WD 03/073646 25 JULY 2006 MULTI PLE- I NPUT, MULTI PLE- QUTPUT (M MO
SYSTEMS W TH MULTI PLE TRANSM SSI ON MODES BACKGROUND Field [1001] The
‘present i WaA¥PB@hi6r el at es generally to data communi cat | 28 JUHLY 2006
specifically to nmulti-channel comunication systens (e.g.,

mul tiple-input, nultiple- output (MNL?) systens) with nultiple

transm ssi on .nodes. Background [1002] In a wireless comuni cation
system an RF nodul ated signal froma transmtter nmay reach a receiver

‘vi'‘a a nunber of pro agation aths The cl"aracteristics of _the
propagat i on pat EHQIBIJE- Ty MULI BLEQ IRt VEEVEQY: or s

such as fag‘] dEM MU@T[P?[YE‘*I“RANSWS gﬂ erious
.path effects and I nprove or nance Iple transmt an ecei ve
antennas may be used. |f the propagati on paths between the transmt and
receive antennas are linearly |ndegendent f a transm ssion on one
path is not formed as a linear B the transm ssions on ot her
paths), which is generally true to at |east an extent, then the

| i kel i hood of correctly receiving a data transni ssion increases as the
number ofp gt ennas increases. CGenerally, diversity increases and

performance i nproves as the nunber of transmt and receive antennas
i ncreas eﬂﬁO[i]LOOﬁ]heApxmﬂnt iipveatiom pelates denenallip -to udata tcofnimuviDation nandninoed | on

system enpl Qys ) transmt ant nna and receive
ant ennas ?8&%’8@5 40t Pﬁﬁbﬁt% ) e V6 goﬁﬁﬁﬁ‘"[’fﬁ?ﬁe@@?ansm t
and NR r%ﬁt@hﬁ@/ﬂﬁbﬁ@@%ﬁmgﬁrﬁhlﬁﬂﬂﬂgﬁmsﬁonmﬁﬁé& Ns i ndependent channels,
Mt h Ns<_ min {NT, NR} ch of the Ns independent channels is also

erred to as a spatial subchannel of the M MO channel and corresponds
to a di "?:1@1%4}9 he M MO system can provide inproved performance (e.g.,
. increase ansm ssion capacity) if the additional dinensionalities

- created io02he Ml 4iwireletsr aommvhicationd sysied) v R encthdated sigabl Ificaeda For

exanpl e, an independent data stream be transmtted on each of {he Ns
spatial SAMEHEPHTEREICAG! 3 FrEplaeWa §§‘B‘E“g$ﬁ Oéfﬁ’é?ﬁa%ﬁmd?aﬁsc@ﬁ@am%@%? 9}73646

25 JULY %@%@pﬁ%ﬂﬁon paths typically vary over time due to a number of factors such as fading
h and multipath. To provide diversity against deleterious path effects and improve
performance, multiple {ransmit and receive antennas may be used. If the propagation

paths between the transmit and receive antennas are linearly independent (ie., a
transmission on one path is not formed as a linear combination of the transmissions on

other paths), which is generally true te at least an extent, then the likelihood of correctly

recei\iing a data transmission increases as the humber of antennas increases. Generally,

diversity increases and performance improves as the number of transmit and receive

antennas increases. . ‘

[1003] A multiple-input multiple-output (MIMO} communication 'system- émpleys
multiple (Ny) 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 Ng < min {Ny, Ng}. Each of the Ny independent
channels is also referred to as a spatial t_';ubchannel of the MIMO channel and corresponds
to a dimension. The MIMOQO system can provide improved performance (e.g., increased
transmission capacity) if the additional dimensionalities created by the multiple transmit
and receive antennas are utilized. For example, an independent data stream may be

transmitted on each of the Ny spatial subchannels to increase system spectral efficiency.



110041 The spatial subchannels of' a M MO system may experience different
channel conditions (e.qg., different fading and nultipath effects) and

may achi ev ' rent sigNal- to-noise ratios (SNRs) fo j unt

of transm ta[ogié'&ﬁr(’fﬁemnsequently, the data rates that %;ﬁég‘m@?ed by
t he spatial subchannels may be different froM subchannel to subchannel,
dependi ng on the anount of transmt p@wer allocated to the data streans
and their achieved SNRs. Since the _channel conditions typically vary
with tinmpggghe THe%%ﬁﬁHl%ﬁb&ﬂnﬁé@@ﬂ MISFO %stér@?na%%?&%éﬁ’énc@ HERaR RRimeR! SO
vary with time. [1005] A key challenge in a codéd conmunication systemis
to ef f ecconditignsueigl idderentdading ead multipatiniifecisd wed map achieveadiffetenbsignalt t he
transmtter for .da ransm.ssi on on e Ns. spatj.al subchannels _hased on
the. chantereicoiP (v M #ah SBeREnt Sty nedfi el e e -9 o on
the spat iglt Sy RPREHE bFMN sPatiaNSBLEMNES BHNBITRIFABAt FRAY kiRhade! & N
types of information regarding the M MO channel and may further be

prem sed sehrhewnel. diependiigpemthe prswakeitrgsait power tllogpisdie therdatritreaae and/er |

I n general_. oo o] i.ca r.ansn §si.on. ) I 0 hi eve
spectr al ?thuf g@?é’r‘?@y%@‘s e?;%%‘%g %lgt&%uﬂﬁrﬁ b‘%&%ﬁ’ﬁg?&ﬁ?ﬁ?&?ﬁ?éﬁt@nﬁm%hﬁ%t s of
transmt tpevweiksibwcppétitad thelfrkialnnbiimnadls als bayerith tima@pabi i ties and
pre-conditioning the data st regql& prior to .transm ssion over tﬂ,ese
subchannél@5] Hov ey chalispgein 4 earercoRymIcatpRsteny e eErrvehediize dhdror o

| nf or mat WO A NG, e N%ﬁ%@haﬁrﬂmn&er%r AR Rsfidsioh o et 8
obtain at the recefver and also requires air-link resources to report to
t he transpitial enbchimesl eep b e ethntelanvaditioss. oV arisshsiremesraay e avedi¢d good
per formance over, only a limted range of  oper.atin conditions, but may ¢
Fequi r o PRGwtt s e e Rpeel et Bt Grsdh «PRERSYL SRRy B eglin 1 ) he
art for tgeb6f Bf@sation [HoafEie the AANO cRandeINGEIAL) fuBied R PréMisaEBh B3tk gh -
spectr al %‘éf i ci ency .and havi ng reduced conpl g%ty. S]ﬁg\/ARY [ 1007]
Techni quéiEngl Srqsesingdat the r angmittprt angh geReivegat dn ograeral.h oz gompbraed
transni ssi: . i \ i . at
i gher ogdraprH o idelet Indpod UpiE 15ANTL QTR (FRLEAY, YR A RpRUER BU%)
achi eved aliddeting r diffsrent simmantsc hé riraatisit neower otor egapiah dubchatinds sy adiiffatent

subchannel s.qf. a NUMO sys . the frequenc subchannel s of an OEDM
Systom  SPONEE 2 B UBCHARRS B8 (TS diier iy TEUHURIF EPe U o
NEMO- OFDlsfy# hanifel 2 MHolvd A28 thedNrARnAGRACIchedte fdnRtMyleqlfindf BforERASAES
are selectively used,to provide overall_ effrcienCcy near or approaching

opti mum rEsReding ihenhIMEOs chaanels Héwah ey be gfaelhto obtain at the receiver and also

requires air-ink resources to report to the transmitter. Less complicated transmission

schemes may provide good performance over only a limited range of operating
- conditions, but may require less channel information.

[1006] There is therefore a need in the art for technigues to transmit data in a MIMO

system to achieve high spectral efficiency and'having reduced complexity.

SUMMARY

[1007] Techniques are provided herein to transmit data over the available
transmission channels in multi-channel communication systems such that higher overall
system spectral efficiency and/or other benefits may be achieved. The transmission
channels may corréspond to the spatial subchannels of a MIMO system, the frequency
subchannels of an OFDM system, or the spatial subchannels of the frequency subchannels
ina WO-OFpM system. |

{10081 In an aspect, multiple transmission schemes are selectively used to provide

overall efficiency near or approaching optimum. Each transmission scheme is dependent
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~ WD 03/ 073646 25 JULY 2006 3 on whether full or partial channel-state

i nformation (CST) (described below) is available at the transmtter to
process data prior to transm ssion over the transm ssion channels. For a
parti al - CS¥Ov¥efisHsi ssi on schene, a data stream may be tyaqyn ytashen each
transmt antenna (e.g., at the peak transmt power for the antenna). All
or only a subset of the NT transmt gntennas nmay be used for data
transm ssion at any given nonent. [10891 For a full-CSI transni ssion
schenme, one or nore data streans are processed at _the transmtter based

on ful | -@sYheshesdald or paytiplghapnsl-stateinformpap@Sh (esaibed belown isavpidabje &nd
transmt . I . - . ] SSI

el udes ™S i aer B Een i JARE trangiisi bl o RS TRAS SO

i nver si opitidkGEBIshmarssiisivnsathene, aadatd’ wimedhommdy be anasmsied on sahenmsmit
"principal ei getmode beam form ng” transm SsiQn cheme, apd a

"beam st BEFIIAGE-E¢ AL s B ECPORE [ORfe .amsfmﬁmﬁé o %li@aowgﬁpf thedir
processi fghsalit dnfindd ﬁﬁf@é fide8 For dHRLrHRIBS R at hﬂ{'%v&ﬁ ARaRLESi on scheme
all ocates nore transmt power to transm ssion CThannels with | ess noise
and | ess[i09%nsnFor pbileCST wansprissionrsheye, ohaoneiose dath etrevatseare piocesserbat

transm ssi on sche IS opti and can_achi eve, capacity.., T sel ective
Channel P oapSRbe Taskd b RUL S pORRRE o i CroRRRAS iscipi S 5
non- uni f @Ehyiteavier BRININIEedthanes The HiIeCST RasHiSFHnRhaRa MRklss swadr-t hat
the post- detection SNRs are sinmlar for the sel ected transm ssion
channel sfillmgetrapsmission schemas di sslestves ehamgl invesven e Franspaistien sthemeadsni t
power equal: 2 Jootr 1 Ssd.0n..-65hap i . -3 g
P pano ScitiolrBfidnRibn LAGRL £ pARkiph ARG, Bilin tifhuEe s Hldh

ansm ssiheme,C biah netbelamvstergingh didnemissipar fchemmnak. of Thbichemiy stheiilr@C3ig
transm ssi on . sche uni formy, ﬁelslocatfﬁ the total transm ower to all
transmi tprgﬁf_fsélﬁﬁ% géﬂanf@’rtte_r‘t r A AT 6“%@?‘?@3@0’859 FET Fedf S baP™ he
data str#ahsist povin Sk @l sdbd Bhdnhéls RFiPBEs RRSHA leés_rt?dﬁ?sﬁxh‘tep%efe% toPsHE t
antennas. I n general, any nunber and type of transm ssion schenmes may be
enpl oyedn®§y ghanseksi - dbaevapnilingstamsmisiosr eshieme isnppiovaldansl edralaghieve
per f or ma - 0 1,SSi ' - :
Penr Soptpicint HHPRIERCH chadiaP M SRR TBerRE BNAclEs SRS b
whi, ch meyorbenifpmaiyt iofvere delbstedironep exf athe nigansmisgival chmmelei Sehrébi che( SHR) .

.These nultiple transnissiaon schepes of different types (i.e,., hased on
partial @%?_J%PHI #N%S TS S f%)tg‘%é‘?leftﬁ NEFREESSHA ﬁgﬁm@%- aq%ﬁeeE’@fW’se

fashi on transmission scheme allocates the total transmit power equally among all transmission
channels, and the beam-forming transmission scheme allocates all transmit power to a
single transmission channel having the best performance. The beam-steering transmission

scheme uniformly allocates the total transmit power to all transmit antennas used for

transmitting a single data stream, but the data stream is transmjtted with the proper phases
from these transmit antennas. In general, any number and fype of transmission schemes
may be employed by a multi-mode MIMO system to provide improved bveréll
performance. ' '

[1010] Each transmission scheme may provide gbod or nea;r-'bpltiﬁmm performance
for a specific range of operating conditions, which ‘may be qﬁantiﬁcd by an operating
signal-to-noise ratio (SNR). These multiple transmission schemes of different types (i.e.,
based on partial CSI, full CSI, and so on) may then be combined in a piece-wise fashion
to form a “multi-mode” transmission scheme that covers the full range of SNRs supported
by the MIMO system. The specific transmission scheme to be used to transmit data at
any given moment would then be dependent on the specific operating condition

experienced by the system at that moment.



to forma "multi-node" transm ssion scheme that covers the full range of
SNRs- supported by the M MO system The specific transm ssion schene to
be used toWO &S+t data at any gi ven nonent woul d t he2SEHIH&p200@nt on
the specific operating condition experienced by the system at that
monment . .\WWO 03/ 073646 25 JULY 2006 4 [,10111 In a specific enbodinent, a
met hod is provi ded for transmtting dat a on a nunber of transm ssion

channel s #l(glg - channel ‘gm’mnl cat sy stecgp]fié? accordance with the
met hod, tHEIper t?ﬁ CHinenpodmeple agme thpf ds SEuidsd; fop teREItERE £#a %Y st em
i's initighlgpedeirerRidtdion RiafheBPe! { Ikl ARSI SthRRuichone S)bs%en%e' gt ed

fromanong a number of possible transm ssion schemes based "on
det er m nedcoogamcatwitly thieomethod,othie epethting eoaditiont(e.gf, tdh apereting SHRG of the

|nforrrat|o avai l.a t th t r,ansm. r. Each o on
schenpe. Yo B eRBie Sy S EPER FoPuBRNE FUE™F S Gr p AP TR
SNRs.  OnendddbefBf 9oé§ﬁﬂ@u§ﬂshﬁ@m $cBehies bdsad Silikd @dertifed diRParkh gtc@ﬁd&iﬂﬁd |
based on the selected transm ssion schene. The one or nore data streans

ar e t hen apd dese gmetnthefsehdnns) state infownation exyatlthis shihestrammittaie r@achrﬂi there
avai | abl I fion
sonens. t gairigh ERRP By b By ERIA foPbsd B v ERULD e AGIRMR 11 |

one enbodprizest mofeheat@aﬂréaml +oCs3l trhﬂsaﬁﬁasﬂ S8 then detb@figed Bas&&|®0ﬂ1€deﬁet‘x&d use
if the operating SNR is_above a threshold SNR' and the beamf&rm n
transmi s<aBMISEAR Fehemes TRY OBF 98 AP daldestgams e %@r%rp?qﬁaedshﬁc SHBE ow

the thresbgldg iu%Qé'm §the@land e M%l%scﬁan i Tﬂ'éE{HesdaPJ ratdnd the

i nvention are described in further detail I nvention further

provi des codinpadd mosiintion sceme torusadpi sack dataritiesm mayceedatemined based base (.,

-.

rpl emonttt EPFol 0Bt pREREETE aRRERTE T SRRRELNIFRATH AR Ene T,

~descri bedhd dperititipt SR iistone b testold SBR| fkd ﬂBESEBhJ?Jﬂ:ﬂg GBS GRAYENES

[1013] The features, nature, and advantages of the present invention wll
become ribf %&FBﬁlfﬂﬁe@B?‘%ﬁH’éoﬁ%FP@aw &Brgsheld N et forth bel ow when

_ Kk 10 .
char act oo ant | Focus AP, 3P SPRBHERAR. STk Snrontich e KEIEIERSE e 1

| shows, d'etmlebelowl oths ig¥entibe feﬁhercpmwdesasnalbdrdsepﬂdes‘sms araASmittér Mt
Eg:tne][n or #?(:;_FS\%E ﬁg,\rmﬂ%gesf.tathons {enginagagg;s eImns, ancll 01\1f‘\lllel' ap uses aﬁd alements that

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

BRIEF DESCRIPTION OF THE DRAWINGS

[1013] The features, nature, and advantages of the p;:ésent iﬁVention will become
more'apparcnt‘ from the detailed description set forth below when taken in bonjunction
with the drawings in which like rqfercnce characters identify gqrrespoﬁdingly throughout
and wherein: i | .
[1014] FIG. 1 shows three plo“és of the efficiencies achieved for a 4 x4 MIMO system |
wsing the water—filling, partial-q'SI with MMSE-SC, and 'beam-f_orming {ransmission
schemes; | _

[1015]  FIG. 2 is a flow diagram of an embodiment of a process for transmitting data
on the aﬁailéble transmission channels in a MIMO system based on a multi-mode

. transmission écheme; and | g

[1016]  FIG. 3 is a block diagram of an embodiment of a transmitter system and 2

receiver system.

o,



schemes; [10151 FIG 2 is a flow diagram of an embodi nent of a process
for trans Aﬂsntg aﬁu on the avail able transm ssion channels in a NM O
syst em base GA3 Ul ti - node  transni ssi on schene; and RHSAIBLY2@63 is a
bl ock, diagram of an enbodi ment of a transmtter systemand a receiver
system WD 03/073646 25 JULY 2006 5 DETAILED DESCRI PTION [1017] The data
transm ssion techni ques descri bed herein nay be used for various

| multi-channel communicati OpysYSE annel comruni cati on

r systens include nmultiple- %%ﬂ%?.%tmﬂ% conmmuni cati on

| systens, [pf7OgOTRE dath tAAMBREGYN %c%hﬁlh@sﬂdéeéhsécph@fannﬂa& BERed BSFREMogAL | ON
systens, M systens that utilize OFDM (i D40- OFDM syst ens), . and

ot hers. Tmdthehinnel choamnsication mysipinsat Sueh mﬁ@h@mhwommmm SHEems code

R R T S B R

access t mhmrﬂy&ﬁwsiwl rhulﬁblamgqammpmmmumaﬁticmnsﬁse&tseMM@ |sy§i¢4ﬁ$3ﬂfat
concurr.ent_comuni cation with a nunber of terminals (i. ers). For

% clarity, Ut aPADMs gt MEME-@HBME| %W)vofaﬂflhé’ﬂleﬁi/entrﬂﬁn IE‘FIB cHaanel i bed
‘ f
/ communi oop P MR AB eRiEReA Tole BiionbBiAR LRMCIIE e i
|

. ant.ennas damdommﬂn]pib ec:(dNEITDMéQ,efm@eam divizhm oltipttataeds r(Eb)MA)s o evme A

M MD channel far. b Nr tr m.t and NR receji.ve antenn i
M or  od i susliPRracoropies | SRITME 2 DB RO SRR TP Eo
i ndepend%eﬁc&féﬂﬂ Bﬁhﬁunié'hﬁcfh RNh aﬁqdﬂlﬁh g TermNR1sl (. eEatfsBrs?)f Fbh8lahy, certain

i fitependent channels is also referred to as a spatia subchannel (or a
t Feinsni s SepsFiscandramelofinnts plethe faveptiem anrdsscrbed épmﬁmélw forf a YPMQ gystem .

subchannelys ke, ARHBIILRSH Y SNEAUIBELRl, o gbgenTodes for he M D

channel , urnrs end response matrix, H,
that des q1o183s t AeMIESpoHREe hﬁplwe nulltiyste KVt kst dntemnak Add meh@ia/(a?\fk)

ant ennas. 10191 The el ements, of t esponse _matri x, | re
oo ag e AT R A GEERigny AN Aag BEhent e psmitang s 7
H h2j ;.Ll%\igzrecclve ddtnd¥s is referred to as a N & XN MIMO system, and may be decomposed

into Ny independent channels, with N; < min{N,,N.}. Each of. the -Ns independent -

channels is also referred to as a spatial subchannel (or a transmission channel)} of the

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

eigenmodes for the MIMO channel, which in tumn is dependent on a channel response

matrix, H, that describes the response between the Nr transmit and Ng receive antennas.

