WO 2004/ 0_61545 PCT/ US2003/ 019467 RATE CONTROL FOR MJLTI -
COVMUNI CATI ON SYSTEMS BACKGROUND Field [1001] The &‘6%%;‘1 ‘OF:"
rel ates generally to data communi cation, and nore specitically to )
techni ques for controlling the rate of data transm ssign for nulti-channel
communi cat O3 hs. Background [1002] An orthogomﬂlﬂgﬂ&éﬂ&‘ﬁ&won
mul tiplex (OFDM comruni cation system effectively partitions the overall
syst em bandwi dth into rmultiple (NF) sub-bands, which, nﬁmwmmmw&mm ferred
to as frequency subchannels or frequency bins. Each freq nnel
is associated with a respective subcarrier (or tone) upon whhedstlat a may be
nodul at ed. Fo a ? ~AT he

i nformation bR‘S?ECE%i@EEQWﬁ?&EH@W%W #QTA?CI k(l)elﬁre to
generate coded bits, and the coded S &4@ further grouped into nulti-bit
synbol s that are then mapped to nodul ation synbols. Each nodul ati on synbol
corresponds to a point in a signal constellation defined by a particul ar
nodul ation scheme (e.g., MPSK or BACKGROUND for data transnission. At
each time interval that may be dependent on the bandw dth of each

frequency subchannel, a nodul ation synbol nmay be transmtted on each of the
NF. frequedigldsubchannel s. OFDM may be used to conbat inter-,synbol
interferenc 1) j f.aging. i i

char act or | s oW} 4 PEOHERH Ml FRERCRAIRTLY U O icalth S rire,

bandwi dt h. [sg@(BjallAtenechiigice forroutrolling the pite obdatp uensiridsivm)foronitabpengt i on
system enpl 0ys nmul tlcimosl (Sate](nl;ﬂ') transmt antennas and nmultiple (NR) receive
ant ennas f o PBEPR Y EREREsi on. A M MD channel for ned by the NT transmt
and NR receive antennas nmay be deconposed into NS independent channels,
with NS 5 mlglgi(l\n' NR }. Each of the NS independent channels may al.so0 be
referred to &oUPdti al subchannel of the M MO channel and corresponds to
a di nensi on.[10023 M Afosbeinfeqienpy divistba miip120 (IR SetbmBQiatOB303 019467

effectively partitions the overall system bandwidth into multiple (Nr) sub-bands, which .

may also be referred to as frequency subchannels or frequency bins. Each frequency
subchannel is associated with a respective subcarrier (or tone) upon which data may be
modulated. For an OFDM system, the data to be transmitted (i.e., the information bits)
is first encoded with a particular coding scheme to generate coded bits, and the coded
bits are further grouped into multi-bit symbols that are then mapped to modulation
symbols. Each modulation symbol corresponds to a point in a signal constellation
defined by a particular modulation scheme (e.g., M-PSK or M-QAM) used for data
transmission. At each time interval that may be dependent on the bandwidth of each_"_"
frequency subchannel, a modulation symbol may be transmitted on each of the NF
frequency subchannels. OFDM may be used to combat inter-symbol interference (ISI)
caused by frequency selective fading, which is characterized by different amounts ofl,'
attenuation across the system bandwidth.

[1003] A multiple-input multiple-output (MIMO) communication system employs
multiple (Ny) transmit antennas and multiple (Ng) receive antennas for data
transmission. A MIMO channel formed by the Ny transmit and Ng receive antennas

may be decomposed into Ns independent channels, with Ng < min {N;, N,}. Each of

the Ns independent channels may also be referred to as a spatial subchannel of the

MIMO channel and corresponds to a dimension. The MIMO system can provide
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2 inproved performance (e.g., increased transm ssion capacity) if the
additional dinensionalities created by the nultiple transmt and receive
antennas are utilized. [1004] For a M MO systemthat enploys OFDM (i.e., a

