis, an equivalent channel model may be defined to have

spectrally white noise. This may be achieved by applying a noise-whitening filter having
+ -1
a frequency response matrix of (ZH f )) =(I(f )XH f )) y(f), which is the Moore-

Penrose inverse of ¥ (f), to the output of the receiver matched filter. The overall
frequency response of the channel (with frequency response of A(f)), the matched filter

(with frequency response of A'(f)), and the noise-whitening filter (with frequency

response of (IH (f ))+ ) may then be expressed as:

MOEDO D) =wHO ) =1 Eq (19)

[1102] FIG. 6A is a block diagram of a decision feedback equalizer 610 derived based
on the equivalent channel model described above. The received symbol vector, r(n), is

filtered by a (hypothetical) whitened matched filter 612 having a response of
A(f )(yH f ))+ to provide a filtered symbol vector, T'(r2). The whitened matched filter

performs the dual function of matched filtering for r(n) and noise whitening, and is used



27 al so perfornms equalization of the received synbol vector based on a
feed-forward filter. A specific design of a decision feedback equalizer is
descri bedwbaBosw09t 1099] Al t hough the outputs of the feed-fPomasosiofsntters at
the transmtter and receiver systens may be simlar, the inpul se response
Mf,, (~) of the feed-forward filter at the transmtter system may be
different fromthe inpul se response M é(t) of the feed- forward filter at
the receiver system because different rnputs are provided to these filters.

[ 1100] As descrj be equ val ent c el, for the received synbol
vect or, (ﬁ‘)mplﬁﬁy&ﬁ %H%WWQdf T t Y ?fﬁ’?‘ék e ot Al PHC %ﬂg
correspo uepgy n Xifidened hth %@dtﬁh&nd f (ReHheeNI]
responserﬁg}ﬂ@ﬁ?ﬁ;&g%w@% é%?§&%hzﬁng{e and1 ein'?s ngtched fil tser( yr(f) Y)( )~

(f) , nuylcdupomrﬁeb&'m}ah lthe feapanse of i dentsmnafeedhppbtem;qlizmawhem theeaualirer ist s

mat ched filter having, an.end: ta - end fre uency respon f )yH (f) =
yr(f) 'i‘?9[5’8§eﬁé)ﬂ%%lfel‘?qtﬂ m(eb% g%ﬂlﬂ gpe%%\g/(guage %rzra(ﬂrial i mpul se

r esponse d RGYERCYhe' 8SRANSE tRS edfdildlent] drk@hdl | n
the foll o[\(/i\n (r)%p ana §§ﬁﬂs%‘g§§lggﬂu \%&%{Itﬁ?ﬁa%‘cﬂe rrgtge m;[ly gg 1de?rl1 ned to have

spect r al | yowhiah@ niagibe@xprthicd agmy be achi eved by applyi ng a noi se-whi t eni ng
filter having a frequency response matrix of (yH (f)) _ (7(f)7H
(f))-17(f), vvhich is the l\/bore- Penrose inverse of yH (f), to the output of

t he receiver i equency responsg, yt he channel
(wWth frequency (r:)es fglgggf 4)0/( 1§ji:ﬁ +ZE’@hed filter (w t%?jfrequency

response of ),'(f)), and the noise-whitening filter (with frequency
response of (yH (f))') may then be expressed as: fW(f)(7H(.f))+

=W f) (YH(Whgre EY(s f)blolgsifuc®red IMQRK INGosed qstJal laskk wfaglrramswfnahty

deci si on feedback equalizer 610 derived based on the equival ent channel
nodel desokixFd thitowgescTiea segoenocarf Batribasl, TG tior the sgmpledickanrfel-whéeead by a
(hypot hetical) whitened matched filter 612 having a response of V (f) (Y H
(f)) + to geenpeleesantlicen be eapresgpBarsivect or, f(n). The whitened matched
filter performs the dual function of matched filtering for r(n) and noise

whi teni ng, andd s ) 0 4092 PCT/ US03/08807 28 to sinplify the
derivation forgt'hg}@)efﬂ'(l\s‘po ﬁé dback equalizer. In a practical

and s(n) is a sequence of (L+1) vectors of modulation symbols and may be represented
as:

s(n)
s(n—1)

s(n—L)

Each vector of s(n) comprises up to (L+1)N7 symbols and each symbol in the vector is
associated with one of the eigen-pulses in the matrix £ The blocks of £ G.e.,
'), L), ---, L(L)) are all diagonal.

[1104] The filtered symbol vector, (), is further filtered by a feed-forward filter
614 having an impulse response of M, (£) to provide the equalized symbol vector, S(1).

The vector $(n) from feed-forward filter 614 is then summed with the distortion estimate,
i(n), from a feedback filter 618 by a summer 616 to derive an initial estimate, s’'(n), of

the transmitted symbol vector, s(z). This initial estimate, s’(n), is further scaled to



i npl enentation, the response of the whitened matched filter is
(automatically) incorporated within the response of the decision feedback
equal i zerwatvafs4obe equal i zer is adapted based on the sel @ecraosossveri on
(e.g., the mnimm nmean square error). [1103] The filtered synbol vector,
i(n), is the output of the equival ent channel nodel and rmay be expressed
as: Li(lIl) =r(e) s(n - 2) + z(n) = é(n) +z (n) , Eq (20) wherer is a
bl ock-structured matri x conposed of L+% bl ocks with dinensionality NR x NT

that represents a sequence of matrice for th led ., . .
channel - WAPYIER &Y respYaef pUnR<vesior %(ﬂi HB‘? Siweaf %&l) rT‘PeﬁVﬁ B 69 Pt 1)

RN Ve R e R L
conpri Ses %r{t%?déh &%}Ve tﬁé{ pé%?od%la?&p y?lﬁ)%tl] véé‘t?ﬁ%l(n QV}}IQ] %Fccrglﬁg EH Sde ected

assom ate en pu ses I'n

(i.e., ngﬂgbols fok) 8 s ( hloddl %ebaa' gmpblageaaﬂ ;1?04a]y bRedckivbd &5 fénsynbol

vect or, is fo eed forwa ter 614 h ving an

i pul se rRIREANEENLT thM reéo@eretcp sPBY dé‘ctélhes(%ﬂu@é ipF@HdS YERRMduMest @éta Qﬁ)n)

The vector s(n) fromfeed-forward filter 14 is then summed wth

di storti qivs€blyi d&ﬁter,leavlir(@)ieccfdlhcgnr@ccif)@ﬁgl,b&iﬂkmfdﬂbn‘ﬁng ﬂ'ib8ddmyoch11aia:ﬂrdﬁa zﬁn]i6 to
derive an initial estim % thetran 't;\@d.%nbol vector s(n).
Thi s i ni t@arenaduiaiigg dhe ‘%@n?‘?ﬁ“lat‘?ds @%P@Sﬁgpn@&f‘aﬁl afjeppeATrgponding fo

PCT/ US03/ i

of s'(n) tﬁg gechte(? %o@?ﬁ}’l bﬁi‘:s‘cﬁeno S %@&8&13%?%9&8%@\?&?& %P)is th@:ﬂ- r??tel?eﬁla Ing

vector 9( fe!eé e?raqx'\%daﬁ@m ul§é’?%\%§l)ns@e(§f' 81,99 , ShanBRh 29f Tféédgﬁ‘dld ve

the reno Iate vect or, ich represénts the detected
filter 618 is pr0V1ded to summer 616

[1105] A decision feedback equalizer (DFE) used in conjunction with the wideband

eigenmode transmission forms an initial estimate, s'(), of the transmitted symbol vector,

s(n), at time n, which can be expressed as:

Ym= M (OFn-0+ S MO5-0) , Hq (21)

t=-K, =1

where F(n) is the filtered symbol vector from the equivalent channel model;
§(n) is the remodulated symbol vector;

M,(£) is a sequence of (K, +1) feed-forward matrices, with each matrix

including N, X N, coefficients; and
M, (¢), is a sequence of K, feedback matrices, with each matrix including

N; XN, coefficients.