[1019]  The elements of the channel '_response‘ matrix, H, are composed of independent

Gaussian random variables, as follows:

by My By,
o I, -k
el en T T . RO
hNRl hNR,Z hN‘ Ny

where h, ; is the coupling (i.e., the complex gain) between the j-th transmit antenna and

N

the i-th receive antenna.

[1020] "The model for the MI[YIO system may be exprcssed as:

| y= ~Hx+n , | | Eq(2)




Eq (1) j"NR | 1IN-'2 hNtLNT where h , is the coupling (i.e., th~ ¢
conpl ex gain) between the j-th transmt antenna and the i-th receive

antenna. - [ 30@@]73bg nodel for the m ~ 0 system may be ejgrRSEY2006
y=Hx+n Eq (2) WO 03/073646 25 JULY 2006 where y is the received vector,

i.e., vy =(y, y~ ... yN= f, where f yj | is the entry received on the
i-th received antenna and i ef 1, ... N ~); x is the transmtted
vector, i.e., X=1].,C1L X2 ... XNT ]T, where Jxj) is the entry
transmttwieré romthe j-th transmt antenna and jell, ...,NTl; His the

channel response matrix for the NUMO channel; n is the additive white
Gaussi an noi sey {sAEreceinid Meciorben Yot ok oy (' avltra (y,d dv theieniny escaied | x of
A, =0-'l, where 0 is. a vector of zeros, | is the identity matrix with
ones al ong the di agankd i-ncceredanteanemddefle.eNge; and or2 is the

vari ance of the noise;.and [J" denotes the transpose of [1021] For
sinplicity, the iMiMDtehanited viestoassaumad= b rhe. &, i'l,avhdradixny isHbneeiy |n
this case, the elenents of the channel response matrix, H, are scalars,
and the coupling, thahsmitted femvheptie@aimitraaenm tad ¢edl,v.e, Mjt;enna pair can
be represented by a single scalar value. However, the techni ques

descri bed her ellris theychatmed rasponsp pratiwdior eMiMOghems), sel ective channel
havi ng di fferent channel gains at different frequencies. In such a
frequency sel &t§ the adduiysavhite; Gatsgign paiss Ly WCNGWIta arineasyvastor of W ashi2i nt o

~a nunber of (equal or.unequal requency bands such that, each_band may
be consi dered as a PrHiancy %&i’iﬁﬁéoﬁhﬁnﬁ@ f ')Kg‘ﬁfﬁr i3 @ Yot of esrrss 4 ﬁﬁﬂgcheme

may then be used [ Qhr@Rphuhly wifionel BEAHSAE YishBNd Ina SRESKEOARBEDA 1

constraints such as naintarning the tot rafmsm al | £,
frequency bands of RdBHVRALd vAREMA &f tROh@RIangdo Wi thin the peak- transmit
power of the antenna. In this way, the channel response of the i ndividual
frequency ,banc[s}rdﬂmqtestihetrmm@bmtmfe{d. in the data transm ssion. - ~:rnp,

[ 10221 Du& to scattering in the propagation environment, NS data streans

transmtt@d21]  For simplicity, the MIMO channel is assumed to be a flat-Tading channel. In

this case, the elements of the channel response matrix, H, are scalars, and the coupling,

h

;- Detween each transmit-receive antenna pair can be represented by a single scalar
value. However, the techniques described herein may also be applied to a frequency
Felective channel having different channel gains at different frequencies. In such a
f}“é(iuency selective channel, the operating bandwidth may be divided into a number of
(equal or unequal) frequency bands such that each band may be considered as a flat-

fading channel. A particular transmission scheme may then be used for each of the

frequency bands, subject to certain constraints such as maintaining the total fransmit
~ power used for all fréquency bands of a given transmit antenna to within the peak transmit
~ power of the antenna. In this way, the channel response of the individual frequency bands
may be considered in the data trajsmjssion. ,
[1022] ~ Dueto scattering in the propagation environment, Ng data streams transmitied
from the Ny transmit antennas irLterfere with each cher at the receiver. Mulitiple data
streams may be transmitted on l:fhc spatial subchannels using channel-state information
(CSI), which is descriptive of tl;w characteristics of the MIMO channel. CSI may be
categorized as either “full CSEI” or “partial CSI". Full CSI includes sufficient
characterization (e.g., amplitudej: and phase) for the propagation path between each
transmit-receive antennd pair m a (N,x N;) MIMO matrix as well as relevant



~nodul ation for each data stream are dependent on the 'SNR achi

Ir—-nu
fromthe NT transmit antennas interfere with each other at the receiver.
Multiple data streans nmay be transmtted on the spatial subchannels
usi ng chagrelsnst@ate information (CSlI), which is descriqdi f e
characteri st i3'7cs of the M MO channel. CSI nay be cat egoﬁmgg@l%t her
"full CSF or "partial CSI''. Full CSI_includes sufficient
characterization (e.g., anplitude and7phase) for the propagation path
bet ween each transmt-receive antenna pair in a (NRx NT) M MO matrix as
wel | as medudatipnicodipgOisfamadas fasthpular: 2008ns. 7 Ragihl| G8l oy cwdipuige. for

I nformatj on for the ta.streans.. Parti al 0 I se, f anpl e,
t he si gneégr-ni)%-’li isé%r{agﬁc’aqqlﬁfaélr f1”§3gﬁ%e§craatﬁp%@]§ﬁ%.t§e gﬁ%ﬁ%aﬁ r:’sf?ﬂ\rieams.
The ful lor paftip@SY ntly YeJletciMincber Rttt €el gabadehenl e edc¥ivtd pBotthnd/dpased
on the received pilot and/or traffic data) and reported to the

transmi ttEafic dataloandjrepyriet & Batrapsmiishi ssi on schenes may be used depending
on whet ul | ' ool val I t S il en
Fu 1 Cot By o PR R iy lsglt schn@ Rl ¥, e acpDftdd BEVHMcE ey &8

ei gennodestiffCslie aMiMblechhald ahnsmitiers Wign lfell @SHiewedlablg, therdatacaredinki oni ng
the data streans at the transmtter_  ba na set_of (right).

ei genvecP®yf &e tgeyedion Fhaﬁ.lseﬁgméﬁ%%*gp iﬁ@éﬁdﬁ@@eﬁaﬁmﬁwe %ﬂ:)éleasg &¥i bed
bel ow. LBSiliSEEsE WY LAfaWaht 852 Sh caygred by
il 1 pl Y R ARG R i HSms P8 T ihef Bhha th £RNSE RRyend

ei genvecdenived fioi the chamehlesporbe marex, Hasedlesmibed delvst. r Ak thel reddireerf thel - CSI

(or eigennode) transm ssion schene is_thus dependent on know edge of the
channel taeEmgidsdathiraams may bergreoyarrd byopulfiplymenths gpcsived simhe! sfrgms
vapi ants ' rj P £ Ut il .belo 0241
ran oty g st o RELEEEL A, WERI e ulht ol bl o Pl D MPEY G
from t hest (ofBfBhiodd)RNAASsvA e 1P fifts @RPSHdehoRt Ribwatddehs? thd @RIt t er .
At the recelver, the received synbol streanms are processed in accordance
with a pespanesimatrizs JAt iRl fol-Cdrmsmission sclared set vgiantsedshisgehanhaieque t o
attenpt to separate oyt the data streans. The partial-CSlI transm ssion
schene i S‘é‘l‘l?glﬁlgérgﬁg%ﬂi?ﬂo‘f’urther detail Mw. [10251 For both the full

and par tj18b41CSI WiATHY saliancoC %05&31& bR @R srdAlsEmaNt &aﬁﬁ_ﬁeﬁ%agofn '?he
dat a st ribaranih agiAnes wishoh mecenditiordegrenthe asestidrmpditheatcdives, the

recei ver I.nfprnati.o descriptive.of either t.he estinated .SNR or the

barti ool EroRah Lol SemboRE et R arerp e slltla el SRl thattiet r eam

nay thentime rpeedier deteckding ehhiqad IG1atb@pt andepasel cuo tiy deeSkeams. The
partial-CSI transmission scheme is also described in further detail below.

[1025} For both the full and partial CSI transmission schemes, the data rate and the

codiﬁg and modulation for each data stream are dependent on the SNR achieved for the

data stream. The SNR of each data stream may be estimated at the receiver. Information

* descriptive of either the eétimated SNR or the particular coding and modulation scheme to
be used for each data stream may then be provided to.the transmitier and used to process
the data stream prior to transmission over the MIMO channel.
[1026] When full CSI is available, one technique for eliminating or reducing the
interference among the data streams is to “diagonalize” the MIMO channel such that the
data streams are effectively trénsmitted on orthogonal spatial subchannels. One technique
for diagonalizing the MIMO channel is to perform singular value decomposition on the

channel response matrix, H, which can be expressed as:

H=UDV" , B Eq(3)
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the data streamprior to transm ssion over the NM40 channel . [1026] Wen -
full CSI is available, one technique for elimnating or reducing the

i nt erf erend® EMdIeg t he data streans is to "diagonali ze'ZSHUMI\%Qﬁ]anneI
such that the data streans are effectively transmtted on orthogonal
spati al subchannels. One technique fog diagonalizing the MBI O channel is
to perform singul ar val ue deconposition on the channel response matrix,
H, which can beRiexpressed as: H:UD_\)/(Q, qu% VWO 03/ 073646 25 JULY 2006 8
where U i %PgH NRSaNbe ofdY ¢ Sifprymefixdies e U= u = D 1! is an NR x NT
matrix; Vis aBNT X, NT.unitary matrix; and "11" denotes the conpl ex

t ranspose of a @R ¥x X em?fiﬂégonal entries of matrix D are the square
roots of the ei va of . ..d ted by A, and i E 11, ..., Ns |
where N. ! m :Sr{?g%%'f’ N%%?Vﬁ ém%ngltﬁl gl?cpof resol vabl e data streans, All
-non-di agonal egntries of D are zero. , 1 [1027] The diagonal matrix D

t hus cont ai ns norficReigaiheremples trapsnoseef MaE- t he di agonal and zeros

el sewhere, where the non-negative real values are d, = . The di are
referréd The amgt ehiriegof antisabuas the squage eloansfahe eispanse ofed H BH. The
singular .-Value deconposition is a matrix operation known in the art
and descr ddymtkd ry Marndus {1,r.efeylewbears. N Ofemig{h, ¥ gf srtbmoember of rbsoblabley
Glbert Strang entitled "Linear Algebra and Its Applications,"” Second
Edi ti on, dwadesains. Adéren-diaggel enitigsci B sré zegor por at ed herein by

ref erence. . The singular val ue deconposition deconposes the channel
response H¥2¢] x, The dipgangl mpgsix, Bt B9y cepkinscaen-nagate) sal valest Hengithiggonal
matrix, D. Matrix D is _descriptive of the eigennbdes of the \Y®)
channel , diszenal aod perop slserhese.tHers patmoamegafifscivalles areTHe= wrii t ahy 2
matrices, U and V, include "steering" vectors (or left and right

ei genvect #egeiergd je @s ithesipgularoyalyasof the shapael wappnse Mg, t Her The singular
respectivel whi ch . be_used to diagonalize the M channel . .

Spoci 11 cafie PEPmiosTe s MAERCORERE BN T thes i o AP TLBR OF  Vegous my

be pre- nuldferehdesd OMetdicl RferBmderis ¥ bodk bRIGIIHRR Itf-AR SHlilddELinda@ ADsHYA ERl t he

trans initted vector, x, as follows; X=Vs qu %4) o -
. Its Applications,” Second Edition, Academic Press, 1980, which is incorporated herein by

reference.

.[1028]  The singular value decompoéitiorl decomposes the channel response matrix,
ﬂ_, into two uni"cary matrices, U and X, and the diagonal matrix, D. Matrix D is
ééscriptive of the eigenmodes of the MIMO éhannel, which cofrespond to the spatial
subchannels. The unitary matrices, U and V, includé “steering” vectors {or left and '

right eigenvectors, respectively) for the receiver and transmitter, respectively, which may

be used to diagonalize the MIMO channel. Specifically, to diagonalize the MIMO
'channel', a signal vector, s, may be préumultiplied with the matrix, V, at the transmitter

to provide the transmitted vector, X, as follows:
x=Vs . Eq4)

This vector X is then transmitted over the MIMO channel to the receiver.

[1029] At the receiver, the received vector, y = Hx+n, may be pre-multiplied with

the matrix, U, to obtain a recovered vector, r, as follows:



. transm ssion 'S'C one

This vector x is then transmtted over the M MO channel to the receiver.
[ 1029] At \Hiug J’&fel ver, the received vector, y = ax + n , may. be

pre-mul tipl? &y the matrix, U2~, to obtain a recoQér-Hih)é@ﬂﬁﬁ r, as
fol lows: WD 03/073646 25 JULY 2006, 9 r =UH IVS+UIn Eq (5) —Ds+fi
where ii is sinply a rotation of n. rgsulting in additive white Gaussian
noise wth the sane nean vector and covariance matrix as n. [1030] As
shown in equatlo ﬁe‘iﬁ@f’ pre-nul tiplication of the signal vector, s, by
the matrix VFand= |¥ult1pllcat|on of the received e or, y, by
the matrix UR resy ~in an effective diagonal channel, |ch s the
transfer functlo &lveers the si gnal vector, I-N s, and the recovered
vector, r. As a result, the M MO channel is deconposed into Ns

|ndepende nan-in erferln ort hogona nd parallel channpel s ese

| ndependaft EHAFTALE 4pitan o8 B-dpe %ad%ﬁ&gvetﬁ%ﬂesﬁavﬁsaap Qe CHH L of
t he NU|VDSC mam)ecég agw SUbehaHQesl or ei genm)de I has a gain that is
equal Ioatn?"leegen ,&]u 8 and set is defined as | = (1,

pat il 3B 000k B oSO EhARIEh @Béﬁﬂ.s 2%, sPEL BRI

annel s can transmitte W|th

an estigpl & 9f e pRAN fg@ iédtioR O ife r@@eﬁJcE%g%% ré mlﬂf’l%lz gl: atix Uhere%]&i

r eam rmy r —eac t he

Ns spatigfe éémé‘a{&@sﬁﬁ R, ?if"%ﬁﬁ@i?ﬁ thd nsRAhcABA bA H{e ﬂﬁ?f\ﬁel:ﬁ? o be

used for d@tta t rafism ssion, =t’he transmtn%S 'S provi 5813
ei_genveckon@fheWetdveRA Je@io?VﬁntAs ARGt ahé m@h%el B @echﬁPés@B nfnerN t hat
Thchannél . Thus, if all Ns Spatial subchannels are used

transm smdept;ndtﬂt,e motitietet{edns mrth‘ogona] S amd @uratield chninblisei tThese iﬂalepmidamnel

rodul at 1 GHREBEF IR RHSRTAE BnivePeieas ?%ﬁnw%ogﬁgt%ﬂ%%'rame arfids on
schem, gpendAbhs GURAMGIRY 1B SRR LAtk A0 cRRhual 4 Rl iEraem !

ant ennas (assum ng that IS a matrix -an

the partkd@lr-is ldefimld & Qn’§{]'f[‘ SSNOP. TiheBlizatiBe of R MMM RhafiRERSotifh e

provided with the chan resf)onse matrix, H, or the unitary matrix, V,

si nce 't herthiioAal SlatiglasibchdmeR Aan Heeach@ed tif dregariins: 15 Oprb i Wiith SdnON
over the NUMO channel .
estimate of the channel response matrix, H.

_[1031] For the full-CSI transmission scheme, one data stream may be transmitted on
'gach of the Ny spatial subchannels or eigenmodes. For each spatial subchannel to be used
for data transmission, the transmitter is provided the (right) eigenvector as well as relevant
: modulationlcdding information for that subchannel. Thus, if all Ny spatial subchannels

are used for data transmission, then the transmitter is provided with either the channel

response matrix, H, oi' the unitary matrix, V, and the relevant modulation/coding
informatioﬁ. _ | | _ .

[1032] For the partial-CSI ﬁansnaission scheme, one data stream may bé transmitted
onr each of the Ny transmit antennas (assuming that H is a full-rank matrix and
- Ng =N, =Ng). For the partial—;CSI transinission scheme, the transmitter needs not be
provided with the channel responise matrix, H, or the unitary matrix, V., since the data -
streams are not pre-conditioned prior to fransmission over the MIMO channel.

[1033] Tor the partial-CSI.f transmission 'scheme,- various receiver processing
te-chnii:;ues may be used at the receiver to process the received symbol streams to separate

out the transmitted data streams, These receiver processing techniques include spatial
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[ 1033) For the partial - CSl transnission -schene, various receiver
processing techniques may be used at the receiver to process the
received s | streanms to separate out the transmtte ns.
These rece%}e)&’"ﬁ S8t essi ng techni ques include spati al Vé#@%%ﬁ@gﬁ
JULY 2006., 10 receiver processing techniques (which may be used for a
non-di spersive channel with flat fadimg) and space-tine receiver
processi ng techni ques (which nay be used for a dispersive channel with
1 equency, 3gkeflkdginkad bebsddB6Ed HGLaRpaGES St Ani ques
i ncl ude ae cﬁ)gnﬁlg}: SCBE?%?‘Q‘?’]L%%%‘%?@% anseerlag?lgnﬁ(?ﬂcgg ﬁ—%ﬁ?é‘é@%ﬁq&d{gﬁand a

i ni ni numfaidag) sl apaedimo redeiivBE)rotesihgi teehmiqueh g whirdic exalyi be used efover

a i t echni i.ng¢lud E Li | i. MVSE- LB) ,
Geci o) on SRBEBB AR, 41, G- APBR BF 1Ry A TR PR PR o
esti mat OkechManld) inchitic 98 MBERel o8BGS RAMHR! invaSidn S%E@Nﬁ)' tEehnig &L Ghd &

processing techniques require an esti nate of the channel response at the
recei ver nfipignunm gaean rsquare o (MMEE) techmigus. Ahe spagseiigé weceiver processing

nul I i ng/ egual i zat i.on and.i rference c l.at.i on" .r.ecgi ver r Qcessi ng
Fechnt gul P abErin gt FLEmS Bhod sEPRaE RBTS e o T Retfien BiEEE
cancel | alDPBRY, an® & maxsHG6ESIiNGICRGEAkE attingdior (MESE) €h RHEEE Hiké gpatial
technique) may al so be used in ,,,gnjunction with any of -the spatial or
space- t i #Bd SRASPHMGUBCOHEE PRICBEIN LABTVRAVES 1o Pl estimaif,pldhe ghanpekEsneRsce.

