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[1002] A multiple-input multiple-output (MIMO) communication system employs
multiple (N) transmit antennas and multiple (Ng) 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 N < min {N;, N,}. Each of

the Ns independent channels is also referred to as a spatial subchannel of the MIMO
channel and corresponds to a dimensioa.. The MIMO system can provide improved
performance (e.g., increased transmission capac:ity) if the additional dimensionalities
created by the multiple transmit and receive antennas are utilized.

[1003] The spatial subchannels of a wideband MIMO ‘system may encounter
different channel conditions due to various factors such as fading and multipath. Each
spatial subchannel may thus experience frequency selective fading, which is
characterized by different channel gains at different fréquéncies (i.e., different
frequency bins or subbands) of the overall system bandwidthl. With frequency selective
fading, each spatial éubchannel may achieve diff@rcnt signal-to-noise-and-interference
ratios (SNRs) fbr different frequency bins. Consequently, the number of information
bits per modulation symbol (or data rate) that may be transmitted at different frequency
bins of each spatial subchannel for a particular level of perfonhance (e.g._, 1% packet

error rate) may be different from bin to bin. Mdr.eovér, because the channel conditions

nel s
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2 2 DEC 2006 WO 2004/002047 2 typically vary with tinme, the supported data
rates for the bins of the spatial subchannels also vary with ting, [&00% ’
To conbat frequency sel ective fading in a w deband-channel, . orthgﬂgz) HC 2006
frequen I vision multiplexing (OFDM may be used to effectively partition
the %9&8@@5‘%&\/\5 dth into a nunber of (NF) subbands (which may al so be
referred to as frequency bins or subchannels). Wth OFDM each frequency
subchannel is associated wth a respe%';ive subcarrier upon which data may
be nodul ated. For a M MO system t hat ilizes OFDM (i.e., a M MO OFDM
system, each frequency subchannel: of each spatial subchannel may be

vi eved as tehcallyaape withime, thensmpereddate Fagsler the io0s] tha skasial setzohkenede i n a
coded Co%ﬂivgﬂ”vgﬂ'i stemis the selection of the appropriate data rates
and codi ng and ‘no ufa ion schenmes to be used: for a data transm ssion based
on channel[160#0di tTerEmbiiRe@Raty GtletiVesf-8miLRt hOMdBbMECSAnhE, bRhogddRXI M Z€

t hroughput. whil e neeting quality objectives, which may be quantified by a
parti cul afreguenest digisiasy W!RJEKIPEFQP,]JIB‘@} 38Yn b¢ atsedhdy @%&cgiwlb’ap;alﬁm sle on. ‘
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maxi m ze thnguighipntbasdd ogehetrsl cohdieions e Tkl gdah radugRPstlectbn tphecedd Mo syst em
may be increased gy al l ocatjng nore transmit power to transm sSion channels
Wi th greaf@axupizg Bionglapws winleaegtingt quakity eljgmtives. which geait bhguantified by
A T B

anounts Ofparticular packet error rate (PER), certain latency criteria, and soon.: .

[1006] One straightforward technique for selecting data fatés 5an_d‘ 5codi_ng and

modulation schemes is to “bit load” each transmission channel in‘tlfejM]‘jIVI'O_-OFDM

system according to its transmission capability, which may be? quantxﬁed by the

channel’s short-term average SNR. ‘However, this technique fhafsf js:ejvéra] major

drawbacks. First, coding and modulating individually for each tr%in' ni

sion channel

can significantly increase the complexity of the processing at both t transmitter and

receiver. Second, coding individually for each transmission chann 1 may greatly

\
i
R

increase coding and decoding delay. And third, a high feedback raftc would be needed (
to send channel state.information (CSD) indicative of the channel condmons f(e;g., the
gain, phase, and SNR) of each transmission channel. _ :

[1007]  For a MIMO system, transmit power is another parameter that may be
manipulated to maximize throughput. In general, the overall throughput of the MIMO
system may be increaéed my allocating more transmit power to transmlis;sion channels
with greater transmission capabﬂities. However, allocating differeﬁf ‘amounts of
transmit power to different frequency bins of a given spatial subchannel tends to
exaggerate the frequency selective nature of the spatial subchannel. 1t is well known
that frequency selective fading causes inter-symbo! interference (ISI), which is a
phenomenon whereby each symbol in a received signal acts as distortion to subsequent

symbols in the received signal. The ISI distortion degrades performance by impacting



transmt power to different frequency bins of a given spatial subchannel
tends to exaggerate the frequency selective nature of the spati al
subchannel . It is well known that frequency sel ective fading causk? DEC 2006
«inter-synbol interference (ISI), which is a phenonenon whereby each synbo
In a receMieWogdgmyl acts as distortion to subsequent synbols in the
received signal. The ISl distortion degrades perfornmance by inpacting 22 DEC
2006 WD 2004/002047 3 the ability to correctly detect the received
synbols. To mitigate the deleterious eff®cts of 1SlI, equalization of the
recei ved synbols would need to be perforned at the receiver. Thus, a nmgjor

drawback i nhd slgltieRcindompife@ne Fectlve@8nbOR, D ﬁﬂ?gg&dﬂis:tdie}é[@i!ous eQERL exity
at the receiver to conbat the resultant additional I'SI distortion. [1008]

There is tipEdek saualizatinneef the recived pymbelp woskhniedue be porfarhideat éheniegtivaver al |

t hr oughput ~n_a vl O . WM naving to indjvidually codg.eac
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- SUMVARY  11:09]exiigahiheeteivea tecdmian kitadshoheidifi@ial HIkRSSLAY a data
transm ssion at a transmtter and a receiver of a M MO system such that

hi gh perforlh¥fde (Ehge is Hhegaforeoy aped In ther Bt forpleehniquesaorichigsel highnovemalhspect
a tinme-domgyn i Hon, . | | ¢h. fr cy-donmai.n
channel of oaqgRs SR Rslcin WREBH ERELR BaER SEERE GRS

"wat er - pourchagiel aiebwhich niingdle thewdzldquetidg esbepionfsiand beam st eering sol utions
for the transmtter and receiver. [1010] Channel eigen-deconposition is
performed at the transmtter to determne the eigennodes (i.e., the spatial
subchannel s) of a M MO channel and tsqjmgq{ a first set of steering
vectors, which are used to precondition nodul ati on synbols prior to

t Kansm’ ssi ot er TéohnlubOachanneded Bbaimédr picgedinde aodyud SiahimidsioRyat e
performed based on an estimated. channel response matrix, which is an

esti mat e ofT3PHBIUEE @pg 2 r_&?ﬁ‘r‘éﬁrrpf& %&éﬁ&?f‘ BSheh ) high pEHermanss fefs g he
M MO chann@lerafNaRfhpf) G NachREQTPES I Blhebss Alifh-EHLR! HifleAlndllfy fECCl ver

to obtain a second steering vectors, are us 0 condition
recei ved synbodisl swbicht lusts ofr¢duogonrdémsipniubhnnedt reggeasicasmpositbay ecbshnal t he
recerver. inversion, and (optionally) “water-pouring” results. to derive pulse-shaping and beam-
steering solutions for the transmittér and receiver. ' '
[1010] Channel eigen-decomposition is performed at the transmitter to determine
the eigenmodes (i.e., the spatial subchannels) of a MIMO channel and to obtain a first
set of steering vectors, which are used to precondition modulation symbols prior to
transmission over the MIMO channel. Channel eigen-decomposition may be performed
based on an estimated channel response matrix, which is an estimate of the (time-
domain or frequency-domain) channel response of the MIMO channel. Channel eigen-
(' decomposition is also performed at the receiver to obtain a second set of steering
vectors, which are used to condition received symbols such that orthogonal symbol
streams are recovered at the receiver. ~
[1011] Channel inversion is performed at the transmitter to derive weights, which
are used to minimize or reduce the amount of ISI distortion at the receiver. In
particular, the channel inversion may be performed for each eigenmode used for data
‘transmission.” One set of weights may be derived for each eigenmode based on the
estimated channel reéponse matrix for the MIMO channel and is used to invert the
frequency response of the eigenmode.
[1012]  Water-pouring analysis may (optionally) be used to more optimally allocate
the total available transmit power to the eigenmodes of the MIMO channel. In

particular, eigenmodes with greater transmission capabilities may be allocated more



[1011] Channel inversion is performed at the transmtter to derive weights,
which are used to mininize or reduce the anount of ISl distortion at_the
receiver. In particular, the channel inversion nmay be perforned ﬁbﬂ 2006
eigennngﬁ)ﬁﬁgﬂm@ey data transm ssion. One set of weights may be derived for
each ei geninode based on the estimated channel response matrix for the M MO
channel and is used to invert the frequency response of the ei gennode.
[1012] Water-pouring analysis may (optjonally) be used to nmore optimally
allocate the total available transmt power to the ei gennodes of the M MO

channel . |n articular, eigennodes,wth greater transm ssion capabilities
may be al V?}FEFE@OWBF@“? Siefpo Oﬁ"th%‘?ggﬁsi‘@bféﬂé)‘h“est SHAYNR P T and
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be omtted fromuse (e.g., by allocating thesé bad eig es wth zero
transmt wawen)powere Thetrandmit power alkichiod 40 edcht eigemnbdecihge datedrined thie
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processed[1083p.- . &Qﬂ@@raﬁﬁﬂitt@ﬁ%la%‘?ﬂiia]il}]f‘pm%g&?éi @ég.g%oaxe %aﬁn@@m&tkmhaf

processi ng schenme to provide a number of nodul at'i synbol streans (e.g.,
one nodul aacpuianesy widi a partisalar froecesnnd) seiegam o gavidern nuasher rofitrecduddizmnel

trix f t M MO ch | i taj ned .g., I t '
and’ dcorbedit (e, (5% (HE FPUOEN. ) HONR R eloh e FFGIm e genAn -

deconposi ¢gtited BhAERBpchse Shat@k foRENE BRI Ehdrn8Nfs ShiGEEd YEE! Blof fed a set
of matrices of singular values. A nunber of sets of weights are then

derived beseidenanthaiepamposeesied, isithgulirequeney (domaimi using achlansadt eigén-wei ght s
bei ng used to invert{. the.frequency.response of a respective. eigen e used
for data g?c_gﬁ?r?f lglgpi)'ﬁ’. OW\?@? 3Fg&)cgﬁ?%{ﬂﬁesadﬁg@g?’@e’?’rﬂﬁamséﬁﬁécf (bferp?tgf‘?‘?e base-
on the nagihpgieSvAhcsSi ABUmBEr ddetiast Wwegitb b theR defledbaseE 8h HHRONMALAES
indicative of the transmt powers allocated to the ei gennodes. A

pul se- shapngganealngsy withgach prt of werabis baieg used tohrverigdieilteguensagesponse ethe

Tvai | abi ef esphiils cFARR BRI b BnenfiSO. Svai@odhE BAQNL PRV ERCR L 5
used to ppat@itdtbaed bthahs ni@ades offsinmths] vllhedntoSobidIfl £sdt &f sellird valads’ eans of

precondi tioned synbols to_be transmtted over the MEMO channel . )
indicative of the transmit powers allocated to the eigenmodes. A pulse-shaping matrix

R—

for the transmitter is then derived based on the matrices of right eigen-vectors, the
weights, and the scaling values (if available). The pulse-shaping matrix comprises
steering vectors, which are used to precondition the streams of modulation symbols to
obtain streams of preconditioned symbols to be transmitted over the MIMO channel.
[1014] At the receiver, the estimated channel response matrix is also obtained (e.g.,
based on pilot symbols sent from the transmitter) and decomposed to obtain a set of
matrices of left eigen-vectors. A pulse-shaping matrix for the receiver is then derived ( )
based on the matrices of left eigen-vectors and used to condition a humber of received
symbol streams to obtain a number of recovered symbol streams. The recovered
symbols are further processed (e.g., demodulated and decoded) to recover the
transmitted data.

[1015]° 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.



[ 1014] At the receiver, the estimted channel response matrix is also
obtained (e.g., based on pilot synbols sent fromthe transmtter) and
deconposed to obtain a set of matrices of |left eigen-vectors. A

pul se- shaping matrix for the receiver is then derived C) based @n’ el 2006
" matrices of left eigen-vectors and used to condition a nunber of received
synbol stWEZA¥/48%43bt ai n a nunber of recovered symbol streams. The recovered
synbols are further processed (e.g., denodul ated and decoded) to recover the
transmtted data. [1015] Various aspect% and enbodi nents of the invention
are described in further detail below “The invention further provides

nmet hods, digital signal processors, transmtter and receiver units, and

ot her apparatuses and eBRIEFRESGRIPTHYNANETHE PRABINGS pects, enbodi ment s,

and featur t i pvention, as described i.n.further. detail . below 2 DEC
2006 w0 280URbozoly B4 Ahusl i TR PERAW N&%"{?ﬂo‘l’éf beggane
features, maitlbfparéfiGraifl RAARRY dRbcripiion BECREMIbeldW SHeh @keWih bolBRAQMn nore
apparent fromthe detail ed description set forth bel ow when taken I n

" conj uncti ovithyithey drawings aiti nghich nlikshirefsrdnck echagdotere nigentiflyacaesposdingbnt i f y

correspondi ut and wherein: [1017] FIG 1 is a block diagram of
an enbodi n%lﬁgﬁ%\‘ougg{a?\gﬁés}%"tter systemand a receiver systemin a M MO

system [ 1QUA7] Fl GIG li 8 aablbtioaiagfinaef ame@bodinien B Aitfh&hitiéPsisidth R t he
transmtter system [1019] FIGS. 3A and 3B are diagrans that graphically
i |1 ust rat e "REveHBYstapatn DMINIO systemkie wei ghts used to invert the frequency

response o hehg_-‘e' 10201 FIG 4.is a flow

di agr am of f[%sl(ﬁg(rfocess ? ggr) ggpﬁ%g&éﬁ%& ?1%}[%%? g’%m gta‘?’l%lghlt%e trzf"rs%téeﬁisys%lgt/\er to
the ei genmpia9] of FIGS. BAvALd 8D ane @lagrdndsOdd] glapkall P AlbdieTBe AeSvAicAGSRANS
that graphically illustrate the allocation of the total transmt power to

thiree ei geHiroeightsnused toxinvprt dhafraanensyt epponsa @f 2ack| eigengrads of -4 MG agr am
of- an enbogﬁmg]t’ of the signal processing at the

[1020] ¥IG. 4 is a flow diagram of a process for allocating the total available
transmit power to the eigenmodes of the MIMO channel;

[1021]  FIGS. 5A and 5B are diagrams that graphically illustrate the allocation of the
total transmit power to three eigenmodes in an example MIMO system; -

[1022]  FIG. 6 is a flow diagram of an embodiment of the signal processing at the
transmitter unit;

[1023]  FIG. 7 is a block diagram of a receiver unit within the receiver system; and
[1024]  FIG. 8 is a flow diagram of an embodiment of the signal processing at the

receiver unit.