M I\/DO:_DM sﬁ% 4@3 154DF frequency subchannels are avail th@ﬁg@y@gg@hof t he

Ns spati al nnels for data transm ssion. Each fr annel of
each spatial subchannel may be referred to as a transm ssion channel. NF
NS transm ssion channels are thus available for data transm ssion between
the Nr transmt antennas and NR receive antennas. [1005] For a M I\/OO:DM

system the ihbrold PeABiYart DENRN IR Susl %ﬂﬁtﬁsﬁ&?‘td aBheityP L4 C 11" iRy

experience d ere annel tions dif fading an
mul ti path efdfr@msng)talangi creatpd &y rhegménpje frinsmitrand recewe antennas are utilized.
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via which t Iﬁeqwnbcshbqhameisr am saviail dbdedon Iamhewfdthnngospatlhiesubnhnlnnelpmmqu ofile
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spatial subahanfaimisass crayel urvt,hwr tramEisyibel elhahnélﬂﬁftgthhb gvAlRAE iféd data
subchannel s. [1006] For a nulti path channel with a frequency response that

is not fl at trangmdssionifetweenttheoMr tratsmlt(antemap athhER regeiveanterfnas.nf or mat i on bits

per rmodul at i cﬁi%gglg )A ﬁ[ﬂg&) (?l?l}/le ?te el‘hr ngr?c sm)éhaggelso Ef &2k sz}tial

transm ssio SSIon .
transni ssi onutchamek may| éprhetcemhliﬁd:ranu mams:y rcbmdhsonsf @rg. ,adqﬁfardnt (fadng amtat a

packet are tran g ransm ssjon.chanr and f ‘the
response of "THaREE Pf?cet\s n8ih ss o"’n:%lgﬁ% dh‘Ié rt M e{s? ety mtfﬁérﬁnctc hégd

nmodul ati on $SNRg)! s Eaety tdassniiged inweldlatiov tshnmlvmohffemdg@ (h‘e ﬁb{Rﬁlse ‘theheéSNR

woul d then vary .corre di ngl Clr 0SS entire.receiyv acket, -which
may then e8RS Fﬁ%’t‘} b vigg ‘%‘ et 1i)f’]hé{“' af)r‘fﬁ’)‘é’?““tﬂgt elqu"rnd nenen (g o
packet . [ 10enijupatingrofit éff @e eatmfuﬂﬁatoﬁethnmysetemaemeamanmef hd RB&ivérand
possi bly w del é?qu\é‘aéyi n channel conditions, it wou be inmpractical to

transmt dath s maynary Midsiy,diroughawtoihe (féﬁt%tm rbepdwidth for|each

receivers. Ep@t:ht@btmﬁa 5ﬂd&ﬁ@hﬁﬁdr®ﬁtyﬁﬂﬂé}m&ﬁ%&he ¥piahCsubéteghels.r esul t- a
power , the use of sub-opti data rates for sone

waste of tr iﬂﬁ%
recei vers, nr ézlof Apmultpgtbnehanel cwigh 2 fsrauensyeresponss. thag deingeflat, tg | of

whi ch | eadsnfbnaaibn wdiél @, FtBO h@mbke GF ffShatitn BYSHR ThddaR@ch symbdPheoMsy . the
channel conditions nmay vary over time. As a result, the supported data

rates for t ﬁ@rqltp@méq@pg@,ttgql]o% BAsH t@nsnission channel may be different from transmission
channel to transmission channel. If the modulation symbols:for a particular data packet

are transmitted over multiple transmission channels, and if th;e"r.e:s:ponse of these:
transmission channels varies widely, then these modulation symbols may be receivedﬁz"
with a wide range of SNRs. The SNR would then vary correspondingly across the
entire received packet, which may then make it difficult to determine the proper rate for
the data packet.

[1007] Since different receivers may experience different (and possibly widely
varying) channel conditions, it would be impractical to transmit data at the same
transmit power and/or data rate to all receivers. Fixing these transmission parameters
would likely result in a waste of transmit power, the use of sub-optimal data rates for
some receivers, and unreliable communication for some other receivers, all of which
leads to an undesirable decrease in system capacity. Moreover, the:channel conditions
may vary over time. As a result, the supported data rates for the traﬁéthission channels-

would also vary over time. The different transmission capabilities of the



woul d al so vary over tinme. The different transm ssion capabilities of the
WD 2004/ 001545 PCT/ US2003/ 019467 3 communi cation channels for different
receivers plus the nultipath and tine-variant nature of these