For exa i j f ce cancellation may be used w th MVSE
(i.e., M %P%R%g&%%‘%gg;&%ﬁgﬂ%&%gei ved synbol streans at the receiver to
recover {HB4fat aAstsnemssve hilRSeqisitaion iand sinteefemnue rcapcatiodars| mapeiver

t echni described in.detail.in US. . P. ~atent lication Serial ™
No. | 00798 B BRI SR B FICTRELRAS oy g e IR R MPERET Oyt put <
(MIMO) - Copmtstéeadived tameRhedh™” rddehvefl PYOMRIRE N eéhnigtl? lmal). ako Pat afdd in

Application, Serial No. 09/854,235, entitled "Method and Apparatus for
Processi §guBagEen with anvef thepipatial s paqentivee fcknigue gercribad REyveddridvifeat i on

System Ut L1 zi 1%]?1‘[%9 t f ] A ; d

U S Pa'thlaﬂrﬁl fo&%%%?ca I oﬁl’ Sg;éllt %ﬁ@g@ﬁé%ﬁ%mﬁ%ﬂﬁ%%&% Tﬁg%b‘lg?%
entit| ed witteMIMSE éired, MMSE-SClso pracesstthd rezeingd Srabul atreartt at the lredeivemad | on
in a Wrel ess L%ogwuni cation Systeni respectively filed March 23, 2001
and Sept &TASSFT BRUABHFRMSTHhese appl i cations are all. assigned to the

assi gnee [pd3fihe THY esfRt BRRvdroabiRinatthhdGey BRY dBfbdie (i idRaflYinl Blser ence
[ 10361 The full-CSI transm s sion scheme requires nore information

regar di ndiatepe Application Serial No. 09/993,087, entitled “Multiple-Access Multiple-Input

Muitiple-Output (MIMO) Communication System,” filed November 6, 2001; U.S. Patent

e

Application Serial No. 09/854,235, entitled “Method and Apparatus for Processing Data
in 'a Multiple-Input Multiple-Output (MIMO) Communication Systein Utilizing Channel
State Information,” filed May 11, 2001; and U.S. Patent Application Serial Nos.
(9/826,481 and 09/956,449, both entitled “Method and Apparzlltusgfor Utilizing Channel

State Information in a Wireless Communication System,” respectively filed  March 23,

2001 and September 18, 2001, These applications are all assigned to the assignee of the
bresent application and incorporated herein by reference _

[1036] The ﬁﬂl—CSI transmisjsion scheme requires more information regarding the
MIMO channel (e.g., the matri:é H), which is typically derived at the receiver and
reported back to the transmitter. Thus, there is higher overhead cost associated with
implementing the full-CSI transmission scheme. The partial-CSI transmission scheme

does not require this additional information.
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M MD channel (e'."g., the matrix H), which is typically derived at the

receiver and reported back to the transmtter. Thus, there is higher
over head cost associated with inplenmenting the full-CSI transm ssion
scheme. THEC PP - CSI transni ssion schenme does not reEggUIEYtI00%
additional information. WO 03/073646 25 JULY 2006 [1037) bi a typical
MEAO system a peak transmt power of4P .. . may be inposed on e ach of
the NT transmt antennas. In this case, the total transmt power, PIt,

avai | abl the transy r. for all, NI transmt tennas_may.
expresse@oggz PF\}aiypwﬁﬂ[ﬁ;t(?%{%)aaﬁqléhiaﬁnﬁpwgrn e ‘88%@? fm%isgc?c’lﬁay be
al | ocat egch of tHeevORimust @MBs. DRSAI @Kk, af tobl SransiBi0 power, Pl,| @38labid asunber
of transm ssion schenes nmay be derived based on the full-CS|

t ransni sib¢ Fanssuierfer alhV [arsahanienens Ay A ATERSsehas chene bei ng dependent
(in part) on how the total transmt power is allocated to the

ei gennodes. Tpes__ﬁe trﬁnsm' ssion schenes include a "wat er-]%‘jré?b]i ng"

transm ssi on s¢hene.,™a ™sel ective' channel inversion7 sm ssi on
schene, a "uniform transm ssion schene, a "principal eigerinode beam
form ng"TiOfors| FRkMit pRRATPL MY MR alloched NS The Y@ N34S Fosed A v@ions
"beam steerine' transm ssion sChene. Fewer, additional, and/or different
transm sshemeschenes may al so be considered and are within the scope of

transm cibetlor Aarume SF iatsien Rdemht AR Y AT ROREP e ST oo

t 0 transfssieidbnCRBAnE ! Wwitheich Suels sran@hisGom BchehRStidy @psndent (IAWRLL) bs

all ocated to nore noisy channels. For the selective channel inversion
nsmi siyvoHedebivansmifrower i dlocated Fsthe eizgamedes; hawirapsmissioniseiemes
alel/ocat sel e | . 1.SSI Ok Q@%n c at.»t hey
achi evee%f)ltgra%x?naﬁgﬁg ﬁg?ﬁ"\sl _gijﬁu%ggﬁl‘?rgg%%ﬁ[ﬁgbngsﬁﬁ% o(redhtawzeql Eﬂ rﬁe g&rnm
transm ssasmisinesvbeme he “tiioan” traassissivn Fokvere, i minkipeh tigenmodeabdayn-anong

the trapsnission channels. Eor .the beamform transm ssi on schepe, all
transm t%ﬁ[&}%r ﬁ'%§ S?@Paﬁocjgtaaéﬂ' f‘?rgn%gﬁitﬁ‘ﬂ’lsg’lﬁs’roﬁﬁ%g ' gcanaﬁ??érf'“ﬁ%ﬁ‘ﬂ%g t he
best per&QisHBRER. schétfe.l BewdrhQidiRRAM=68/0€ tifftged tAanGbasl Shefmed 8AR alsbhe

total transmt power is uniformly allocated to all transmt antennas
used forbd capudsred jang areswilgite thiatsgopst PEhe Buentiche Jdir athst weatghrilling

transm t | 8 ] ' ) Nas ese
transm sé?%ﬂﬂgsg%h%@ar@?&&%@?%ﬁ P E’:@%ﬁ%@gg&g%%“gﬂ?@ﬁ%ﬁ%ﬁ ant p?Jh%r eof)
at the tisafiscditd er trérsmispalthatmehneith &5 anise had ket trawdmét pederfionlloceed These

various full-CSI. based transm ssi.on. schenes, = | .
' to'more noisy %ﬁannels. %orr’ﬂle selective channe? inversion transmission scheme, the

total transmit power is non-uniformly allocated to selected ones of the transmission
channels such that they achieve approximately similar post-detection SNRs. For the

uniform transmission scheme, the total transmit power is allocated equally among the

transmission channels. For the beam-forming transmission scheme, all transmit power is
allocated to a single transmission channel having the best performance. And for the
beam-steering transmission scheme, the total transmit power is uniformly allocated to all
transmit antennas used for transmitting a single data stream, but the data stream is
 transmitted with the proper phases from these transmit antennas. These transmission
schemes rely on full-CSI processing (or a variant thereof) at the transmitter for each
transmission channel selected for use. These various full-CSI based transmission schemes
 are described in further detail below.
[1039]  The water-filling transmission scheme allocates the total transmit power, Pror,
to the eigenmodes such that transmission capacity (i.e., spectral efficiency) is maximized.

The water-filling power allocation is analogous to pouring a fixed amount of water into a



are described in further detail bel ow. [ 10391 The water-filling

transm ssion schene allocates the total transmt Power, Ptot, to the

ei gerinmodes such that transm ssion capacity (i.e., spechiza hahency)
is maxim z&P BOEESwater-filling power allocation is an% ong%??gbgouri ng
a fixed anmount of water into a WO 03A) 73646 25 JULY 2006 12 vessel with
an irregular bottom where each ei gengpde corresponds to a point on the
bottom of the vessel, and the elevation of the bottomat any given point

corresponds to.the .inverse of the signal-to-noise ratio (SNR). asspciated
i th ¢ hat gl S Rt Do, WPk SechpiR il digest A ah SS and,
conver seloitom dfidgveRted el i@ el6RKibR SPMB B51té1A at Any SverP¥Rat chGspoRESb the
transmt power, P,,,, Is then "poured" into the vessel such that the

| ower poilpyasse pf e sigaslstetnojse. wtio ENGherssENEe] veitte that| ¢igamadest A HVY t he

hi gh I ! I i + The..
ai St burd ot soeshB o TR G bbb Ha Ve B ¥ifesponas
depth of dlo& SIRS dihe @MEY trdndtitiivied N,s,UE tiRee podied” Wad eie wusel anh thaved for

the vessel after all of the total transmt power has been poured |s

const ant '8Verpaints in s vasseljthe.t RigherexNRy) arerfidled irste apdyihe fugbeepeints dhe- above
the water . n i Yo WYY IR =Y 1 bel ow
a parti culfj‘z’glrélﬁg%%fgl ieg?{éﬁﬁo{?h%géﬁ%ﬂ ‘ﬁ'%ﬁébt_\l/\(g]t 1esr<fe‘p$| | | I ﬁlgﬁj YVE%‘PF uti En is
descr i bedpower, Ropemtl tis dégalh bhthervesschovelr mifechatmin snfathethy wated surRek ilasl e

Co [ ign," John W d 1968 ich is inc ted h [
by 1ot oreh 8 verieb B 6 SR (e Stier moen R febnysogiedet DRt papr Al
ef fici encybimh iiHeCTeskd)f OrHEBidiRR withelePRiof® ANV ©8 tvaferdukRcalbval Rbtdoar i |y
| ow probability of error, and is typically given in unit of bits per

second pekladdrt zeiptpaqdep it R el p pyticalar Sweshaldl s pevisedlariielwaigt h an (e
SNR of T g o Co 7L 0411 .
o A AR 050 GO Ll MRy Sham

t r ansmi sskalblediwnmudasiongt Jokml WilepbddBaise 1968; widitals iht@pamatet hpenebyt o
the Ns spafial subchannel s; such that capacity is achieved. The
wat er - fi |1 GCEr ansmi ssi on scheme distributes the total transnit power,
P,,,, OvVerplgle eresnirpsieseiingd 35 et Heheespbdiall etfitfenc LOWRIER SoMhdiion (B

| owest "noi se variance (i.e., the hi ghestp_ SNR) recelves the greatest
fracti on bsfcommeunicstes) witbewarbitipndy lomoprababdlity oo weer, and sdppiedlytgivesiiganitode |

as arfr es%ftbiﬂfper second per Hertz (bps/Hz). The capacity for one Gaussian channel with an

“SNR of ¥ may be-expressed as:
C=log,(1+7) . | o Eq (7)

[1041] For a MIMO system with limited total transmit power of P, the water—ﬁlhng’

transmission scheme can optimally allocate the total transmit power to the Njs spatial
subchannels such fhat capacity is achieved. The water-filling transmission scheme
distributes the total transmit power, Py, over the eigenmodes in such a way that the
eigenmode with the lowest noise variance (i.e., the highest SNR) receives the greatest
fraction of the total power. The amount of power allocated to eigenmode i as a result of

water filling is denoted by Pf, forie I , where

P, =YP . . Eq (8)

il

[1042]  Based on the allocated transmit power of P; for eigenmode i, for ie I, the

effective SNR for eigenmode i, y,, may be expressed as:




v

water filling is denoted by Pi, flori e 1, where P. Pi Eqg (8) [1042] Based
on the~ allocate | d transmt power of Pl for eigerinode i, for i

the effecWoes/BMfor eigennode 11 may be expressed as 2ﬁ6%73646
25 JULY 2006 13 P, -A Egq (9 9 2 where A is the chgéﬁwﬂga
sub-channel i and a is the noise vari ﬁtgce for the M MO channel,

assurni ng .the sane noi se variance over~all sub-channels. The capacity
achieved by the vvater f| | 1'ing transinission schene for the Ns spati al
subehannel s may tHRed, expressed as: C=Zlog2(l+Yi) Eq ( i=1 [10431
The spectral éfff" cd,.enc’y of each eiggenni ode may be determ )based on a
particul ar nonotonically increasing function in SNR One function that
may be used for spectral efficiency is the capacity function shown in
equat i on wtige A i3 thelmnod $ain dowmbsshewtet ddnd of fis theanizy vhtiance fgeahaIM0O , pi,
may be expressed as: Eq (11) The total spectral efficiency of the system
is the suhmmel, @ssuaﬁngﬂsssmectoisalvaéaiﬁcb@ivemﬂ sb-ahhnnedd. | T gpeditpoatbisvedach

2l gor DT Bp BT URE s eipoR et Ry B SherDbpsReoPag SB) kb crow

.systemi sx %ﬂlabed in US. Patent Application Serial No. 09/978, 337,

entitled "Method - and Apparatus for Determ ning Power Allocation in a
M MO Communi cation System " filed October 15, 2001. A specific algorithm

~for perfornin \%%ﬁ ng power allocation for a MVD sy
described in «gﬁ'yﬁ)\ppl ication Serial No. [Attorney ‘ﬂ%@ﬂ]e

0200381, entit I ed "Real  ocation of Excess Power in a Milti- Channel
ohqruni cation Systenv', filed January 23, 2002. Both of these
) i cat i[3]ar eTizxs spegtrddeﬁt“mienhjeeﬁsasdgﬁ@enmédet ay p:eed@mmaq:lpbaacdtomm and

|hcorporated her ei ref erenc 045 he.selective chanpne ersion
{1 ansn SO RsRERaR B, FeEe R g PR SNK. “ORE hi3ehén haf nay BE used 4

spectral efficiency is the capacity function shown in equatwn (7). In this case, the spectral -

efficiency for eigenmode i, o, , may be expressed as:

or=log,1+7,) . Eq (11)

The total spectral efficiency of the system is the summation of the spectral efficiencies of
all eigenmodes, each of which may be determined as shown in equation (11).

[1044] A specific algorithm for performing water-filling power allocation for a
MIMO-OFDM system is described m U.S. Patent Application Serial No. 09/978,337,
entitled “Method - and Apparatus for Determining Power Allocation in a MIMO

Communication System,” filed Octobier 15, 2001. A SpeClﬁC algorithm for performing
water-filling power allocation for a M]MO system is described in U.S. Patent Application
Serial No. [Attorney Docket No. 026038], entitled “Reallocation of Excess Power in a
Multi-Channel Communication System”, filed Janvary 23, 2002. Both of these
applit:ations are assigned to the| assignee of the present application and incorporated'
herein by reference. !

[1045] The selective channel inversion transmission scheme allocates the total
transmit power, Py, non-unifomljly over selected ones of the Ny eigenmodes such that the
post-detection SNRs of the data streams transmitted on these selected eigenmodes are
approximatel.ytsimilar. For this ;transmission scheme, poor eigenmodes are not selected

for use. The similar po’st—detectipn SNRs allow the same coding and modulation scheme
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sinplify the processing at both the transmtter and receiver. [1046]
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. = P A ' E (1 2)

" Ny 1

[1048]  The spectral efficiency achieved by the uniform transmission scheme for the

Ni spatial subchannels may then be expressed as:

oo
]

C= 210 LA+P) . | Eq (13)

i=1

[1049] The beam-forming transmission scheme allocates the total transmit power, Py,

to a single eigenmode. In order to approach capacity, the total transmit power is allocated

to the eigenmode corresponding to the highest eigenvalue, A - This then maximizes the

SNR given the constraint of using a single eigenmode for data transmission. The

effective SNR for the single (best) eigenmode may be expressed as:

. P_. |
3f=-‘—"’-;—2ﬂ"—. ' . _ Eq (14)

The eigenvalues, A, for i€ I, may be ordered in decreasing order. In this case, 4; is

then the highest eigenvalue (i.e., 4, =4, )-
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al I transphtmAYe8@P&a principal cigenmode, which is the eigenmode corresponding to the

highest eigenvalue, A, . For the beam-forming transmission scheme, a single data

stream is transmitted on thc;:b principal eigenmode, and this data stream is scaled by a

complex gain value associated wi_th each transmit antenna used for data transmission, as

determined by the singular vector cortesponding to the principal eigenrhodé. The
magnitude of the complex gain value determines the amount of transmit power to be used
for the transmit antenna. |

[1053] The beam-steering- transmiission scheme is similar to the beam-forming
transmission scheme and transmits a single data stream over the MIMO channel.
However, since only one data stream is transmitted, it is not necessary to orthogonalize
the transmission channels or to testrict the transmission of this data stream on a single
transmission channel corresponding to the principal eigenmode. The beam—steéring
transmission scheme relies on the principal eigenmode, which achieves the best

performance, but allocates the total transmit power uniformly to all transmit antennas
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experi ences .
data stream, and Nr data streams are transmitted from the Ny transmit antennas using

partial-CSI processing (i.e., no pre-condifioning at the transmitter). In another scheme
EWhich may be referred to as the “selective partial-CSI scheme™), only selected ones of the
Nt transmit antennas are used for data transmission, and one data stream is transmiifed
from each selected transmnit antenna (é.g., usfng peak transmit power). Other variants of

the partial-CSI transmission scheme mﬁy also be formed.

[1056] A number of transmission schemes may thﬁs be used for data transmission.
Each transmission scheme is dependent on whether the full or partial CSI is available at
the transmitter. | _ _

[1057] FIG. 1 shows three ploté of the efficiencies achieved for an example ‘4><4
MIMO system using the water-filling, uniform, and beam-forming transmission schemes
described above. The efficiencies are determined based on an assumption of an
uncorrelated, complex Gaussian channel model whereby the MIMO channel experiences
additive white Gaussian noise (AWGN) but no othéi‘ interference.