DETAILED DESCRIPTION
[1025]  The techniques described herein for processing a data ﬁansnﬁssion at a
transmitter and receiver may be used for various wireless communication systems. For
clarity, various aspects and embodiments of the invention are described specifically for
| a multiple-input multiple-output (MIMO) communication system.
[1026] A MIMO system employs multiple (Ny) transmit antennas and multiple (Ng)
receive antennas for data transmission. A MIMO channel formed by the Nr transmit

and Ny receive antennas may be decomposed into Ns independent channels, with

N, < min {N;, N;}. Each of the Ny independent channels is also referred to as a spatial

subchannel of the MIMO channel. The number of 'spatial subchannels is determuned by

the number of e’ige’nmddes for the MIMO channel, which in turn is dependent on a



transmtter unit; [1023] FIG 7 is a block diagramof a receiver unit within
the receiver system and [1024] FIG 8 is a flow di agram of an enbodi nent

of the signal processingiat the receiver unit. DETAILED DESCRI PH mﬁﬂ@%ﬂ -
The tech 'ag@s/ geosiri bed herein for processing a data transm ssioh at a
transmtt A4 18 ei ver may be used for various wrel ess conmuni cation
systens. For clarity, various aspects and enbodi nents of the invention are
descri bed specifically for a multipl e-'bnput mul ti pl e-out put (M MO

comuni cation system [1026] A M MO system enploys nmultiple (NT) transmt

ant ennas and mJ]Iti ple (NR), receive antennas for data transm ssion. A M MO
channel f ofbgelgespanse xyattix dhal rdescribes Jhavresparssi Rasween SieniNs tisasmibeéndebonposed
into Ns ing&gggq%fma%hannels, with Ns < mn {NI, NR] . Each of the Ns

i ndependent channel's is also referred to as a spatial subchannel of the *

M MO channéli27The Fi@hilds adlockptisgram of ubembbaghent bf a dahehitengdieRy 110 ikl nunber
of eigennodes for the M MO channel, which in turn is dependent on a 2 DEC
2006 WD 280%9eH555aFem 13t avHel aresipahlseofmamplementing varioys rsigek prosessings ponse

bet ween th?echﬂig%@%ﬁ‘mﬁed%@&im'? recei ve antennas. [1027] FIG 1 is a block
odi

di agram of an nment of a transmtter system 110 and a receiver system
150, whi ch[H28] capstbimsmittarrsptemeio] tngfficatatzois provigediropy 0das sburge 112&hni ques
descri bed herein, &%{3284 At transnitter system 110, traffic data is_provided
froma dat & "98RE T Aot progessprn A ddyi Yhigh S§rmats, £ogps e Jpterigaves thintraffic
formats, c ngl | LRRY e8di fil o] e

codi ng schgrgrlg?a%%%}g@% gfa codggdlhgt%gﬁer ﬁetbg%ggg&t%Pg ?%a' 3%*%%2’%%%& én be
mul ti pl exedataintdy ther ot mdhipdexediwith pifcodatexsing)] for ekample e gl vivdormmmbiit pde X

Strears. tolBEMI SRUFERer Bt (COMIarbal & papbEaRl SrupaRimtaeRpat torn
rart o dat e ke iy DRlsa®  JgTiV B e B e A based
on one or mymeeryifcailadlt i Bire sekliplewdtmploprud caded traffic data is interleaved and then

modulated (i.e., symbol mapped) based on one or more modulation schemes to provide

modulation symbols. In an embodiment, TX data processor 114 provides one

modulation symbol stream for each spatial subchannei used for data transmission. The

data rate, coding, interleaving, and modulation for each modulation symbol stream may

be determined by controls provided by a controller 130.

[1029]  The modulation symbols are then provided to a TX MIMO processor 120

and further processed. In a specific embodiment, the processing by TX MIMO

processor 120 includes (1) determining an estimated channel frequency response matrix

for the MIMO channel, (2) decomposing this matrix to determine the eigenmodes of the

MIMO channel and to derive a set of “steering” vectors for the transmitter, one vector () '

for the modulation symbol stream to be transmitied on each spatial subchannel, (3)

deriving a transmit spatio-temporal pulse-shaping matrix based on the steering vectors

and a weighting matrix indicative of the transmit powers assigned to the frequency bins

of the eigenmodes, and (4) preconditioning the modulation symbols with the pulse-

shaping matrix o provide preconditioned modulation symbols. The processing by TX

MIMO processor 120 is described in further detail below. Up to Ny streams of

preconditioned symbols are then provided to transmitters (TMTR) 122a through 122t.

[1030]  Each transmitter 122 converts a respective preconditioned symbol stream

into one or more analog signals and further conditions (e.g., amplifies, filters, and

frequency upconverts) the analog signals to generate a2 modulated signal suitable for



nodul ati on synbols. In an enbodi nent, TX data processor 114 provi des one
nmodul ati on synbol stream for each spatial subchannel used for data

transm ssion. The data rate, coding, interleaving, and nodul ati orﬂ Qd?_;EéaZ{}ﬁE
‘nodul ati on synbol stream may be deternined by controls provided by a
control | erW@3004/993329] The nodul ati on synbols are then provided to a TX M MO
processor 120 and further processed. In a specific enbodinent, the
processing by TX M MO processor 120 includes (1) determ ning an esti mated
channel frequency response matrix for t fe M MO channel , (2) deconposing
this matrix to determ ne the eigennodes of the MLMO channel and to derive a
set of "ste&ansmissiomovarthe MIMQ bbharinel nBirei mpéulated signakfromreactf wansmhiger 122

dul ati tr to be tr i tt h.spatial subch 1, (3
or i ving a Y BRCHRETLE! Vi eensbt & ot 324 Rof A el F1iMased on the’
steering ve¢iod1$ amCkedei W s§RbmNGONTRE ttaksthitdl eRiduYRedDighAieark FBREH b{ pRWer s

assigned to the freguency bins of the eigennodes, and (4) preconditioning
't he nodul at eoingasnisah hranghhl ireansithe eeceiyhd gignal inemrdagh anfepraohfiZde provided

precondi tioned nodul.ation.s pLoGessin TX MO procgssor 120
I s describe ianreTSB?CPH%Fe%eéY%ra&g\ZBb\-{begUp £ Welsvgf gﬁﬁscc’é‘fj%ﬂ? e(g‘én rti oned
synmbol s ar e airpBfieR 0N iffbgdedy dovaitonidrispitfe fIMUVER sﬁ%ag didififudahe Erditioneld1030]
Each transmtter 122 converts a respective fprecon I ti oned synbol stream

u

into one or sigheletcapedvisly aisgramsofasrinmies tandrfugberdpracessss (he samplarspreami tos,

fil : f h i_anal :
modul at ed_ SPERACTHRER pLAFGTS Sttt "BnaRE NIRRT s 0B B i Tendsi on
over the M Wrcefiannrl Ny Ebeive®hhivdl @temhaprotide N eaehmt b REBVdE@EyrBals, | S

then transmtted via a respective antenna 124 to the receiver system [1031]
At /1 ecei ver Wy @pestapates wgth@ maswiation symbels tragreidted ifpaathe tupenitiee eysiead by NR
antennas 15 h r hecal hopal ng+152 is
provi ded t?)l?e?%r é@%‘g}g#@é tptzegﬂé‘?c\?rgér]ﬁ% WWb C C{Séggpggﬁglggﬁ‘g%n |)t i ons
(e.g., filt desrmindigpthe fes@mated ntiained dieqmnaiy despoase arts Jortthe M@ ichethesi gnal ,
digitizes the conditioned signal to provide a stream of sanples, and
further proé@sdeempREng s TBAtEK e Aerive 2 §it i SRETRESYECkoamfesT the geesivesd (3)

bt T e RS S e
and {4) conditioning the received symbols with the pulse-shaping matrix to provide the
recovered symbols. The processing by RX MIMO processor 160 is described in further
detail below.

[1032] A receive (RX) data processor 162 then demodulates, deinterleaves, and
decodes the recovered symbols to provide decoded data, which is an estimate of the
transmitted traffic data. The processing by RX MIMO processor 160 and RX data
processor 162 is complementary to that performed by TX MIMO processor 120 and TX
C' data processor 114, respectively, at transmitter system 110,
[1033] RX MIMO processor 160 may further derive channel impulse responses for
the MIMO channel, received noise power and/or signal-to-noise-and-interference ratios
(SNRs) for the spatial subchannels, and so on. RX MIMO processor 160 would then
provide these quantities to a controller 170. RX data processor 162 may also provide
the status of each received packet or frame, one or more other performance mefrics
indicative of the decoded results, and possibly other information. Controller 170 then
derives channel state information (CSI); which may comprise all or some of the
information received from RX MIMO processor 160 and RX data processor 162. The
CSI is processed by a TX data processor 178, modulated by a modulator 180,

conditioned by transmitters 154a through 154r, and sent back to transmitter system 110.



whi ch are estimates of the nodul ati on synbols transmtted fromthe

transmitter system |n an enbodiment, the processing by RX M MO pr ﬁg@ﬁﬁ .
160 may include (1) determning the estimted channel frequency\;}?@%

matrix f _ channel, (2) deconposing this matrix to derive a set of
steeri ng%oe%:otﬁ%?dgh%r the receiver, (3) deriving a receive spatio-tenporal
pul se-shaping matri x based on the steering. vectors, and (4) conditioning
the received synbols with the pul se-shaé)i ng matrix to provide the recovered
synbol s. The processing by RX M MO processor 160 is described in further

det ai | be|ﬁ§1 [1032) A receive (RX) data processor 162 then denodul ates,
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respecti vel%,. aé transrﬁit l%P/st m 110. t%1033] RX M MD processor 160 may
further dePiovided iy ponsio F‘h}&)ﬁé P66 30 BERIAE Fanopseontolaos Hah Halp Precesssr ved

noi se powefjanpgd/ I\M?H&&bpi’i@e' and-interference ratios (SNRs) for the
spatial subchannels, and so on. RX M MO processor 160 would then provide
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conprise all or i nforratfon réceived from RX MEMO processor 160
and RX datHO036bceSsdmi@eR. ard peovidel hersin jonadisdng highapefornat@ @raciEgsor 178,

nmodul ated b nodul ator 180, .conditioned by transmtters 154a through
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8 [1034] AMmdih dRSTHeE 4i8én-83DhPaikidR, chhhiRl (RG], 6Ad %d&ﬂ{gyﬂ!al?y)fwafeéﬂé{o%ﬁﬁgVer )
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system 150 are received by antennas 124, conditione rs 1 d
denodul at ettsi{s %0. dégive dithetdomaind Pulse-shaping eandt heanGSteeting neitione diobythe he
receiver system The CSI is then provided to controller 130 and used to
generate v 'fSB'ﬂgercf‘Bﬁf‘:rC(?]vgr'for TX data processor 114 and TX M MO processor

120. [1037] Channel eigen-decomposition is performed at the transmitter to determine
the eigenmodes of the MIMO channel and to derive a first set of steering vectors, which
are used to precondition the modulation symbols. Channel eigen-decomposition is also
performed at the receiver to derive a second set of éteering vectors, which are used to
condition the received symbols such that orthogonal symbol streams_'are recovered at
the receiver. The preconditioning at the transmitter and the conditioning at the receiver
orthogonalize the symbol streams transmitted over the MIMO channel.
[1038]  Channel inversion is performed at the transmitter to flatten the frequency
response of each eigenmode (or spatial subchannel) used for data transmission. As ()
noted above, frequency selective fading causes intersymbol interference (ISI), which |
can degrade performance by impacting the ability to correcﬂy detect the received
symbols at the receiver. Conventionally, the frequency selective fading may be

. compensated for at the receiver by performing equalization on the received symbol

streams. However, equalization increases the complexity of the receiver processing.
With the inventive techniques, the channel inversion is performed at the transmitter to
account for the frequency selective fading and to mitigate the need for equalization at
the receiver.
[1039] Water-pouring (or water-filling) analysis is used to more optimally allocate
the total available transmit power in the MIMO system to the eigenmodes such that high

performance is achieved. The transmit power allocated to each eigenmode may then



[ 1035] Controllers 130 and 170 direct the operation at the transmtter and
recei ver systens, respectively. Menories 132 and 172 provi de storage f%h
program codes and data used by controllers 130 and 170, respecn Qdf@ 206

-[ 1036] Techni ques are provi ded herein for achieving high perfornmance (e.g.,
hi gh overD20600tMim t hr oughput) via a tinme-domain inplenmentation that uses
frequency- domai n channel eigen-deconposition, channel inversion, and
(optionally) water-pouring results to. derive tine-domain pul se-shaping and
beam steering solutions for the transmiPter and receiver. [1037] Channel

ei gen-deconposition is perfornmed at the transmtter to determne the

ei gennodes détetrhige Mhdfaaeh st @hd ané cbding emdvRodulbiibs scisdhe o6 bstiBed ifBTthe
vectors, which are used to precondition the nodul ati on synbols. Channel
ei gen- decorrﬁt&ﬁ“t’ﬂp is also perfor rred at the receiver to derive a second
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orthogonal i ze the synbol streams transmitted over the M MO channel. [1038]
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[1042] Second, the channel inversion at the transmitter results in recovered symbol
streams at the receiver that do not require equalization. This then reduces the
complexity of the receive.rv processing. In contrast, other wide-band time-domain
technigues typically require complicated space-time equalization to recover the symbol
streams. |
[1043]  Third, the time-domain signaling techniques described herein can more
easily integrate the channel/pilot structures of various CDMA standards, which are also
L,. based on time-domain signaling. Implementation of the channel/pilot structures may be
more éomplicated in OFDM-based systems that perform frequency-domain signaling.
[1044] FIG. 2 is a block diagram of an embodiment of a transn_ﬁtter unit 200, which
is capable of implementing various processing techniques described herein. Transmitter
unit 200 is an embodiment of the transmitter portion of transmitter system 110 in FIG.
1. Transmitter unit 200 includes (1) a TX data processor 114a that receives and
processes traffic and pilot data to provide Nz modulation symbol streams and (2) a TX
MIMO processor 120a that preconditions the modulation symbol streams to provide Nr
preconditioned symbol streams. TX data processor 114a and TX MIMO processor 120a
are one embodiment of TX data prbceésor 114 and TX MIMO processor 120,

respectively, in FIG. 1.



determ ne the data rate and the codi ng and nodul ati on scheme to be used for
the eigennode. [1040] These various processing techniques are dgzcggEegh%n
further detail below [1041] The techni ques described herein pré¥ige” -

sever al 9@5}0 04,,advant ages. First, wth tine-domain eigennode
deconposi tion, e maxi mum nunber of eigennbdes with different SNRs is
given by mn (NT, NR) . If one independent data streamis transmtted on

each ei gennbde and each data streamis l?lndependently processed, then the
maxi mum nunber of different coding/ rmc} ation schenes is al so given by
m n(NT,NR) .. It. is_also paossible 1o nmake the received SNRs for the data
streans es@gﬂ%]i al 1y "&‘ﬁegpg%i ,e"@qdllf@?‘gbg’% ﬂ%ﬁgsi%ﬂXf‘}qt%d’r?‘}‘i’ésm 114a
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sinplify the coding/ nodul'ation for a data transm ssion
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signaling. [1044] FIG 2 is a block diagram of an éenbodi ment of a

transm t t edetemiined 09, conplisHromscantiohen E3band rpae e rselengdvizasedbos the de¥ssi ng,~y
t echni ques e%%%ccg ifboedI eer%i Ne ‘Is'rz% smiter ]u%%é 28.0 ishan enbodi m%fr;t of the-._
transmittef po? o ofc fFEhshi{ T e s&%/% et 1 CRURE ELNeN® MY HSHELEY uni t
200 i ncl udesmbiddtich dXcyblitc dedindafss cieck YER )N aénvoRaRNYIESo I Tu%@@&ﬁﬁ%,s
traffic and pilot data to provide Nr nodul ati on synbol streans and (2) a TX
M MO pr oceblosk cading ang gthepeedingydir op 6ading Bballkpdul ati on symbol streans to
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processor kd&leavingsfdenes elfypically,Fédch sklected coding scheme is associated with a
corresponding interleaving scheme. The interleaving provides time diversity for the
coded bits, permits the data to be transmitted based on an average SNR éf each spatial
subchannel used for the data transmission, combats fading, and further removes
correiation between coded bits used to form each modulation symbol.
[1047] Symbol mapping element 216 then receives and multiplexes pilot data with
the interleaved data and further maps the multiplexed data in accordance with one or ()
more modulation schemes to provide modulation symbols. A separate modulation
scheme may be used for each spaﬁal subchannel selected for use, or for each subset of
spatial subchannels. Alternatively, a common modulation scheme may be used for all
selected spatial subchannels. |
[1048]} The symbol mapping for each spatial subchannel may be achieved by
grouping sets of bits to form data symbols (each of which may be a non-binary value)
and mapping each data symbol to a point in a signal constellation corresponding to the
modulation scheme selected for use for that spatial subchannel. The selected
modulation scheme may be QPSK, M-PSK, M-QAM, or some other scheme. Each
mapped signal point is a complex value and corresponds to a modulation symbol.