conmmuni cat j %n channel s make it challenging to efficient I¥ transmt data in
a M MO OFDMPAIEYRIR*S [ 1008] There is therefore a need i RCUNE?%%VE*1%r
techniques to control the rate of data transm ssion in nulti-channel
comuni cation systens such as M MO OFDMgsystens. SUMMARY [ 1009] Techni ques
are provided herein to control the rate of data transmission in a
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In an aspect, the rate o each data streamis determ ned based on a netric
associ at ed wiature ofrthese dammusicatienehaiftieissmaketit ¢hallengingoe effmiénily drabssiedaton an

equi val ent SX%W(S'@%‘DNWQ%@ the group of transmission channels to be

used for the stream ' equi val ent systemis defined to have an AWGN
channel (i . 1008} fI’Etterdnsehmefnmya meed}imthseﬁ famdclmiq;pecn caakrol e frate bBday Seq”
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equal to the total capacity of the group of transm'ssion channel S).
[ 1010] A specific enbodi nent provi dwmd for determning a set- of
rates for a set of data streans to %Xmtted over a wirel ess

comuni cat i qmnoo9)annekchiifued afplovided herBinab coNroItY @Rt dfUAtaSYMEBIRIORIKa, A
M MO- OFDM syste . In the nmethod, a group of transm ssion channels to be
used for eacPUHENaNNE} FUBMERICAtioR; SYSiEM) ‘VVI"&eWt"i“PI e@nsmissipR ] chapnelsy u i, a1 ent

system for eggdt, iKeraRIof eadioduLORAMAS dGEmiiRed tasdddina fhefricnSdciakasath mo one or
nore estimated channel characteristics of the transm ssion channels in the

group. | n arfeErtEamnERis metifemaybs deslved based on anequiyalens systen WAAPdeL thy,
channel  gr cgaa]prmrahsemgk%d aﬁﬁne@yto(b&s&hbmheua@ saéhnesmera,ma@h dyemSR of

each transm ssion channel 2) estinmati n% he spectral efficiéncy of each
t ransni ssi orflefineghivehaveaed tghanneb $q-ndf aftsmwnamesaowbéwwspeqtraic. ency

function, T dgdiencyad, (tl?h)t ide 'i% e etdRE gé’c‘ﬁ%f BERiABFSLL BF el %ﬂg&;& gncy of

thetransmssmn chahnel's -i -t e rou based on t he' ~€&t| mat spectral
ef fi ci enci edragsmissien ¢haanels Gigalthe ?%ﬂ@#ﬂé@ist‘}ﬁl asartaial %aPaCItYTqﬁléale‘thQ/faIaént

systemis decfag&ﬁgo“ﬂe?fb\ﬁﬁefpaﬁm&rl %mg[h and a speetral .efficiency. equal

to the avera pect I clency o e group of transm ssi on channels.
[1010] A specific embodiment provides a method for deterinining a set of rates for a

set of data streams to be transmitted over a wireless communication channel in a multi-
channel communication system (e.g., a MIMO-OFDM system). : In the method, a group
of transmission channels to be used for each data stream is initially identified.

[1011] An equivalent system for each transmission channel group is then defined
based on one or more estimated channel characteristics of the transmission channels in
the group. In an embodiment, the equivalent system for each transmission channel
group may be defined by (1) obtaining an estimate of the SNR of each transmission
channel, (2) estimating the spectral efficiency of each transmission channel based on the

estimated SNR and a spectral efficiency function, f(x), and (3) determining the

average spectral efficiency of the transmission channels ‘in"the group based on the
estimated spectral efficiencies of the individual transmission channels:’ The equivalent .
system is defined to have an AWGN channel and a spectral efficiency equal to the

average spectral efficiency of the group of transmission channels.

[1012] A metric for each transmission channel group is then derived based on the

associated equivalent system. In an embodiment, the metric is set to the SNR needed by