[1058]  For the water-filling transmission scheme, a large number of random channel

sets (i.e., sets of spatial subchannels with random eigenvalues) are initially generated.

e ae . . 2
These channel sets are then evalnated for various discrete values of noise variance ¢, -
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[1060]  As shown in FIG. 1, the efficiency achieved by each transmission scheme is
.plotted versus operating SNR. The operating SNR is the inverse of the power of the

additive white Gaussian noise at the receiver and is defined as;

1 | S
Yoy =—7 - ~ EBq(6)
a

[1061]  The operating SNR is| a measure of the operating condition of the MIMO
channel. As shown in equation (16), the operating SNR and the noise variance o° are
inversely related. The efﬁdicncin:s obtained for various noise variance values for each

transmission scheme may thus be plotted versus operating SNR instead of noise variance

for ease of understanding. As shown in FIG. 1, the-spectral efficiency of the water-filling
transmission scheme shown by plot 112 is the best of the three transmission schemes and
can be shown to be equal to capaéity The ‘efﬁéiencies for the uniform and beam-forming
transmission schemes are shown by plots 114 and 116 respectlvely At low SNRs, the

beam-forming transmission schemc is close to optimum (.., the water-filling



- _’W

- for ease of understanding. As shown inFIG 1, the.spectral efficiency of

the water-filling transm ssion scheme shown by plot 112 is the best of
the-three transm ssion schenes and can be shown to be acity.
The effi. SY@P¥18%%for the uniformand beamforn na gﬂﬁ’sgommenes
are.shown py plots, 114 and 116, respectively. At |ow SNRs, t he

beam form ng transniission schene: gl ose to optimum (i.e., the
water-filling WO 03/073646 25JULY 20061) 18 transm ssi on schene) because
only one ei gennode ften active .at t N t.he

i For m TANERSG R Rertire Y B He iR TopRT A s PopGe RihiEhe

wat er - fi [$NRg thé JRFHING HaRBnREBE Fehendel Ap2bachee tef 6ptﬁﬁ1&ﬁ0ﬁérf6ﬁﬁanb8%f upé f orm
transm ssi on schene shown by plot 114 is achieved using full-CSl

pr ocessi nwgataq-ﬁlﬂingtmsmwm Fme.| n part i cular, equation (13) indicates

that the cie Y 0 of P,
for the @Bé ]I al g%%ff}%ie fopﬁ}f gxmo ?@%ﬁ%%f) E!:h% %ss‘[%l Ivﬁ qu g&%\%ﬁ

the chan r@hmn@’s Reig efullEST ipXocedding st ﬂ&ed@lﬁhnﬁlﬂeﬂerlhvlﬁarﬁdﬁﬂarﬁ legeanoal 083,

/~,, which are then used to deterinine the effective SNRs. However, it
can be shiodiatehtit theeffidfiénoyi &ayay @ achinvedbswda bbefenbd Sl\ﬁhroftﬁefor
partial -CSI transmi ssion scheme if the MVBE-SC receiver processing

t echni quethg $patigh é'ébch{mnﬁhe ancbequaien (1D syegrstsillapel Ge@:dvhe chamgl Teppamsei t t ed

recei ver TREFobH 15 ASRRS Eg?%%ﬁ’ﬁ%‘%%éi?%@ﬁ@ﬁf AR B el SR, e

parti al - tra si on sche ess_than t
Pauat | on gesfive BRb HOoTs e i Qo e HeNB Rt i e o 9ano{1sc¥“ﬂ%o&amea

wat er - f i 'ﬂok ﬁa&m ﬁ'ﬁﬁéﬁ'ﬁsﬁ&h@?{&m 1ﬁtﬁ@MM§E~‘S@ &Eﬁﬁergﬁséi%ﬁ%!:h edge .~
of the MN O channel, i.e. e provid y the ‘w

channel resgehde Tvea var o plmcessnandt w@om itl@etrwnn@mb@ata atzeamsmé soing pteEr
response I Iue
deconposi ‘{é?o n% ﬁr_%éé'sS Chlnﬁ& 1?%3§ 2 t}e{éﬁl‘%@g'%gér 13% de‘llﬁ;% nva ues o%ckmﬁ Fratrix

G=H H thﬁilﬂleteﬁ’ic&éncyIfmﬁﬁ’pmtlams\ﬂlranmyssiohédldaﬁa 1@ahy beRbetlah that é@wn in
ei gennodes baseeaon t he ei genval ues and the noise variance using the -

wat er - f i | 99980 flahsni ssi on schene. [1064] The water-filling transnission
scheme ‘ma t b o
soneTe TRMONSE DIBELE st ALY o e g,
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typi cal | ytbattranhelttmemdw &) kiyodedgsefithd MWK Cennel e ElhE€8E uFEh€B! ool t he
channel ain he ach transm t-receive ﬁ\nt enna pair. ,Secon
addi t i ona¥Pe Beyide ﬁeﬁ}eégw b gesponse matrix, H, and the noise variance, o”. Thec annel
f_qsponse matrix, H, may then be evaluated (e.g., using singular value decompoéitio_n) to
determine the eigenmodes and eigenvalues of the matrix G =H”H . The total transmit

power may then be allocated to the eigenmodes based on the eigenvalues and the noise

variance using the Water-ﬂlling transmission scheme.
[1064] The water-filling transmission scheme may not be preferred or available ‘for
some MIMO systems due to various factors. First, full CSI may be difficult to obtain
{e.g., typically at the receiver) because this would require measurement of kthe channel
gain between each transmit-receive antenna pair. Second, additional air-link résources
would be required to report the fﬁll CSI for all eigenmodes from the receiver back to the
~ transmitter. Third, higher accuracy (i.e., more bits) may be required to represent the
channel gains since any error translates toa correspondmg loss in orthooonahty Fourth,
the channel gains are more sensiltwe to measurement and reporting delays if the MIMO
channel is time-varying. These factors may curtail the use of the water-filling

transmission scheme for some MIMO systems.
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eigenvalue, 4, ) is also provided to the transmitter and used to beam-form the data

transmission on this eigenmode. The receiver can pre-multiply the received vector, y,

with a corresponding singular vector, u, to recover the transmitted data stream.

[1068] To achieve high performance iising only partial CS], the receiver may employ

- the MMSE-SC receiver processing technique, which can. yield the spectral efficiency
achieved by the uniform transmission scheme, which requzres foll CSL
{10691 As SNR is reduced, the watti:r—fllhn0 transmission scheme tends to allocate a
greaier fraction of the total transrmt power to the principal eigenmode having better

performance At some threshold SNR Vw2 good strategy is to allocate the total transmit

power to the eigenmode correspondmg to the maximum eigenvalue. As shown in FIG. 1,
the performance of the beam-forming transmission scheme (plot 116) approaches the
optimum efficiency of the water—ﬁllihg transmission scheme (plot 112) at increasingly
lower SNRs. Convessely, as SNR is increased, the difference in power per eigenmode
allocated by the- water-filling transrriSsion scheme relative to th.e total power decreases,

and the power allocation app_ears" more uniform. As SNR increases, the noise variance,
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corresponding to the maxi num ei genval gg. As shown in FIG 1, the

per formance of the beamform ng transm ssion schene (plot 116) appr oaches

119) at i erEREri 4 o ey ST s iisrent bR 1 P EHEBE ¥ ho
G oroncse | BRSPS ! S0 URdSpcahl ACPIRS e YhRMRREL ok Wi

transm ssi on ene re ive e t ot ower “decreases,

power al QeahisSBn ABRAR! sHd"RE ﬁm‘ﬁﬁl CQI %thWSC%ﬁ&ﬁé?p%t flﬁ?a ahes
variance, 7 WD 03/073646 25" JULY 2006 20 a2, decreases, and the

el evat i ofise dfficiehey ofithé watenfillisggensmipsles st(mmecahnmeesmghyénghu fNBsas a 2

12i I : . FIG L.t f th

ani form LV ot Bl aAiaERERARRANEHE sshrorartBeMATPER R reco e

(pl ot 114}nerRs)I 0 AehRSeivi Saredchicvl SRE ¥peRirall EFBcINALLHE fhie | dnkfBg taAGERAIGST ON
schene at increasingly hi gher SNRs. 1070] The partial -CSI transm ssion

schene, WwWhanawsier Sertdin rcongditierf buh Mathout the ke )‘cegt” essecipedeavithefull €8

achi eve f t nder
cortaln CORRRTS e bnfld RN schlife A RO FRA T p8al BEORIEY 110
required dﬁyhdﬁwuﬂ#ﬁ&lwimmsmamﬁesmhmmsé&uaﬁﬁmlbw MRS, 1, the

spectr al i.ci enc of the CSI with E- SC schene, decr ea
sCbst ant IEPTY acth o Srect t SO syt dupe ANTEROIND SR
advant ag%fé&l%iésﬁﬂpdcﬁé‘méﬁ“g& PhR phitiaNER] SHHP MMSRESE Sich&ind -and 1AE beam-

partial -CSI with scherre and the beam form ng or beamsteeling
transni sgboning ohbpas)-steering Gansoissiorpchene toareddntmprevel/parfamandedarr # ange

Co o rosptar, phehuicoSRonebh FRrSRY Stk O BOMT I eRobeThen

swi t ch bebwesont bea mpecﬁusnﬁu@@m;ieeﬂloﬂn d86 “aiultbpedet MOV syétent sy thaﬁt i al
CSlI and beam  form ng nodes) depending on the channel (or ogeratl ng)

condi t i orf¥/ich hetysen thﬁa\sﬁnwwpp@qt%ﬂﬁi@sqf&ﬁe%%%g ¢ tha Dassiab RegR- pest
per f or Mg a0 maded) Y nﬂﬂgrﬂtthé‘%hﬁx%ﬂ'(éﬂ QpbratifRY c&%ixﬁ@f{secfdaﬂiug Qhy,Ufg to

provi de high pPerforna
transmission Suheme that provides the best performance for a gnfen operating condition

.. may be selected for use to provide high performance.
- [1072]1 FIG. 1 also shows a plot 120 (represented by the circled dots) for the

| efficiency achieved by a multi-mode MIMO system that employs both the partiaI—CSI

(with MMSE-SC) and beam-forming tran_smission schemes. The spectral efﬁcicnéy, | -

achieved by this multi-mode system at any operating SNR may be expressed as:
C  =ma(C,C) , o Eq(17)

where Cand € are the speciral efficiencies for the partial-CSI employing MMSE-SC and
the beam-forming transmission schemes given by equations (13) and (15), respectively.
The maximum loss in efficiency encountered by the use of these two transmission

schemes occurs near an operating SNR of ¥, =0 dB, and is approximately 1.75 dB, for

this example MIMO system employing four transmit and four receive antennas. With the
implementation of this mu1t1~mode system, the loss in efficiency reduces at both low-and
high SNRs. As shown in FIG. 1 the beam-forming transmission scheme may be used to

: prov1de extended range of operatlon (i.e., covering low SNRs) for the MIMO systern.



[10721 FIG | also shows a plot 120 (represented by the circled dots) for
the efficiency achieved by a multi-node MPAO system that enpl oys both

t he parti algGaisqié W th MVBE- SQ and beam f or mi ng transm'ezsé' CZE@%BS The
spectral efficiency, C,~  achieved by this nulti-nod any
operating SNR may be expressed as: 0-1 G~ = max(C, C Eq (17) where C

and C are the spectral efficiencies #br the partial-CSl enpl oyi ng MVBE- SC
and the beamform n- transm ssion schenmes given by equations (13) and
(15), r @bpeetiomminge foo tikhpamiakC Siumith AMBISErSES diride bexme Joreaiep transewisaiorby t he

use of these two transm ssi.on ch s.qccurs near an operating SNR of yP
2°0 b Shamas P A e tgd SREPaEORdy A4 fheTERASFS T ST REH

enpl oyi RGye-Qlafa SiF AR RN af BRSVEvVANT €hRRGueny! thel i section of

i mpl ementation of this nulti-node system the losSs in efficiency reduces

at bot hpitinl-@hH withi MIYIBNEE. andsbegmcimming tRngnisgiontseherhesashiffsotond hitgher
transm i.on hene- . be used .to rovi de extended range.of operation
e SRS ard i e kiR R RS xR el GnEh e G n r s SberBRS
2006  -2forbheeeirhess BERORS Akhd16® epaxtial - CSI with MVBE- SC and

beam form n]g'- transm ssi on schenmes assunmes an uncorfel ated channel
nodel . B78he clemmel thgelranspmissioncsshemagsadaseribeds gige (8.4t dhe beasesigedngh be

resol ve L e ' Lot e ' ol Ldl - CSI
wth MERRh, SRERRY By RO SRl by b Bl PDREE eihiRion SBERRE L O
SNR, anthayhssoliearsed, fand ithik fgwithiiatiendcegs aiths dfvengorh eBarazampleca Cetestive node
of operation for a greater range of SNRs at_the | ow end. [1073] Sone of
t he traﬁ@_ﬁ?@gqleo NTEEHSTHE ffaees ir‘gaé’db%Bﬁ\’dem(‘@’.I@.r{“& %@a&??st{’@g?‘r gt

(T nsni $5ieNaAGHeMalbsaBYs Mk 36 ARnBRLOYEs Bhchitemay 5t 89kctd RETuse, for
tTansni Ssion schemes may al So be used, and this Is wthin the scope of
“the i nveranpp.if Fee oewargptigennpdes athieyeisffisctive PaRnokiye somanynsiodd BNRscheme
may be ysed,to unif.ornoiy allocate, e taotal transinit ower anong a
cubser o ThetiE Par g RiraSRoR chelf b Al NS Nl f W GRRYF, O,
exanpl e thel trarisitix Qenfity Lreaisgdforddrsraachiseivs affl HigcieatiniNRensahiDaRamase

t hreshol d &N;R' A "sel ective partial-CSr' transm ssion schene may al so be
used whé&%¥ _hBThP‘ilt"@Eﬁ‘i]é)fo_ the transmt antennas are used for data :
Lransm sRj7ap angla i d¥end GBRHR REndtidSiN dch@fte MaTibe O Eint gﬁg Bfiot yE ned
of f. [10741 Variations to the transm ssion schenes descri bed herein may
al so beimplemented, and this is within the scope of the invention. For example, a transmit

diversity scheme may be used whereby a single data stream is transmitted over all Nr
transmit antennas at full power without any bearh-forming. For the partial CSI with
MMSE-SC scheme, which vields the same spectral efficiency as the uniform transmission

scheme under certain conditions, the actual transmit power used for a given data stream

- may be adjusted to be the minimum amount needed for a given (quantized) data rate. ’
[1075]  In general, any number and type of transmission schemes may be employed by
a mﬁlti—:n;ode MIMO system to provide improved overall performance. Each
transmission scheme may provide good or near-optimum performance over some
0peratiﬁg conditions (e.g., a specific range of SNRs). These multiple transmission
'schemes may then be combinecfl in a piece-wise fashion to form a multi-mode
transmission scheme that covers all operating conditions (e.g., the full range of SNRs) |
supported by the MIMO systern. |
[1076]  FIG. 1 shows the spectral efficiency achieved by each of the three (water-
filling, uniform, and beam-forming) transmission schemes, which is generally true on

average. However, the spectral efficiencies shown in FIG. 1 do not take into account

'
I
|
I
i



I npl emented, and thisis within t he scope of the invention. For exanple,
a transmt di versity schene nmay be used whereby a single data streamis
transmtte I transmt antennas at full powersvwﬂ y
beam f or m %\/(90’3273(3{ e partial CSI with MVBE-SC schene, Whl CE‘ y?gﬁﬁs t he
sane spectral efficiency as the uniformtransm ssion schene tinder
certain conditions, the actual transn2 power used for a given data
stream .may be adjusted to be the m ni num anount needed for a given
(quant i zggkkeddtapedtalg@antizAd6l @thkallg«amewa&t@r %Helﬁﬁﬁm%rth@l@ﬁ’anh&’lpﬁncpcﬁther
transm ssi on schenes may be enployed by a nulti-node NUMO systemto
provi de ifagedyed overaII performance. Each transm ssion schene may

provi de near - | nur n for e era e ndi tions
(e o o o M0 T R Pl PRl e AR Py P 8 B e B
may t hen gh%n&@rﬁ’élhsﬂﬁﬂ id mf@cﬁme@ﬁmw@@faﬁ@gsmras wellfag ke chafél bi thaifieant.l
operati . transm ssion schene that covers a na conditions (e.g. the

full rang’Fémaf togiimgye highmsstoraangsy thengharmgl Nped eihst Eaptorp)1 o be FP]GH iptos hows
the spectral ng&ﬂéﬂ ?e'&ﬁ}{ %mhea’a%‘ém?s\émﬁ%eﬁb tolfRE. %B 98}?{%@5 gfgén}nf; N9

uni form an Bam T ormng) transmasion oc enes, y true

on aver alge instdateaces chaﬂmel $ptananeaha3ebémubtme%u:ﬁdﬂmhmposmbhfd Gandmigkomot
take into accou 03107364 25 JULY 2006- sses related t

aant | 2o SFERST ROHETGT g FEERo R ITREH PRSPt B CRAELERE RapaPed B

other- f agtdisShe dnh@el bsdatgener al , the spectral eff|C| ency achi eved by

each transm ssion schene at any, iven time instant is a function of the

oper at i ng1834R asTh:%eslpbm‘é@tmme&m pme o benaged forslatmiransmidsios at eny given eve

" 90 per TG bAFy BRSSP VIS SRk B ek RN

sl ow y- V&fe}depgldexhamrtﬁé speclﬂdﬂ@amﬁibamh&nemmﬁme byebd sy¥eineatndat thee used
to eval uat e t he pOSZéug' e transm ssion _schenes. For faster- varyl
g

channel s, gattiaAd & 5Ke 18 EARHIAGHCTFE SETHRhBNtRHR on ElEaTBE 1 he
channel sk kRLiEH schdd & dR&iRA%RIJW.C transm ssion schene to be used for

data transm ssion at any given tine instance nay be selected in various
ways. Thd1979nsninswicomethot dne seledtingt urammrmyon S@herdeumcﬁemﬁ@nranmssmm fic

oy Furt RSPl R PP ERFRSE ko8 V0SB oL PR oot sy A 21

sel ect i Nngnethod is simple to implement and may provide the desired level of performance.

. {10801  In another method for selecting transmission scheme, the receiver evaluates
" &ach of the possible transmission schemes, and selects the transmission scheme that yields
the highest spectral efficiency. For a system that only supporis the beam-forming and
partial-CSI transmission schemes, the receiver can evaluate the performance achieved for

the'beam-fomﬁng transmission scheme (using a quantized singular vector) and the partjal-

~ CS1 with MMSE-SC (or some other recejver processing) scheme. The receiver can then
select the transmission scheme that yields the highest througl-:put and p;ovide this
information to the transmitter.
[1081] In . yet aﬁofhei method for selecting  transmission scheme, the receiver
evaluates each of the possible trains:m'ssion schemes, and selects one of the transmission
schemes based on the achievabile spectral efficiency and other considerations. For
example, the receiver can evaluafte the performance achieved for the beam-forming and
uniform tranémission schemes. If the ratio of the spectral efficiencies (e.g., beam-forming
spectral efficiency/uniform spectral efficiency) is greater than some threshold value, then

_ the Beam—fom:ling transmission séheme may be selected for use. Otherwise, the partial-

CSI transmission scheme may be selected. The uniform transmission scheme is typically

I



transm ssi on schene are described bel ow. [1079) In one nethod for

sel ecting transm ssion schene, the specific transm ssion schene to use
for data tYAMEHPEYion is selected based solely on the o®JAILYRMEGR This
method is sinple to inplenment and may provide the desired | evel of
performance. ['1080] In another netheg for selecting transm ssion schene,
the receiver evaluates each of the possible transm ssion schenes, and
sel ects « o LSS O - ' ' t .