Symbol mapping element 216 provides a vector of modulation symbols for each symbol



2 2 DEC 2006 WO 2004/002047 10 [1045] In the specific enbodi nent shown in
FI.G 2, TX data processor 1l14a includes an encoder 212, a channel

interl eaver 214, and a synbol mapping el ement 216. Encoder 212 regei (? 0 \d
codes the traffic data (i.e., the information bits, d,) in accor?dzm \?&Sﬁ
one or nore coding schenes to provide coded bits. The coding increases the
reliabili 0 Y04PRBTdat a transm ssion. In an enbodi ment, a separate coding
scheme may be used for the information bits for each ei gennode (or spati al
subchannel ) selected for use for data transmi ssion. In alternative

enbodi nents, a separate coding ‘schene r’rﬂy be used for each subset of
spatial subchannels, or a common coding schene may be used for all spatial
subchannel sPeﬁFHeW(i:tbchhngumd:hemﬁ(rs@dumbmbe@yu@ett ar each detar worregpobgingdntthel s
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symbol . [1047] Symbol Fplng el ement 216 then receives and mul tipl exes
pi | ot dat a SHPRIEdTBdYESH REGRiitns: e Mmadulatpp rembeakpsior F%“WW?%%B@éBedata
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synbol s. A separa at| 0 or 'each spatia
l(EC hannel qﬂﬂnkcﬂredalfaaateds«hffemm ffmqumghbmb,s etd ahe shadrechlrespohehafonahs.
Al

ernativ a co nodul atjon s be used f | | eI ect ed
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may be aCh' 1Y €Harh¥] r&@ﬁ&l&l@'n’ﬂg 1§@és§n{%§edbdtttl§e Fe@e:fv&r m&&hﬁbﬂ%%étr&%ﬁhepf _
whi ch may be a non- bi nar ng each data synbol to a point in
a signal cdmsa QMeadwzsmmmm@s}do(ﬁd]Dﬂgsys@m, rtbe downlink and uplink share the same
frequency band in a time division multiplexed manner, and a high degree of correlation
may exist between the downlink and uplink channel responses. For the TDD system,
the transmitter system may estimate the uplink channel response {(e.g., based on the pilot
transmitted by the receiver system on the uplink) and may then derive the downlink
channel response by accounting for any differences such as those between the transmit

and receive antenna array manifolds.

[1050] In an embodiment, the channel response estimates are provided to TX

C ' MIMO processor 120a as a sequence of N, XN, matrices, H(n), of time-domain
- samples. This sequence of matrices is collectively referred to as a channel impulse -
The (i, j)-th element, £

response matrix, of the estimated channel impulse

l]’

I I

response matrix, for i=(1, 2, ... ,N,) and j=(, 2, ... ,N,), is a sequence of

samples that represents the sampled impulse response of the propagation path from the
j-th transmit antenna to the i-th receive antenna.

[1051]  Within TX MIMO processor 120a, a fast Fourier transformer 222 receives

the estimated channel impulse response matrix, ﬂ (e.g., from the receiver system) and

[f==3

derives the correspond'ing‘ estimated channel frequency response matrix, H, by

performing a fast Fourier transform (FFT) on the matrix £ (i.e., i{_= =FFT [ﬂ; 1). This



modul ati on schene selected for use for that spatial subchannel. The sel ected
nodul ati on schene nay be QPSK, M PSK, M QAM or sone ot her schene. Each
mapped signal point is a conplex value and corresponds to a nog uzg[-j(ptz[}gﬁ'
synbol . Synbol mapping el enent 216 provides a vector of nodul &tTon synbols
for eacRygypR@b20d2 DEC 20061 WO 2004/002047 11 period, with the nunber of
nodul ation synbols in each vector corresponding to the nunber of spati al
subchannel s. selected for use for that synbol period. Synbol mapping

el ement 216 thus provides up to Nr nodyation synbol streans. These streans
collectively forma sequence of vectors, with are also referred to as the
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uplink may not be corfelated to a=sufficient degree. For t DD system

t he channgje ﬁ@(ﬁe}ﬁ%ﬁﬁsﬁaﬁée@@f @8 b}dﬁgﬁﬂ)rﬁﬁatﬁs!(‘@et{v)gﬁﬂh‘éwr BRSmAeRteriacknd 0 the

transmtter. time division dupl exed (TDD) system the downlink and

upl i nk shaneectdite s@Bfnas EENeReenbaN L iip ik FFIRf dhe/ E&rrportithgd bRhRxedf manner ,
and a high degree of correlation may exist between the downlink and uplink
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receiver systemon th pl i nk then. deriye the downlink channel
response f§ mﬁE‘&‘B%ﬁtsFlrfgl\?F atﬂﬁ%ls’ ﬁ&?g%ghc:g@’ duch ‘ﬁ)nose bet ween t he
transmt and receive antenna array nmanifolds. [1050] In an enbodi nent, tHhe
channel response estinmates are provided to TX C M MO processor 120a as a
sequence of N. x N, matricesChahgél)EigewDetomiposiioni n sanpl es. This sequence
of matric is collectively referred to as a channel inpulse response
matrix, ﬁ%ﬁf\e (44, Ut 224 icp perfpmms eigen-fecomposiiige e SEM@ SRBMASICY npul se
;ezggﬂ;ﬁcg@{)édtﬁ(tral%frnissi&f?rln'ong efnbodifnent for perfdrhindMladneT eigdn-décomposition ) + 18
unit 224 comptites the singular value decomposition (SVD) of the estimated channel

frequency response matrix, __f!_ . In an embodiment, the singular value decomposition is
performed for each matix H(k), for k=(0, 1, ... ,N. ~1). The singular value

decomposition of matrix ﬁ(k) for frequency bin k (or frequency f, ) may be expressed

as:
H(k) = UOARY" (k) © Eq (1) )

where U(k) is an N XN, unitary matrix (i.e., U?U=1, where I is the identity
matrilx with ones along the diagonal and zeros everywhere ¢else);
A(k) is an Ny x N, diagonal matrix of singular values of ﬁ(k); and
Y(k) is an N, x N, unitary matnx.
The diagonal matrix A(k) contains non-negative real values along the diagonal (i.e.,
Ak) =diag (4, (k), 4,(k), ... , 4, (k))) and zeros elsewhere.  The Ak, for

i=Q, 2, ..,N;), are referred to as the singular values of the matrix E(k). The

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



sanpl es that represents the sanpled inpul se response of the propagation path
fromthe j-th transmt antenna to the i-th receive antenna. [1051] Wthin
TX M MO processor 120a, a fast Fourier transformer 222 receives thg DEC 2006

‘est i mat ed channel i&g)ul se response matrix, H (e.g., fromthe receiver

systen) an®WO H84P828Y the corresponding estimated channel frequency response
matrix, H, by performng a fast Fourier transform (FFT) on the matrix 9(
(i.e., H=FFI'" [9(] ). This 2 2 DEC 2066, WO 2004/ 002047 12 rmay be

achi eved by perform ng an NF-point FFI' da a sequence of NF sanples for each
el ement of x to derive a set of NF coefficients for the correspondi ng

el ement of Hilgehwherrsl NE ApplieatigondsSacond Hedifsembécadeinif rygsse G0 biwhéchf a5 t he
FFT (i.e., t.he length of ,the FFT). The NR - N, elenents of H are thus NR -
N. sets of dggcfrf’(i’réllggﬁlf’gmr?%?egggﬂ% ing the frequency responses of the
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Each el enment of His the FFT of the correspondi ng el enent of

esti mated chénmglantretyemete Uesfifose. Wgky i. XU(M, ~Th), adll s®omeFati cane dalas of
conprising a set of NF matrices, H(k) for k = (0, 1, ... , NF -1). Channel
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The di agonal matrix A(K) contains non-negative real values along the

di agonal (i -H(k), and the eigen-vectors of R(k) would be the right eigen-vectors of H(k), or

¥Y(k). The decomposition of R(k) to obtain the eigenvalues and eigen-veciors is

’

known in the art and not described herein. Similarly, another square matrix R (k) may

’

be obtained as _ll’(k)——-_IEI_(k)_I:I‘]F (k). The eigenvalues of this square matrix R (k)

would also be the squares of the singular values of H(k), and the eigen-vectors of

R (k) would be the left gigen-vectors of H(k), or U(k) -

{1055]  The channel eigen-decomposition is used to decompose the MIMO channel
C~ into its eigenmodes, at frequency f, , for each value of k where k=(0, 1, ... ,N. —1).

The rank r(k) of H(k) corresponds to the number of eigenmodes for the MIMO

channel at frequency f,, which corresponds to the number of independent channels

(i.e., the number of spatial subchannels) available in frequency bin k.

{1056] As described in further detail below, the columns of V(k) are the steering
vectors associated with frequency f; to be used at the transmitter for the elements of |
the modulation symbol vectors, s{n). Correspondingly, thé columns 6f U(k) are the
steering vectors associated with frequency f, to be used at the receiver for the elements
of the received symbol vectors, r(n). The matrices U(k) and V(k), for

k=(0,1, ..,N;~1), are used to orthogonalize the symbol streams transmitted on the



A(k) = diag (21(k), 22 (k), ... , AN (k))) and zeros el sewhere. The .1; (k)
, for- i =(1, 2, ... , NI) , are referred to as the singular vgk%ea Efakﬁe
matrix H(k). The singular value deconposition is a matrix operatifo Efn

in the §%§ @Q%-ﬂ% cribed in various references. One such reference is a
book by & P rang entitled "Linear 2 2 DEC 2006 WD 2004/002047 13

Al gebra and Its Applications,” Second Edition, Academ c Press, 1980, which
is incorporated herein by reference. 053] The result of the singular

val ue deconposition is three sets of matrices, U, A and V H, where U =
[U0) ... U(k) . UNF -1)] ., and so on. For each val ue of U(k is the
NR xNR un.etgam;aoqlmtatleaclofreqwsf efkgewmeébessm@mcwm usw kt) Ptﬂﬁﬂndﬁ@“ e xNr

unitary rratrlx of right eigen-vectors of - IIk2 and A(k) is the NR X Nr

di agonal madplasiop sy ﬁbatr%am%q thestrapemytier (3ad fof q%m}on kheaweene% sERbeldi ment
for perfor f squar e
e x ROETAS RSN BRI SURANEh P Bomit dr inf e dobiln, B RLIEiE SR
woul d t hemhebevdrhie ositjugeretizaifont dfethei sygbiodstreahs) e ST t}td‘mealﬂmﬁsr for seﬂ:ﬂx(al@) and

t he eigen-v ctors of &)k woul d.be the rlqht ej gen-vectors of_ H(k)

V(k). The® eafﬁ%*glap% cHPIZRIRYIG G5 GBPeFeA TP HeT Qi'@eWMF‘LFe‘B gmlyes"gehfx/ect ors
is known r Jherein. Simlarly, another square
matri x R P%brb&ﬁmﬂ ta“ﬂ ﬁgﬁ%&xtt@ﬁ%ﬁé’e g H(k)x (k). The eigenval ues of this
squar e nat1057] RTan) eWmelnd; aklagbeht hedisgpmt esofof Alfhe sdrdgulak) valfees of
ft(k), and the ei gen vectors of F R (k) would be the |eft eigen-vectors of

11(k) , oriLdK)z,.. lﬂ@ﬁ,]wﬁ@?@r@)&@ﬂ@raﬂt@ﬁﬁ(@?cwﬁ@@&hhﬂn%f'l}ik}iﬁﬁdj\l

deconpose the M MO channel into its ei gennodes, at frequéncy fk‘"@?br each

val ue of ku Wheird ¥ (%) ( Gespdotively, aNF sol)ions td hBe fe@%&ﬁ EddalioRf whichkinagobg esponds
to the number of el gennodes for the M MO chann at frequency fk, which (
correspondspiessetihe nunber of i ndependent channels (i.e., the nunber of
spatial subchannels) available in frequency bin k. [1056] As described in
further detail below, the columms of V(k) are the steering vectors

associ at ed wtfﬂ@k)ed@bﬁc&w@)to be used at the transnitter Egr(2} he el ements
of

[1058] The three sets of  matrices, U(k), Ak), and V(k), for
k=(0, 1, ... ,N —1), may be provided in two forms - a “sorted” form and a “random-
ordered” form. In the sorted form, the diagonal elements of each matrix A(k) are
sorted in decreasing order so that A, (k)2 4,,(k) 2 ... 2 4_(k), and their eigen-vectors
are arranged in corresponding order in U(k) and V(k). The sorted form is indicated
by the subseript 5, i.e., U (k), A (k),and V _(k),for k=(0, 1, ... , N, -1).

{1059]  In the random-ordered form, the ordering of the singular values and eigen- (

R

vectors may be random and further independent of frequency. The random form is
indicated by the subscript r. The particular form selected for use, sorted or random-
ordered, influences the selection of the eigenmodes for use for data transmission and the

coding and modulation scheme to be used for each selected eigenmode.

[1060] A weight computation unit 230 receives the set of diagonal matrices, A, -

which containg a set of singular values (i.e., A,,(k), A,,(k), ..., 4, (k)) for each
frequency bin. Weight computation unit 230 then derives a set of weighting matrices,
W, where W=[W(0) .. W(k) .. W(N ~1)]. The weighting matrices are used to
scale the rﬁodu!ation symbol vectofs, s(n), in either the time or frequency domain, as

described below.



t he nodul ati on synbol vectors, s(n). Correspondingly, the colums of U(k)
are the steering vectors associated with frequency fk to be used at _the
receiver for the elements of the received synbol vectors, r(n§22TBEC 2006
- matrices U k) and V(k), for k =(0, 1, ... , NF -1) , are use

or t hogonaWzwo4/¥B0gynbol streans transmitted on the ,2 2 DEC 2006 WO
20041002047 14 eigennodes at each frequency fk . Wen these natrices are
used to precondition the nodulation synbol streans at the transm.tter and
to condition the received synbol streaidd at the receiver, either in the
frequency domain or the tine domain, the result is the overal

ort hogonal ifae61Jon WeighecompimionSinie2ds .indibds 4 kA liovEsibeunReps ahe
codi ng/ nodul ati on per eigennndeféas opposed _to per bin), which can greatly
simplify t(ﬁetlw!}&ﬁ%ww&pa@nmg@ YSHigH 23% rChennelnayespipn unit (233 dopvepaesel

choTem B, gL ok e oo, eyt 1)

0, vely ; ! alaliY
chr esseq aothE R FsaBiotl PhAdipohiife SRRy SRS RenB £ Bsclfne o
U(K), A(K),vahned, W Kior thereigdamoded of lthe . MIMO Ifranmk)., Thde DRapiOWaRRed dréd t WO

forms - a "sorted" formand a "random ordered” form In the sorted form
t he di agonahdiehtergerfttbe onwait powatsralboca¢k o theeciganmradesl iGhaciesd ieesiion and der so

that 1" (k)? 222(k) >- ... . 2.A. (K d their eigen-vectors are arranged
in cor respo‘?‘nﬁ?rﬁ%og’ﬁ“ééfe ‘?%CW)‘né‘H&‘e%(lﬁt)aﬁ%ﬂ?é”'sorted formis indicated by
the subscript s, i.e., U (k), As (k), and V. (k), for k = (0, 11 ... , NF

-1) . [1059] In the randomordered form the ordering of the singular values
and eigen- / vectors may be rand i ndependent of frequency.