Equation (21) can also be expressed as:
S =M Fm)+M, 30 , Bq (22)
where M_=[M,(-K,) M, (=K, +1)-- M (0)] ;

=M, @) ML (Q2) - M,(K)]



synbols for s(n). The renodul ated synbol vector, 9(n), may be derived by
(1) denodulating the recovered synbol vector, s(n), to provide denodul at ed
data, (2)wopessdiobty dei nterl eavi ng, decodi ng, re-codi ng, aad/usSas/essbeavi ng

t he denodul ated data, and (3) renodul ating the denodul ated data based on
the signal constellations corresponding to the selected nodul ation
schenes. The renodul ated synbol vectorg 9(n), is then filtered by feedback
filter 618 with an inpul se response of %KS(I) , and the output of feedback
filter 618 is provided to _sumer 616._[1105 deci si on feedback equali zer
(DFE) used in conj ur&ridn with the wi dafarnds) ej gennode transmi ssion forns
an initial estimaté,S ﬁ_@g) of the tr gqug teg|synbol vector, s(n), at
tinme n, which fan=be exprepsemhdag(nd=x, s' .(n) ~Mf(~)r(n- Nw(f)s(n f) ,
Eq (21) t=-KlU i=1|where F|(n) is the flltered synbol vector fromthe

equi val ent channel | gpdek;) | s(n) is the remdul ated synbol vector; M (f) is
a sequence of (K, #‘1 feed-forward natrices, With each matrix including

NT x NR coefficients; and Mo (1) , is a sequence of K2 feedback matrices,
W th eaclf1rod]ri xIfi tﬂeIMMS}g critdfion iNTiseded ﬂbtrehaimbsthe Eepdafoirwmrd(aa@ feedbackl so be
expressed as: s'(n) = r(n) + Mf s where Mf = [Mf (-K))
Mf (-K, ceefficient marrfcee‘ot}leql tlmsolutmuﬁ fe&ﬁwnézﬁ tha Wiz fhe\igs 99 8%092

PCT/ US03/ 08807 30 "s(n -1) i(n + Ki 9(n-2) r(n+K1-1) s(n) _ and r(n) _
_9(n - Kzyror (MPE),1106] |f the MVSE crlterlon is used to deternm ne the
feed-forward and feedback

£=Efe" (me(m)} ,
can be used, where the error e(n) is expressed as:

e(n) =s'(n)—s(n) . Eq (23)

The feed-forward and feedback filters are typically adjusted simultaneously to minimize
the mean square error of the inter-symbol interference in the recovered symbols.

[1107] The MMSE solution for the feed-forward filter, M, (£), for — K, < £ < 0, is

determined by the following linear constraints:

i Mfw)[iz(i)_lz”(z'+f—m)+N015(£—m>}=£”(—m) ., Eq(2%

1=K, i=0

and can also be expressed as:

M, =18~ Eq (25)
where
—Q(Kl—L)NRxNT |
')
f-

ra-n |,

1)



coefficient matrices, then the solutions for Mf and Mo that m nim ze the
mean square error (MSE), e = E{eH (n)e(n) } can be used, where the error
e(n) is ewproaps®d2 as: e(n) = s'(n) - s(n) . Eq (23) The f @edAafsos/vssod and
feedback filters are typically adjusted sinultaneously to mnimze the
mean square error of the inter-synbol interference in the recovered
synbols. [1107] The MVBE solution for ghe feed-forward filter, M (i), for
- KL< <0, is determned by the following |inear constrai nts 0-PZz

Mv) ZT(i I'l:l(|+ - ( TH i = an al so
be expres¥¥dPas!s M mﬁz%@fﬁhﬁ% g"{‘?‘s‘jléd‘b\ﬁ%f("gﬁﬂﬁ&%‘l?ﬁ g)f) = T(L
-1) , T(0) WD 03/084092 PCT/US03/08807 31 and ~ is a (K, + 1) NR X (K, +
1) NR nat rblrckvmd@_uis gofenN®: x NR bl ocks. The (i, j) -th -rr block ini _is
given by: =rr X" -i+1l err (i, j) _r(e)rN(~+1i - j) + NOB(i - j) . Eq
(26) [1108] The MVBE solution for the feedback filter may be expressed as:
OMf (i)T (~i) , fok-gx P K2
(P~~(l = LT (L+i-j)+NISG-j) - Eq (26)

=0

[1108] The MMSE solution for the feedback filter may be expressed as:

M, =- ZO:M_ sOLW-) ,  for 1<K,
=k Eq (27)

= —M_f

I=$>

Q(KI—L-H,’)NR XNy

(L)

where

I=1»>
Il
ﬁ
>

£ E, L, Qo | - and B = 7
L)

[1109] Since the matrices I'(£), for0< /< L, are diagonal, then from equation (25),

the feed-forward filter coefficient matrices, M, (£), for — K, < £<0, are also diagonal.

It then follows that the feedback filter coefficient matrices, M, (¢), for 1<{<K,, are

also diagonal.

(1110] The feed-forward filter and feedback filter have frequency response matrices

m, (f) and m,(f), respectively, which are given by:

0
m,(f) = D> M, (e’ , and
{=-K,

X, Eq (28)
m,(f) = ZM[, (E)e—jznﬂf .

£=1

[1111] Substituting equation (27) into equation (21) and assuming perfect decisions

(i.., 8(n) =s(n)), the initial symbol estimate, s’(n), may be expressed as:

=M Ts(m+M () , Eq (29)



M5 (k) =Y i=K Eq (27) =-Mr 9(K -L+QNRxNr wherer =[r r r 0] , and T
(L) 1 -2 =L -(K +1)NRX(Kz-L)NT -Q 1) [1109] Since the matrices T(e),
0: 5 woojosapre di agonal, then from equation (25), thecrasdsbssownard

ter coefficient matrices, Mf (i), for - K < <- 0, are also diagonal.
then follows that the feedback filter coefficient matrices, M (i), for
1S S K2, are also diagonal. [1110] The feed-forward filter and f eedback
filter have frequency response matri ces mf (f) and nG (f) , respectively,
whi ch are given by: 0 mf % EMTf Me-22If , and e=-K, K Eq (28) nb
(f) EMwﬁérk&{n)Z*-Ez (FK D% Qz&i}KﬁubstiTt(u) ng equation (27) into equation
(21) and assum ng erfect decisions (i.e., s(n) = s(n) ), the initial
synmbol esgy T9 defrmidtBifie BNFE¥RbARRE WifkSthe iSitikl T ediimatdf & I)) fromEq
(29) WO O /0 4092 PCT/ USOB/ 08807 32 where Z(n)=[ (n +K1) iT

-1)...2T méldec{sﬂohlﬁbdﬂaakd&;uehm,nen tuhBi a SNRIAS SO axt@d sefubnle drhue etstltﬁateﬁis
synbol estimte, s' from the decision feedback equaljzer, an unbi ased

m ni mum ngERY deryed @f%ﬁh“%&l%ei qeatlisional meag ajug| ql PhejEanspuied Y IFHok MEGHeF t he

conditional nmean value of the transmtted synbol vector: E[s'(n) | s(n)] =

Mf F =G Gdfe = Mf T =TH Next, th
mean %lnﬁe of ﬁfe(n %Qﬁ)]amnﬁ_gf%(ﬁ : Se (n) . (ﬁﬁ Aoy "X €

where G4 =M

=
for
filt
| t

E =£ g_l E . Next, the mean value of the i-th element of §'(n), s/(n),

is expressed as:
E[s{(n) | 5;(m] = g5, (M)

where g, ; is the i-th diagonal element of G 4, .

[1113] To form the unbiased symbol estimate, §(n), a diagonal matrix whose

elements are the inverse of the diagonal elements of G 4, is first defined as:

D:;Icife =diag(l/ gy 110 1/ 8arezar ***» 1/gdfe,NTNT) . Eq (31)

The unbiased estimate, §(n) , may then be expressed as:

80) =D S(0) = Digy (M 700y + M, 5(0))

1 N Eq (32)
=DM (Fs0)+20) -
The resulting error covariance matrix, @_, is given by:
{[ s(n) ~Dgy. S'(W)] [s” () — 8" (M) DGy ] }
Eq (33)

H -l -1 -1
Gdfe G dfe Q..dfe .l_)_Gdfe + _chfe _G_dfe QGdfe

[1114] The SNR associated with the unbiased estimate, §,(1), of the symbol

transmitted on the i-th transmit antenna may then be expressed as:



I's expressed as: E[si (n) | si (n)] = gdfe,ii 5@ (n) where gdfe,ii is the
I -th diagonal elenent of Gdfe [1113] To formthe unbiased synbol estinate,
9(n), a dwagafsdooratri x whose elenents are the inverse offcrhsostossgonal

el ements of Gdfe is first defined as: DGefe = diag(1l/ gdfe,ll"' 1/ gdfe, 22,
.. 1/gdfe,NN,.) Eq (31) The unbiased estimate, 9(n), may then be
expressed as: S(n) = PG1 dfe S (n) = %dfe (Mi(n) +tM9(n)) Eg (32)
DC&df eM (FS(n) +Z(n)) The resulting error covariance matrix, cpee , is given
by: - Pee = Wife = E{[1 S(n) - D&dfeS (n)] [SH (n) H (n)D&dfe] { -1 H1 -1
Eq (33) =1- Gdf e l- (df elddf e +DGAf e9df eDGdf e [ 1114] Theg gﬁ)associ at ed
with the unbi ased'esyimte~ gl (h) , of the synbol transmitted on the i-th
transmt antenna nmay tHen be expressed as: WD 03/084092 PCT/ US03/ 08807 33
1 SNRi gdfe,ii Eq (34) wdfe,ii 1 gdfe,ii [1115] The deci sion feedback
equal i zer[1i1$5]des The baetision f feedbaek edeqiadizér iin ddseribaf dnefretier odeeall UnSthePat ent
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[1116] FIG. 6B is a block diagram of an equalizer 522a that may be used in

conjunction with precoding at the transmitter system. Within equalizer 522a, the received
symbol vector, r(n), from RX MIMO processor 360 is filtered by a feed-forward filter
634 to provide the equalized symbol vector, §(n). The response of feed-forward filter

634 may be adapted based on the MMSE criterion, as described above, or based on some
other linear spatial equalization technique.