11 ci ongy roiRs THABHARepAY DI, M) 18 oyl A RE paRaTd Ty

parti al -MIBISE-B@nsiieims, oml smipebeessed he ar sbeituier (ticancceival wah evilnate the

performance achieved fqr the beam form ng transm ssiqn schene sing a
ant | 2 RECTAGUP G UeREBrT. TSRO TTa o IE b R OBaT B TS
ot her reseVEbwBlACERTS Behhe REPIEABNtal SYFIOERE, Bhd/ §ecttARIMAGRY of RleSflfobRe
transm ssi on schene that yields the highest throughput ahd provide this

i nf or mattrassmissiontseharmeamaymaett ker exactlp 8qual inthayeft tha patineC Shwith ddMISE-SC

| ecti t i SSi ~h t he. i | yat. h of, th
possi bl SUPPle R UBEBROE, iRt WHBLLEPEJPS amecided KT the, heardarmiie
" schenes haggdsdn dchanaiCitheyald trsdRid vabe ol ivei RRekdandald e various

considerations. For exanple, the receiver can evaluate the performance

_achi eveda¢ters ingeckBdin f or mi ng and  uni form transni ssi on schemes. |f the

rati o of sp oy L. . . p [

efficie é‘y’%m f %eir”q‘g‘%@:d% 5 E@%@% ‘i‘ﬁé@?"lﬁ"‘é’%@?ﬁé‘?ﬁ P%'ae%%s@%eta%ragg hol d
val ue, tdiem titbéndomamal atsni begletvisadsanidghis dnwithinghe seopy diehesmvanioad Ihor

§8 Ot herwi se, the partjal- | transm ssi.on schepe may, be sel ected. The
Unet or m SPEHL APY SBRBE Uba@os Sl fESERTOR W0 (Raas A vIERs 806e 23

~1 easi ergyalulaRaSakPkB YhRifCRAshissRIPRASHY € bd ARHE5) ddt? n8N@hiNasemahaR t he
partial -CSI with -SC schene, and may be used as a substitute (the

r ecei verselegieddrasdion sanigve fagiersf wehwadl) F achievabld smecialt effiniendys 2btkeschene
since it sﬂ@éteﬁ? gféﬁ%ﬁaﬁ rﬁf%ts%is”a tdhg% Jn“” CSl). However, due. to sone

sl ementat i on T SSES, The sp’ecntral efficiency of the uniform
transm sj083] scHFBGE2 fKayflaveididpeart ol ah leynbedisht 60a pldtssa00tfoe rpdsitiitiale - CSI
with MVSE-SC schene. Furtherpore, there is quantizatjon | gss, associated
with t helate&imar MHMh§ysiam D785 68 % iPui-mone rerppssion Hehams-e JRGiRHY v Hfue may
be sel ecypddng {ifich NGS eV RITMTY SystbACEOlGerkdiid QEGOUM), (Fh8perddnber

met hods for sélecting the specifi¢ transm ssion Scheme o use at any

gi ven tigsemditieatmeyt bargyantified bipdhel epdérating, SMRdwhich sndysbavidethimingchbassd @pe of

he inv ion. In. : . . .
the etrﬁte 1oise variance, as shown in equation (16), and/or other factors. The operating

condition may be estimated based on a pilot transmitted along with the data, as is known

in the art.

[1084] | A specific tre.msmission scheme is then selected from among multiple
transmission schemes based on the determined operating condition (step 214). As noted
above, any number of transmission schemes may be supported by the MIMO system. The
specific transmission scheme to use for data transmission may bé determined by
comparing the operating SNR against one or more threshold SNRs. If the MIMO system
supports only the partial-CSI and | eam-forming transmission schemes, then the partial-
CSI scheme may be selected if the loperating SNR is equal to or greater than the threshold |

SNR, 7. and the beam-forming transmission scheme may be selected if the operating

SNR is less than the threshold SNR.
[1085]  The number of data streams to be transmitted is then determined, with the
number being dependent on the selected transmission scheme (step 216). For example, a

~ single data stream may be transnﬁfcted on a single eigenmode corresponding to the highest
| _



general , any nunber of the possible transm ssion schenmes (or their

equi val ents) nmay be evaluated, and the specific transm ssion schene to
be used forwdatmerstsansni ssion may be sel ected based on28alVbY¥s26G&t or s
such as (1) the achievable spectral efficiency, (22) the estinated

I npl ementation | osses, and so on. [1083] FIG- 2 is a flow diagram of an
enbodi nent of a process 200 for transﬁ‘?fttl ng data in a NEMO system based
on a nmulti-node transm ssion schene. Initially, the operating condition
of the MviZesygvedrl tedbeasr-farmog {ransepssiap ychemhe a@(ﬂ)éﬁadatmgtremmwl o may

e not sde SR o e BREHE, el o ool B b G PR, B3P

oper at i Ngrang@Ndicknied P [JRYvaklgble 36 itientRebub &S 8@n Qllodatdd td)thetdlﬁrt&rmbzteedhtal ong
with-the data, as is known in the alt. transm ssion schene is then

sel ect ed SHE®RE RasHPIiRtsEisried trapsipigsion Achemectsiopc2k®). (Therei @sneis Fhenes
based on &Q&ﬁ?feans Bes QRS ?%]d &gth%os'%ﬁh{gh‘?ﬁn&ﬁfsﬁpré g&xg%w taﬁg ilﬁ/ﬁ{@%gdan&? ove,

any nunber SI on schenes nay be suppor system
The speorith thet diwosted et pewanmdt availade 05T (ded a..m)r aftenpresdse Bhowey ibe
deteri n| mpar he operating.SNR a one or nore threshold
SNRe, 11 Hitte SVIPRY RCHSLaREA 36 S FEDTHRIOR HEar PP S HEEEH Pof ni ng
transm S%bﬁﬁuﬁﬁQ%aL then the partial- CSI schene may b operating SNR is

equal to or greater than the threshold SNR, r,,,, and the bearn-formng,
t ransm sdi@¥flschEhe tmsmipsons édchpigues ﬁiﬁisctlh@l bféfémamabigalscsm ysed If@rs 9tht€han

the thre h tted
is then }q@é%% neéc&rﬁ%}%ﬁk%&s A Er#’%rb e| ng gétéﬁglﬁgﬁaﬁﬁe se ed
transm ssindsosahene. (step 216). For exanpl e a .single data stream may
be transm d on a_singl e eigennode corresponding to.th hest WO
03A) 7364311%;]‘\] ULAN ytem; %Eﬁﬁv‘éfgﬁé’a%&‘m% Syﬁfégh? Pﬁeth 8@d}¥§%he§3| on
schenme, apqnNTs ﬁcyﬁéub%ﬂﬁelﬂ%ﬂ?areta[s%%ﬁﬁénﬁﬂre%éﬂo b ﬁ@&d@n& aRkepnas

for the partial- transm ssi on schene. The total transmt power, P,,,,
avai | abl ewbbﬁlldﬁe Es,obt ﬁmmscﬁ Btmhmmbwta@sdcm@dtw anespactine sebatader (or

Streans on, .t sel e r SSI 1 2 e.one or
r o ot RS kB uRS Rk ot BSOS BloBRRET R bl B svrldlE i8S on
schene arpirmdmlacmedmm thid layhee addpemehedmt thenbadwigwef aam@gesnay| abl e

CSI (step 2 The process shown in
subc annel a modulauon symbol may be transmitied on each of the Ny frequency

Lo -

subchannels. For the OFDM system, each frequency subchannel may be referred to as a
transmission channel, and there are N = N transmission channels for the OFDM |

system.

[1088]  The frequency subchannels of the OFDM system may experience frequency

selective fading (i.e., different amounts of attemuation for different ~frequency
subchannels). The specific response for the frequency subchannels is dependent on the
characteristics (e.g., the fading and multipath effects) of the ﬁropagation path between the
. transmit and receive antennas. Consequently, different effective SNRs may be achieved
for different frequency subchannels for a given amount of transmit power. In this case, a
particular transmission scheme miay be selected for use for the Ny frequency subchannels
in similar manner as that described above for the eigenmodes.
10891 A MIMO-OFDM system includes N frequency subchannels for each of the Ns

eigenmodes. Each frequency subchannel of each eigenmode may be referred to as a
transmission channel, and there are No =Nz - N, transmission channels for the MIMO-

OFDM system. The frequcncy‘; subchannels of each eigenmode in the MIMO-OFDM
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FIG 2 may be perforned at each triansm ssion interval, which may
correspond to-a scheduling interval. [10861 The transmi ssion techniques
descri bed l.0..may al so be used for other nulti-chanpel_co | cation
syst ens, sﬁ@[{g{g%ﬁ@w systens, MEN O OW systens, and 2‘5%@%@%1 An
OFDM system effectively partitions the system bandw dth into a nunber of
(NF) frequency subchannels, which are2®lso comonly referred to as ,
frequency bins or subbands. Each frequency subchannel is associated with
a r especkidén sGanNL®f eXpefiendd GEHMOMACHahR RbndBOR: M 8By dalideBifeldf |
modul ated. At each time slot, which is a _particular tinme interval that
my be depBidene siven FEoNah elirgBsmib Powen r i epse, upaHaHeiransmission

a' nmodul atj S ' o f r er
subchannd e & FBblitot SREHP Gbfior e Mcheioncy Solnhb S e

r ef er r ed nis@nasasathat rdassived Bhove hatheedigendmidiet.neNewevee, Mncemeddh transmit
transm ssion channels for the OFDM system L[1088] The frequenc

subchann@pignnssis fiutedrpng RSPKTERIRE POUKrinen dke tofad gigesel) power wsed %‘Veﬂ“f adi ng
(i.e.,-.d T{eé?eh@%}ub%ﬁﬁ’dﬁ@k%f Qi PR Y ?%rgnr{aﬁé hﬂ:lrnfeﬁ g§ gnt_frequency

subchanne e specific T esponse equenty subchannels is

" dependent1098] t h&For chMBREOOFRM swichg. al trabdmaissiad ichanreisd iy for Fatth the
effects) of. the,propagati pn path between the transinit, and.receiyv
. ant onnas SPtish 384 BT oRprBiem Tt o6« sans desor Mira epinii s, Seeet oo

di f f er entrahdnBsN@NEHemY B BROL data bSndnBEsich. IANGRHaBEDH Me RdnsiniRion FehenROVEr .
In this case, a particular transm ssion schene in | ay be selected for

use for ®SHeCE Maebriperégrmedisoriathabihs ransmiskion | chpmetsnive onkysonedimeriéaer i bed
above for téa’ﬁsigéfg@g{?%%?‘ﬁq&ﬂfﬁﬁgl A NCMO- OFDM system i ncl udes NF frequency

ehanndl s T or - eac ei gennodes. Each frequency subehannel of
each ei g¢ngafle nihe tbehnicpice dewsibédhasinanayt 1lem baiusal fon godups oLiransariskidher e

are Nc = NP - transm ssi on channels for the NMO DM system The
frequency®? ﬁﬁ%’fhe&%“%@%’a‘&ﬁ“@? @@hﬁ’b‘&éﬁl‘l ?FI FRRSTISHAD. %DM“@/\B’%@?W?@%% 25

JULY 200Qgsodinted Wit Ardp¥otik Wpkakihy p@aaeeEbcqu@}lﬁl gﬁéy%aﬂae,qb@a@ﬁ{ple, the

conditions and may achieve different SNRs given anmount of transmt
power . | rrapimissieraghannels poba ysed ferrantindgpendessdatnstresnt stechiragy ipcassasiated ed

. des R gt ERE R Rt SRR Tl o e, Fiop T PNE T°
access communication system, each group may be associated with the transmission
chanmels to be assigned to a different receiver.

- [1092]  For a wideband MIMO system that may experience frequency selective fading, .
the operating bandwidth may be divided into a number of (equal or unequal) frequency

bands such that each band may be considered as a flat-fading channel. In that case, each

element of the channel response matrix, H, behaves as a linear transfer function instead

of a scalar, and the coupling, h, ., between each transmit-receive antenna pair may be

hi?
represented by a vector of Ny scalar values, one scalar value for each frequency band.
Various fransmission schemes may be used fo-1" a wideband MIMO system, some of which
are described below. _ |
[1093] In a first transmission ;Ischeme for the wideband MIMO system, beam-forming
is used for each of the frequency ;;bands. In one implementation of this first transmission
scheine, the maximum ei gcnvalueil is initially determined for each frequency band, and the
eigenmode corresponding to thisj eigenvalue is selected for use. The “optimél” power

allocation for these eigenmodes may then be determined based on the total transmit

power, Py, available at the transmitter for all Nr transmit antennas. This power allocation

r
|
|



antenna is limted by a peak transnit power of P .. ~ the total

transinit povver used for all frequency subchannels of a given transmt
antenna i sYO%{3% to P.. [10901 For a NEMO OFDM syst er25 ALY r2006ni ssi on
channels (i.e., for both the spatial and frequency dinensions.) may be

consi dered in determning the specifigg transm ssion scheme to use for
data transm ssion. Alternatively, the transm ssion schenme selection nmay

be perfor such t the tr m ssion onl li rensi on
are consi ggdbgdac VY ‘ﬂ?glﬂgv‘% {er s fslﬁlﬂfgefﬂ ?l% A F%eéjél ﬁ%gg@esl‘ S%'ﬁe erein
may al soApglidafigd Sefiil HoOUBBITBLIZTr angridedi aftangh@iafethsn Hedplocedsedi PndBY

I ncl ude any nunber of transm ssion channels and nay be associated with a

r espect |W@SﬁyéqdalﬂﬁﬁgﬁebﬁteﬁﬁlgeE@@ﬁewaf%@%’rb@P@ﬁde for exanple, the

t ls t d.f d dat t

iy be. 208 or DEPST e U-flERRe) EipoRih AP AL nAi deheie CERAR: chi ng
and m)duéazag o?fhe%ﬁﬂes%mag ﬁﬁlﬁ?lm{%id 61# Eﬂe?\T ARERT S LRHTHG fl@ c‘?xﬂ:géﬁfﬁe?éﬂt each

group may be associ at randm ssi on © channe € assigned to
a di f f er post-detectin\BNR. Inl(&&}muédmmtwadbﬁatadtredﬁv\@ ayisd ewd tnbaitlated Yased

experience frequency._selective fad| ., the band dth may be
D od e SRR Eng g Sdaletion g I tof HoL e 05" SBRARsen oh To ot

each banghsiR¥eRRnSNRI IR LAGhaSedbddiRbnt i to@1 ehadme bowéd) A N3 aikeRd each
el ement of the channel reTonse matrix, H, behaves as a |inear transfer

funct i onstchsha sgprogimajelyovmiar, peshdeteefioncShiRS aregachigved forall velarptrearsh
Lransi ri fbe AROGHNA:ADL CONAAIREn TBYNE Snd LERLERSNLSHRY R, YECLOr wpln N

scal ar val'ues, one scal ar. va equency ous

“transmi sdatmstr@ﬁismmh mysdm@hﬂ.stﬁdpfcmr:ssmm teth ainctrivsividtes yad esiveome of
whi ch {ﬁ glescrl hed below. [10931 In a first transm ssjion j scheme for
the wi deH8f%al N Baghnagpes das 2late JFARFMY POVET (18 caghieys sumidar prst-fifgrtion

frequencynRangs. ddbnbe ih mg,lee ﬁﬁﬁélﬁéﬂtf&ﬁed)fU i Sardider B kgﬁéa?Bﬁ TSl

schene, the maxi numeigenvalue is initially determ or each requency
band, an@/ﬁﬁb"ﬂelog@ﬁﬂnﬁd@, awt PYEPARH. n@"ﬁ@bll@%sfoapgtwAMgJéatasﬁ detheteed f or

use. The, " ocati for se ej em10d t.he
determi nfer%lnsgrﬁﬁ%‘d a%(?'l feﬁew? 8f]37 ?rg G%ﬁ?’%do L;@\l/\}é sygf:, ) ,ar%v(geisfng%ﬁe Bt &F
transmi t iferenfeptionddl UNJ. Pr@nrs MigpliasticanSasal Nbi Dopgwsms7ahndaat $anl \m
-03/073646:25 JULY 2006 .26 may be achieved_using water-filling

descri bedO/PH$0%e catitled ndine- QWQJ Tganspit epd R‘?&Eﬁ.‘{lel Rropgssing Saith a¢hmael
09/ 978, 3Ben ModdabékoRipoSRBE WY NIMO SRudhOCeIGP DeBllfber 7, 2001. These

apphcatmns are all assigned to the assignee of the present application and incorporated

herein by reference.

[1096]  In a second transmission scheme for the wideband MIMO system, the partial-

CSI transmission scheme is used for each of the frequency bands. In one implementation
of this second transmission scheme, the peak _transmit pOwer, Ppgy, for each transmit-
antenna is divided equally among the 'Np frequency bands. Ny data streams may then be
processed and transmitied on each of the Ny frequency bands. In one embodiment, each
data stream may be coded and modulated based on its achieved post-detection SNR. In
another embodiment, to simplify ;'the coding and modulation at both the transmitter and
receiver, the transmit power may be allocated non-uniformly such that 4a common coding
and modulation scheme may be used for (1) all Ny data streams for each frequency band,
(2) all N data streams for each spatial subchannel, (3) all data streams for all Ng-Nr
transmission channels, or (4) all data streams for each group of transmission channels,
| which may include any combinat;ion of frequency/spatial subchannels.