1
The d i sgyngicated by the s i T ti.cul ar, f
s6l cot od T d0tHe, LGy EhiEh osnti bR s RBREDy oo B BB IS  Bs B of e
ei gennodes QEhdSH f Qkedl@f MvbhaRe Tty REsbnkdOf Gath @%eﬁﬁ_@démql%%i en
schene to be Used Tor each sel ected ‘ei génnode. [ 1060] wei ght conput ati on

unit 230 regg k9ol agenal .. Tt r Lees WoirgBd GOBYBI Aon@aset of
si ngul ar vgﬁﬁgggg??gtge?ss’?"((Z)f?ld’,&zég?k)’, nwF?e(?(?l’)fb“]inor é’;ggh 6Yidet N1sn@a®

axis 310 that represents the frequency dimension. The singular values, A; (k) for

i=(1, 2, .. ,Ng), of each matrix A(k) are located along the diagonal of thé matrix.
Axis 312 may thus be viewed as representing the spatial dimension. Each eigenmode of
the MIMO channel is associated with a set of elements, {A,(k)} for
k=(0,1,..,N, —1),‘ that is indicative of the frequency response of that eigenmode.
The set of elements {4, (k)} for each eigenmode is shown by the shaded boxes along a

dashed line 314. For each eigenmode that experiences frequency selective fading, the
(. - elements {A,(k)} for the eigenmode may be différent for different values of k.

[1063]  Since frequency selective fading causes ISI, the deleterious effects of ISI
may be mitigated by “inverting” each eigenmode such that it appears flat in frequency at
the receiver., The channel inversion may be achieved by deriving a set of weights,
{w,(k)} for k=(0, |, ... ,N, —1), for each eigenmode such that the product of the
weights and the corresponding eigenvalues (i.e., the squares of the diagonal elements)
are approximately constant for all values of k, which may be expressed as
w, (k) - Ak)y=a,, for k=(0,1, ... N, =1). |

[1064] For eigenmode i, the set of weights for the Np frequency bins,

w. =[w,(0) ... w,(k) .. w,(N,—DI, used to invert the channel may be derived as:



frequency bin. Wight conputation unit 230 then derives a set of weighting
matrices, W where W=[WO0) ... WKkK) ... WNF -1)]. The weighting trices .
are used to scale the nodul'ation synbol vectors, s(n), in eith@r Dﬁi gbﬂ%e
or frequency domain, as described below 2 2 DEC 20061 WD 2004/002047 15

[ 1061] prg%?‘”@a‘ﬁ‘ﬁut ation unit 230 includes a channel inversion unit 232 and
(optionally) a water-pouring analysis unit 234. Channel inversion unit 232
derives a set of weights, w; , for each eigennode, which is used to conbat
the frequency selective fading on t he 18i gennode. Water-pouring anal ysis

unit 234 derives a set of scaling values, b, for the eigennodes of the M MO
channel . These sc #i ngz,val ues argn_é(} nﬁli cative of the transm_t powers

al located to th&'\&l ge es nver'%i o -and vvater-pcﬁﬂr 3 g are
described in further “detail below. Channel Inversion [1062] FIG 3Ais a '
diagram that graphically illustrates the derivation of the set of weights,

w;, ;, used i nVart S ei gennode. The set of

di agonal n\%}%ﬁ (E:l,ef;san%ﬁh%a(&)l‘réﬂE@dj&%%éﬁ??ﬁﬁ@@xp?ésﬁi@:@&% is shown arranged in *
order along an axis 310 that represents the frequency di nension. The

singul ar values, .%- (k) for 1 = (1, 2, ... , Ns), of each matrix A(k) are
| ocated al ong the ajoal of the matrix. Axis 312 may thus be viewed as

representing thg.s i di mensi on. Each ei gennode of the lﬁd\@)channel is
associated with'a sat of elenents, {A ;(k)} for k = (0, 1, 7.7, NF
-')'that is indicatdwv f the frequency response of that eigennode. The set

of elenents {.i:; (®) ""f}?)for each ei gennode is shown by the shaded boxes
along a dashed Iine 314. For each eigennpode that experiences frequency

sel ective fadifg intéﬂg%t%o"frvgl?,{jg g&g@i‘%{aézﬁnlf@g%ﬁr}a. fig HeEeFrﬁin%h 9GNERA % %@)ﬁoﬁ@

different for differ Since frequency sel®ective fadi/

causes | Slpaqd %nd@{]ee%ﬁ?l;c%f):éfgeﬁulﬁ&t 31619{ él%eSiISﬂu % Rt b@ﬁésﬁﬂ éﬁ?{(écgien%?rt' ng!

each ei gennode su appear guency a iver. The

channel i nyers! gn. mﬁgﬁ_@g&ﬁ;&%m t}gﬁg%mgd@ TEE nBlmdtBLAN Brctorla i (K))

for kK = (0, 1, or eac ennbde "suc e product of
the weights and the opuresponging ei genvalues (i.e., the squares of the
di agonal edefimeduh that Y w, (k)= D" A (k).
k=0 k=0
[1065]  FIG. 3B is a diagram that graphically illustrates the relationship between the

set of weights for a given eigenmode and the set of eigenvalues for that eigenmode. For

eigenmode i, the weight w, (k) for each frequency bin is inversely related to the

eigenvalue Af,.(k) for that bin, as shown in equation (3). To flatten the spatial
subchannel and minimize or reduce ISI, it is undesirable to selectively eliininate

transmit power on any frequency bin. The set of N weights for each eigenmode is used

to scale the modulation symbols, s(n), in the frequency or time domain, prior to (>
transmission on the eigenmode.

[1066] For the sorted order form, the singular values A,(k), for i=(1, 2, ... ,Ng),

for cach matrix A(k) are sorted such that the diagonal elements of A(k) with smaller
indices are generally larger. Eigenmode O (which is often referred to as the principle
- eigenmode) would then be associated with the largest singular value in each of the N
diagonal matrices, A(k), eigenmode ! would then be associated with the second largest
singular value in each of the Ny diagonal matrices, and so on. Thus, even though the
channel inversion is pérformed over all Nr frequency bins for each eigenmode, the

eigenmodes with lower indices are not likely to have too many bad bins (if any). Thus,



are approxi mately constant for al |

normal i zation factor that may be expressed as: NF-1 2(k) k-0 a =NF-11

Eq (4) k=0

determ ned for each eigennpde based on thé set of eigenvalues (i.e., the

2'1 (k) As shown in equation (4), a normalization factor a;

squared singul ar values), {22(k)} for (-~ k = (0, 1, ... , NF-1),

associ at ed vdttdast foatigenrgeduymdth loWeeindoesedxcesatvearantmit tpowenis nog uddd-for biid 1
gﬁthat Ew (k) = EA2 (k) . k=O k-0 [1065] FIG 3B is a diagram

defined suc
t hat graphi
for a given
ei gennode i,

val ues of k, which may be expressed as

i's

My illustrates the relationship between the set of weights

[BOGANTOGG @Hﬁn%{:ﬁwé&fon%a bgepiEYI%l-rH@@n-L%nédg%axﬁieﬁseMQ& e’

t he melg for eac frequency
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t he frequency or tine domaln, prior ransm SSi on on

SRR eﬁx@‘%@ﬁnﬂe‘i 8ok Qna%ﬁﬁé e%f%é@ﬂﬂ's%%ﬂeoélfgé}fﬁ%ls $ut $i6t) -

he ei gennode.

[ 1066] For tmbersorﬂoecbxemp@ tﬁeoclmnnclhmvsxsmglumay beaperésriet "fof leich tigenmode (1,

2,
eI ement s of

C

c}&{e‘[{snfir\%ﬁt ﬁaig rm}:téfr:esswe(lgi Fhe ci%[u%e?(;nvse%sggn tmr;l?/talgohge %E«?ﬂ%@?ﬁy
performed for some or all eigenmodes selected for use, for example, when the MIMO
channel is determined to be frequency se]ectivcl(e.g., based on some defined criteria).

[1068] Channel inversion is described in further detail in U.S. Patent Applicatien
Serial No. 09/860,274, filed May 17, 2001, U.S. Patent Application Serial No.
09/881,610, filed June 14, 2001, and U.S. Patent Application Serial No. 09/892,379,
filed June 26, 2001, all three entitled “Method and Apparatus for Processing Data for
Transmission in a Multi-Channel Communication System Using Selective Channel
Inversion,” assigned to the assignee of the present application and incorporated herein

by reference.

Water-Pouring

[1069] In an embodiment, water-pouring analysis is performed (if at all) across the
spatial dimension such that more transmit power is allocated to eigenmodes with better
transmission capabilities. The water-pouring power allocation is analogous to pouring a
fixed amount of water into a vessel with an irregular bottorn, where each eigenmode
corresponds to a point on the bottom of the vessel, and the elevation of the bottom at
any given point corresponds to the inverse of the SNR associated with that eigenmode.
A low elevation thus corresponds to a high SNR and, conversely, a high elevation
corresponds to a low SNR. The total available transmit power, Pipar, is then “poured”
into the vessel such that the lower points in the vessel (i.e., those with higher SNRs) are
filled first, and the higher points (i.e., those with lower SNRs) are filled later. A
constant P, is indicative of the water surface level for the vessel after all of the total
available transmit power has been poured. This constant may be estimated initially
based on various system parameters. The power allocation is dependent on the total

availabie transmit power and the depth of the vessel over the bottom surface. The

wooo, ;) (k) =a;, for (0, 1, .. , NF-1) . [1064] For ei genpnd ,
the set of weights for the NF frequency bins, [w, (0): %_) rTE fﬁﬂh
«(NF -1)] T, used to invert the channel may be derived as: 2 2 DEC 2006 WO
2004/ 00204WOLB04/92047) = a' fork=(0,1,...,NF-1), Eq(3) Aa(k) where a, is a

inis inversely related to

in



ihdices are generally larger. Eigennode O (which is often referred to as the
principle eigennode) would then be associated with the |argest singular .
val'ue in each of the NF diagonal matrices, A(k), eigennode 1 Wﬁﬁﬂ tCh%the
associated with the second | argest singular value'in each of ti VE

di agonalg;gaiﬁif&ﬁ?., and so on. Thus, even though the channel inversion is
performed over aﬁ NF frequency bins for each ei gennode, the eigennbdes
with lower indices are not likely to have too many bad bins (if any). Thus,
22 DEC 2006 WD 2004/002047 17 at lea sk for eigennodes with |ower indices,
excessive transmt power is not used for bad bins. [1067] The channel

inversion may be perfarnmed in various ers to ipve t he channel ,
and this R whrfﬁweowéegﬁ WHEr TrpEn{avehare Pﬁtﬁlﬂré{ ﬁb&bﬁeﬁ@ﬁ‘p{g VHE
channel "S@@R%aﬂw'aspaﬂ ul Hﬁ@aﬁé)ﬁm%@@&%‘?b&%%ﬂ%@sﬁ%ﬁﬁ ed for use, In

anot her enbodi nent, e channel 1 nversion may pertformed for sone
ei gennoded[1070) nofin amthﬁn&meﬁonheewamp@eunngm roh parfeimddnacensitbe fn&wedng
performed for eaclg enm)de determ ne tt? i nduce excessi.ve 1.SI

channel i ri/BIEESIGH DRGRY St thasgngs 1Q\FHASSEUF 5P reuicney sRles VY of c%elswra@ s
d
ei genno escr§ﬁ&@6§% fhndl$ ?gsen e SESTRD d%mdi\{“:ﬁégset%% VO T@AQW&J&? ting a).

determ ned to be” frequency ective on sone defin
[ 1068] Chamn:elbe|pevfens¢d)suchsthat@bengbmdotﬂem drm msdrkfor ciataairhnsimssibi6. or Ratl g at

| t / 860, 2 17 2001,.. U. S.. P t
| ot et embgenn@ 988 11584 dwith; b0 pBRTIROGES bopgiscanti)t ) 16 Sapdeent
Appl i cati Ofhowll dhad w'é'@r %92@3’5759(113 i énﬁﬂ)déé‘ NPhetOused A loonfilnktibi v @t 1 L1 ed

"Met hod and Appar at us rocessin for Transmssion in a
Mul t i - Chansishndlonmssipe amhohf: Sygﬂmﬂ&srsgr@bim@tsm@r@mﬂne kan provelesican, "

assigned to_fhe assignee t he. r.ese t ap licatjon and. incorporated herein
by ref eren‘&fé‘thpé"? ’i%EﬂE'F?W ile g h@ﬁ‘f’ L AedPCsi¥ir i ng anal ys(r
i's perforng@d7{j f qmeaildtér-;ﬁﬁﬁﬁ %14yh§‘e pe?ﬂﬁ‘ﬁale@'bgr%dlﬁffduﬁﬂ g aNsik hale I9ar |
transmt power is allocated to ei'gennodes wi th better “transm ssion

capabi | i t i fdlowsh&nitiell e thegotal pewerpnwesh eigénmedeiipdetemninghisogous to pouring a

fixed amount of water into a vessel with an irregular bottom where each
ei gennode Nt '

Pa=Y k) . - Eq(5)
[1072]  The SNR for each eigenmode may then be determined as:
SNR, =—=- | Eq (6)

where o is the received noise variance, which may also be denoted as the received

noise power N,. The received noise power corresponds to the noise power on the (j

recovered symbols at the receiver, and is a parameter that may be provided by the
receiver to the transmitter as part of the reported CSL

[1073]  The transmit power, P, to be allocated to each eigenmode may then be

determined as:

F = max[(!’m —--—-l——], 0] , and : Eq (72)

SHE Eq (7b)



corresponds to a point on the bottomof the vessel, and the elevation of the
bottom at any given point corresponds to the inverse of the SNR 2@%@@}39%
with that eigennode. A |low elevation thus corresponds to a high SNR"and
conversely, a high elevation corresponds to a low SNR The total avail able
transmt p&RRIPIW4#7al , is then "poured” into the vessel such that the

| ower points in the vessel (i.e., those with higher SNRs) are filled first,
and the higher points (i.e., those with |Iogwer SNRs) are filled later. A
constant P52, is indicative of the wat er Qurface level for the vessel after
all of the total available transmt power has been poured. This constant
may be esti mahed R piig & abhgyant ke exhydie degived ronsysioamspasa mpataencers, Tind Power

all ocation is dependent on the total available transmt power and the depth
of the vesseis tipviotal trapsnio powen aailftde for alfbeation o DECI2B0SdeIND 2004/ 002047 18

points with t1gns .above the. r surface level are not fill i.e.,
b genmodes WiV SNAS BBROT sapsieieth st eitaaost of suffofalathy isrlfostiea
transm ssion). [1070] In enb?ﬁi nt, the water-pouring is not perforned
across the fﬂhﬁﬂﬂ'ﬁ!{l’lp&wexdbﬂinﬂ’o‘i-g AUTRud, RigentrRdes thad RKRYYDeAteSNRE are

sel

frequency selectivity of the eSY8apodes created by the channel eigennode
deconposi tion described above. The water-pourin may be perfornmed such that
al | ei gennodéd®caieéd mmue drahonit gawarst rkhesonsigntofl,, deterovimes the agabsteof ahngrhie

ei gennodes i s used éwith bad ei gennpdes being discarded). It can be shown
that wat er - ppYerig aocaigstot the beflge pigprrmadeswhdhisiber indirestj defremings which t he
channel inver.sj i he. si |l ag. va rt i scendi ng,.order . . can
provi de nearé-’jg%%??drérﬁsu%}Qtpgeegﬁ%éﬁdnﬁédéea\gﬂﬂ% {eh'éﬁ:] rtalfg‘éatﬂ?iﬁlge t?ar%]gl%ﬁepeog%f (1)5?]1%1&%@1 P%ati on
at the receimepowkddibthtiohie comdtinep by leqdgiongyblpe performed by water-pouring
anetzysi s unit 234 as_ follows. Initiall the total power in each ei gennode
i s \det er ni ndld0%3} NI aterspouring zgalygis yunit ﬁf thyy recgives fheoses of firgomNRNatHEeseach

ei gennode naé,tapﬁ rtlheb?ecglf\"/%g %g}sg%%w%%‘,: 0';S . N“hlg nzlati-iceEsqé( gl)c [hgl used in conjunction

with the received noise power - to derive a vector of scaling values,

b=[b, .. b, ... by I', where b, =P, for i=(l, 2, ... ,N5). The P, are the solutions to

the water-pouring equations (7a) and (7b). The scaling values in b are indicative of the

‘transmit powers allocated to the Ny eigenmodes, where zero or more eigenmodes may
be allocated no transmit power. _ .