[ 1012] A netric for each transm ssion channel group is then derived based
on the associated equivalent system In an enbodi nent, the netric is set
to the SNR needed by WO 2004/ 001545 PCT/ US2003/ 019467 4 the equi val ent
systemto support the average spectral efficiency. This SNRis referred to
as the eun@%ﬁ%ﬂW“@NR and may be determi ned based on aRSTHV¥P¥Y*4%inction f
-" (x). [1013] Arate for each data streamis then determ ned based on the
metric associated wth the data stream, This nay be achi eved by eval uati ng
one or nore available rates. For each evaluated rate, the SNRrequired to

support the data.rate by the co nication systemis t jned. and this
are s deerttedn it st i uP Y S Sut thorrd e SRS P¥reedequi'r ec
SNR is | ess thAaihe @uiPAsR ISNROand ey BRidelefminbdl Babéd onVa ih Gdtse RRARML ,E“‘@.d o

el ow.. The

enbodi nents of the invention are described in further detail ,
invention fUl0¥dr pAaoate thesaohetabotieam istben datermined bgsedton almsmetrit essociated s,
recei ver syst. rapsmtier systens t .and ot her a rat yses and
el oments ¢ haph e e, TS ol Ve eyt SRl e M APRRIENIETT, O
i nvention, &ordahevalbaed rare, tHetiNRenuickeltashppositieyvdatBRieby thESGihindatbh OF THE
DRAW NGS [ 10 : features, .nature, ~and ?d ant ages gf t he present
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15] Th ,
i nventi on V\,islyftl"Bé&gﬁlﬁm“ &n4 NS PR TS et £, 8° §P ST RITGHOR ot
forth bel ow syktem if ik esquired SR jislegsithzmror eydal to thévmedicawi ngs i n whi ch i ke
reference c ters identify correspondi ngly . throughout and .wher.ein:
10167 P o ROEAT ¢ LT il At and eBRReT 25 i RO k0o SR AR | on
system [ 1Qikw] Beldw. THE inSentiofl ifiargHen Probviliad mgthad) rxaiveiyurils) tigiisiitte Snitsat €
selection for a nulti- channel communication systemwth I{ei pat I"L channel
based on an ESFINEY SYSEMS: UQRSPRYAT sYSierps; SYstaRpsgandot %YHQP?rP‘HWSd‘Pngﬁ S nahn

enbodi ment  QfpRnRhOERBEs AspEctslRifbofiniehJarldTeatuldByf the IRveRich, hadRcriieRRer t ed by
a SI SO OFDM system based on an equi val ent system [1019] FIG 3 is a

di agram i | | Jutthesdptad belpW. spectral efficiency of the SISO OFDM  systemwi th
a mul tipath channel; [1020] FIG 4A shows.a plot of-required SNRs versus

data rates for a systemthat supports a set of discrete data rates; [1021]
FIG 4B graphically il | uBRIEX PESCREPTEONIOF THE DRAWINGS anmount of back of f

to use when Gt Uatl g, MAEt e Otnd Wb arfagd@ oF HEUbrlenf Rl BndoRl Ginl' SecPPOr t €0
more apparent from the detailed description set forth below when taken in conjunction
with the drawings in which like reference characters identify correspondingly
throughout and wherein:
[1016] FIG. 1A is a diagram of a model of a multi-channel communication system;
(1017] FIG. 1B is a diagram that graphically illustrates rate selection for a multi-
channel communication system with multipath channel based on an equivalent system;
[1018] FIG. 2 is a flow diagram of an embodiment of a process for determining the
maximum data rate supported by a SISO-OFDM system based.on an quiva]ent system;
[1019] FIG. 3 is a diagram illustrating the spectral efﬁ%iéhcy of the SISO—OFDM: '
system with a multipath channel; - )
{1020] FIG. 4A shows .a plot of required SNRs versus data rates for a system that
supports a set of discrete data rates;
[1021] FIG. 4B graphically illustrates the determination of the amount of back off to
use when evaluating whether or not a particular data rate is supported;
[1022] FIG. 5A is a diagram illustrating the spectral efficiencies of the spatial
subchannels in a MIMO-OFDM system with a multipath channel;