. |
transmtted on Np selected ei gennnbdes of Np frequency bands. [1094]
Dependi ng on the channel response matrix, H, and the noi se variance, uZ2,
each of tH¥O@&B6treans transnitted on the NF sel ect ed22J3HLY2HMs nay
achieve different post-detection SNR 1In one enbodi nent, each data
strearn is coded and nodul ated based ogn a respective codi ng and
nodul ati on schene sel ected for that data stream based on its

pf’?t | det *Eg}d@catsﬁig eaéﬂ‘trﬁn@:@]‘;ﬁg%ﬁx s‘éﬁ@rigéjée'nf%t d fo} Qs.% ih ﬂ%e%d%ﬂ%’&m%)ﬁgon SNRS

are ac h| elweithrisonittealid preided with eferiﬁfomﬁﬁﬁn hémem@rrb pfbp@ﬂya brocedielatiQHivd o
codi ng and nodul ation scheme - may used far all data streans, which
can si npltjapsmissian i sampls. for B?@tﬁrSf HEnyTRissieRseheae, ahich smployebeami 1095]

pos - det a0 SRR Ot W RIS LR e e T, TN i (e,

Appl i cat isouguiSe veabrs NostheseQ9/ BéfheATY barild/:88 I”)&ﬂlfb)rm&mh DAL3eR: Fbe post-
Techni ques f or SSi t the transmtter and, recej ver for
R oo RteRETOSNIC el of e s lhatef iemEnohs o Mocsnding, B POGIZBE ot

* Appl i cat isefemeetd Bt bRt fo@%ﬂ&xgaatg%&eﬁﬂd F&t §e rsbéb‘nd %nsmﬂs@%@%@héﬁ’@ wigptitled

“Time-Domain Transmt and Receive Processing w Channel Ei gen-node
_ Deconpos iemipdoys piatthal Nﬁhﬂ'@s&@t@rﬁir eadhj ofdbe Meéfemcy PandgOibg trafinaiger may

applicat| ns_are al S .h signee.of the nt_a tion
and | neorgaralit e AR B8l 2ot S R gRR oy S BE RS 4K o1,
scherre f Qtredohi®e W deband I\M O system the partial- CSI transm ssion

s eme is_ used for each of the frequency bands. |n one |nPI enment ation of

sec P8 1 anQHies drpymission sehemesothae may hea hasad tonp Bl ST pr partighf~SLach
t ransmi t gﬁ{g}ﬁa% S5 w hé&ﬁCfoP@;H%lhé’baﬁgR{I%%E%t%}'tﬁe%ﬁ%ﬁﬂ“r‘ mmﬁ@%g 8

dat a stré)ams be processed an on each of. t
f r equencyf Benigsention. d‘lheseemlouﬂ tmmmlssemcdtthemm alowt the sndabayd YEMED sesterand

embod ot Cr5er it iFgEn dEBIn T ok eI Al B ey DBREC I P R ¢t er

and receiM&hissibhe transmt power may The all ocated non-uniformy Such
that a caomon codi ng and nodul ati gn_schene C\éNbe used for (1) all Ns

data strdd0fPls orh’e%f@wmhoé@@li‘élﬁd%ﬁetf& ST qr partig- baseétt@nwaa%dﬁme igach
tial |:
channel s BRI byg fof sl iriqubity"tlds i The Aebd NMEVIOsyslel B8 Bl

channel s,abowshioc thenfingt andckeoahd tanymmmhlsdwrmsn This thayesimplifyythe pakesing at
subc hann%loal the a%g tte? géc? re%givgru% 32.1'100%'161' emz)odlment each frequency band may be
' treated independently, and a different full-CSI or partial-CSI based transmission scheme

may be selected for use for each frequency band, subject to certain constraints such as

maintaining the total transmit power used for all frequency bands of a given transmit
antenna to within the peak transmit power, Py - 7 '

[1100] For the wideband MIMO system, an equalizer may be employed at the
receiver and used to equalize the'frequency selective fading in the channel response. In
this ‘case, the transmission sche:m?s available for the narrowband MIMO system may be
‘used for the wideband MIMO system. |

[1101] °  In general, it is desirable to simplify the processing at both the transmitter and
receiver. This can be achievedlby using as few coding and modulation schemes "as
possible (e.g., one coding and modulation scheme) for data transmission. One method for
achieving this is to allocate the transmit power non-tniformly using selective channel
inversion such that similar post—detection SNRs are achieved for the transmission

channels. An independent data stream may then be processed (e.g., based on a common



[ 1097) For each transm ssion schene selected for use in the w deband

M N O system the transmtter is provided with the infon-nation
necessary Wo pnomes |y process data prior to transni ssiZhJUleo¥ 2808npl e,
for the first transm ssion schene, which enploys beam form ng for each
of the NF frequency bands, the transnidger may be provided with (1) NF
singul ar vectors for these NF frequency bands and (2) information

i ndi cative of 1 t- detection SNR for, each of the NF sel ected

ei germode%oc%fg ?Fﬁgm%@?tﬁ)& Sﬁhﬂn‘?}oa&altﬁnﬁ%ﬁ °d OB °§ PR RS ERSIOB, AW gat a
stream FQlternfevebE GRAB datasBBHT InGS R pro6REITR(e. WHasdi orefi® LoNSoR @b Hinglan&S

transm ssion for each of the NF frequency bands, the transmtter nmay be
provi ded WpPeHation schpmelwush degradtidexed randNRNpBitied HVer Beseaneltipledranemisaian h

group of St . t. 1 SSi henes . .pe
based on %%bﬁ?l%snfoggﬂgnaprl ‘{’ ?Sgllgg%gl%hggé% é%‘gegﬁﬁ ‘?\Hgﬁ%g% @aaf)@%%brﬁg i S@ gaq%ﬁﬁx%tﬁe

wi deband ik Kt spentmizsion BtheinBidsscribedvabdvienaridimestatnereard indyi e frovesseidiaad.
These various transm_ssion schenes all ow the w debaud NWO system to
consi der FHEIiliedover thedbiselseled gecnmedss of thei¥rfauereddetiey bands for the
data transm ssion. [1099] In one enbodi nent, one full-CSI or partial-CSI
based transm ssion schene is selected for use for all frequency bands of
t he wi deband NMAO syst erQuamdizakimrol nehBtehfformafivm first and second

transm ssj chepes. This may.sinplif e _processing at b t he
tranen & o BI02ES " TR g & nriioh Rt e TR P SR AR ey
be treatgshtibRened dBIMsl id smidiaf vetitdd) efiseall df whil CSBKe.g.OtheRakrie] dsp&isk
based transm ssion schene nay be selected for use for each frequency

band, subfeEw) can Ewalnreduesohe emapwited chausl mformatigmnendad fn byepered loeml b
transm t : r £ equ : ' & e enna
o wi thi s bt S SR AGE Solne ! 1R bhRTCS WD
system apqemRsaN, ZAl ERNpIOE cRAREDYAhsablut NBe dodeeiMBcANG: dRelqditalent
equal i ze t'he frequency selective fading in the channel responsé. In this
case, t heirforansonsei enrepadedr toahe anaasrhitot. e Iif oonttakie thrapardalbESidrdRABsRNSt em

may be used for_ the wi deband system [1101) | eneral, it is
desi r ab~eSHEE R AR Ak %ﬁgﬁ/gf Wée%tNSb%’fﬂI‘F T Ned-a e SR algs gney be

receiver. i } d.. Byet:HSI, NG-.AS i i
Coher nes: Tapte BAMAIERRERIRNSEa Bkl Ga80 £ CODDA it TRUO Bl
transi ni sShomte Gnimdivetivroof thespecilchd@y iratg anficeding abd maidhlatien echiehe tortensmi t

Poct - ot e b e TR oR ik SOk PuRRERBS L pliRGS] O Vo (M STl

{1103] = The beam-forming transmission scheme only requires one SNR value for the

selected eigenmode (or one rate value) and the singular vector, v, used for beam-forming

the data transmission on the selected eigenmode. The singular vector is cbmposed of Nt

complex channel gains, one for each transmit antenna. If the number of bits used to

quantize each real or imaginary dimension of each compléx channel gain is denoted as O,
then the total number of bits needed to code the singular vector is 2N, O

[1104]  lists the number of bits needed to represent the different types of CSI for the

partial-CSI and beam-forming transmission schemes for a MIMO system with Ny transmit
antennas and M possible rates. I{n Table 1, the symbol “l_ -i” denotes the next highest

integer value of the quantity within the bracket,
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channel s. An independent data stream may then be processed (e.g., based
on a coranon WD 03/073646 25 JULY 2006 28 codi ng and nodul ati on schene)
and transnwiot@grnms each of these transm ssion channels. Zsﬁif fyely,
one data stream nay be processed (e.g., based on the common coding and
nodul ati on schene) and denultipl exed and transmtted over these nultiple
transm ssion channels. For exanple, &8l ective channel inversion may be
applied in conjunction with the first transm ssion schene descri bed
above, and-one data stream nay be processed and transmtted over the NF
sel ected ei germmodes of the NF frequek®e bands. Quantization of Channel
State Information [1102] The us;,of transm ssion _schenes that rely. on

reduced apount of CSI (d.g RmtiapC8Eessed §SNR5 aBeam+Fogooliey vectlor)

i nstead of—fuH—CS{eg- _the—channe F-E5PORSe——FBtH-X—eap—greath
reduce thFCatrlmglModuiatlohqnnel imrgbgmmp_h needed to beflasgpM)_led fronF/ t he
receiver to the transmtiter A transmssion hene_that_relies on_fiull

CSI woul d| Singular ¥eddor z -[NT conpl ex0channel gaifns plus bhﬁonm se varl ance,
or the-equivalent qu information to.be repoited to the’fransmttek. In

.contrast, the partial CSI transm ssion scherre only requires Ns SNR

valves. G, T gt o oo haRR 8L U5arY e mBRR ek e

- system  sliy@idiateetok Soiapdb@abitsves pdssbhets palucd it glabentrdtiafcameieo® g and
nodul ati on. schene to be wused for the data stream on the corres ond| ng
transmit ramr@ﬁrback foithe Bynsmitfere Howerreh Hiermvagtiarion shaudd peimotessblyelegtady
reguires 1%1]3 cvalue for the selected ei.-ennode (or one rate val.ue)
ad) the singular vector, V, used for beamfornming the data transm ssion
on the sdiltéfled E‘algerz sticves ﬁiengtgr:edatimedn@NRs(imdﬁ)c@ediiﬁﬁdreINTnumbmploéx
channel galn On%t aé ea rt1 trans Br’éﬁnna I.f the nug}t;)?g of b used
to quantqufjé LER Oftare WGP %@f‘?‘?ﬁq 00 G Pmmiex peé)eagh
gain is dgqnaledeadr. Qrhe B@RdAAibs sh@v@in TeBTBaris @btabliet Hasages 461 qut@ot he
si ngul ar vector is 2NTQ [1104] lists the nunber of bits needed to -
representSYSRE EPITREnCeH they bean-dprming mole. ¢ Hae degradation asiSNEhdue to fhe

ant onnas SAGFERIE RRLAS, EAE Fmplll aNEMERTERL SRR AT RATRR | 1

next hi ghts bperatinge§NR. VElisidegphddtioe ig steovin verswi fohidifferertthvalubs af Detangin®
03/ 073646, 25 JULY ucr?‘lof?ve

from two thro
Table 2
Number of Bits (Q) 2 3 4 5
Degradation in SNR (dB) 6.12 2.7 1.25 0.6

As shown in Table 2, as low as four bits/dimension G.e., @=4), or eight bits/complex
channel gain, may be used to encode the s_ingular vector. Five bits/dimension (i.e.,
Q0=5), or ten bits/complex channel eain value, provides even better performance. The
number of bits required to adequately represent each complex channel gain may alsobe a
function of the dimensionality of the MIMO system. For example, a 3X3 or 2X2
MIMO system may require even fewer than four or five bits per (real or imaginary)

dimension of the complex channel gain.



29 Table | Partial-CSl Beani-Fornm ng CodingfMdulation NTfloWU2(Mj 0
~C)92(Mj Singular Vector 0 2NTQ [11051 In general, it is desirable to
quanti ze t h® anphex channel gains for the singular vedd JULY 20065 few
bits as possible to reduce the anmount of information to be reported back
to the transmtter. However, the quantization should not noticeably
degrade performance. (1106] Table 2 3hows the degradation in SNIR (in
d13) for different nunbers of quantization bits, Q wused to represent
each di nmension of a conpl ex channel Sgstem of the singular vector. The

oper at | ndUIOTTt e ledin  BoRk AGERb e S atBgt 26 atam K- SeRAID Y X he

quant i zatdcefvet ss&atehp ol Ophigh  hike ¢ lofOfim@aRhligat {Rbubl 55%3(9@' #dand is
not a function the operating SNR This degradation is shown versus
for diffembpdimentsidescribed @relanging fromtwo through five. Table 2) Nunber

of Bits 3 6.12.2.7 1. 2 e own .i.n,Table,..1, as as four
ol o) o mikdost (‘% %@%‘g‘tﬁeﬁﬂ&% géﬁdhatff“guﬁ%@?sc%ﬁ%ﬁ%%&%%ﬂ% FOUICE 3= be
used to eanade (TXedah peickadr 984 NAich Finnetspbddes JiidEisrRavesithetraffic@afa 5 ) ,
or ten bits/conplex channel gain value, provides even hetter perfornmance.

The nunbaied op 950§ MosyeRdingEchemeyioquafies soded siatas e codedhtrdBagria@ahannel

-sin may ) ] t.he,.di.ensi . quvpr em
For exanﬁ@gﬁ%aagl@leég&l% ﬁ%fd?y%?l €Fnb'ﬁ63ﬁirﬁgg§{ﬂ#€gyg@féurﬁ%}§® ha%g our or
five bit diyeon (métglexo(CDMagi alkhoy p subliereh Secmansmidsioa, chammi ®xbecisad fed

gain. WD.03/ 073646 25

gAY e 25 A 00, S TN G SR Phock dhooram
which ar eneaqall & 4f TRPhRIRMAl DR D USIASBARE Ha@d then modulated (ie.,
symbol mapped) based ‘on one or more modulation schemes (e.g., BPSK, QSPK, M-PSK,
or M-QAM) to provide modulation symbols. The data rate, coding, interleaving, and
modulation for each transinission channel or each group of transmission channels may be
determined by various controls provided by a controller 330.
[1109] A TX MIMO processor 320 may- further process the modulation symbols in
accordance with a processing scheme comresponding fo the current operating mode for
. lransmifter system 310. Each transmission scheme may be associated with a respective
'opérating mode, and each operating mode inay correspond to a specific processing
scheme for the modhlation symbols. For the partial-CSI transmission scheme, TX MIMO

processor 320 simply passes the stream of modulation symbols for each data stream to a

respective transmitter (TMTR) 322, For the beam-forming transmission scheme, TX
MIMO processor 320 pre-conditions the single stream of modulation symbols for the
selected ei genmode based on the singuiar vector, v, associated with this eigenmode. The
pre-conditioning may be performed by multiplying each modulation symbol with each of
the Ny entries for the singular vector to provide Nt scaled symbols. Ny streams of scaled
symbols are thus provided for the Ny entries of the singular vector. The pre-conditioning
with the singular vector effectively performs beam-forming for the data stream. In either
case, Nt scaled or unscaled modulation‘symbol streams are provided to transmitters 322a
through 322t. |

{11101 Each transmitter 322 receives and processes a tespective symbol stream. For
an OFDM system, each transmitter transforms the symbols (é.g., using inverse fast

Fourier transform (IFFT)) to form OFDM symbols, and may further append a cyclic .




enbodi nents described herein. [1108] At transmitter system 310, traffic
data is provided froma data source 3121 to a transmt (TX) data
processor 314, which formats, codes, and interleaves the traffic data
based on oné or "nore codi ng schenmes to provide coded da2&:JUILY¥ 208écd
traffic data may then be nultiplexed with pilot data using, e.g., tine
division nultiplex (TDM or code divgsion multiplex (CDK) in. all or a
subset of the transm ssion channels to be used for data transm ssion.
The pi | ot,fat & Lsht GED&A N : L@ WN
manner , ib%‘&gt 1%af'lﬁl (’i’ﬁlg%mﬁ 1%ﬁ}a?){l @g%%pgﬁ%cﬁr a Jhgio"dggﬁ S@?%?ﬁeg}.rlhgcgt aE?(gl t hen
modul at edraigmiter, al copmrtd theegypdd) stoeese dntorono e worenaprgnighalsagridofuribethemes

(e.g., BPSK..OGPK, M PSK. M ). .to provide dul ati ogn synbpls. The -
data rat g?rﬁétbﬁné;wi ﬁ?ﬁﬁ@a&i%@%@#ﬁﬁ eafnrogiﬂl‘i%g)rt CRAPE St K on
channel @gnceaeh sioabiRedfl sifi-Analigs foP vehanigbs Y aRe MINRY ehiimeed Ay
various controls provided by a controller 330. [1109] A TX NUMO processor
320 may fapdulated pHgnsdseGom wensmoders at22ertheygh A28t jare theo doandmitted fm HVa
processin C rresponding tg the current operating node for

transm tfmgtF’ %agg’?%an%?’g“feﬁ%rs‘gtc%s?%%ﬁg% ssion schene nmay be associated with a
" respecti yH1IppersteagveiedtemB33d, dechnapieca nhailanliagimy aeqededAOIIL 0 a
speci fic processi n%g‘yschege for the_nodul ation synbols. For the,

parti al - E8PnR3s FadhiiEanel 954G Radrihe rgseivgdskamal Bpwcagh aptennpAF24s pRovided i ses
the stre ' S : t,0 r es| Ive
transm { Lot TN Bob o Ry Back rister 354 PoThiGiTL b7 fiers, ZRBRREL %, o
pr ocessorn@dewproavertndid feoeized bignali amgll digisizesethm cohditionkd signabmo gyovisiels f or

A&y sel ected ei genno based he sinqul ar vector,, Vv, associated wth
15 o oSnnte SERCGC IR, Hhch bl et nis Eien b, SRRSO ISP e
each noddk@bd0ited With @lrestiveRd §A61) 1O bbtainodNEsgiHdid gQbreff lof kdi8ived RahHol
vector to provide NT scal ed synbols. NT streans of scaled synbols are

t hus pro¥daedfpiy )t he NT entries of the singular vector. The
pre-conditioning wth the singular vector effectively perforns
beam f or AHZ] f orA thye MEYIQ processen 366 then roseives and, professs dhe dVroreceivgt al ed

nodul at i re i o transmtters 322 thr

Taoot - (Tt bREATH BCoPLIhBEr of Shd bR RAEE BloRedteRectiiBt A
synbol  sthigads Nfebovetdd B sieais Ter®adhs i a Folekdfle [ MGG RBockdi6r
synbols (e.g., using inverse fast Fourier transform (IFFT)) to form OFDM

synbol s, 3&0dnayeynplemanh ¢he EOHENTCMEFC| MVIVE) BBVISE-364 ©r 26m4 okh¥r 288B/er
processing technique. These various receiver processing techniques are described in

detail in the aforementioned U.S. Patent Application Serial No. 09/993,087.