{1076]  FIG. 4 is a flow diagram of an embodiment of a process 400 for allocating

- the total available transmit power to a set of eigenmodes. Process 400, which is one

specific water-pouring implementation, determines the transmit powers, F,, for i€ [, to

1

C_ be allocated to the eigenmodes in set I, given the total transmit power, P11, available at
the transmitter, the set of eigenmode total powers, F,;, and the received noise power,

]

ot.

[1077] Initially, the variable n used to denote the iteration number is set to one (i..,

n=1) (step 412). For the first iteration, set I(n) is defined to include all of the
eigenmodes for the MIMO channel, or I(n)={1, 2, .. ,N;} (step 414). The
_cardinality (or length) of set I(n) for the current iteration n is then determined as
L,(n)=|I(n)|, which is L,(n)=N; for the first iteration (step 416).

[1078] The total effective power, P, (n},to be distributed across the eigenmodes in

set J(n) is next determined (step 418). The total effective power is defined to be equal



Wwhere aZ is the received noi se variance, which may al so be denoted as the
recei ved noi se power NO. The received noise power corresponds to the noise .
power on the ) recovered synbols at the receiver, and is a paragfﬁ phgma
may be provided by the receiver to the transmitter as part of the gﬁﬁ t

CSI. [1043) 200l62bd-@nsm t power, P;, to be allocated to each eigennode nay

t hen be etermned as: P=maxi | P5C, - | I, 0] , and Eq (7a) LI SNR, )
Posoi ? E P, Eq (7b) 22 DEC 2006 WD 20041002047 19 where Pe, is a
~constant that may be derived fromvariggs system paraneters, and P,o,,,, 1is

the total transmt power available for allocation to the eigennodes. [1074]

As shown in equation, (7a), each ei gepnode of suffi¢ient qual] s allocated
transmit pOWREE O W@éﬁbz@ trgngmil PRYET, higDHESSUhEE thecHivese S&%lst%)? tB\Rs are
SNR, J allocate rr.orez ngit powers. The constant Pet determ nes the
anount s of1EPERES 1 5Ch G\Sr ﬁﬂb“&%%%%fipéest“b‘f?she better eigenmpdes. This then
indirectly determ nes which eigennodes get selected for use since the total
available transmt power is |limted and the power allocation is constrained,
by equation (7bpy, (,{)J,Qﬁ5“]+ ﬁ;ppuri ng analysis unit 234 thlﬁz(rggcei ves the
set of di agonal frat’ri c¥s, < and the received noise power, a2. The matrices
A are then used in conjunction wth the received noise power to derive a
vector of scaling val ues, [lbo ... by ... bNs I", where b, =P for i = (1, 2,
NS) [107He Pilheitasaliayeilabig transontpevwer is Henvdipeated tuthie reigesquelts onset ( 7a)
ransm.t powers

T ocat e 16 nEenede bRieHaR e bl B s G Smtelchinb AT B 8
amboa ment g4 pral B AR: ik St o PSR R e s

power to ah&efetinigddierpadesbastt of eeSFoldOWIngwhi ch is one specific

wat er - pouring inplenmentation, determnes the transmt powers, P, for i e(h)

to ' .
_Pgﬂ'(n) o?

P, (n) L0 —}: : Eq (9

Fach eigenmode in set 1(n) is allocated transmit power, P, in step 422. Steps 424 and
426 are part of a loop to allocate transmit power o each of the eigenmodes in set I(n).
[1080] FIG. 5A graphically illustrates the total effective power, P, for an
example MIMO system with three eigenmodes. Each eigenmode has an inverse SNR

equal to o1 A2, for i={(1, 2, 3}, which assumes a normalized transmit poWer of 1.0.

=R +PF +F, and is

The total transmit power available at the transmitter is P,
represented by the shaded area in FIG. 5A. The total effective power is rep'reseﬁted by | -
the area in the shaded and unshaded regions in FIG. 5A.

[1081] For water-poﬁﬁng, although the bottom of the vessel has an irregular
surface, the water level at the top remains constant across the vessel. Likewise and as
shown in FIG. 5A, after the total available transmit power, Py, has been distributed to
the eigenmodes, the final power level is constant across all eigenmodes. This final

power level is determined by dividing F,; (n) by the number of eigenmodes in set I(n),
L,(n). The arﬁount of power allocated to eigenmode i is then determined by
subtracting the inverse SNR of that eigenmode, o/A2, from the final power level,
P (n)/ L,(n), as given by equation (9) and shown in FIG. 5A. |

(1082] FIG. 5B shows a situation whereby the water-pouring power allocation

results in an eigenmode receiving negative power. This occurs when the inverse SNR



C be allocated to the eigennodes in set I, given the total transmt power,
Pw,Q, available at the transmtter, the set of eigennode total powers,
P.,r, and the received noise power, az. 11077] Initially, the Va&iegtﬁﬁ‘z?ﬂ%

used to denote the iteration nunber is set to one (i.e., n=1l) (s

"For the first iteration, set 1(n) is defined to include all of the

ei genmodesVPHYW4 MO channel , or 1(n) 2, ... , Ns) (step 414). The
cardinality (or length) of set 1(n) for the current itéeration n is then
determined as L, (n) =l1(n)l , whichis L, (n) = Ns for the first iteration

(step 416). [1078] The total effective pdler, Pff (n) : to be distributed
across the eigennodes in set 1(n) is next determned (step 418). The total
effective pofuie tigetrddenscbbre Be Euplgiowze IdVEC VAOA6 is ¥praBedbYoRdddndion t o
the total available transpit, power, P,nu,,, plus the sumof the inverse SNRs
for the ei déartbdsh<déat /i()h) . This may be expressed as: a2 Pg(n)=F ,+Z-
. Eq(8) |EI f%? P.d [1079] The total avail able transmt power is then

al located t 6148} eiRefampadack tp K¢ 4. pt Hp endioé thenprayeriallgaation; e)detﬁ@ma@tem

through the i€ mgﬁggpgtﬁér o'hot %{‘% {(gé}lmoae \H% l;eeﬁl légge& ga%ag Ve ggwer <]f3r9 (step

420). The anoun " the

determ ned 2

Each ei genno%%&?znésg th??aﬁ%@eﬂ@gfe ?gl(]:% g%ﬁéa%%ss?nﬁtﬁ‘mm renﬂg?/, @frgl%)sa II!@Z
Steps 424 an cigeAthodES R hhvd bedh ﬁl%@teﬂ%egﬁth%cﬁéﬁm%r(&@ﬁ i30). PIWEindeR £@ch of
the eigennodes In set I(n). [10801 FIG %ha hically illustrates the

total eff ectiiorengriedkby omd Gie..froF rahl ) @icpridlh M)Ics;wttbm witarhs tahstep416 to
2, a1, b cAIG e ST R BTAF Fadret PARG O BoG TG nE ST e [T ansh
he shaded SNE ifﬁ”'e rftiest- PRl S W sjdemiopes i PGS Mo ek BPPARRY =0 B
transmit powers, as determined in step 428. The eigenmodes not in set I(n) are
allocated zero power.
[1084]  Water-pouring is also described by Robert G. Gallager, in *“Information
Theory and Reliable Communication,” John Wiley and Sons, 1968, which is
incorporated herein by reference. A specific algorithm for performing the basic water-
pouring process for a MIMO-OFDM system is described in U.S. Patent Application
Serial No. 09/978,337, entitled “Method and Apparatus for Determining Power
_‘A'llocation in a MIMO Communication System,” filed October 15, 2001. Water-
pouring is also described in further detail in U.S. Patent Application Senal No.
10/056,275, entitled “Reallocation of Excess Power for Full Channel-State Information
( . (CSI) Muitiple-Input, Multiple-Output (MIMO) Systems,” filed January 23, 2002.
- These applications are assigned to. the assignee of the present application and
incorporated herein by reference.
[1085]  If water-pouring is performed to allocate the total available transmit power
to the eigenmodes, then water-pouring analysis unit 234 provides a set of Ns scaling
values, b={b, .. b, ... by }, for the N5 eigenmodes. Each scalihg value is for a
respective eigenmode and is used to scale the set of weights determined for that
eigenmode. :
[1086]  For eigenmode i, 2 set of weights, W, =[W,(0) ... W, (k) ... W, (N, ~DI",
used to invert the channel and scale the transmit power of the eigenmode may be

derived as:



the area in the shaded and unshaded regions in FIG 5A. CJ [1081] For

wat er - pouring, al though the bottomof the vessel has an irregul % i:ﬂ‘i@%g@]ﬁ

the water level at the top remains constant across the vessel.

as shown_in FIG bHA after the total available transmt power, Pta at, has

been di st VPt  the ei gennodes, the final power |evel is constant

across all eigennodes. This final power IeveI is determned by dividing P,

(n) by the number of eigennodes in setn#% L, (n) . The anount of power
al l ocated to eigennode i is then deter ed by
of that eigennmode, cr2/.12, fromthe final pomer | evel, Peff (n)/L1 (n)
as given by equ _ (& k and S ! 1082] FIG 5hK
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si tuation wherebyt e,y\gct)er‘ pouri ng ’Tocatl on results

subtracting the inverse SNR

ei gennode recei ving negative power. This occurs when the inverse SNR 2 DEC

20Q6 WD 2004/ 002047 21 of the eigennode is above the final power |evel,
whi ch i s exphees gRchodaliftios dactbt, | @Nand Mefscalidd vAlag,) i ( @arc2dstivéd Jas desc@iBad
Referring back to FIG 4, at the end of the power al'l ocation, a

determ natiabove.i s. made whet her or not any ei gennode has been al | ocat ed
negative power (i.e., P. <0) (step 428). If the answer is yes, then_the

process cordffiles Weight rﬁ?ﬂﬂ‘i&lﬂpfidfﬂ”s 30 proviges the seleplywisiabtias mageesh Ve been

al | ocat ed negative powers éstep 430). The index n is increnmented by one
(i.e., n = wiellnayshepbtape BSTﬂgethQerz%lﬁ% wikkh or ebulkins Eashsweightingmaix,

al | ocate the total available transmt power anong the remaini ng} ei genrmdes
in set 1(n) W(k]'hé pridagensl wanix whess dwgenal #lementg armedeposed efethe I¢sighthave
been al |l oca itive  trans as determned i p.428. The
ei gennodes 4)&%9&% ﬂ‘hPa‘é‘I’cem’aFprE t%‘l‘f“?%lr (‘J“"[S’Bii\@? R e‘&af”é? #6lr i ng

is also de 0 ager, Theory and

Rel i abl e Cos&n’%‘ %lﬁ%&g% ﬁg{%hnr\ﬁ ?f gnd gSnsD %9%5%%| ‘ch is incorporated
her ei n by reference A speci fi c al gorithmfor performng the basic water-
pouring process iya M tern,l S (@igscribed in U S A3

Appl i cation Ser‘“‘gl) glO & 78 3’% entl’f’f‘edﬁ?%t hod and Apparatus’ for

Det erm ni ng Power Al ocatl on in a MM Comunication System" filed Cctob

15, 2001. V@h&E -w, (k) is derived as shown in equation (3). And if both channel inversion and

water-pouring are performed, then each weighting matrix, W(k), for

k=(0, 1, ... , N, —1), is defined as:
W(k) = diag (W, (k), Wy, (K), ... ,w, n (X)) , - Eq (11b)

where w, (k) is derived as shown in equation (10).

[1088] . Referring back to FIG. 2, a scalet/IFFT 236 receives (1) the set of unitary
matrices, V, which are the matrices of right eigen-vectors of E_ and (2) the set of
weighting matrices, E for all Nr frequency bins. Scaler/IFFI' 236 then derives a
spatio-temporal pulse-shaping matrix, P, (n), for the transmitter based on the received
matrices. Initially, the square root of each weighting matrix, W(k)}, is computed to
obtain a corrgsponding matrix, @ , whose elements are the square roots of the
elements of W(k). The elements of the weighting matrices, W(k) for
k=(0, L, ... , N —1), are related to the power of the eigenmodes. The square root then
transforms the power to the equivalent signal scaling. For each frequency bin k, the

product of the square-root weighting matrix, -,/_\E(k) , and the corresponding unitary

-
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pouring is also described in further detail in U S Patent Application
Seriral No. 10/056, 275, entitled "Real |l ocation of Excess Power f g, Iﬂ% 2006
Channel -State Information (CSI) Miltiple-Ilnput, Miltiple-Qutput C)(%/I
Systens,"” filed January 23, 2002. These applications are assigned to the
assi gnee &’OPWémW&ent application and incorporated herein by reference.
[1085] If water-pouring is perforned to allocate the total avail able
transmt power to the eigennodes, then ter-pouring analysis unit 234

provi des a set of NS scaling values, b™ {bo 11, b.... b,, 1, for the Ns

ei gennodes. Each scaling value is for a respective eigen and is used to
scal e the satatrof, W) glhsttherdesreputed edpoerde tahabduce ngerito ¥ ék ). [V086] Thoset of

ei gennode i, a set of weights, w.. _[w. (0 ... w. (k) ... w. (N -1]T

. used to prodact mtameg;hawg[_\@ﬁd fecal-=e(@ he 1 ransy t whghers fifo ldegbied gennode
may be derived as: DEC 2096 WD 2004/002047 22 w;,, (k)= fork=(0,1,...,

NF-1), Eq(1 k ; i i -1 ami j
| ), Ea(16) [wl kderiBeme g%»hﬁaaﬂ@f, eg%ﬁﬁuh%aué‘[éfié&gpﬂ ax\ﬂgr%ﬂ[@tie RE&Rld e

val ue, b; , =are deri ved descri above. t conputation unit

230 provi deﬁmhﬁﬁ?grygyg?gql\gg&g%%@g_ matrices, W which may be obtained using

the weights w ; " Each weighting matrix, WKk), is a

di agonal mat{heky Whose. di gﬂﬁl t.s.are composed,of the ights eri ved
aboge. In p(tliqusiaq:m é?n ]nlvf:%g I"y %ﬁm b rtlh 8rETEN Gldzt"p%“r‘k" rtﬁﬁﬁ\ﬁﬁl%gﬂqpé’éa h

wei ghting nmatri k), for k. =_(0, 1, ... |, - 1) i defjned as: O k
= diag (w ?W%‘%&(‘%@z -.ff:;(’f)ﬁé&él‘{%“?mﬁ?ﬂ Egﬁbﬂlzéﬁbe B (k) | s N

derived as shown in equation (3). And if both channel inversion and

wat er - pouri ng ar rf. en each weighting matrix, WKk), fa k = (0,
1, ..., NF- 1)&2%%‘%@81@ WK) = diag (ri'u(k), It'22 (%{125 , H NsNs
(IQ) , EqQ (1 I'b) where w; (k) is derived as shown in equation (10).

The pulse-shaping matrix, P, (n), is an N, XN, matrix. Each element of P, (n) is a
set of Ny time-domain values, which is obtained by the inverse FFT of a set of values
for the corresponding element of the product matrices, _X\@ . Each column of P (n)
is a steering vector for a corresponding element of s(n).

[1090] A convolver 240 receives and preconditions the modulation symbol vectors,

s(n) , with the pulse-shaping matrix, P, (n), to provide the transmitted symbol vectors,
x(n). In the time domain, the preconditioning is a convolution operation, and the

convolution of s(r) with P, (n) may be expressed as:
C x(n) =Y P, (Ds(n—1) . Eq (13)
- ? .