[1117] Feed-forward filter 634 initially filters the received symbol vector, r(n), with

the impulse response of M, (£) to provide the initial estimate, §'(n), and further

multiplies the initial estimate with the matrix Dg,. to provide the equalized symbol
vector, $(n), which is the unbiased estimate of the modulation symbol vector, s(n). The
impulse response M, ({) of the feed-forward filter may be adapted as shown in equation

(25) for the MMSE criterion.

[1118] With precoding at the transmitter system, the equalized symbols fall on an
expanded signal constellation. A unit 636 then prescales the equalized symbol vector,
$(n), with F;' to compensate for the factor F, in equation (8) and further performs
vector modulo-2M operation on the resultant vector, as shown in equation (9), to provide
the recovered symbol vector, §(n). The modulo-2M operation at the receiver effectively
folds the expanded signal constellation back to the original signal constellation. RX data
processor 380 then demodulates, deinterleaves, and decodes the recovered symbols to
provide the decoded data. A CSI processor 638 may be used to estimate the SNR of each
recovered symbol stream (e.g., based on equation (34)).

[1119] Because of the precoding at the transmitter system, the feedback filter is not

needed for the decision feedback equalizer at the receiver system.



synbol vector, r(n), fromRX M MO processor 360 is filtered by a
feed-forward filter 634 to provide the equalized synbol vector, s (n) .
The respoweaspssbred-forward filter 634 may be adapted baeadsososshe MVBE
criterion, as described above, or based on sonme other |inear spatial

equal i zation technique. [1117] Feed-forward filter 634 initially filters
the received synbol vector, r(n), wthagthe inpulse response of Mrx (f) to
provide the initial estimate, s'(n), and further nultiplies the initial

estimte w t he.mat ri x i o) I ugh.i I , S
(n), whi et | PEltor ek Qb i E@ﬁﬁﬁaﬁ%ﬁeﬂ%%%gv?ﬁ%%( n).
The i Mpulesinif@SPRREE obtifer MIMIE edchhigee f @eicthfsais weithdn filid toepe whshehievedmpt ed as
shown in equation §125n£e for the MVBE criterion. [111 !) Wt h precaoding at
the transhon emplg:sihesecision feedbark 2aeRlLFRIYSS & arpt‘?ﬁﬁ a5Rd Oé‘x%é?ﬁ?' 8r°§‘?%nal
constel aﬁlc%q UétA unit 636 then prescal es the equalized synbol vector,

s(n), wt o_qL ‘0 conpensate for the factor FO in equation (8) and further
performs [Met] or Hopdettsin2Msepesfathaome] endingeegesirbannd ventautionakcediogn in

equation (9), to provide .the rec d I t .9 . Th -

oper at i onéh_ﬁtdet?%ng aclbp yerevef f}ég?rpg%g%r?o sﬁg’gg %‘\éfggfga%&%éﬁls)s@‘a'nggn‘ﬁndﬂ' o 2M

const el | af 00, Backe 1ok BRd QY inBbR&hsShdBRharl (RSkRNb 2FbOMaprBE R Rrmprides essor
em)&u ates, d

380 then , deintéerleaves, and decodes the recovered synbols to
provi de tthe abéicdebédontafca.symboBl inpthe cepantedcagnarmpnyellaivadieo the efyaized t he

SNR of each  recovered s ol strea . J. , ed o L.an.: 1119
Because ofYTRPRIS)HMEY A H@g/da lr'fqli]g' %C}raﬂégﬁﬁlpgelangf}gfﬁ enﬁ’?cputl(ﬁg}&?tggﬁg%%ﬁ%%yl 'Péer i s]
not needgghidQriot e refehSiRbribestaek equalizer at the receiver system WO
03/ 084092 PCT/ US03/08807 34 [1120] The decision feedback equalizer may

al sg be afidp2kd BEmedqulizedspmboheaector, e& i cfier i the tieedifaswaidh Sltgavmpy be
technique, and this is within the scope of the invention. For exanple, the
deci si on pemEsae RS gondl in2apatipRy(Shavhefbist ed based on a zero-forcing

techni que. [1121] For certain classes of channel coding (e.g., Turbo and

convol uti onal ?3’%1 %%L%”i?hgéﬂﬁg’ﬁg"nﬁ‘gf’ﬂlﬁg% recei ver systemis perforned

based on soft val ues) for the recovered
synbol s, instead of hard decisions. For inproved performance,

[1123] The vector §(nz) includes up to Nr equalized symbols, and each equalized
symbol, §,(n), is an estimate of a corresponding modulation symbol, s;(n), generated at

the transmitter system based on a particular (e.g., M 2.QAM) signal constellation. The

modulation symbol, s,(n), is a particular (x,,y;) point in the 2-dimensional QAM signal
constellation, and this (x,,y,) signal point is defined based on 2log, M; coded bits, with
log, M, coded bits being used to define x; and the other log, M, coded bits being used to

define y;. Due to the product symmetry of a square QAM signal constellation and Gray

code mapping, the coded bits used to define x; are independent of the coded bits used to

define y;. The (x;,,) signal point in the 2-dimensional QAM signal constellation may

thus be viewed as comprising two 1-dimensional signal points (i.e., x; and y;), with each 1-
D signal point belonging to an independent one-dimensional PAM signal constellation.

[1124] For each equalized symbol, 5;(n), to be demodulated and decoded, the
demodulation process at the receiver system determines the most likely 2log, M, coded
bits used to form the modulation symbol, s, (1), corresponding to this equalized symbol,
5.(n). For soft-input decoding, a log-likelihood ratio (LLR) is computed for each of the

2log, M, coded bits that define the equalized symbol, s;(n).



the soft decisions for synmbols in the expanded signal constellation (i.e.,
the equalized synbols) may be used directly for decoding, and the

nodul o- 2Mvopanstdbnn nay be omtted for the reasons descriPogdSoabssor [ 1122]
The equal i zed synbol vector, 9(n), after the feed-forward filter nmay be
expressed as shown in equation (8), whichis: i(n) = Fo [ s(nz) + 2M[(n) +
jv(n)] J+ z (n) [1123] The vector 9(n) gsncludes up to NT equalized synbols,
and each equalized synbol, si (it), is an estinmate of a correspondi ng

nodul ati o ol (N I ' ngmﬁgyﬂyg on a
parti cul a[h?éfg ,FOI{/I%I?- ‘éj‘&f?)i’seg"?g%ﬁ%ﬁhgg%@{% Iﬁlgﬁfc%rt]ﬁé‘ gatb?rt%’duxgtl on ynb%)l , Si
(n), is asnasthepbalconsidered 10 cBfipfke itWo tildependbn ANV syalbold\\Re{isgn# and
constellation, and this (xi, y;) signal point is defined based on 21092 M
coded bitgm(wohh. BeaerMMagaRd] i tsfikel by loged, todetebitne Kie BRE ishideot her
|l oge M coded bits being uséd to define yi. Due to the product symmetry of
a square EANpsdtleagtPasthel1bati pBoddditstayeitheo®e{sreppiondm{Ffie)icoded bits
used to define xi are independent of the coded bits used to define yi. The
(Xi, y;) pii@epl poient IR fbhe Fhadnnmesddoba) HQ6M, sfognbk jcotugy, 81, afor ositheay

t hus be viewed as conprising two 1-di nensional signal points (i.e., xi and
yi), with sy -or fel)z 1 iHetexbRisepagisng to an i ndependent