[1113] A receive (RX) data processor 362 then demodulates, deinterleaves, and

decodes the recovered symbols to provide the transmitted traffic data. The processing by

RX MIMO processor 360 and RX data processor 362 is complementary to that performed
by TX MIMO processor 320 and TX data processor 314, respectively, at transmitter
system 310. '
[1114] RX MIMO processor 360 may further derive an estimate of the SNRs for the
transmission channels, the channel gains for the singular vector corresponding to the
gigenmode with the highest eigenvalue (or best‘SNR), and so on, and provide this
information to a controller 370. RX data processor 362 may also provide the status of
each received frame or packet, oﬁe or more other performance metrics indicative of the
decoded results, and possibly other information. Controller 370 collects the pertinent
CSI, which may comprise all or some of the information received from RX MIMO

processor 360 and RX data processor 362: This CSI is then processed by a TX data
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31 prefix to each OFDIM synbol to form a corresponding transnission
synbol . Each transmtter al converts the synbol streaminto one or nore
anal og si further conditions (e.g., anpllfle and
quadr at ur g@}gﬁ(ﬁgﬁaes) the anal og signals to generate % n':!fo[‘ITdLYe?ﬁﬂa6 si gnal
suitable for transm ssion over the NEMO channel. NT nodul ated signals
fromtransmtters 3222a through 322t 3 e then transmtted from NT
antennas 324a through 324t, respectively. [1111] At receiver system 350,
the tr anpmsbésts@oBmp disdalaed 18i gmatislank 630.anaiiiededly Mhsnaiéie 354s thhigh

t hrough 3 , .and the received sjgnal fromeach antenna 352 is provided
to are C%Tﬁd\i@nii%@ﬂ\l?é‘?kTPW“@SW“’E&%W recei ver 354 conditions (e.g.
filters i fi t l tizes
t he condg ?I ed‘%?"aﬂ% to pProvi a{elﬁ%c{e‘%%%c%g&%%?&egéﬁg% Mﬁg(bsgﬂeEach
sanpl e stecexaed bpyn&miztsr?@n bendjifoncé by eete{versy322, ddmnﬂ@ludedﬂagch &mmdfdutator
recovere % cggt ai orresg)gggé strea recejved s H‘%ol S
(denot ed §pqc §56¢ &Y TOEBHPT: %Eeflné?:‘gl JeROY

pr ocessematBGiNR sk acal VEL: re%Mﬂ&P bS§ ¢ GRABrOAAEH 1P BordfdBeL B3® afld! BRAI t0Of

spatial recelver processing techniques to provide NI recovered synbol
streans tedeshttedtnsmsissipn sehomeand i LeleraRXvadbut/coprae fis J6¢ datapocensgr 314

I mpl ement MVSE NMSE- SC, or sone ot her receiver

processi ﬂbéfgm%oceﬁsﬁgé‘é various receiver processing techniques are
descri befiing] de€loairblldrs 380anaf3qoatirot tlﬁﬂﬁﬁrdtioﬁ at Pad aﬂﬁsnﬁaﬁ argateb&iverSer i al
No. 691993,087. [1113] A receive ( at a processor )62 t hen

denodul ablemsgEsprctrelEaleamonsn 432 st é’e@ow%Stpéacgé\f@rr@agrgl}arﬁsé%anei@at@r ovi de
t he trangit g%gn&él?&sfjéb z[%ﬁtﬁo rg%f@\;e@f;es& ng by RX NEMO processor 360 {7

and RX data processor enentary to that performed by TX NI
processofl13ZD afde TiMpldaest rﬂleomﬂ‘sﬂnodmtranmmctteu}miqus atesdaribad sahotve.er

system 3 _10. 4] RX MO proce 360 m ri,ve an i mat e
oSt he oy I et p R e B SR R o, ek e usider o
si ngul ar th\equ&togsmmﬁddesmm ahé gingelat Bedtor, ADSIRECoMEL MfdrRALM BEREptive

ei genval ue (or best SNR), and so on, and provide this information to a

control | @fr thsmaraﬁxnw )3 ﬁP%%%%@?HWWW%\W@rC@W% Ogetrallest338 thym  each
d “y
oot 00 MG BARERL (ARG BlRT ! 18 Lol O IRAGRNTN, T )

I fif or rfat
Cont r ol | deteidndflesabé Iraietcsuserfer mhtseheﬂad traf3Bhissiod clednnalp yTheomier{i.c.e thel dataor -
sonme of the |é1form%t|on i.ved from QIIEMB .
rate and the coding an mo ulation scheme) to be uwsed for each selected transmission

channel is determined based in part on the amount of transmit power allocated to the data
stream. The power allocation and rate determination may also be performed by some
network entity rather than at the transmitter system.

[1118] The multi-mode transmission techniques deséribed herein may be

implemented by various means. For exafnple, these technigues may be implemented in
| hardware, software, or a combination thereof. For a hérdware implementation, the
_elements used to implement these techniques may be implemented within one or more
application specific integrated circnits (ASICs), digital sigﬁal processors (DSPs), digital
signal processing devices (DSFDs), programmable logic devices (PLDs), field
programmable gate arrays (EiGAs), processors, controllers, micro-controliers,
MICIOPTocessors, other el_ectronic! units designed to perform the functions described
herein, or a combination thereof. | |
{11191  For a software implementation, certain aspects of the multi-mode transmission
techniques may be implemented with modules {(e. g.,_proccdures, functions, and so on) that

perform the functions described herein. The software codes may be stored in a memory



processor 360 and RX data processor 362: This CSI is then processed by a
TX data WD 03/073646 25 JULY 2006 32 processor 378, nodul ated by a
nmodul at orw@89973¢mndi ti oned by transnmitters 354a througdf JEH4Y 204éed
transmtted back to transmtter system 310, [1115] At transmtter system
3 10, the nodul ated signals from recs’gver system 350 are. received by
ant ennas 324, conditioned by receive 32', denodul ated by a denodul at or

340, and processed b% 2. RX data processor 342 to recover the pertinent
CST r epdiPfidg-Shymemany 35e Heklfe B) sy pxshiied By 2Eprsetas de- estontollengi oAb ded

to contr Fl0md e & 1,954 d:to
gener at erﬂ‘%/&é%ous cg%tg ?('1)‘1?1 EQF%%C%‘;QH%? ghet)é}g]g%sgsor %iﬁﬁagﬁéﬁé?'%%% it

pr ocessorhi@? Oase[if ¢db6he Qomhmnibiteely GRMledrtd (B Prodessactiathdompmeatsi asnis at t he
trausmtter angjrecei ver systens, respectively; Menories 332 and 372
provi de “LPFRABESAY program codes and data used by controllers 3210 and
370, Fes{ﬂ?ﬂig' Vel¥adihehldré] indlRddd BERIR Rr feheiBdl dd BPARI i dRaS Sk@h

t echni ques descri bed above, controller 330 receives the pertinent CST

f rom r ecettians. sSkhesaeehea@8B@s awhneininteaded teckimitshe s¢npepfshe poupepts slestridpiks, t he
si ngul ar, vect or,, and/or_ sone other infornation descriptiyv of t

chas act dPYEE Bler AR js8e SRR IlS e SR U r R chion Frro ot | o
330 t henntifeldpesiGib/ivng& a particular transm ssion schene to use. for
transmtting data, and (2) determnes the rate to use for_ each sel ected
transm J31BH chaRhareviovh descaipon pf e dicised swhodinents 18 mowdrd ©6ERME and
nodul at i r t: L AN S S : el is
ot or mi g EEST JEheh  BF o6 Bl Ol B e B RenkbR VADa! ARArEITET S Lhe
daj a sttpebose eFbedipensrwiil beaeadilyoapparedt toathesedsd iadrih il axyrendelye géredc be

per formed. by . sone, twork entity.rather than at the.transmtter. system
[1118) FRECIRUR S et S PLer os cPBES o thrrora Hets MILETGPaT e iR be

i mpl enenrh@dpiiY oY AEIPRUST tHE HdentibR THWSNAE Qrestiiteitferios NP At Bfen@oy Woe

i npl emented in hardware, software, or a conbination thereof. For a

- har dwar dirhitgsi ternerabqdgacnts showndieassip huils ipseapceerdpdiiesyigpt s¢qpe sensissifini ques
o S o S TOH s d
my e I%%?ﬁg%%{l?gﬁbe?%%u&%s d]&li&ed ﬂ&gfnl cation speciticC | nt egr ate

circuits signal processors (DSPs), digital signal
processi ng devices (DS Ds), programrable |ogic devices (PIDs), field

progra g@ gaw%lA e&ﬁ rocessors, controllers, mcro-controllers,
m'cropm ors, FF %y?'u'l |f‘§, units designed to performthe
functions descri bed




herein, or a conbi nation thereoﬂ. [1119] For a software inplenentation,
certain aspects of the nulti-node transm ssion techniques may be

i npl enented w nodul es (e.g., procedures, functions, an@sUdy 2006t
performthe functiions described herei %Y4The software codes may be stored
in a nmenory WD 03/073646 25 JULY 2006 33 unit (e.g., nmenory 332 in FIG
3.) and executed by a processor (e.g., controller 330). The nenory unit
may be inplenmented within the processor or external to the processor, in
whi ch case it can be communicatively coupled to the processor via various
means as is known in the art. [1120]éﬁﬁ& jngs are included herein for
reference and to aid in |ocating certai ections. These headi ngs are
not intended to limt the scope of the concepts described therein under,

- and these concepts yay . have appl.icability in other. sect.ions _throughout
the entire sgleci fi‘t gié fh8§¥°r[tT?ﬂ§Timqf%§taﬁ’?' éval glﬂrfhgeosfcti-’aflﬁ?lf%% %‘meeﬁég 2

di scl osedwigaidsochimmamicstionsypemm\colipribitgd enabl e any person skilled in the

art to nmake or,use. . rese Lhventd on. Various difications to these

enbodi nment s qufémgig&g ?‘é‘%’&fal%l?/g %’6%@%# S PRBEEL I?fSFcl?néd inthe art, and

t he generic pdentifyingl @ spddeici predr bidgceion imymisgonapihbme deleaedotréreramong a

enbodi ne i . i £ : (A C . i ntion.

Thus,  t n el oF Bk FRAL uidtf Bk Ykl bl AP BeEipifed Splrt

enbodi mentesdigérowherhiaree¢noflshe passible powe allcwbierdedhsinhgomiciests alowpse a total

[1122)  wetpe POy AR & YRRl BBKE TR Fhe P REIT s

transmi t t¢haepeldat a over a plurality of transmission channels in a

wirel ess comupiaatindNomRy st fbte GAPiesh % bdCLAEMIBH NRsRAN 0P R JLILI
condition of the comrunication system identifying a specific power

al | ocat i o¥enfRiavaYckesicoiidschene sel ected fromamong a plurality of

possi bl e poverpaldsaGatd BB of hétB ATk §RhAMHSENB RS RASLANIMisfiftEschificer M ned
operating condition, wherein each of the possible power allocation

transm ssion schenes allocates a total transmt power available to the

transmtter anDng athe RaSH oPAGNOS, WhBRinRhd/$padifid MarhistibrRRhohSBisABted by

channel s; ] o i o
evaluating performance of each of the plurality of possible transmission scheme.

3. The method of claim 1, wherein the specific transmission scheme is selected

based on an operating signal-to-noise-and-interference ratio (SNR).

4, The method of claim 1, wherein the one or more data streams are further

processed based on channel-state information.

5. The method of claim 4, wherein the plurality of transmission schemes includes a
partial channel-state information (CSI)transmission scheme.

6. The method of claim 5, wherein the channel-state information for the partial-CSI

transmission scheme comprises signal-to-noise-and-interference ratios (SNRs).

7. The method of claim 4, wherein the plurality of transmission schemes include a

beam-forming transmission scheme.



determ ning one or nore data streans to be transnitted based on the

sel ected transm ssion schene; and processing the one or nore data
streans based on the selected transm ssion schene. 2. The method of claim
1, wherein the specific transm ssion schene is sel ect ed 25 JUEVR@A6 ng
performance of each of the plurality of35ossi bl e transm ssion schene. 3.
The nmethod of claim1l, wherein the specific transm ssion schene is

sel ected based on an operating signal-to-noise-and-interference ratio
(SNR). 4. The nethod of claim1l, wherein the one or nore data streans are
further processed biksedthod oftisimiewhatiakteinglafiatisidsiodRhanbel isTitctoefdias of

cl aim4, erein t lurality. of transm ssion sch s i ncludes a

part 1l crbi Bebrdpuind tEpmidieR ret el o FEneth B Leh dit o Ftma

met hod of itdnamimsidn onvileesireglaseletted icdvamingdn chtiakle i nf ormati on for the

partial -CS1 transm ssion schene conpri ses

signal -to-noi se-and-interference ratios (SNRs). 7. The method of claim4,
wherei n the pl i al i thheofethodardsaldie si, ovhesinhtberslannel statediafcamative donthe deam-ng
transm ssi : . 5 0 Th ai rein
a single tf_&%@%}h@éﬁ;g%ﬁ% hsésﬁ%éﬁl g{%prégﬁ g‘%%azéf’ “?ogsr% aﬁcg%&?%?eg% gfltl e(gir}!}ﬁ? o%%ng

t ransm ssi orsubic estoe for anidglebaectsd trabredsiof oramiehg i s used for a data

transm ssion on the single selected transm ssion channel. 9. The net hod
of claim7, wherein the channel-state information for the beam form ng
transm ssi on sciene Themsitiod eEclaimgh atherein caahi ebomnenirf therpingnkpyasior & quentizest
(SNR) and @ fv8 hindhhaa! pe¥ 8ffeRiiod OF @ singl e sel ected transm ssion channel .
10. The method of claim9, wherein each elenment of the singular vector is
gquantized .to five bits or |ess per dinension. 11. The method of claim 4,

wherein the plupali t%e%etﬁoﬁ%ﬁ@lﬁﬂxﬁ@i\ﬁl@reﬁlcth@mi@irb@krh&@ﬁﬁ_ﬁion harm:sSHhatde 19
transm ssion schene. 12. The nethod of claim 11, h

: o wherein the

channel - st XeE-SiRREHEITISYESERe"®he beam steering transni ssion scheme
conprises signal -to-noise-and-interference ratio (SNR) and a vector of
phase values for a plurality of transmt antennas used for data

transni ssion. 1% Th@er’r”féelﬂwgo"fcﬁa“ﬁlléi yiefen t P‘E‘Flrftatt?]é’f‘?}'@é‘t‘%‘r fop the f5gree
val ues is QasiagiraBmisioSicAgh RMpHEs bighal-fdioisa-apd-indefeRade @i JSNRDEIRLa vbéor The
met hod of c %I m 1, vtmer?l q,thfe og)e,ratl n cor}dl ion is %uantl fied by a
si gnal - of phase values for a plurality of transmit antennds used for data transmuission.

13. The method of claim 12, wherein the vector of phase values is based on a

singular vector for a principal eigenmode.

14, The method of claim 1, wherein the operating condition is quantified by a signal-
to-noise-and-interference ratio (SNR), and wherein a partial-CSI transmission scheme is selected
for use if an operating SNR of the communication system is above a threshold SNR,' and a beam-

forming transmission scheme is selected for use if the operating SNR is below the threshold SNR.

15. The method of claim 1, further comprising:
selecting a rate for each data stream based on a signal-to-noise-and-interference ratio

(SNR) achievable for the data stream[

|
16. The method of claim 1, wherein the wireless communication system is a
multiple-input multiple-output (MIMO) communication system and the plurality of transmission

channels correspond to a plurality of spatial subchannels of the MIMO communication system.



|
to-noi se-and-interference ratio (SNR), and wherein a parti al - CSI
transm ssion schene is selected for use if an operating SNR of the
communi cation systemis above a threshold SNR, and a be2SnUlY (0§
transm ssion scheme is selected for use%j the operating SNR is below the
threshold SNR  15. The nethod of claim11, further conprising: selecting
a rate for each data stream based on a signal -to-noi se-and-interference
ratio (SNR) achievable for the data stream~ 16. The nethod of claim1,
wher ei n t he wi Fel esBiecogiethiof lainnl, syhkereimilies wigelesyy dopinphisatjoapstem is a
mul ti pl e- getepiill MM pGOHRHAL- Gﬁ’t{)ﬁtC{ﬂrﬂﬁﬂﬁ tc@mnaaelmfoﬂ%y@énv Lad e Yoty of

transm ssion _channel s corre to a plurality of spatial subchannel s
of the M MESEEHARMaERAS e @cftempl@%mo [sretizbybehianngls of elusdibhefdregreney ai m
1, wherei Badghe wirel ess communi cation systemis a w deband mul ti pl e-i nput
mul ti pl e-out put (M MO comrunication systemand the plurality of

transm ssion channels correspond to a plurality of spatial subchannels of
a plurality of 18;1 reqtlﬁﬁﬁéjhﬂdbﬁﬂdigl #ﬂﬁheraihe?dﬁnﬁkﬂi'dm&fscﬁdnﬁi1§Tbelezted%§%£ﬂoﬂd0ne
transm ssi sche ected for use for all frequenc nds, an
wher ol 1 oRL ToReH SR inail MBS O BOTE LA SHFATE AP GHOGER OF FEUBRIPS band
and are pbadessgdphased bakd bite sddcedtetinisiansiessi on schene. 19. The

met hod of claim 17, wherein one transm ssion schenme is selected for use
for each frequency band, and wherein one or nore data streans are
transm tted onl®achTlhermghodnd ylainbEn dhersid osy tmnpmmmssemhebameﬁhed fiortukeefor

transm ssi.0n BENSHPLSE! 58 WEdchOhe L Ak dAAHENEY: DAL 200y TG dthiod of
claim17, i n-a e’amformngtransmssmn schene'i's use

for each obindtahdarppuwrcabadibysedbn fae Ganseissipn frheoksseletéd fof thet muhmyibzmﬂ cl ai m 20,
wherein total transmt power is allocated such that a common codi ng and
nmodul ation schene is used for all data streans transmtted on the
plurality of frequency bands. 22. The method of claim17, wherein a

parti al - CSI_trg\sm f) Bnde RO TPy 170 GhiEehed veliftRthe! sBRGM OILNE s

plurality of frequency he net ho arm 2 rein total
transmt Q@W@Idﬁprsls‘aﬂof@éla?@t!e@WGMPW&Q‘W@W@@Wn codi ng and modul at i on
scheme is used for all data streans transmtted on each frequency band.
24. The nmethod of claim 22, wherein total transmt power is allocated

such that a cdhmonTicourthyl efrdeimpduibersis il dresmt pawer dedlopded Bl thaht a
streanms tLaRsM {ddfg 2N mBafAlios Réeindlis used for all data streams transmitted on the plurality

of frequency bands.

22. The method of claim 17, wherein a pariial-CSI transmission scheme is selected

for use for each of the plurality of frequency bands.

23. The method of claim 22, wherein total transmit power is allocated such that a
common coding and modulation scheme is used for all data streams transmitted on each

frequency band.