The matrix convolution shown in equation (13) may be performed as follows. To

derive the i-th element of the vector x(n) for time n, x;(n), the inner product of the i-th
row of the matrix P, (£) with the vector s(n~¢) is formed for a number of delay
indices (e.g., 0:<.E < (N ~1)), and the results are accumulated té denive the element
x,(n). The preconditioned symbol streams transmitted on each transmit antenna (i.e.,
each‘ element of x(n) or x,(n)) is thus formed as a weighted combination of the Ng

moduiation symbol streams, with the weighting determined by the appropriate column

of the matrix P, (n). The process is repeated such that each element of x(n) is

obtained from a respective column of the matrix P, (n) and the vector s(n).



[ 10881, Referring back to FIG 2, a scaler/|IFFT 236 receives (1) the set of.
unitary matrices, V, which are the matrices of right eigen- vngQ{)@E@f 746
and (2) the set of  wei ghting matrices, W, for all NF frequenc i ns

Scal er/ f 2 then derives a spatio-tenporal pulse-shaping matrix, P,x
(n) , Jv?g %O%%?%Déﬂsmtter based on the received matrices. Initially, the
square root of each weighting matrix, Wk), is conputed to obtain a
corresponding matrix, Wk), whose el er%gts are the square roots of the

el enent s of V\(k) The el enents of the i ghting matrices, WKk) for = (0,
1, are related to the power of the ei genrmdes The s quare

r oot then[ﬂﬁl&nsfﬁﬂcwlwt pbwér) cerrespendsdoipiaqusnce of gﬁsgpn%%neidrfgmbp&r each
frequency t he roduct of the square-roo ght , ,
ond the. S8 PESBBIIRES S £ APPeR YT S HRCTE. ES DogIRTmRes SRl 1 x
V(k), is %@tﬁi&n&a@%ﬂé&ﬂzei fd}ﬁpxIs%ﬁcpbp@ea&,rsmwmvaﬁka MK (The et of
product matrices, V(k) k) , which is also
denot ed asranamitted | syasbol heeouprsl nx(h),orwmeeufaelopﬁmhalveapﬁtmdnd]}ngchpato sthapi ng to
be applied to the nodulation synmbol vectors, s(n). [1089] An inverse FFT of
VA is thermrq,e@mbu@@é symbebsr fovie wimsnyied erthHatranq@ml g@tesmﬁphgiermﬂn x; P.

(n),fort t ransme.t.t whi ch..may be.expressed

(1" el B3Nl merb oY ST BBERRE o proelg iepipmitel |

el ement of12E>a tlﬁrﬂii%h 922 aﬁ@}pr@fesiﬁﬁ {0 EEH ORI MoMAhU@ Ssignlly, Gkihits z@@ttaemed by
the inverse FFT a set of values for the corresponding el enment of the

product miltﬂfliiféléfédffvm%ﬂtﬁﬂ“aEé%‘H”meﬁmz‘@ﬂqs’PeCU(Vﬁl)’ is a steering vector for a

correspon n e v

pr econdi tﬂ%ér%]t heﬁ% %}'ﬂﬁ&%}ﬁ%ﬁt) %hyr'?‘{)nl vecto t%?' %égfaL ?‘%gn %tg?@gs%api ng
mat rix, Puhe fwbdulatich @hﬂjﬂld@ctb@es&i)aﬂﬂmﬁehﬂdst&ﬂﬁg%ay/ﬂ% BE Perfornded)in the) the(‘)
time dOfTB.I n, the preconditioning is a convol ution operation, and the
convol uti (freqoéncg:(dnjnam tFhiPcan $erdlonzaisinpaeehoprues,ssadh asthe>dwe)lap=a@im(em)od( n-Y)

E 1 - . . . . . . .
a (13) C\:Vhlg'l are well-known in the digital signal processing field, for implementing finite-

duration impulse response (FIR) filters in the frequency domain. In this case, the

sequences that make up the elements of the matrix P, (n) for n=(0, 1, ,Neg—=1)
are each padded with N, — N zeros, resulting in a matrix of zero-padded sequences,
q, (n),for n=(0, 1, ... ,No—1). An N, -point fast Fourier transform (FFT) is then
computed for each zero-padded sequence in the matrix q, n, resuiting- in a-matrix
Q (k) for k=(0, 1, ... ,Ny—1).

[1093]  Also, the sequences of modulation symbols that make up the elements of

R

-s(n) are each broken up into subsequences of length N =N,-N.+1. Each (
subsequence is then padded with Ny —1 zeros to provide a corresponding vector of
length N,. The sequences of s(n) are thus processed to provide sequences of vectors
of length N, , §,(n), where the subscript ¢ is the index for the vectors that correspond
to the zero-padded subsequences. An N, -point fast Fourier transform is then computed
for each of the zero-padded subsequences, resulting in a sequence of frequency-domain
vectors, S_f (k), for different values of £. Each vector S.e (k), for a given £, includes a

set of frequency-domain vectors of length N, (e, for k=(0, 1, ... ,No-1)). The
matrix g’x(k) is then multiplied with the vector S_ ((k), for each value of £, where the

pre-multiplication is performed for each value of k, i.e., for k=(0, 1, ... ,Ny—1).



The matrix convol ution shown in equation (13) may be perforned as foll ows.

To" derive the i-th elenent of the vector x(n) for tinme n, xx (n), the inner

' product of the i-th rowof the matrix P,F(0) with the vector s(n-%l% nBsC 7000
formed for a nunber of delay indices (e.g., 0:5t5 (NF -1)), and e

resul ts ar gggspyipoated to derive the elenent x,(n). The preconditioned

synbol streans transmtted on each transmt antenna (i.e., each elenent of

x(n) or x,(n)) is thus forned as a wei ghted conbi nati on of the NR

nodul ati on synbol streans, with the weigl¥si ng determ ned by the appropriate

colum of the matrix Pa(n). The process is repeated such that each el enent

of x(n) is bt ai ned m a respectiv ol.um of the matrix nd the
vector s(n) fhe’zﬁwﬂ‘:‘% So8® 1{7@ f@B‘EF@%Z’%ﬁ'}H‘EF“‘["TG@CﬁTr E%?gHCteE,@r%gf( % (n)
corresponds to a sequence of preconditioned synmbols to be transmtted over
a respect i vePPYUR et oldpedamainTHibsegrepres A deriath dred Toy Ayltingsuberanensss
collectively fgrma sequence of_vectors‘} Wnigh are alsq referred to as the
transmitt ed &GHEBICFERSFS acsqriipg 1Qithe,0NeHeR 289 Bisthpde oM L ENengs 18 pvello NT
precondi ti ongghwayiAR 51 5@ fPR thé aESHalJuRRt EdRPhddp to NT transmit antennas for
the n-th synmbol period. The NT preconditiohed synbol sequences are provided
to transmtti@f84] 12F4Gt Arie adlowl 2Rigram of pnoressovertt ®f deprovess KOO thatuhay bel

i gnal s, whi ch thep t itted f t 124a through 124t
respect | vel yPeriord) il LRURIR s o MH e G ViR o STR HB0GRHiRE i

beam st eer i ngciffiquek RiBscABEW héreind NinfydNRO Hatk 86 b idnsriitBd (i.el e bforhaiResiishg may
al so be perfornmed in the frequency domain. This can be done using

t echni ques, 1§ pedresssd tithacapydante pHthdaipartckadiproceing sckaree Weptovida@wmvniber ohe

digital signal processing field kiRl ementing finite- duration inpul se
Feaponse. ( Brigeafs of BpuRon hinfys (in G aRIoH e e Foa e Bl ences
that make upintlage ®he e ithére Modinpesdminek Xank, one( &) mb&y mddmlafifa sdhemes. (g NE - 1)
are each padded with No -NF zeros, resulting in a matrix of: zero-padgded

sequences, §pamie cofimg apd modplatien scheme foygachppodulgtionsymbyel siteamdst Fouri er

i i x oA ny  UOREL ' ARG BrnSE th Bt s B ARHE, BRHEMARHY TG Ny

Al so, the sestiginekgsief 60WdulThis ammisSy mhat detthatesimbkied uhahid iedpanseniespaake

matrix, i{ , or the estimated channel frequency response matrix, fI_ , which may be

provided to the transmitter from the receiver.- The estimated channel response matrix is
then decomposed (e.g., using channel eigen-decomposition) to obtain a set of matrices

of right eigen-vectors, V , and a set of matrices of singular values, A (step 616).

[1096] A number of sets of weights, w,, are then derived based on the matrices of
singular values (step 618). One set of weight may be derived for each eigenmode used

(;, for data transmission. These weights are used to reduce or minimize intersymbol
interference at the receiver by inverting the frequency response of each eigenmode
selected for use. | | |
[1097] A set of scaling values, b, may also be derived based on the matrices of
singular values (step 620). Step 620 is optional, as indicated by the dashed box for step
620 in FIG. 6. The scaling values may be derived using water-pouring analysis and are
used to adjust the transmit powers of the selected eigenmodes.

[1098] A pulse-shaping matrix, P, (n), is then derived based on the matrices of

right eigcn-vectors; V, the sets of weights, w;, and (if available) the set of scaling

values, b (step 622). The streams of modu]atioﬁ symbols are then précohditioned {in

either the time domain or frequency domain) based on the pulse-shaping matrix to
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QIIMO processor 160 and RX data processor 162, respectively, in FIG. 1.

[1101] Referring back to FIG. 1, the transmitted signals from Ny transmit antennas
are received by each of Ny antennas 152a through 152r. The received signal from each
antenna is routed to a respective receiver 154, which is also referred to as a front-end
processor. Each receiver 154 conditions {e.g., filters, amplifies, and frequency

downconverts) a respective received signal, and further digitizes the conditioned signal

16) .
he

to provide ADC samples. Each receiver 154 may further data demodulate the ADC -

samples with a recovered pilot to provide a respective stream of received symbols.
Receivers 154a through 154r thus provide Np received symbol streams. These streams
collectively form a sequence of vectors, which are also referred to as the received

symbol vectors, r{n), with each such vector including N received symbols from the Ng

receivers 154 for the n-th symbol period. The received symbol vectors, r(n), are then

provided to RX MIMO processor 160a. _ _
[1102] Within RX MIMO processor 160a, a channel estimator 712 receives the

vectors r(n) and derives an estimated channel impulse response matrix, 2, which may

be sent back to the transmitter system and used in the transmit processing. An FFT 714
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singul ar values (step 618). One set of weight may be derived for each
ei gennode used C for data transm ssion. These wei ghts are used t&imeﬁﬁg
m nimze intersynbol interference at the receiver by inverting th eé y

'response of each eigennpde selected for use. [10971 A set of scaling

val ues, b, W@20ed/#a043e deri ved based on the matrices of singular. val ues
(step 620). Step 620 is optional, as indicated by the dashed box for step
620 in FIG 6. The scaling values may be derived using water-pouring

'analysis and are used to adjust the trandfit powers of the selected

' ei genmpdes. [1098] A pul se-shaping matrix, P,x(n), is then derived based on

~, to be tran
"transmt proce S
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signals fro
s(n). In the time domain, the conditioning is a convolution operation, which niay be

expressed as:

iy =Y a" (D8 . Eq (14)

[1105]  The pulse-shaping at the receiver may also be performed in the frequency
domain, similar to that described above for the transmitter. In this case, the Ny
C sequences of réceived symbols for the Ni receive antennas, which make up the sequence
of received symbol vectors, r(n), are each broken up into subsequences of Ngs received
symbols, and each subsequence is zero-padded to provide a corresponding vector of

length No. The Ng sequences of r(n) are thus processed to provide Ny sequences of -
vectors of length Ny, I,(n), where the subscript £ is the index for the vectdrs that
coﬁespond to the zero-padded subsequences. Each zero-padded subsequence is then
transformed via an FFT, resulting in a sequence of frequency-domain vectors, R,(k),
for different values of £. Each vector R,(k), for a given £, includes a set of
frequency-domain vectors of length N, Gi.e., for k=(0, 1, ... ,No=D).

[1106]  The conjugate transpose of the spatio-temporal pulse-shaping matrix,

@” (n), is also zero-padded and transformed via an FFT to obtain a frequency-domain



are received by each of NR antennas 152a through 152r.. The received signal
fromeach antenna is routed to a respective receiver 154, mhic@%'%gﬂsﬁmﬁ
referred to as a front-end processor. Each receiver 154 conditi Te.q.,
filters ljifies, and frequency downconverts) a respective received
signal,vgﬁg£¥@&?ﬁir digitizes the conditioned signal to provide ADC

sanpl es. Each receiver 154 may further data denodul ate the ADC sanples with
a recovered pilot to provide a respectjwve stream of received synbols.

Recei vers 154a through 154r thus provide NR received synbol streanms. These
streans coIIect;ver forma sequence of vectors, which are also referred to
as the repainked]” @yrdelr ¥@Et prs, , NpRY). vﬂhéhzee@e@ﬁmhfov@ﬁémmwaf uding NR
recei ved synbols fromthe NR receivers 154 for the n-th synbol period. The
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- vector faf. arheCREIGHP Hefinte iR Nthe® redsidiible@REcdr@ingB80h QveAifraaenal i ze
the received synbol streans. An | FFr 718 then perforns the inverse FFT of- U

t o obt ai nntig@ab similenpeass, as Bukabkadhapinhe it to sbtakd(BYuchced of eovepedi ver
system [1104] A convolver 720 then conditions the received synbol vect or%r--
r(n) , wisYmbdle whighfergspendsita fepetefl 6¢overrd syphol yeatespdrdl  pul se- shapi ng ../
matrix, Z" (7n), to obtain the recovered synbol vectors, 9(n), which are
est i mat es IB071 he Hgarcveisd syphpbrecis tif)s, Maxhegharagienizgd s peenWRIREPH, t he

conditi Onﬁnn&c'n‘?ncado(fﬁ)a?r\{,%lslt'ct)l'lc%'s:Oper ation, which may be expressed as:

=Y LOsn-H +in) . Eq (15)

where [({) is the inverse FFT of fi(k) = _x}(k)@ ; and
i(n) is the received noise as transformed by the receiver spatio-temporal puise-
shaping matrix, 4" (¢).
The matrix ['(n) is a diagonal matrix of eigen-pulses derived from the set of matrices

, where A =[A(0) ... _Z\_(k) Q(N s —D]. In particular, each diagonal element of ( )

>

I'(n) corresponds to an eigen-pulse that is obtained as the IFFT of a set of singular
values, [4,(0) ... A, (k) .. L, (N, —=1)]7, for a corresponding element of A,

[1108]  The two forms for ordg;ring the singular values, sorted and random-ordered,
result in two different types of eigen-pulses. For the sorted form, the resulﬁng eigen-
pulse matrix, I (n), is a diagonal matrixvof pulses that are sorted in descending order of
energy content. The puise corresponding to-the first diagonal element 6f the eigen-puise
matrix, {I',(n)},,, has the most energy, and the pulses corresponding to elements further
down the diagonal have successivély less energy. Furthermore, when the SNR is low

enough that water-pouring results in some of the frequency bins having little or no

energy, the energy is taken out of the smallest eigen-pulses first. Thus, at low SNRs,



9(n)=J41H(f)r(n-2) Eq(14) [1105] 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 NR sequences of received synbols for the
NR recei ve antennas, which nmake up the sequence of received sﬁg@@"@@@@ﬁ)rs
r(n), are each br oken up into subsequences of N35 received ol's, and

each subsegfyenGRedesy Z€r o- padded to provide a corresponding vector of Ilength
No. The NR sequences of r(n) are thus processed to provide NR sequences of
vectors of length No, it (n), where the subscript 2 is the index for the
vectors that correspond to the zero-padged subsequences. Each zero-padded
subsequence is then transforned via an FFT, resulting in a sequence of
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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 are not required.
{1110] If the response of the MIMO channel is frequency selective, then the
elements in the diagonal matrices, A(k), are time-dispersive. However, because of the
pre-processing at the transmitter to invert the channel, the resulting recovered symbol

sequences, §(n), have little intersymbol interference, if the channel inversion is

effectively performed. In that case, additional equalization would not be required at the
C receiver to achieve high performance.