[1022] FIG 5A is a diagramillustrating the spectral efficiencies of the
spatial subchannels in a MM>OFDM systemwi th a nultipath channel; WO
2004/ 001545 PCT/ US2003/ 019467 5 [1023] FIG 5B is a diagramillustrating
t he spectr ficiency of an equivalent SISO system used to nodel the
M MO- OFDM @?sﬁ%@ﬁ‘i‘)gﬁgm in FIG 5A [1024] FIG 6 is a FEESEYPHH of an
enbodi nent of a process for controlling the rate of one or nore

i ndependent|y processed data streans inga nmulti-channel system [1025]
FIG 7 is a block diagramof an enbodiment of a transmitter systemand a

recei ver sygig®in fiae sgulstd aﬁ?:%ﬂ:t”ﬁlhstt?a)rﬁg%‘%ﬂé séew%GJfﬁEler%y & %Fefhi%gﬁf kFI =,

diagramof a transmtter unit he smtter systenrT an
9 and 10 ar SI$P sisterd psagriamodel fthe MEMERBBAMysiem sbéwmin®Eebker  processor in

t he receiver te I ] A hpganal frequency
di vi si on rrul[tl(?%?ex?I&Dggf%lggwnﬁﬁtofgﬁ%gé%&gﬁ oéfa;béc‘{e%ﬁlgqgﬁorg%)r“f'}gttﬁ%ns t he
over al | systratmobamedwinatirt indepeodentlly tprqlessed Hid stsaains ranohs]ti-ottancdl syseamy, al so be
referred to re ngy.. syubchannel s or fr ency .hi ns. ch frequency
subchannel i[g&gisogéigf gds W%P%pgharggas%gg TV g%ﬁ%gctrotfiaetFa"E'BE%f Wge)m g’b‘g‘h whi ch
data may be reqedD@ubyateedin thel@@g}chAnmelidyistepl; e- | nput nul ti pl e- out put (M MO)
conmmuni cat i st eppl ays., pultiple (NT) transmt antennas and ltiple
(NR) recei ngoazﬁ enﬁ';ﬂs:" ggsrao%%‘ika‘{'rygtr%ﬁt?‘r?é’?f%tfﬁr uﬁ‘ﬁﬂﬂ}’%trﬁf@%?eédysé@;&qg?m ,
NR) system [F02V] MO FIG8n©Yehndl 00 red bloyk tdiugraniTof tid efibbdiatedisNGt § GeRivE
antennas may be decopposed into Ns independent channels, wth NS5 mn
{Nr, NR} . PEXEFob ‘F%:@cﬂ%eris?‘&ﬁeé’bendent channel s may al so be referred to as
a spatial subchannel of the M MO channel. The nunber of spatial subchannels

is determ ned by the nunber of_eigennddes for the M MXxfiannel, which in
turn is.. dependent on a charMETAHKEBIMSCRIPTION . H(k), that describes the

response betyg28n t hen ofbgbhat Rsdiichc PdidisiIR nifEREY O FBNSEYI R Suni b Systa 1 Ci ty,
in the follow ng description, the channel response matrix, H(k), is
assuned to SHeSHYElY Ragtiions e aveall sysiere bandwidth Antp spultiple (VN sabrbangs, whigh ven as

NS = NT S NRay e{lsﬂeot%f)ile_f%aﬁs at ge@%w mbcﬁﬁﬁaeioqlf@g%&ggﬁwsb%cw

] eﬁ&cﬂc ray be
used for vari ous mul ti- channel communication s e aving nmulfti p)f e
transm ssi Oﬁutg’cﬁarﬁﬁb]ssasqqqﬁxfedmgh Hespective subcarrier (or tone) upon which data may be

modulated.

[1029] A multiple-input multiple-output (MIMO) communication system employs
multiple (N7) transmit antennas and multiple (Ng) receive antennas for data
transmission, and is denoted as an (N7, Ng) system. A MIMO channel formed by the
Nr transmit and N receive antennas may be decomposed into Ng independent channels,
with Ny <min{N,, N;}. Each of the Ns independent channels may also be referred to
as a spatial subchannel of the MIMO channel. The number _bf spatial subchannels is -
determined by the number of eigenmodes for the MIMO?channel, Which in turn is_
dependent on a channel response matrix, H(k), that describes the response between the
Nr transmit and Ny receive antennas. For simplicity, in the following description, the

channel response matrix, H(k), is assumed to be full rank and the number of spatial
subchannels is givenas Ny = N, SN,.