one- di nenslfégﬁgl)erA%rgi 'gn§I n?glnste | ation. [1124] For each equali zed
synbol, s; (n), to be denodul ated and decoded, the denodul ation process at
the receiver system detéppipesofihg most |ikely 21092 M coded bits used to
form the nmodul dtliReh,)sy el—]s—i—ﬁ}—t)., corresponding to this &§ahl zed
synmbol, s; (it). For s #’F{LijnTpUtS ecoding, a log-likelihood ratio (LLR) is
computed for each of the 21092 M coded bits that define the equalized
synbol, s; (n). WO 03/%54392 PCT/ US03/ 08807 35 [1125] For the purpose of
conput i ngTﬁlﬁéOll_q_"F@gW RPEBEESYHi t s, each QAM synbol s , (n) may be
considered to conprise two i ndependent PAM synbols, Re (17) 1 and In{ s,
(n) } . Each P yI R, efl 110 pded bits. The LLR is then
conput ed for eac gﬁgyﬁhepﬁdgz @Z?%égéd Q?igﬂ%ﬁgpeither Re{ s; (n) } or In{
s, (n) } . [1126] The LLR for a given codéd bit, b, (n), foEQ36)] < 1092
M , for either Re { s, (n) szg{mflj?,ﬁ(‘@i) } » may be expressed as:

seS7
where A =Re{5(n)} or Im{5,(n)}, S? represents a set of M; PAM signal points for
which b; =0, and S}. represents a set of M; PAM signal points for which b, =1.

[1127]  Equation (35) may then be expressed as:

3 Pris| A} Pr{A}

Y=1n| =% : Eq (37
LIR(,)=In S Pr(s | 4] PriA] q(37)

1
SES

In the special case where the symbols A are equally likely to be transmitted, then

equation (37) may be expressed as:



Pr{b. =0Is} . Eq (35) LLR(b.) =1n Pr{bj =11S11 The follow ng nmay al so be
expressed: Pr{bl =xjs}Pr{s} _ ZPr{s,b,}= ZPr{s, Al} SES, SES1 Eq (36)
ZPr{s | AvoO}o3m@s4092} SESJ where A= Re { s, (n) } or In{ s, PCA)USP3/088BD
represents a set of M PAMsignal points for which bi =0, and S
represents a set of M PAM si gnal points for which bj =1. [1127] Equation

(35) may then be expressed as: tPr{ssd }Pr{A } LLR(b.) =1n SES Eq (37)
ZPr{sl A }Pr{A,} SESJ In the speC| al case vvhere the synbols A are equally
likely to be transmtted, then equatl y be expressed as: WD
03/ 084092 PCT/ US03/ 0880 36 EPr/i TF@F Iﬁa} =01A. 1 SE se LLR(bJ) In
Pr{bJ=11A} In ;’Ig{bs)lA} Bef) (38) YPr{A, ~ s} e 262 = In LSE
S; = In seS) Pr ~ 'S (p‘}(,{b5=)12|241 6 ZEPI$$|@}
sESl
(-5 Eq (38)
> Pr{4]s) Ze 2

seS? ses)

—_— 11'1—'——,—
_(A,'"S)'

EZs;Pr{AIS} Lze —
SES}

[1128] Since

log, M

Pr{4;}= HPr{b } ,and Eq (39)

(A,‘—S)2

Pr{s|A}=e 2

equation (37) may be expressed as:

. 4 _(Ai_s) log, M; \T
dle 2 . Pr{b}
ses?k k= )
LLR(b,) =In T \
e M
Z e 9 . H Pr{b}
LSES}k )_
_ 4 (Ars5)? _ N\
Sle 2 - 11 Pr{b}
seS?k ﬁ:l] ) Pr{b }
=In — < +n ————Pr{b -3 Eq (40)
- logy M;
z e 2 . I[ Prib}
B 2 )]
=LLR,(b;) +LLR, (b))

where LLR,(D;) represents “extrinsic” information for the coded bit b, and LLR, ;)
represents a priori information for the coded bit b;.
[1129] The a priori information LLR,(b;) may be available from a separate source or

may be estimated by an error correcting decoder (e.g., 2 Turbo, convolutional, or block



LSES) [1128] Since loge M Pr{A3 } _ HPr{bl } , and Eq (39) j=1 (A, -s)2
Pr{sj A }=e 262 equation (37) may be expressed as: |og2ML e 262 rl Pr{bk }
SES k=1 WDRGIgd09tn log, M 2 e 26 rj Pr{bk } sE Sk k=1 Ipag/ushi/o860e 262 fI
Pr{bk } sS4 k*j Pr{bj =0} 40 =1n -(A, -S>2 loge M + In Pr{b~ =1} Eq e
262 rj Pr{bk } sES; k#; =LLRe(bj) +LLRO(bj) where LLRe (b J) represents
“extrinsic" information for the coded Bt bj and LLR ,(b3 ) represents a
priori information for the coded bit by . [1129] The a priori information

LLRe (bj),may be i.l able froma separate sour r. may be estinmated by
an o r ot bt indlsAaiblis SpRRY IRy e Bereafil +mErERBER 00
03/ 084092hPpekfdpea /v 0dn an fteftie dehidme N brkadch ¥ckative datesodahd U NY
el enent. The detection and decodi ng nmay
scheme is described in U.S. Patent Application Serial No. 10/005,104, entitled “Iterative
Detection and Decoding for a MIMO-OFDM system,” filed December 3, 2001, which is
assigned to the assignee of the present application and incorporated herein by reference.
When non-Gray symbol' mapping is used to derive the modulation symbols at the
transmitter, the iterative detection and decoding scheme may provide improved

performance at the receiver.

[1130] Due to precoding at the transmitter system, the equalized symbol, §,(n),
belongs to an expanded signal constellation (i.e.; Re{5,(n)} and Im{5(n)}belong to

expanded PAM signal constellations). Performing the modulo-2M operation on

Re{s;(n)} and Im{5s;(n)} folds the expanded signal constellation back to the original

signal constellation, which is the proper operation if hard decisions are to be obtained for

Re{s;(n)} and Im{5,(n)}. However, if channel coding is present and soft decisions are

utilized to compute the coded bit LLRs for Turbo codes (or branch metric for soft
decision Viterbi decoding of convolutional codes), then folding the expanded signal
constellation before computing the bit LLRs or branch metrics may result in severe
performance degradation of the decoder.

[1131] To provide improved decoding performance, the modulo-2M operation may be

eliminated and the coded bit LLR computation may be performed on the expanded signal

constellation. The sets S;’ and S} may be expanded to match the expanded signal

constellation by adding 2M -d , where d is an integer, to each signal point in the original

0

sets S7 and S to form the expanded sets S}, and S, , respectively. The LLR may then

be computed as shown in equation (40) based on the expanded sets.
[1132] The range of possible values of d may be determined based on an ensemble of
channel realizations. It has been found through simulation using a large number of

channel realizations that d =-2, —1, 0, 1, 2 may be sufficient. For this range of d, the

cardinality of the expanded sets S ;’e and S j.e is five times larger than the original sets § f

and S;.. This increases the complexity of the LLR computation. To reduce the

complexity of the LLR computation with the expanded sets to the same complexity of the



be perforned based on an iterative schene. One such iterative detection and
decoding schene is described in U S. Patent Application Serial No.