[1111} If the channel inversion is not effective (e.g., due to an inaccurate estimated

channel frequency response matrix, _E_I_) then an equalizer may be used to equalize the

recovered symbols, §(n), prior to the demodulation and decoding. Various types of
equalizer may be used to equalize the recovered symbol streams, including a rainimum
mean square error linear equalizer (MMSE-LE), a decision feedback equalizer (DFE), a
maximum likelihood sequence estima.tor (MLSE), and so on.

[1112) Since the orthogonalization process at the transmitter and receiver results in
decoup]ed (i.e. orthogonal) recovered symbol streams at the receiver, the complexity of
the equalization required for the decoupled symbol sireams is greatly reduced. In
particular, the equalization may be achieved by parallel time-domain equalization of the

iridependent symbol streams. The equalization may be performed as described in the



shaping matrix, ZI" (j). The matrix I'(n) is a diagonal matrix OB )
ei gen-pul ses derived fromthe set of matrices A where A:[A(Og 2 ,ECAZR%

A(NF -1)]. In particular, each diagonal elenent of :~...) 1'(n) corresponds
to an ei - D  that is obtained as the | FFT of a set of singular val ues,
[ A, (0)%?2.08%}{@%2) v o317 (NF -1)]r , for a corresponding el enent of A

[1108) The two forns for ordering the singular values, sorted and

random ordered, result in two differegb types of eigen-pul ses. For the
sorted form the resulting eigen- pulse”matrix, F3 (n), is a diagonal matrix
of pulses that are sorted in descending order of energy content. The pul se
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separ at el yelémente@idh deingdulatesl seh {etdG9%¢d Eymbohnido§E)r deraedorfiarcn oftht he
singular values in the frequency domain may be used to further sinplify
codi ng andlemngylation geheme that is gomplementane te Brepmeditiation schemepasedifer #idi ng and
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random ordering can result in approximately equal energy in all of the ‘.-

ei gen- pul sfagherifteadddtey SR older T3wo obRanw g dedodeiSbits! a,. Nwhich gtecddtiyhabisRg W t h
little or no energy, these bins are spread approximtely evenly anong the
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sane i ndependent of SNR At high SNRs, the randomorder form has the
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required. the transmutter system. “For example, a Turbo decoder or a Vitert decoder may be used
for decoder 736 if Turbo or convolutional coding, respectively, 1s performed at the
transmitter system.
[1114]  FIG. 8 is a flow diagram of a process 800 that may be performed at the
receiver unit to implement the various receive processing techniques described herein.

Initially, an estimated channel response matrix for the MIMO channel is obtained (step

812). This matrix may be the estimated channel impulse response matrix, i , or the

The matrix Z_{: or E may be.

==

estimated channel frequency response matrix,

obtained, for example, based on pilot symbols transmitted over the MIMO channel. The
estimated channel response matrix is then decomposed (e.g., using channel eigen-
decomposition) to obtain a set of matrices of left eigen-vectors, U (step 814).

[1115] A pulse-shaping matrix U(n) is then derived based on the matrices of left

eigen-vectors, U (step 816). The streams of received symbols are then conditioned (in

either the time domain or frequency domain) based on the pulse-shaping matrix (1)

to provide the streams of recovered symbols (step 818). The recovered symbols are

further processed in accordance with a particular receive processing scheme, which is



resulting recovered synbol sequences, (n), have little intersy

[1110] If the response of the M MO channel is frequency selective, then the

el enments in the diagonal matrices, A(k), are tine-dispersive. However,

because of the pre-processing at the transmitter to invert the%%@&ﬁﬁhﬁMﬂﬁhe
ol

i nt er f er en®&) 200#/0§28¢ channel inversion is effectively perfornmed. |n-that

case, additional equalization would. not be required at the C receiver to

achi eve high performance. [1111) If the channel inversion is not effective

(e.g., due to an inaccurate estimated cHnnel frequency response natri x,

i) then an equalizer may be used to equalize the recovered synbols, "(n),

prior to thecatemementatyitothamahsgetpocesging Velrimaussetd ppthe tohsmigrad pryidethy be

used to equali z h C ed synbol streamns, including a mninmm mnmean
squar e error&¥9§%gxﬁﬁégﬁﬁ¥§ér (MVBE- LE), a deci sion feedback equalizer

(DFE), a mepgiiggm | itk@bidonfch ARENEDEEeSIRd WithQhakdi SRlennfoRE d8Qrbsitiohlid 2]
Since the orthogonalization process at the transmtter and receiver results
in decoupl edbs¢ribed. in Brthhogetad| in the aberementiopedJdS. Patent dpphitationSariet Nover ,

t he conplexihy fy g:he equal i zation required for the decoupled synbol
streans is ¢ é% P%‘reduced. In particular, the equalization may be achieved
by parallel e domaknegfidles Zot pfiteRingd Hedatd RdrAABEBAtat Y FRRMidd T 8RNE. The
equal i zation may be performed as described in the 2 2 DEC 2066 WO

2004/ 002047 receigy destobedrbarciomeay be Smplmeaiad Kpphafiees mwirgleSe cpommunication

10/ 017, 038, and_in. . Pat ent, .. | Catd Serd No. .09/ 9 087, entitled
L b ee AR el Rine B tr N o PIMRE T e et e dehn et
System " fil@gy NeyB&tssd for thhF0dwardMihk ind/6r 6 sdv@redinkt O the assi gnee of the
present application and incorporated herein by reference. [1113] For the

empodi ment i A1HIG  Thetgehnigissy desetbed, hpsin yedreeess D(daje, tarwanisyirowt dbel t o
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that synbol at the transmitter sYsten1 The denodul ated data from synbol
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decoded bits, e estimates o
matrix, derive the weights to invert the channel, derive the scaling values for power

allocation, derive the transmitter pulse-shaping matrix, precondition the modulation
symbols, and so on} or at the receiver (e.g., to decompose the channe] response matrix,
derive the receiver pulse-shaping matrix, condition the received symbols, demodulate
and decode the recovered symbols, and so on) may be implemented within one or more
application specific integrated circuits (ASICs), digital signal processors (DSPs), digital
: signal processing devices (DSPDs), programmable logic devices (PLDs), field
(’ programmable gate arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, other electronic units designed to perform the functions described
herein, or a combination thereof.
[1119] For a software implementation, some or all of the signal processing steps at
gach 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 132 and 172 in FIG. 1)
and executed by a processor (e.g., controllers 130 and 170). 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.
[1120] 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



the transmtted information bits, di, The deinterleaving and decoding are
performed in a manner conplenentary to the interleaving and encodi ng,
respectively, perfornmed at the transmtter system: For exanpl e)gbgqﬁg %{}"‘
decoder Wo?qo%ﬁzgﬁ'})i decoder may be used for decoder 736 if Tu 0
convol utional” coding, respectively, is perforned at the transmtter system
[1114] FIG 8 is a flow diagramof a process 800 that nay be perfornmed at
the receiver unit to inplenment the vardous receive processing techniques
descri bed herein. Initially, an estimted channel response matrix for the

M MO channel ,i.s obtai ned (step. 812). This trix may pe t sti.mat ed
channel inﬁﬁpgﬁa?@?ﬂBﬁ@?eﬁﬁﬁfﬁﬁPmﬁﬁ%B}b?ﬁgdﬂggP?ﬂ%Wéét@%ﬁﬁ%ﬁkgﬂ?gah@ﬁcy
response NMetd % ,gekbﬁchh}%di@w Hefined hefin iﬂa%}g aﬁﬁie@@t&hé}%bofdﬂﬁerﬁﬁﬁ%ﬁ, based
on pilot synbols transmtted over the M MO channel. The estinmated channe
response nétparting Fomhba sgisit emsospedef(the inveniiwi. ndhed dnpiesait gevention is not

d it bi. ai. t of matri f Left .ei - . t ,
a1a) " [ 111iyerken i Beli@uin o §EsaBpnRnb ffyn Pere b ElaPreeni SR witetthe ™
matrices Oﬁcdtp@fzbnsiﬁérﬁ@ﬂ_tﬁlﬁégﬁﬁéipleya&@ﬁcﬁkl Bhfkes dibGogtihgame of received

synbols are then conditioned (in either the tinme domain or frequency
domai n) based on the pul se-shaping matrix '11(n) to provide the streans of

recovered | s ) ecovered synbols are further processed
in accordaﬁﬁgRﬁjtﬁ&jhggggiﬁﬂ?ggﬁigégive processi ng schenme, which is 2 2-DEC
2006 WD 2004/ 002047 31 conplenentary to the transmt processing schene
used at the transmtter, to provide the decoded data (step 820). [1116)

Ti me-domai n recei ve processi ng with channel cigennode deconposition is
described in further detail in the aforenentioned U.S. Patent Application
Serial No. 10/017,038. [1117] The techniques for processing a data (“)
transm ssion at a transmtter and a receiver described herein may be d
i npl enented in various wreless comruni cati on systens, including but not
limted to M-MO and CDVA systens. These techniques may al so be used for the
forward link and/or the reverse link. [1118] The techni ques described herein
to process a data transm ssion at the

R



transmtter and receiver may be inplenented by various neans. For exanpl e,
these techniques may be inplenented in hardware, software, or a conbination
thereof. For a hardware inplenentation, the elenents used to pggz oEd 2006
various signal processing steps at the transmtter (e.g., to cO0de and
nodul ate the data, deconpose the channel response matrix, derive the

wei ghts to invert the channel, derive 3%he scaling values for power

al l ocation, derive the transmtter pul se-shaping matrix, precondition the
nodul ati on synbols, and so on) or at the receiver (e.g., to deconpose the
channel response matrix, derive theClAMS ver pul se-shaping matri x,
condition the received synbols, denodul ate and decode the recovered
synbol s, and so on) may be inplenmented within one or nore application
speci fi c i nteglat edAcndteas fos progessins ylata dir grapsissidngryad 2 prliiplesispit snuitiples) |
digital si@RaMIROYeRasd,NEa SEVMOC@mmiubSiien bysteR, #8hRAMIRBLEpHsRg! ¢ devi ces
(PLDs), field programmable gate arrays (EEGAS), processors, controllers,
ni cro- cont r ol | &fsessingylglp o 40 §61)dn agropfanceayifict PR HEwWar e Igassheqisddl t o

per f or m t hesvidd AGlukaMRSordRsatk bPR6kuldiss §infbolsOr a conbi nation thereof. [11191
For a software inplenentation, sone or _all of the signal processing steps at
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herein. The software codes nmay be stored in a nenory unit (e.g., nenories
132 and 173Y%02%¥ G 1) and executed by a processor (e.g., controllers 130
and 170). The presuiiosing (120152 HCthe i PNRAIRY®A n@xduMbidnhiymboh trdaid GE SRO Eim@r
external to th processor, gn.mhich case .t &ﬁp be connun}cati;ghy coupl ed
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BEC. 2006 BB TSoR s % TRy Rhsd ToA P FURY RS uraBhmARD s BT bo
readi | y appasitiowticfof hos@Mekshbdneld i n the art, and the generic principles
defined herein may be applied to other enbodi nents without departing from
the spirit or scope of the invention. Thus, the present invention is not

i ntended to be2li m tThadméthod dielagmhdciterdshprishown herein but is to be accorded

f:ilh g c\lMogth h efgg%%itggog Sl'u?a]i%”&f \)",giél'ltc]s lgars]eed (g'lr flmne%{iBLtg? c aggel Q{%\ﬁgllse fInea rltxu of the
MIMO channel, wherein the weights are used to invert a frequency response of the MIMO

channel, and wherein the pulse-shaping matrix is further derived based on the weights.

3. The method of ¢laim 2, further comprising:

decomposing the estimated channe} response matrix to obtain a plurality of matrices of
eigen-vectors and a plurality of matrices of singular values, and

wherein the weights are derived based on the matrices of singular values and the pulse-

shaping matrix is further derived based on the matrices of eigen-vectors.

4, The method of claim 2, wherein the estimated channel response matrix is

descriptive of a plurality of eigenmodes of the MIMO channel.

5. The method of claim 4, wherein one set of weights is derived for each eigenmode
used for data transmission and wherein the weights in each set are derived to invert the frequency

response of the corresponding eigenmode.

6. The method of claim 4, further comprising:



processing data for transm ssion over a nultiple-input nultiple- output

(M M) channel, in a MMD comuni cation system the method conprising: L
processing data (114, 120, 612) in accordance with a particul ar pr@c@%ﬁnaﬂ%
schenme to provide a plurality of streanms of nodul ati on synbols; deriving a
pul se-shaping matrix (120, 622) based on an estimated response of the M MO
channel, wherein the pul se-shaping matr#% conprises a plurality of sequences
of time-domain values; and preconditioning (120, 624) the plurality of

nodul ati on synbagl .streans |. he .ti omai n_based.an the pul se-shgpin
matrix to provi ggrwé“gpfﬁ%Flﬁfa’@ftf?ffahg% %ﬁ?@“ﬁ“’b‘?%&eﬁaf fll‘%’iaédalg?ng%?‘gt or °

t ransm ssi cralioy efludshe WskdD adjuatririedmit pdversetbnthp eigenmodest dfalei MIMO fchdnlhd, qaidur al ity
of nodul atj.on.synmbol streans is.further.based.on plurality of, scalin
Val ues. used i ae SRR Mart s e R A e et Rl ot 2,88k noa of
claim 1, f urheteer theomides iofiginguwarvalten greaobilingd dlyi degonpfosing itightstimbiad ebanoel an
esti mat ed Cr&?%@' response matrix for the M MO channel, wherein the weights
are used to rnvert a frequency response of the M MO channel, and wherein

t he pul se-shaping matrix is further derived based on the weights. 3. The

et hod of ol alms2. 1t hehoPSPRELS) Wi SROIRRY Mkl bE g5 T BRLE, GhRAN®

response matrix to obtain a plurali 0 es of elgen-vectors and a
plurality obutrgtandlgsdss of singul ar val ues, and wherein the weights are
derived based on the matrices of singular values and the pul se- shaping

matrix is further derived based on the matrices of eigen-vectors. 4. The
met hod of cl ai m82, wibe apethof hef dajmj Frawkateie Him atimared sqhatsk revpanse yuajrx is

descri pti V%r&fﬁde@irﬂhé’fr@uéﬁcyd%aiﬁhﬂﬁ?ﬁ@egﬁﬁbsgﬁntﬂﬁ%e el}(@&bbrﬁﬂﬂel; 5. The met hod
of claim4, wherein one set of weights 1s derived for each ei gennode used

for data transm ssion and wherein the weights in each set are derived to

invert the frequency rpt 6SRRASE Qhim! HewreLin QRO RN GhaRN M PSse Sanrikh® Met hod
of claim4, further conprising: )
decomposed using channe! eigen-decomposition.

10. The method of claim 4, wherein eigenmodes associated with transmission

capabilities below a particular threshold are not used for data transmission.

11. The method of claim 3, wherein the singular values in each matrix are sorted

based on their magnitude.

12. The method of claim 4, wherein the singular values in each matrix are randomly
ordered such that the eigenmodes of the MIMO channel are associated with approximately equal

transmission capabilities.

13. The method of claim 1, wherein the pulse-shaping matrix is derived to maximize
capacity by allocating more transmit power to eigenmodes of the MIMO channel having greater

transmission capabilities.

14. The method of claim 1, wherein the pulse-shaping matrix is derived to provide
approximately equal received signal-to-noise-and-interference ratios (SNRs) for the plurality of

modulation symbol streams at the receiver.