24. The method of claim 22, wherein total transmit power is allocated such that a
common coding and modulation scheme is used for all data streams transmitted on each spatial

subchannel.



subChannel . 25 JULY 2006 25. The nethod of claim1, wherein the wreless
communi cation systemis an orthogonal frequency division nultiplexing
(OFDM) conmuni cation systemand the plurality of transm ssion channels
correspond to a plurality of frequency subchannels. 26. ZBhgUTY 20d60f
claim 16, wherein the step of determ ni @/corrpri ses: determning an
operating signal-to-noise-and-interference ratio (SNR) of the M MO
system and the step of identifying conprises; identifying the specific
power allocation transm ssion schene selected fromanong a plurality of
possi bl e power 28 | ocldkei rogthddr efhelrins $i ehersio berearelosss einnomidatian eyp@malsi ang

SNR, where 1.SSl | at ed
For. use. f o gefatitainct B Hntiiiy b 3Or bl Lo Rk At ARUR TR dle bRy 77
each of t heanghigsien dhagnelsfconrspaidit eplpoiie of Giguensnsibokanndly. ansni ssi on schenes
allocates a total transmit power available to the transmtter anong at

| east one of the plurality of spatial subehannels. 27. The nethod of

cl ai m 26, wher eifn t hidemethod of elgimgf, wheseis the step ofrficteaniairg somprispyy detergining

parti al - CSl, §JeaRsimlisml Q%o%s@ﬁﬁ‘&%te@f&@m% ¢ ﬁﬁ(‘ﬁNﬁﬁBfﬂh@ﬂ/HM@E&%ﬁlns M SENEATE,
and wherein the partial-CSl transm ssion scheme is selected for use if

t he operati deggifangEomgrisghove a t hreshold SNR and the beam form ng

transm ssion Sclhﬁ'lﬁ%/u‘égsth% %b&ﬁfceﬂujepElldé§tﬁ)n|tfan§nh%1dﬂps%ﬁ@ﬁé bt olrS arils QW
t he threshol d_ SNR for transmtting data in a nulti Ielnput

mul ti pl e- oblPliY of Rﬂsrv@'f POY‘S‘?SHWH%I%W%WSWﬁ@WS laaé?@pqni thg PRgTAtipg R .Wfﬁﬁg a
speci fic oagnef tR fmblitRlof ins@issioh AbRMES & REgLRANBELE B8 9ebpQaivd BALE of

achi eved perfornance, erein the specific channel is to transmt the
t ot al tran%ﬂ?fafm%)cﬁkﬁ’ws &vﬁqféﬁr Svherging ﬁ%ﬁ ‘Erﬁ‘ﬁs‘?‘r‘i‘r?]f%rc’ £ prstible hasien glleratieic t or

of phase vadmaﬁs@ofch@ﬁdaqn@hamg a il tlamnfigotet Rildblcad $i¥ tRfimiRerGRRNN G least ONE

phase val ue f ch of. a uralit of transmt antennas used for data
transm ssi BIWOQB’FB@@S’“%@W&&S b“% on a particular coding and nodul ation

schene; and transmitting the processed data from each of the pI urality of
Lo antennge 2R o R0 kel ASERTL RN ARt RaRTER e« 20
The net hodpafial-CISaimnsAfsionteliepienanfild beatn-famsing trapoidsion i ssheuwpdnd ohereiaahe
transmt Sgﬁa?-%g?transmission scheme is selected for use if the operating SNR is above a threshold

SNR and the beam-forming transmission scheme is selected for use if the operating SNR is below

the threshold SNR.

28. A method for transmitting data in a multiple-input multiple-output (MIMQO)
communication system, comprising:

identifying a specific one of a plurality of transmission channels based on their achieved
ﬁerformance, wherein the specific channel is to transmit the total transmit power available to the
transmitter;

determining a vector of phase values corresponding to the selected transmission channel,
one phase value for each of a plurality of transmit antennas used for data transmission;

processing data based on a particular coding and modulation scheme; and

transmitting the processed data from each of the plurality of transmit antennas at a
particular transmit power and with a phase determined by the phase value associated with the

transmit antenna.

29. The method of claim 28, wherein full transmit power is used for each transmit

anfenna.



25 JULY 2006 38 30.. A nenory comruni catively coupled to a digital signal
processi ng device (DSPD) capable of interpreting digital information to:
deternmine an operating condition of a comunication sys28nJUE3 2006 a
specific power allocation transm ssion schene fromanong a plurality of
possi bl e power allocation transm ssiomgchenes based on the determ ned
operating condition, wherein a possible power allocation transm ssion
schenme all ocates a total transmt power available to the transmtter
anong at | east one of the plurality of transm ssion channels; determ ne

one or nore dakg St nReadk, kLo .qpﬁ_ ) seq;: an; dyevi
transm ssi on schene; and p?%gging_ t g)%%@gg?%rr%?&l Ia%lg#asltspr%écg%ﬁsn%b%egga on
t he sel ect(BaFRY<appbleios gitapretinglségitel infemmatian wonput er program product for

faci | tating dabemfiidh b dBuRlor fodthillihidnkyQl, L ansii ssion channel s
in a wreless communi catl on syst em conpri sing: cod’e for determ ni ng an

oper ati ng condistifchnsrsrifie Rewes fiindaningiiog ydemafrongmens spluslity of passiblea

speci fic thaasibasib® RastRGHR sdhbAtD RERNG Re Rhdthfkd berfing RORBARA! Gherein a
transm ssi on_schenes based on the determ ned opera g}g‘g condit]on; code
P

for det er MPHIYgPOYFE lnrcatitg tanemitsipnsthemg itloqatss Bdotel et peed ailsbla tofet he
sel ect ed HahANAFaMEALN 158 BRNE heGNHRItf MirabinkiRfnicAGnAE0CESSIi ng the one or
nore data streans hased on the selected transm ss(i'qon schene; and a

conput er - usabl ECHEURLARE PbROE 3R SHERM iR b Brpgmitied basedapn the, elgeted hrangyission
wirel ess Gewmdndndati on system conprising: rmeans for determ ning an

operating condition of the copmuni cation system mneans for identifying a
apeci fi ¢ power PHCFSEEEMHH RIS sEr Ui R s et LB SR PR Emong o

plurality of possible power allocation transm ssion schenes based on the
determ ned operati condi tion wger i .. POSSi b%e ower allo aaﬁ.' 0
Lransni ssion Schere HiTBHE: pastat pielig: or et ferg et pyexp PIRY Fhe
transm t t efanaising chinnélemstwities @mnaunjphtionaystdny cafipristhgnsm ssi on  channel s;
means for deter gl Nl One:. 9k, MDLE, 08l fs] LGAMB, L0, Be,dransi tted based on
the selected €7angm ssi one8ehsere S ieany o rp'lpoceg i rrlrb the one or
nore data streans foasddtionatsheifsatapatietdbnt herenires iaowng a plurality of possible
transmission schemes based on the determined operating condition;
code for determining one or more data streams to be transmitted based on the selected
transmission scheme;
code for directing processing the one or more data streams based on the selected
transmission scheme; and

a computer-usable medium for storing the codes.

32. An apparatus in a wireless communication system, comprising:

means for determining an operating condition of the communication system;

means for identifying a specific power allocation transmission scheme selected from
among a plurality of possible power allocation transmission schemes based on the determined
operating condition, wherein a possible power allocation transmission scheme allocates a total
transmit power available to the transmitter among at least one of a plurality of transmission
channels; ‘

means for determining one (i)l‘ more data streams to be transmitted based on the selected
{ransmission scheme; and |

means for processing the ope or more data streams based on the selected transmission

scheme,




schenme. 25 JULY 2006 33. The apparatus of claim 32, wherein the wreless
communi cation systemis a nultiple-input nultiple-output (MM

comuni cation systemand the plurality of transm ssion 28hRHIRY 2006
correspond to a plurality of spatial subchannels of the M MO

comuni cati on system 34. The apparat of claim 32, wherein the
specific transm ssion schene is sel ected 'based on an operati ng

signal -t o-noi se-and-interference ratio (SNR) of the comrunication system
and wherein each of the plurality of transm ssion schenes is designated

for use for a nespeqhi Ygpardh@IIRh RPIhALh B RNESss g%ﬁmumaioﬁpsgaéﬁtiyé of
claim34, wherein the plurali té of transm ssion schenes include a

par ti al - CSPIRReBY edirkowRys EMBMGhepranipieation- sy Spmpsigthe phirditn o dresmisionene,
and wher eicharfnbIe corRgyiohll & = fhphlity bAPGMH SSEHRMEGHTBIIVD SRRl B6bfDftehiSe 1 T
the operating SNR is above a threshold SNR and the beamform ng

transm ssion schene is selected for use if the operating SNR i s bel ow

the threshol d SWNR 3fe appbatuaBpakial 325 whdreif ki sPeci, tran ik i scBWENE kdddchrg:
“means for ,sel ecti%%ra rate, for . eac

. . data stre ased on a .
si gnal - t o-ASILRAY a“f‘fﬁf‘W‘@F’?ﬁéﬁn‘ilﬁfe?}Breﬁcgﬂﬁ)&gﬁﬁ? Avhsstommpyicatis sy,
stream 3%nd Whereia ppdhr dtieSptahlitg boAirmsBidsiondteengds s ddgnmtd BF eeJoCoRM¢Riveat i on
systemis a N};I ti El es-l\ingsput mul ti pl e-out put (M MD) comruni cation system
wher ei n t HESEGWS &> et er ni ni ng an operation condition are means for
determ ning an operating signal-to-noise-and-interference ratio (SNR) of
the M MO syst and wherein. the ns.for identi.fying are neans.for
identifying a ?g']eci ?r g%ap ower 01:31 lfflrgggﬁ%gﬁel 1;ﬁg‘f’aﬂllslrr"rﬂljelg(solfon SEC lemrl’r%c}lgne]?sé%ctlueﬁ from
anong a plaupaatial-C§l oinspssen bkdhempenvea bednl-foaing dmnsmisios ntlesiepmdselivesrie thebased
on the operaii o i N e-pl.ural j.t 1T M, SSi
schenes i ?a@%&(?%ﬁ%ﬁ%&ts%l%f&&%%en? grglgged?ié)g B%CI{ im\? eOPrQIIgr]f;ﬁSﬁ%fl ! %b%gg 3tﬂ|%§1%1 8)@NRS ,
wher ei n a Pszidticdepolmmingltianwrssion achema Bsaledst fonuss dhlperatingdhiNR 8 delawt ot al
transmt pavRLsRYAIN@bl e to the transmtter anong at | east one of
plurality of transm ssion channels. 38. The apparatus of cl~m 32,
wherein the apparatus is a controller. 25 JULY 2006 40 39. The

control ler of gkai mIﬁ@apth‘d{uE Biecrlaiﬁ@ﬁﬁ[niﬂﬁi- hprising:

means for selecting a rate for each data stream based on a signal-to-noise-and-

interference ratio (SNR) achievable by the data stream.

37. The apparatus of claim 32, wherein the wireless communication system is a
multiple-input multiple-output (MIMO) communication system, wherein the means for
determining an operation condition are

means for determining an operating signal-to-noise-and-interference ratio (SNR) of the
MIMO system; and wherein the means for identifying are

means for identifying a specific power allocation transmission scheme selected from
among a plurality of possible power allocation transmission schemes based on the operating SNR,
wherein each of the plurality of transmission schemes is designated for use for a respective range
of operating SNRs, wherein a possible power allocation transmission scheme allocates a total
transmit power available to the transmitter among at least one of plurality of transmission

channels.

38. The apparatus of cla}im 32, wherein the apparatus is a controller.



nmeans for selecting a rate for each data stream based on a

signal -to-noi se-and- interference ratio (SNR) achievable by the data
stream 40. A base station conprising the controller of250&IIb¥Y30641. A
transmitter unit in a wireless comuni catjon system conprising: a
controller operative to direct data tranfsm ssion over a plurality of
transm ssion channels by receiving an indication of an operating
condition of the comrunication system identifying a specific power

al l ocation tradsm sEieenntgdlherfelaged® birber comprisimgrong  a plurality of

possi bl e power || 4ALLeME ARIISSLAN RENGPES BASPUOR JAG QRGLALINY
condition, wherein a possible power allocation transm ssion schene

al | ocat es ingerfersnee ratict (SR s #ehievahdafrthedateisiredl.e to a transmitter anong at

| east one of the plurality of transm ssion channels, determ ning one or
nore data streanms to be transmtted based on the selected transm ssion
schene, sel ectfhg aAbegestafigreoppatingihe eongelleeafinldbaddd in part on an anount
of transmt power allocated to the data stream and directing processing
of the one or nore data streans based on the selected transm ssion
schenme; a tran$hit {TRysSmitier 4nipingoeslescoppupisttion 8ysies. pRRFENE each dat a
stream based opcdni6ier 3pd-RfE @ifcaldBtatnAndaiQMh dfer @ plutdiReS ialEnision @AM AS
synbol s; and one or nore transmtters operative to process one or nore
synbol st PBans to provi de one or nore nodul ated signals suitable for

transni ssi on over areGsWIRALH ifdlatiomofGh Apdifing cdnditioh BEhE EBIFidati®] systitht Of
claim4l, wherein tgg}t lurality of tr?ns_m ssion schenes _include a

partial -CSl transmi e IPETHEC BTEEF &losRiop AR iSSiqR SEhelm sshcted {H9R A8 Re me.

43. Tlhe traRsnhtptmi_thf %gf%le%ﬁkﬂ%?qﬁoﬂh@ﬁfﬁﬁioh_fsfeheﬁ{éﬁlﬂaﬁﬁh logithd Spefiiping at i ve
to select the rtial- transm ssion schene if L operatin

si gnal - t 0- noi s'éJ-) Fian; WhesTt arreritic P&‘f’?roarﬁ(’@f\’ﬁ) UESIISSIgR S%W%&Piaoﬁtaéyst em
i s above t hro, halsalit SReanslaitable Sl £ aiandntivter Ddhp - 4t Oedst rRge tof ahs Mlsdino R
schenme if the &g)er at.i n% SNE is below the threshold SNR 25 JULY 2006 44.
The transnitt e GRS m 42, wherein the controller is further
operative to utili zétpaaingt snans more paovareaforo Batinsoatd bsded @anhd wiectede

parti al - CSI tr%@n%r%s%%ﬁ&ﬁﬁﬁghe”e and to allocate all transmt power to a

singl e data stream F'ot e’ ’beamform ng transm ssion schene.
selecting a rate for cach data stream based in part on an amount of transmit
power allocated to the data stream, and
directing processing of the one or more data streams based on the selected
transmission scheme;
a transmit (TX) data processor operative to process each data stream based on the
selected rate to provide a respective stream of symbols; and
one oOr more transmitters operative to process one or more symbol streams to provide one

or more modulated signals suitable for transmission over a communication channel.

42. The transmitter unit of claim 41, wherein the plurality of transmission schemes

include a partial-CSI transmission scheme and a beam-forming transmission scheme.

43, The transmitter unit of claim 42, wherein the controller is operative to select the
partial-CSI transmission scheme if an operating signal-to-noise-and-interference ratio (SNR) of
the communication system is above a threshold SNR and to select the beam-forming transmission

scheme if the operating SNR is below the threshold SNR.




45. The transmtter unit of claim42, further conprising: a TX M MO
processor operative to precondition the stream of synbols for a single
data stream based on a singular vector for the beam f or2f LY 20661 ssi on
schene. 46. A base station conprising the transmtter unit of claim4l.
47. A receiver apparatus in a wireless c ni cation system conpri sing:
means for processing a plurality of streanms of received synbols in
accordance with a particular receiver processing schene to provide at

| east one stredh of Thegavmited usiy obohio 42amdietein thel egnitrgker g fimtherl opetativeto

i nfor mat i qpiikd bl trhRiitSRGE: HLGRY 8LE G ThOhe g&ﬁﬁ. tr%mioﬁ%hemg 9&essi ng
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among a plural®ty Jhepassitis witpbalaim 4% fugbecpsprisingansni ssi on schenes

based on the CYITX MIIOY6efBEoREativd i pRechiddidn @ﬂess‘ﬁ’;e@@ofj]@ﬁﬁol§ kS @aiRledhi

transmitted to the receiver apparatus based on the selected power
al | ocat i orf"FALPRseH @ sHIgUIeLYsEiREBIOr hR Searieraingitransmistionsshemeabl e transmi t
power is allocated to the one or nore data streans based on the sel ected
power all ocati 9n tr rgsm ssion schenme. 48. The receiver apparatus of claim
47, wherein t hé®neansP¥Foiatiop camrrising the gapmites vojt ofclin §& (R) M MO
processor operative to receive and process a the plurality of streans of
recei ved synbol4§, V\/r&erei.n t he neans .fgr dtpSJrocessi ng conprise, a RX data
processor operati ve G ProtREEuS i 4 EEETs GREPERIS SYET: SUMSBIE and wher ei n
the neans for oeaoctes piongsihhe pasdlite ohqueadeof @eelvéd Gahbolp noReasate Oftkhat i ve
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schene is sel ' ' : | l.d, SNR. 50.
The receiver ag%glr%g? IlJ{smég& %gﬁlgeleéﬁ Z‘g%\/\ﬁ%ﬂ;‘ e"?‘ﬁ’a‘?‘g"% Qt’yﬁéggtgg%p%%&?ﬁaﬁ%
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more transmission data streams are transmitted to the receiver apparatus based on the selected

power allocation transmission scheme, and wherein total available transmit power is allocated to

the one or more data streams based on the selected power allocation transmission scheme.

48. The receiver apparatus of claim 47, wherein the means for receiving comprise

a receive (RX) MIMO processor operative to receive and process & the plurality of
streams of received symbols, wherein the means for processing comprise:

a RX data processor operative to process at least one recovered symbol; and wherein the

"means for processing the csi comprise:

a TX data processor operative to process the CSI for transmission back to a transmitter
unit.

49, The receiver apparatus of claim 48, wherein the plurality of transmission
schemes include a partial-CSI transmission scheme and a beam-forming transmission scheme,

and wherein the partial-CSI transmission scheme is selected if an operating signal-to-noise-and-



51. The receiver apparatus of cl ‘ai m 50, wherein for the partial-CSl
transm ssion schenme the RX M MO processor is further operative to
process the plurality of received synbol streans baseR®JUA Yi2006um nmean
square error with successive cancellation (MVSE-SC) receiver processing
technique to provide a plurality of rec‘tbﬁered synbol streans.

interference ratio (SNR) is above a threshold SNR and the beam-forming transmission scheme is

selected if the operating SNR is below the threshold SNR.

50. The receiver apparatus of claim 49, whercin for the beam-forming transmission
scheme the RX MIMO processor is further operative to pre-condition the plurality of received

symbol streams with a singular vector to provide a single recovered symbol stream.

51. The receiver apparatus of claim 50, wherein for the partial-CSI transmission
scheme the RX MIMO processor is further operative to process the plurality of received symbol
streams based on a minimum mean square error with successive cancellation (MMSE-SC)

receiver processing technique to provide a plurality of recovered symbol streams.