10/ 005, 10wp oangdobt ed "Iterative Detection and Decodi ng f @CTaSks/H83010FDM
system ™ filed Decenber 3, 2001, which is assigned to the assignee of the
present application and incorporated herein by reference. Wen non-G ay
synbol mapping is used to derive the | ati on synbols at the

transmitter, the iterative detection and decodi ng schene may provide

tr anem t t b RS PR e s driegas bt T sinehpontsgaf o8 B s eihded

i gnal tellati i.e. ., Re{sj (. b t ded
BAM o1 gnalS EORE PR BHTER boePRrRLG: PR e ROt TS BRI o ‘on  Re(s:
(n)} and [1B3] (Mige fotdiing REnBARANEER beH UBRIN FRAShEkibathicBAnMeaeka MIMMIe

original signal constellation, which is the proper operation if hard
deci si ons systam tiepyblee gbplemeaigdfiprvarimey wirelesy PORFINIQEioR SYHyIps, inplydimgdt | f

channel codi L I t t i Si .utilize C t he
Coaed bi ¢ o iied B IR’ RTETAA syBlce | iSe Mchmidllel ohPHsh B RIB NG 07,
decodi ng MIMONYekHE tH0ampldeas) OFDMN Tiedsdi technidqies axppatiedbs ugiiafor the

constellation before conputing the bit LLRs or branch netrics may result in
severe pérpsrdiimctnddadbaryersshinbs t he decoder. [1131] To provide inproved

decodi ng Bhor mepce - g_Mng {9 LM phat n he
coded bi t%é?corrput%]ielk%ﬁngg%ﬂh@uper g'raarrlr%dbéc))%n?%}eﬁeg%ﬁla d{é ds?]?grﬁ%ﬁg ok
const el | atxample,TthesestetimiGreannaySie itapleinentedt pahaelsvate sofitvate, bhe coxparatien

signal canstellation by adding 2M d, ere dis integer, to each
i gnal poftteain Heies Grcbyia b LurRlasdh. lia csings Padhia RutaRbimkos SE so
and S 'e o6 Eﬂgt{@lay thel ﬂ%nérﬁﬁe?’?é’i%.téh@r&od@eanﬁoﬁggﬁl% @8 EDVYWeddicagbat i on

(40) basegr on the panded sets. ] The range of possible ‘values of d
may be demmdniatien spabeld, precendiders thelpirecadfd symbnlsebnd sabiy and ainthe receivess

been found through si.mul ation using a large..nunber of .cha | .realizations
Chat d = te 1 Brigordion e, Setiey deBics St g T oBleq SURBRE, bipglas
cardi nal i tyd abcodBehexdRansled of elsaliZe@BPmBOIE, in¥l §0 %O rhhy'Bs ihple@RhtelNAithih he
original sets S and S'. This increases the conplexity of the LLR

conput at i 6h¢ oTgnerecapplicatien spasiis Byaargtedicirepiés (ARCGsonpigitak pignalvpropessors
expanded %S§§s),t & g}tg'lesi gﬁaq%rgc%gﬁrllge éé&igeso(bs%ﬁ),vﬁogéﬁ%éﬁ?eg ?o gﬁ:qévyég 3(‘1’9%@97
field programmable gate arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, other electronic units designed to perform the functions described
herein, or a combination thereof.
[1135] For a software implementation, some or all of the signal processing steps at
each of the transmitter and receiver may be implemented with modules (e.g., procedures,
functions, and so on) that perform the functions described herein. The software codes
may be stored in a memory unit (e.g., memories 332 and 372 in FIG. 3) and executed by a
processor (e.g., controllers 330 and 370). The memory unit may be implemented within
the processor or external to the processor, in which case it can be communicatively
coupled to the processor via various means as is known in the art.
[1136] Headings are included herein for reference and to aid in locating certain
sections. These headings are not intended to limit the scope of the concepts described
therein under, and these concepts may have applicability in other sections throughout the
entire specification.
[1137] The previous description of the disclosed embodiments is provided to enable

any person skilled in the art to make or use the present invention. Various modifications



38 LLR conmputation with the original sets, only the signal points that are
within M of the received signal point may be considered for the LLR or

metric cowpuwsasdoon. [ 1133] The precodi ng techni ques descr ipbadiSagossdn for a
mul ti path channel in a MMO system may be inplenented in various wreless
comuni cation systens, including but not limted to M MO and CDVA systens.
These techni ques nay al so be used for M MO system that inplenments OFDM

These techniques may al so be used for the forward |ink and/or the reverse

l'ink. [1134] The precodin echni.gues SO il t jOUS
neans. Folf t]‘%gﬁaﬁ?ﬂ?oél}m?rﬁ%ﬁl E"Eé‘f‘?ﬁi‘laﬂggargi%oghoﬁerﬁ%ﬁ }aer?eqﬁttg%lrgﬁh %at%\%\éﬁﬁc
sof tware, cgﬁescaé}’ﬁ{eﬁq{érélﬁ mi8¢ 8PflicdROrotier bitsbianhents Matheoe dépirtignfrotche
el ements Used to perform vari'ous signal processing steps at th

transmt tie spaitgor, scope obdee myventimduThes thepregertanvetioadgaot h@enqeﬁs‘dal % i on
synbol's, precondition the precoded s t RGsik@Rel ver
(e.g., toUptt E?nth? FP@H%W&%%’?BQP@SE?%%% édsl?ea%g%a ?g%)\? ggrsg(S 5 Ved synbol s,
dempdul at &, ahriRGASCddRVERRAVRS @bcRieEhitain zed symbol's, and so on) may
be inmplenented Wwthin one or nore application specific integrated circuits
(ASICs), digital signal processors (DSPs), digital signal processing

devi ces ( ), b icc devices (PLDs), field programmble
gate arraﬁigﬁPG&gﬁ%m"ﬁ@@,ﬁq&m rollers, mcro-controllers,

m croprocessors, other electronic units designed to performthe functions
described herein, or a conbination thereof. [1135] For a software

i npl ementation, sone or all of the signal processing steps at each of the
transmtter and receiver nmay be inplenented with nodules (e.g., procedures,
functions, and so on) that performthe functions described herein. The
software codes mnmay be stored in a nenory unit (e.g., nenories 332 and 372
in FIG 3) and executed by a processor (e.g., controllers 330 and 370).
The nenory unit may be inplenented within the processor or external to the
processor, in which case it can be communicatively coupled to the
processor via various nmeans as is known in the art. [1136] Headings are

i ncluded herein for reference and to aid in locating certain sections.
These headings are not intended to limt the scope of the concepts
described therein under, and these concepts may have applicability in

ot her sections throughout the



entire specification. [1137] The previous description of the disclosed
enbodi nents is provided to enable any person skilled in the art to nake or
use the pwesafs4obnventi on. Various nodifications WO 03/ 0840341S03/08807

PCT/ US03/ 08807 39 to these enbodinents will be readily apparent to those
skilled in the art, and the generic principles defined herein may be
applied to other embodinents w thout dgparting from the spirit or scope of
the invention. Thus, the present invention is not intended to be limted
to the enbodi nents shown herein bUt(héééﬁage accorded the w dest scope
consistent wth the principles and eatures disclosed herein. [1138]
VWHAT |S CLAIMED | S: WD 03/084092 PCT/ US03/08807 40 CLAIMS 1. In a

mul tiple-input multiple-output (MM comrunication system a nethod for
processing data forId hamslipieinat evatiple-ouyt i GAMIOMchEnalnicuteh , sysepra si ng:
codi ng data in accordance with one _or nore codLn% schenmes to provide coded
data; modweofldgr pragessisa datadat anspisginggh A calpaty MINEO gharpsh €omBEHRN&t i on
schenmes to provi | at.] | S J j S
based on an eq§¥%§f8%?qgﬁgﬁﬁg?“$%§§gﬁ?@‘QgﬁsgggggﬁéggFgggagaigy§%§¥§?Pand
precondi tdam ng the precoded synbol s based on an estinmated response of the
M MO channel to provide preconditioned synbols for transm ssion over the

M MO channel . modulgiipe ﬁ&%gafeﬂrtae} %CH%PXWELQHﬁ F ROTHMOLBIFHEN SSHEREF & £ or
each synb : i rSe.an estimate of inter-synbol interference
caused byﬁ%yg%ggggﬂg§%§gﬁ%6§h prior synbol periods due to the nmultipath

M MO channel . Brecddieg et hwedubfior [syntrolk, bashdosi am eqravalend cabdimg) tespopes for ned

as: c(n) ;%QP e%'}’éc%ﬁga §y~m oiggcaglg_ =)
preconditioning the precoded symbols based on an estimated response of the
MIMO channel to provide preconditioned symbols for transmission over the MIMO

channel.

2. The method of claim 1, wherein the precoded symbols for each symbol
period comprise an estimate of inter-symbol interference caused by precoded symbols in

prior symbol periods due to the multipath MIMO channel.

3. The method of claim 1, wherein the precoding is performed as:

¢(n) = vmod,, {g(n) ~SF(O)en— f)] ,

££0

where

¢(n) is a vector of precoded symbols for symbol period n;
s(n) is a vector of modulation symbols for symbol period n;
F(?) is a sequence of matrices for the equivalent channel response; and

vmod,,, is a vector modulo-2M arithmetic operation.