22 DEC 2006 34 deriving the plurality of scaling values based on matrices
of singul ar values, wherein the scaling values are used to adjust transmt
powers for the eigennodes of the M MO channel, and wherein the 'QDEC 2006
pul se-shaping matrix is further derived based on the scaling val u?és

further wherein the matrices of singular values are obtained by decorrp05| ng
the estimated channel response. 7. The3hrethod of claim®6, wherein the

scal ing val ues are derived based on water- pouring analysis. 8 The nethod

of claim 3, wherein e esti mat channe| response matri.x i rovided in
the frequency ddg'ai ntrgﬁﬂ"efshgdg’gc?%c}sév&e‘iew ﬁé’g‘F‘F‘gﬁu@ﬂ‘EﬁS‘% F‘H‘? e
met hod of ckm@ran ddingtel medulatibreschailid fhibdaeldmoduintinesynbespense matri x i s
deconposed usi ng channel eigen-deconposition. to. The nethod of claim 4,
wher ei n ei gennodes associated with transm ssion capabilities below a

particul ar thredhol dTas enethotl aﬁs:&ritnflomhdramathe rpamisutirsgroeessing schemid defivet hod of
claim3, wherein the sin mat i x are sorted based on

t hei r magni Pude’ T‘?gaﬁ ga’u}% ‘r%’“a° Oiraﬁmo%?aumﬂeymbomt%e si ngul ar values in
each matrix are randomy ordered such that the ei gennodes of the M MO
channel are assqgi ated w I: e . transm Ssi ities.
13. The net hod g? cl % m%?&]v@gﬁlé?énélﬁé (15%1 g%‘g'%l?s‘%‘? ﬁ%e%g% ??angqgﬁ%grl ILetd to
maxi m ze oap@dé-ouipud (MBMO pdhantieh i arMMOt:mmnsrmanorpa)mm thomethogrbepmpdeisg:of t he

M MO channel ha%b{aﬂ %r§1]%t ?6’0%?1&&%&@& éwﬁhn%ﬂeﬁ)%l?%e” Q/xtélg?ﬁlel\iiﬂdoér finefEt hOd  Of

claim1l1, wherein aprng matrix rs rovi

appr oxi mat el y ecqlatavhlppm&(ig‘%bd%ﬁg@ahe tstimpfed d’@n@hr%pomeemitex éxﬂb@ﬂllr aplighty( SNRs)
for the pI Lbrfﬁ.J .y, % }Satl on synbol streans at the receiver. 2 2 DEC
2006 ah “met Kod o#é claim 1, wherein the particul ar processing schene
defi nes a separdaltl‘éngﬁjﬂilﬁqgh@m rapéyén (B 16, il @9 basedheribe maiFicesad Bigeroehatonst andn synbol

Stieam 16 The BRERAH 815180, Mdy 2 PREAET & dBEnPA Lbeiith AymIOSRSE bl theSChene
pulse-shaping matrix to provide a plurality of streams of recovered symbols which are estimates

of modulation symbols transmitted for the data transmission, wherein the conditioning is
performed in the time domain based on a time-domain pulse-shaping matrix, wherein the
transmitted modulation symbols are preconditioned at a transmitter, prior to transmission over the
MIMO channel, wherein the preconditioned symbols are preconditioned prior to transmission
over the MIMO channel based on a plurality of scaling values used to adjust transmit power for
the MIMO channel.

18. The method of claim 17, wherein the conditioning orthogonalizes a plurality of

streams of modulation symbols transmitted over the MIMO channel.

19. The method of claim 17, further comprising:

demodulating the plurality of recovered symbol streams in accordance with one or more
demodulation schemes to provide a plurality of demodulated data streams; and

decoding the plurality of demodulated data streams in accordance with one or more

decoding schemes to provide decoded data.

20. The method of claim 17, further comprising:

deﬂving channel state information (CSI) comprised of the estimated channel response
matrix for the MIMO channel; and

sending the CSI back to the transmitter.



comon codi ng and nodul ati on schene for all nodul ati on synbol streays,. %EZ'@E
nmet hod for processing a data transm ssion received via a nultiple- mug v
mul ti pl e-output (M MDD channel, in a M MO conmuni cation system the nethod
conprising: obtaining (812, 160) an estimted channel response matrix, for
the M MO channel; deconposing (814, 160, 716) the estinmted channel
response matrix to obtain a plurality ® matrices of eigen-vectors;
deriving a pul se-shaping matrix (816, 160) based on the nmatrices of

ei gen-vectors; and conditioning (818, 160, 720) a plurality of streans of
recei ved synbol lbasdd appatahe inpg| matiglprinyhin gubipterdwout (MM | edarmaunishtional i ty
of streans Qi e6mM@iRd symbols which are estimates of nodul ation synbols
transmitted for the data transm ssion, wherein the conditioning is
performed in thdeisnir guaesring Hata dH 4okl 613)rin 2erordanes Wit 8 @arsipelai miepessingr i x,

wher ei n t hechdeangialitid £luamg ok alehAlorm0aRRtS sl econdi tioned at a
transmtter, prior to transm ssiqn over the MO channel , wherein the

) . the "M .
precondi ti oned $YFARIPsdesyBe gpalstiaring BaEY (1F0; &2)-tbased pr AR patigated Fespasset! t he

M MO channel MDao @Haé), Rhddbikl kil pulsy-sibing (&ﬁtrix"t@m}ﬂﬁde's‘@_%hb’aﬁ@dofts@q@%eb' ot tihé-ansm t
power for he, M MO channel . 18. The nethod of claim 17, wherein the

condi t i oni MY™BPAYFeMI i zes a plurality of streams of nodul ation synbol s

transnitted ovemeaheoMdangiianfiet120,%34) ddBluiiBiy B thoabiladnalyiibdl tredmirih BRI
conpri si ng:,. denodul ati ng th& pl ra{ﬁ i{é of recovered synbol streams in
accor dance W#% HOBHE Rgredgp gthe deAPHIS BAMEC Ke REWIdE o2 ity eofa SamF affi ty of
denodul at edrétaidticnitd §asls fandnaesndiong tHeheIMb tiaahd) twheftin Weplochaliabask gat a
streans in accordance with on r._ nore . decodi schenes to provide decoded
data. 20, THGPIEIRSGTOFEPRHTLF SUoply (WL BES a7 R e ARG VNN ot at o
i nf or mat i oro ¢dpst ramsaivpowa &6t tof MIN@ ciedhdlmat ed channel response matrix for
the M MO channel; and sending the CSI back to the transmtter. 22 DEC 2066
36 21. An apparatus in a nultiple-input multiple-output (MMD) conmunication
system conprisi2dg: maamgpafaors jor o cedtplathpdiatalipklshpul ZMMO) 29oninunaeivar dance
with a part] qul ar _processing
system, comprising:
means for obtaining (812, 160) an estimated channel response matrix for a MIMO
channel used for a data transmission;
means for decomposing (814, 160, 716) the estimated channel response matrix to obtain a
plurality of matrices of eigen-vectors;
means for deriving a pulse-shaping matrix (816, 160) based on the mairices of eigen-
vectors; and
means for conditioning (818, 160, 720) a plurality of streams of received symbols based
on the pulse-shaping matrix to provide a plurality of streams of recovered symbols which are
estimates of modulation symbols transmitted for the data transmission, wherein the conditioning
is performed in the time domain based on a time-domain pulse-shaping matrix, wherein the
modulation symbols are preconditioned at a transmitter, prior to transmission over the MIMO
channel, wherein the preconditioned symbols prior to transmission over the MIMO channel is

based on a plurality of scaling values used to adjust transmit power for the MIMO channel.

23. The methed of claim 21, further comprising:
means for deriving a plurality of weights based on an estimated channel response matrix
for the MIMO channel, wherein the weights are used to invert a frequency response of the MIMO

channel, and wherein the pulse-shaping matrix is further derived based on the weights.



schenme to provide a plurality of streans of nodul ati on synbols; nmeans for
deriving a pul se-shaping matrix (120, 622) based on an estimated res@ft]s,eq%
of a M MO channel, wherein the pul se-shaping matrix conprises a 4
of sequences of tine- domain val ues; and neans for preconditioning (120,

624) the plurality of nodul ation synbol streans in the tinme domain based on
t he pul se-shaping matrix to provide a pfurality of streams of

precondi ti oned synbols for transm SSI on over the M MO channel, wherein the
precondi tioni ng | jt nodul ati,.on synbol streans is further
based on a plurd |ty&€?m§h"flr‘i% {3"3; ftber pomprisingy a4 ust transmit power for
the M MO channeimeaiZor dworappagabdistinated citidhd ir@penst Miattix t6bblainpd prulify gt

(M MO conmmuni cat stem n ans .for. obt i n 812 160) an
ot 1t o cHeet FuySE Sl PR P aise RE ARG AHuP B bE Vaieed

transm ssi are; danfeaihbasédon decrnarrpmioiﬁgmgiﬂamvahfbﬁ@nd ht Gplse-Riepagtmamd adfughannel
response LLi obt ai n .a urality of matrices of eigen-vectors; neans
for deri vrﬁdarlvgébasfggn% mamce“?elgen'vwfém 160) based on the matrices of

ei gen- vectors; and neans for conditioning (818, 160, 720) a plurality of
streams of recebyed gyhgls, hased fin bl Bl SEAAPLAGTRLEY: bR BV 0e 2
plurality of stieans recovered are PELt o ul ation
synbol s tralnsnpttveeﬂaﬁlmiahmfloéelg@nmdtsro&ﬂsmlw aannelvher ei n the conditioning is
performed in the time domain based on a tine-domain pul se-shaping matrix,
wherein the nodulation synbols are preconditioned at a transmtter, prior
to transm ssi on2éver Thheneloddf ddimn?iel whewirepes pettdfewgighte dndérbviedrfedessinbol s
prior to tr, i Is of

el ng. vl ea s s U R arRRAChe WP o R RN M
met hod of éheaftenvemyretmntetvéﬁle@@mquqnéinaglgemmdns for deriving a plurality of
wei ghts based on an estinmated channel response matrix for the M MO channel,
wherein the weights are used to invert a frequency response of the M MO
channel , and Whg?EI n Thveetped of laigh & ifunderrpampiising: s further derived based on

the weights. 220E6hAMQeridifg 4 pidrify BEIARG Rfuef bALIDE Ratribdd JRBEUHOARRL, ST NY:

wherein the scaling values are used to adjust transmit powers for the eigenmodes of the MIMO
channel, and wherein the pulse-shaping matrix is further derived based on the scaling values, and
further wherein the matrices of singular values are obtained by decomposing the estimated

channel respouse.

28. The method of claim 27, wherein the scaling values are derived based on water-

pouring analysis.

29, The method of claim 24, wherein the estimated channel response matrix is

provided in the frequency domain and is decomposed in the frequency domain.

30. The method of claim 24, wherein the estimated channel response matrix is

decomposed using channel eigen-decomposition.

31. The method of claim 25, wherein eigenmodes associated with transmission

capabilities below a particular threshold are not used for data transmission.

32, The method of claim 24, wherein the singular values in each matrix are sorted

based on their magnitude.



means for deconposing the estinmated channel response matrix to obtain a
plurality of matrices of eigen-vectors and a plurality of matrices of

si ngul ar val ues, and wherein the weights are derived based on the matrices
of singular values and the pul se-shaping matrix is further derived based on
the matrices of eigen-vectors. 25. The nethod of claim 23, mherelngpBEC 266
esti mated channel response matrix is @@scriptive of a plurality o

ei gennodes of the M MO channel. 26. The nethod of claim25, wherein one set
of weights is derived.for each eigennode used for data transm ssion and
wherein the weights in each set are derived to invert the frequency

response of the:-;ﬁorrﬁﬁmwdragcl%ggnwwanth%ngJmaH&IlH%h%mﬁJa%md%% further
conprising: neans_for deriving the plurality of scaling values based on

matri ces oPr@F%@ﬁhﬁ?t¢§P§@§mdﬁWH@F€ﬂﬂd@ﬁ@mgﬂaﬁﬁﬁﬁmﬂﬁﬂﬂ@baﬂﬁ@mﬂﬁéﬂeW@ladjust
transmt pgw@ﬁgmgp&mmmﬁwglgennDdes of the M MO channel, and wherein the
pul se-shaping matrix is further derived based on the scallng val ues, and
further wherein the matrices of singular val ues are obtained by deconposing

the estimated ghanngle mBHMBORSGlaikd8a1, mﬂreirp&ﬂaoﬁu@tshsﬁl@% Matik isWDGHvEd Ro t he
scaling val ues. are derived based on water - gpurlng anal ysis. 29. The method

of clai m 2W@XR7E APy b 2leaingm mate ERMEHH OV S Fieamodrs o ithe MIMOehamaelied i n

t he frequensihgGeiRt RansmBsibiScapasiarposed in the frequency domain. 30. The
met hod of claim 24, wherein the estimated channel response matrix is
deconposed usi ng channel eigen-deconposition. 31. The nethod of claim 25,

wher ei n ei gennoses apgatdtiaided clint t’ll,tumaﬂaﬁlrthéﬁﬂs@ﬁhapﬁ%pﬂdﬂd istde@eed heprowda

particular threshgld are not, us for ransnlss od of
il m oo WREPERIEY LTRSS 0Bt P BaRh R P Sk T6 iR by on
t hei r magnibdid@ion EynzboDitkeaCh the3&eRdr. The met hod of cl ai m 25, wherein the
singul ar values in each matrix are randonmy ordered such that the

ei gennodes of the M MO channel are associated with approxi mately equa
transm ssi on caﬁabi | THel reathod34E. clditne2 iysthhenh ihé patiailin Rdcessidgeschdne ddfi@es a

pul se-s hap'se'?a%ate ils) Illgxanld mogﬁgtﬁo\ﬁ%&e}n% for each modulation symbol stream.

37. The method of claim 21, wherein the particular processing scheme defines a

common coding and modulation scheme for all modulation symbol streams.

38. The method of claim 22, wherein the conditioning orthogonalizes a plurality of

streams of modulation symbols transmitted over the MIMO channel.

39, The method of claim 22, further comprising:

means for demodulating the plurality of recovered symbol streams in accordance with
one or more demodulation schemes to provide a plurality of demodulated data streams; and

means for decoding the plurality of demodulated data streams in accordance with one or

more decoding schemes to provide decoded data.

40. The method of claim 22, further comprising:
means for deriving channel state information (CSI) comprised of the estimated channel
response matrix for the MIMO channel; and

means for sending the CSI back to the transmitter.



maxi m ze capacity by allocating nore transmt power to eigennodes of the

M MO channel having greater transm ssion capabilities. 35. The m?tll?(m:-{?fzﬂpa
claim 21, wherein the pul se-shaping nmatrix is derived to provide &
approxi mately equal received signal-to-noise-and-interference ratios (SNRs)
for the plurality of nodulation synbol streans at the receiver. 36. The

nmet hod of claim 21, wherein the parti g@l ar processing schene defines a
separate codi ng and nodul ati on schene for each nodul ati on synbol stream 37.
The nethod of claim 21, wherein the particul ar processing schene defines a
comon codi ng dnd rddwmeiteoisadablsemediog rcomptisingp dedeator orusingrh olomppteedhs.  38.
The met hogerffm G hRindl 82any WHGE Bhithsti @, condi tioning orthogonalizes a plurality
of streanms of nodul ation synbols transmtted over the M MO channel. 39. The
met hod of claim?22, further conprising: neans for denodulating the plurality
of recovered syithol A SdohBaRErehdibRCHATHRNGEPMIAD coRNfor Waudily & dafpRdukation
schenmes to provide a plurality of denodul ated data streans; and neans for
decodi ng P%gmBPHWﬁ¥¢P$mﬁpf@%ﬁﬂﬁﬁﬂ§?%d data streans in accordance with one or
nor e decodi ng schenes to provide decoded data. 40. The nethod of claim 22,
further conprising: neans for deriving channel state information (CSl)
conprised of the estimted channel response matrix for the M MO channel

and neans for sending the CSI back to the transmtter. 2 2 DEC 2006 39 41.
A conput er-readabl e nmedi um conpri sing code for causing a conputer to
performa nethod of any of the clainms 1-16. 42. A conputer-readable nmedi um
conprising code for causing a conputer to performa nethod of any of the
clainms 17-20.