4. The method of claim 1, wherein the equivalent channel response is derived
based on the estimated response of the MIMO channel and a response of a feed-forward

filter of a decision feedback equalizer.



where c(n) is a vector of precoded synbols for synbol period n; s(n) is a
vector of nodul ation synbols for synbol period n; F(.?) is a sequence of
mat ri ces worosok@9orequi val ent channel response; and vnpd2MPCI/B0VeRSHDr

nodul o-2M arithnmetic operation. 4. The method of claim1l, wherein the

equi val ent channel response is derived based on the estimted response of
the M MO channel and a response of a fged-forward filter of a decision

f eedback equalizer. WO 03/084092 PCT/ U%gsl 08807 41 5. The nmethod of claim
4, wherein the response of the feed-forward filter is adapted based on a
m ni rum mean square error (MVSE) criterion. 6. The nethod of claimd4,

wherein the regponsg,of,.ifa8 dre®dnl £ WREEinftht t&pohse ofARé deaedrbadagiedis a
zero-forcing technique. 7. The nmethod of claiml1l, wherein the

precondi t adapteddabes] qrex fodrimed) mpart $ypare drree (WBIBENCriisiiony spat i o- t enpor al
pul se-shaping. 8. The nethod of claim 7, further conprising: deconposing a
first sequence of matrices for the esti mated response of the M MO channel

to obtain a segond $RAHRMA HAfcldTR 4] &ﬁe&eiﬂfth@ir@?ang_eecsfttﬁé Secarfdrvaarti Hilted is
sequence of matrices of singular values; and deriving a pul se-shaping

mat ri x basldinetbased op ezsrdicaeidg tashpdusequences of matrices, wherein the
preconditioning is perforned based on the pul se-shaping matrix. 9. The
nmet hod of claim8, wherein the first sequence of matrices for the

estimated resppnse Phe hgnhdd Mlehannelheicn decprpasiionias edpaforsicd gulthe

val ue deconposition. 10. The nethod of claim8, wherein the pul se-shaping
matri x cotipeidopsinusing spetpiteypeal RdwoddeBE: of ti ne- domai n val ues, and
wherein the preconditioning is performed in the time domain by convol ving
the precoded synbols with the pulse-shaping matrix. 11. The nethod of
claim8, wheregn thfhpmetedsfiaRimg, faather xompging:ses a

decomposing a first sequence of matrices for the estimated response of the MIMO
channel to obtain a second sequence of matrices of eigen-vectors and a third sequence of
matrices of singular values; and

deriving a pulse-shaping matrix based on the second and third sequences of

matrices, wherein the preconditioning is performed based on the pulse-shaping matrix.

9. The method of claim 8, wherein the first sequence of matrices for the
estimated response of the MIMO channel is decomposed based on singular value

decomposition.

10.  The method of claim 8, wherein the pulse-shaping matrix comprises a
plurality of sequences of time-domain values, and wherein the preconditioning is
performed in the time domain by convolving the precoded symbols with the pulse-shaping

matrix.

11.  The method of claim 8, wherein the pulse-shaping matrix comprises a
plurality of sequences of frequency-domain values, and wherein the preconditioning is
performed in the frequency domain by multiplying transformed precoded symbols with

the pulse-shaping matrix.

12.  The method of claim 1, wherein a separate coding and modulation scheme

is used for each data stream transmitted over the MIMO channel.



plurality of sequences of frequency-domain values, and wherein the
preconditioning is perfornmed in the frequency domain by multiplying
transf or reo opioewezied synbols with the pul se-shaping nat riPCT/USB3/088bE et hod
of claim1l, wherein a separate coding and nodul ati on schenme is used for
each data streamtransmtted over the M MO channel. WO 03/084092

PCT/ US03/ 08807 42 13. The method of cjfim1, wherein a common coding and
modul ation schene is used for all data streans transnmtted over the M MO
channel. 14. In a multiple-input nultiple-output (MM conmunication
system a nethod for processing data for transm ssion over a multipath

M MO channel onprhsiNgi i i ; .
. , [SONMPIHSI NG 0d 5095701 dRfeinh GGG SRy Whd Modwetiat soibme
codi ng schenmesto prow%eocoded1 dat a; elm)dul ating the codgd dét aSi n

accor dangguswdtfbr ;ﬂ_haatmstresmsetrmnhitteaitdvgntf@d\ﬂﬁ\i@§hﬂ@1€1-pr ovi de nodul ati on
symbol s; determning an estimated response of the M MO channel; deriving an
equi val ent channel response based on the estimted response of the M MO

channel and a yes ar.fs - i HiRehid
. 148SPaRsE Rl 1ef1§§@l Rl W-Butput (BMMU) eordimmiihtion fpsdbaek
equal i zer; precoding the gndu ation syrrbtfgl st(based) on the equi vg?ent

channel rneshoed&e pracessinpiita forprapsniseian oy e maltipRVIMEL G1Ene! RPN e

precoded synbol s. based.on the est|.mat r : Bs®ld and
usi ng spati o-t® e ﬂgﬁi%lé@toggﬁrrgr\?/%g&g}%%% ﬁf?g@l d\g‘gksnbolds f or

transm ssiep over the M MO channel. 15. A nenory communicatively coupled to

a digital si'gnal processing device DSPD i I i gi
p i ( ) capable of i n&@r%{ et hg}gﬁsd&)gl t al

i nformation t onodwaténghe godad &b AEPIEANGH Yih 8RR OHPOHIE "y effes to
provi de code. ﬁdat;agiatti8rq1§gl%lt)glg,e the coded data in accordance with one or nore

Dbt base tsaminghwalond oasett VAR S0nCr vt oc provoies”
synbol s; and provi de precoded
deriving an equivalent channel response based on the estimated response of the
MIMO channel and a response of a feed-forward filter of a decision feedback equalizer;

precoding the modulation symbols based on the equivalent channel response to
provide precoded symbols; and

preconditioning the precoded symbols based on the estimated response of the
MIMO channel and using spatio-temporal pulse-shaping to provide preconditioned

symbols for transmission over the MIMO channel.

15. - A memory communicatively coupled to a digital signal processing device
(DSPD) capable of interpreting digital information to:

code data in accordance with one or more coding schemes to provide coded data;

modulate the coded data in accordance with one or more modulation schemes to
provide modulation symbols;

precode the modulation symbols based on an equivalent channel response to
provide precoded symbols; and

precondition the precoded symbols based on an estimated response of a multipath

MIMO channel to provide preconditioned symbols for transmission over the multipath

MIMO channel.

16. In a multiple-input multiple-output (MIMO) communication system, a

method for processing a data transmission received via a multipath MIMO channel,

comprising:



precondition the precoded synbols based on an estinmated response of a
multipath M MO channel to provide preconditioned synbols for transm ssion
over the woliiopaph M MO channel. 16. In a nultiple-input pemitusopbsseput put
(M MD conmunication system a nethod for processing a data transm ssion
received via a nmultipath M MO channel, conprising: WO 03/084092

PCT/ US03/ 08807 43 preconditioning a pj4irality of received signals to

provi de received synbols; filtering the received synbols with an equalizer

to provide equalized synbols, .. erein the ual i zed esti mat es
of nodul ation %%B@)‘It@mtnﬁé‘tPl‘é\rraléty\é\%lﬁc&d‘ffélrﬂ3”&9 Sq?)lp re%vége%%éggcgéyt%rﬂgc{rllsgm tter

prior to transf.Sgk e U&ivedNEmdoMnsthannedualidadtoppioo R séquglizdiesyenhuas,i zed

synbols to recover“transmtted data. 17. The nethod of claim16, further
conpri si nghiergin theoequitizedes ynibolsoare peitinates oivnediBatan Imbel hakare guRseawadY

synbol s to proyide recovered, synhol.s i ergd synbols are
pr ocesse P EQIFLRIAEFSER CIW%OS%‘?I{SF%%?%%?%Q. iﬁecrhﬁgﬁ’odﬁ of claim 16,
wherein the p_rlpDrS&@Qh HRNHGD8RH sHPBOR A teceseraranphitiedldatay of recei ved synbol
streans. he nmethod of claim 18, wherein the filtering is perforned

separately for each received synbol stream 20. The nmethod of claim 16,

wherein the e lizgr corr ' Cag ward filter of a decision
f eedback equal u]i‘er_Zﬁflrpetfrﬂg8@%‘1%256,3*1&1&%%?%%%@% urther conprising:
adapting the b S 2 haged meduk- I nipermioneantheqreaekizedr syorbofsvivspovide
criterion. 22. The nmethod of claim 16, wherein the rpr ocefsti n%gwé%l Hl%es
derodul atieenyerdse sgbalsi Mbprapnihsl geqonesd cHRAIE i RRCBRE &P RSPE

denodul ati on_s to provi de denodul ated data, and decodi ng the
demodul at&§* elate}e%lecl{gﬁas'accor dance with one or nore decoding schenes to

provi de decoded dat a.

18.  The method of claim 16, wherein the preconditioning orthogonalizes a

plurality of received symbol streams.

19.  The method of claim 18, wherein the filtering is performed separately for

each received symbol stream.

70. The method of claim 16, wherein the equalizer corresponds to a feed-

forward filter of a decision feedback equalizer.

21.  The method of claim 20, further comprising:

adapting the equalizer based on a minimum mean square error (MMSE) criterion.

22. The method of claim 16, wherein the processing includes
demodulating the equalized symbols in accordance with one or more

demodulation schemes to provide demodulated data, and

decoding the demodulated data in accordance with one or more decoding schemes

to provide decoded data.

23.  The method of claim 16, wherein the processing includes

computing log-likelihood ratios (LLRs) of coded bits for each equalized symbol.



23. The nethod of claim 16, wherein the processing includes conputing

| og-1ikelihood ratios (LLRs) of coded bits for each equalized synbol. WO
03/ 084092wB@3/0k)898/ 08807 44 24. The met hod of cl aim 23, ReErES0HLShE

| og-likelihood ratios are conputed based on an expanded si gnal
constellation for the equalized synbols. 25. The nethod of claim 16,
wherein the preconditioning is perforngg in the tinme domain using
spati al -tenporal pul se-shaping. 26. The nethod of claim25, wherein the

preconditioning includes deternini a first seq f .G an
estimated res p%‘n_se e mgtho @ﬁq}ﬂ%zﬂn‘é’i‘?fel&eti‘Sﬁ%%ﬁuﬁﬂg%tO_ﬁé aﬁ?sﬁ éljte ésa??l ﬁlg%ldce of
matrices QPO M n@E&FQPsh] SEEHIENEBN r théBUaligabsydibod.gen-vectors,
deriving a pulse-shaping natrix based on the second sequence of matrices,

and convolving the plurality of received signals with the pul se-shaping

matrix to proyide the received.s liS.. .. - 38 ih
wherei n the precond ]Fi H’ﬁﬁﬁg (i\fscciiadggmg%nrgaelﬁéh% ﬁ%go{%%g%gpﬁg% n ande

i ncl udes #tansmhemisig dphealtiempbrepulss-grplg. t o the frequency domain,

mul tiplying the transtorned received signals with a frequency-donmain pul se-

shaping matrix to provide preconditioned signals, and transform ng the
precondi ti one ignals t k L] REQHiShihdEicliesl ved  synbol s.
28. The net hog%(sjf 2?15? %e%?%?ﬁﬂrﬁzrsg\gg%%@i%?ﬁg: ét?fn\}i%g Cchannel state

i nformati on (GRmanimprd S8dsafueaceseimenices fifr amadstimates! ksgonsanf gt MM d
response of the M MO channel and signal -to-noi se-and-interference ratios
(SNRs) fothaangdjurality of transmission channels of the M MO channel; and

sending the CS ec?ﬁb@g&;g thBerifsf %@«?Jpn&é & - maficed Mo BdbMthtd RE€oridNfdfuence of

mul ti pl e- out pu comuni catl1 on system a nethod for processing a
dat a tr ang@irkss ofeipaceeoted, via a nulti path M MO channel

deriving a pulse-shaping matrix based on the second sequence of matrices, and

convolving the plurality of received signals with the pulse-shaping matrix to

provide the received symbols.

27.  The method of claim 16, wherein the preconditioning is performed in the

frequency domain and includes

transforming the received signals to the frequency domain,

multiplying the transformed received signals with a frequency-domain pulse-
shaping matrix to provide preconditioned signals, and

transforming the preconditioned signals to the time domain to provide the received

symbols.

28. The method of claim 16, further comprising:

deriving channel state information (CSI) comprised of a sequence of matrices for
an estimated response of the MIMO channel and signal-to-noise-and-interference ratios
(SNRs) for a plurality of transmission channels of the MIMO channel; and

sending the CSI back to the transmutter.

29. In a multiple-input multiple-output (MIMO) communication system, a

method for processing a data transmission received via a multipath MIMO channel,

comprising:



conprising: WO 03/084092 PCT/ US03/ 08807 45 preconditioning a plurality of
recei ved signals based on an estinated response of the M MO channel and
usi ng spawpaBAaseppor al pul se-shaping to provide received Eris3y)8807
filtering the received synbols with an equalizer to provide equalized
synbol s, wherein the equalized synbols are estimtes of nodul ati on synbol s
that are subsequently precoded at a tygnsmitter prior to transm ssion over
the M MO channel ; adapting the equalizer based on a m ni nrum nmean square

MVISE iterion; ihg th '
r anem tted dgrseonoRing ary RS iRkl g WL PR aneRTRRlGR b Bep BT

processi NGe ALMIORhardeBRM ugAPaakial-Rpori puRe-chipige i [otide récefved spnbas; t o:
precondition a plurality of signals received via a nultipat q l\/([llvo hannel
to provide refikinngdtheyispeived sugbels iwith eneqpdlizer v Preyidh sAelzs ﬁl‘/’é‘\f?f’ﬁe
equal i zed nbol s, wherein e | j

nodul at i OWE%T)?%%? quf%lé?g %ﬁgslg%rse eegﬂ@%teﬁéggﬁéggggg SgI'E“SOlg%}%dF g&t;{sﬁl‘l%%étﬁg?mai or
to transm@eéda 0¥ aindrieeMnd 16 hansieissionnderphobESEO thenejual i zed symbols to
recover transmtted data. 31. Atransmtter unit in a m“&{ﬂ?%—i nput

mul ti pl e- out putdaphing/he equaliras bRecsk 9o MEREERICED AB1ATS PG )&HPB o
processoranodoerati ve to code data in accordance with one or nore coding
schenmes t0 provide coded data for a plurality of transm ssion channels in a
mul ti path M Moebsimaahe equatinddsyentidietoaoctedr ttasmiited dagor dance with one or
nore nodul ation schenmes to provide nodul ati on synbols, and precode the
nodul ati on synbol s based on an: equival ent channel response to provide

precoded synbokg: apdnamd MRuRLRSRSS Bsufdeird gl SgpieenRdiihg aBvithe
pr ecoded syrrbo%@ basgrc? on?gl an estimated response iog](?t thg I\/Iqﬁl\/o channel to
provi de p@2sRidpéaphionediggpirting digital infermaiondsi on over the M MO channel . 32.

The transm tt e{)relégril(ﬁtigr]; acélai'ali?t}? ]c')f s\lAg@l% serierc]eiEQ v-ir aqﬁﬁfﬁp%om chhrhef 4§ t her
provide received symbols; ‘
equalize the received symbols to provide equalized symbols, wherein the
equalized symbols are estimates of modulation symbols that are subsequently precoded at
a transmitter prior to transmission over the MIMO channel; and

process the equalized symbols to recover transmitted data.

3]. A transmitter unit in a multiple-input multiple-output (MIMO)
communication system, comprising:

a TX data processor operative to code data in accordance with one or more coding
schemes to provide coded data for a plurality of transmission channels in a multipath
MIMO channel, modulate the coded data in accordance with one or more modulation
schemes to provide modulation symbols, and precode the modulation symbols based on
an equivalent channel response to provide precoded symbols; and

a TX MIMO processor operative to precondition the precoded symbols based on
an estimated response of the MIMO channel to provide preconditioned symbols for

transmission over the MIMO channel.

32. The transmitter unit of claim 31, wherein the TX data processor is further

operative to precode the modulation symbols based on:



operative to precode the nodul ati on synbol s based on: WO 03/ 084092

PCT/ US03/ 08807 46 c¢_(n) = vnod2M s(n) - EF(f) c(n e*o where c(n) is a
vect or ofwproaosmezri synbols for synbol period n; s(n) is &CTasvynssof

nodul ati on synbols for synbol period n; F(s) is a sequence of nmatrices for
t he equi val ent channel response; and vnod2Mis a vector nodul o-2M
arithmetic operation. 33. The transmtggr unit of claim 31, wherein the TX
data processor is further operative to derive the equival ent channel
response based on the estimated responseg of the M MO channel and a

response of a feed-for i aydeci sion feedback equalizer. 34. The
transmtter un?@?(?fvné(f av ﬂlg‘,{l & é@g{nn 'g e’ TX data processo(r:] is further
operative to adapt the response of the feed-forward filter based on a

m ni rum mean square error (MVBE) criterion. 35. The transmitter unit of
claim 31, whhierein the TX M MO processor is further operative to deconpose
a first sequence of matrices for the estinmted response of the M MO
channel to obt e isa yegonef psespdetsumbls RESYMBELPEIdd: gen- vect ors and a
third sequence of matrices of. singul %r val ue der%‘ge a pul se-shapi ng

matrix based of{m) Hea ve@eiRidnedidation SYmoSlsdaeHTP BFiokEy i ces, and
precondition t precoded s ols based on. th | se- L. matrix. 36. A
transmitter ap@)a‘tg@rsgeﬂ‘ﬁn&e %?%F%%F Lﬁq“}ﬁﬁ‘fet“i?ﬁlfaleﬁ-“ gﬁrtegu'?l B%%ﬁﬂ/o)

conmuni cati on syst.em. conpri sing. I data in accordance with
one or nore cod%r‘i’&“?&%%H%rgort%ocppu?%\%%%ﬂﬁrgfggéeaﬁﬁg?g? means for nodul ating the
coded data in accordance with one or nore nodul ation schenes to provide

nmodul ati on synbols; means for precoding the nodul ati on synbols based on an
equi val ent chadhel Thespomsitet enippbeipide 3 pr whegiadhe b #ta processor is further

operative to derive the equivalent channel response based on the estimated response of the

MIMO channel and a response of a feed-forward filter of a decision feedback equalizer.

34. The transmitter unit of claim 31, wherein the TX data processor is further
operative to adapt the response of the feed-forward filter based on a minimum mean

square error (MMSE) criterion.

35. The transmitter unit of claim 31, wherein the TX MIMO processor is
further operative to decompose a first sequence of matrices for the estimated response of
the MIMO channel to obtain a second sequence of matrices of eigen-vectors and a third
sequence of matrices of singular values, derive a pulse-shaping matrix based on the
second and third sequences of matrices, and precondition the precoded symbols based on

the pulse-shaping matrix.

36. A transmitter apparatus in a multiple-input multiple-output (MIMO)
communication system, comprising:
means for coding data in accordance with one or more coding schemes to provide

coded data;

means for modulating the coded data in accordance with one or more modulation

schemes to provide modulation symbols;
means for precoding the modulation symbols based on an equivalent channel

response to provide precoded symbols;



WO 03/ 084092 PCT/ US03/08807 47 nmeans for preconditioning the precoded
synbol s based on an estimated response of a M MO channel to provide

pr econdi twora@s®yrbol s; nmeans for conditioning and transmPCIiusg3/odse7
precondi ti oned synbols over the M MO channel. 37. A digital signal
processor for use in a multiple-input nultiple-output (MMD) conmunication
system conprising: neans for coding daya in accordance with one or nore
codi ng schenmes to provide coded data; neans for nodul ati ng the coded data
in accordance with one or du atl h Ll on
synbol s; meansVFHF B 8@88?%0?1% (f %% ﬁ%e%e& gag %ngﬂgtgg‘?e u?%/al ent

channel 6%@0@&%&&@&&@@@&@6&%&&@3}&%@3 and neans for
precondi tioning the precoded synbols based on an estinmated response  of a

M MO channel twegsofor dengitisstngding gﬁ@ﬂﬂlﬁ%&%ﬂ@é@%%@nﬁ%@% o¥6ethe he

M MO ch 38. 1A receiver unit in a nultiple-input nultiple-output
(MM) c nf}éagfl?bn system conprising: an RX M MO processor operative to
precondition a plurality of signals received via a multipath M MO channel
to provide received symbols, and to filter the recei.ved rrbi) with an
equal i zer to pdbvidd digiial sigedl BIPEBEPE foRues dn rp trﬁ‘gu@&dﬁli"i‘t @Ht@;‘?‘rﬁ'bt?gt are

esti mat es%\gﬂ\/lg?géﬂjﬁthhg??%gg ssZ|CBB§h81ﬂ subsequent |y precoded at a

transmtt on ove the nmulti path M MO channel ; and an
RX data proc esmeanscfpemimg/ dath dn deovedimba vithtdne o gk icedidg syhrepwas $o iprovide
accordance wi th one or nore denodul ati on schenes, and to decode the
demodul at@fed48®: in accordance with one or nore decodi ng schenes to

provi de decodeg .dat, n%%ula-tmg tHee&f%ibéf QhtaUfiatcRflartealil % oM6FeLinBdllAgorRX
M N O is further operative o performa vector nodul o-2M operation on the

equal i zeds@ymmosprbudpnmduhmon@mb@&ed synbol s, and wherein the recovered

synbol s are derr;rl%gnusl fo trelgregon COdegultaao rs(})/r\ﬁlbdfas

ltazﬂgd on an equivalent channel
response to provide precoded symbols; and

means for preconditioning the precoded symbols based on an estimated response
of a MIMO channel to provide preconditioned symbols for transmission over the MIMO

channel.

38. A receiver unit in a multiple-input multiple-output (MIMO)
communication system, comprising:

an RX MIMO processor operative to precondition a plurality of signals received
via a multipath MIMO channel to provide received symbols, and to filter the received
symbols with an equalizer to provide equalized symbols, wherein the equalized symbols
are estimates of modulation symbols that are subsequently precoded at a transmitter prior
to transmission over the multipath MIMO channel; and

an RX data processor operative to demodulate the equalized symbols in
accordance with one or more demodulation schemes, and to decode the demodulated data

in accordance with one or more decoding schemes to provide decoded data.

39.  The receiver unit of claim 38, wherein the RX MIMO is further operative
to perform a vector modulo-2M operation on the equalized symbols to provide recovered
symbols, and wherein the recovered symbols are demodulated and decoded to provide the

decoded data.



decoded data. WO 03/084092 PCT/US03/ 08807 48 40. The receiver unit of
claim 38, wherein the preconditioning orthogonalizes a plurality of

recei ved woroboB4031 r eans, and wherein the RX M'| O process®@CTiEsoppssnat i ve

to separately filter each received synbol stream 41. The receiver unit of
claim 38, wherein the equalizer corresponds to a feed- forward filter of a
deci si on feedback equalizer. 42. The rggeiver unit of claim38, wherein the
RX M MO processor is further operative to adapt the equalizer based on a

m ni mrum nmean square_error. (MVBE),. .criterion,. AT LV : in a
mul ti pl e-i nput#Gmul {1 ‘i?%ﬁérp‘ﬂ’c‘t %’q\ﬁlﬂ)ﬁj 5g’c‘ﬁﬁ%ﬁ‘ﬁﬁﬁ%ﬂ%ﬂﬁg}géﬁ{é%&@g r@%lg\%ﬂg:
means for ANGH fb0E NG R d sHERDS. tavd fhefdid R X NEDEOeocevsa iopathtvepat h
M MO chaanﬁlgﬁﬁtgg provi degyr eqeisved synbol s; means for filtering the received
synbol s wbtsbpaantelydilter icady recevast e seepmal i zed synbol s, wherein the

equal i zed synbols are estimtes of nodul ati on synbols that are
subsequent|ly precoded at a transmitter prior to transm ssion over the M MO

channel ; and jEansrhofecHvOCRSSHMYaib s, eiheadih Zetedyliten corrtspondcovefeed-
transmtted data. 44. A digital signal processor in a nultiple-input

nul ti pl e-fonvpdtfilievpiDyecigonfrasAbacktadyplizsyst em conprising: neans for
preconditioning a plurality of signals received via a multi path M MO
channel to provide received synbols; neans for filtering the received
synmbol s with agp equphd ZeeiveOudit oféldien 8§uahérziadthe RPFHVIMY) prdvessor is furiber
equal i zed synbols are estimates of dul ati on synbols that are E)

subs equenepeyativeeten B8RPt alhe 22qUARERS nP3SEE O Aj BHRIFRMY 1HGRE nsauare, S8y, SMMBR) M vo

channel ; and. ans for processing the equalized synbols to recover
transmt t%@gﬁ%ﬁ.

43. A receiver apparatus in a multiple-input multiple-output (MIMO)
communication system, comprising:

means for preconditioning a plurality of signals received via a multipath MIMO
channel to provide received symbols;

means for filtering the received symbols with an equalizer to provide equalized
symbols, wherein the equalized symbols are estimates of modulation symbols that are
subsequently precoded at a transmitter prior to transmission over the MIMO channel; and

means for processing the equalized symbols to recover transmitted data.

44. A digital signal processor in a multiple-input multiple-output (MIMO)
communication system, comprising:

means for preconditioning a plurality of signals received via a multipath MIMO
channel to provide received symbols;

means for filtering the received symbols with an equalizer to provide equalized
symbols, wherein the equalized symbols are estimates of modulation symbols that are
subsequently precoded at a transmitter prior to transmission over the MIMO channel; and

means for processing the equalized symbols to recover transmitted data.