[1030] The rate control techniques described herein may be used for various multi-
channel communication systems having multiple transmission channels that may be
used for data transmission. Such multi-channel systems include MIMO systems,

OFDM systems, MIMO-OFDM systems, and so on. The transmission channels may be



used for data transm ssion. Such multi-channel systens include M MO
systens, OFDM systens, M MO OFDM systens, and so on. The transm ssion
channel s may be WD 2004/ 001545 PCT/ US2003/ 019467 6 (1) spatial subchannels

in M MO syst ens, #2% frequency subchannels in OFDM 'systens, or (3)
frequency YOOMHWMMEAP s of spatial subchannels in M-NO CEBNUSPSYUMST" [ 1031]

FIG 1A is a diagramof a nodel of a nulti-channel comrunication system
100. At a transmtter 110, traffic datagis provided froma data source 112
to atransmt (TX) data processor 114. TX data processor 114 may

demul ti pl ex (i\he taffi a-ilﬂhg,{ aSt ' Y: i r one
or greater. ({‘:)ag%atnagtsgﬁcg'flrﬁggsn%nmy %I\J?ftgﬂ%a’pgid{éﬁ@ﬁcypg@%%ggg lzra‘ngi:tB en
transm tt ed spsvens, ar (32 fpeency gibghanugs off spatia sehehamels in MIMEROEDY systemseach
data stream datg-precessor 114. cod h ta | ccor e Wth a
particul ar %@Lg s}?ﬁé;rg,’s P ater e%vaersno%ﬁné&égng Cgaa'}ngl c%r%%"g%g §rér%s\égmvw th a
parti cul ar i100.eAt @aassnhsimitsic h®reaffiaddtaiopriolidte fromhedataitonrdecid 2 edl ad@hsanit n

accor dance w articuyl.ar dul ati on hene., The .nodul atjon (i.e.,
ool moe U ol oS H 4 v B R S PR per PP BB S | aved
bits to for mq,,nuhtlaisﬁahxhs,slyfgbi@!ﬁyamd:gefapﬁé R)g_gr&ﬂ@xh rﬂﬁbﬁidalbi tstres:ymwd ydbclo a
point in a signal, conste tion corresponding to the sel ecte npdul ati on
scheme (e.g ."}0%@5@%“ Mrpg?ﬁfgdo?“dl\fp?ﬂﬁmqsmééi’ngﬁ’gb pegecive §EuP i tRRSMISYPR esponds

to a nodul ath&ineRY 'HdPleach] dddBdtean) TXNd RN BREEsIRNL14 dodés Ba@htadAtadeordane@m t he
data rate is determined by a data rate control, the coding schene is

det er mi ned BYjthaa QBEICHET c8Ring sehemg, dnteHeaven s Seded rilata ih agroTdarcey #itBr 4 ned by

a nodul at i opagiRibf flerledify SABhE And nfdBlafds 84l idRHed¥d Bara GPRCbRLARIWil3P based
on feedback information received froma receiver. 150. [1033%%@ | ot may

al so be traRaficelapmodaligaechemeeThemadglation dies symbol mappigehmay gved of
functions Syeh:@pide RRNG!coB & dndGhleAve@ BlicSolrh Mblii-bit SHHBEEE ¥nPRpdihdl NI

synchroni zation, coherent data denodul ation, and so on. In this case, pilot
data is pr&shdgaultitit syxbghtoa peinciepsdignall gopstelipfianicorhgpanding tethe sclecipd

& transm 1 SRR @ 0P S MRS MRS Ehch e gl i 111 1
symbol s) t ochresppedidor moddlafiorosymbabh transnit antenna is transformed to the
o A AR Rod e i S A W e 6, 26RO
nodul at i on rate control, the coding scheme is determined by a coding control, and the modulation

scheme is determined by a modulation control. The controls are provided by a

controller 130 based on feedback information received from a'recéiver:150.

[1033] A pilot may also be transmitted to the receiver to assist-it perform a number

of functions such as channel estimation, acquisition, frequency and timing

synchronization, coherent data demodulation, and so on. In. this case, pilot data is

provided to TX data processor 114, which then processes and multiplexes the pilot data

with the traffic data.

[1034] For OFDM, within a transmitter (TMTR) 116, the modulated data (i.e., the

modulation symbols) to be transmitted from each transmit antenna is transformed to the

time domain by an inverse fast Fourier transform (IFFT) unit to provide OFDM

symbols. Each OFDM symbol is a time representation of a vector of N modulation

symbols to be transmitted on N frequency subchannels of one transmit antenna in a

transmission symbol period. In contrast to a single carrier-‘time-coded” system, an

OFDM system effectively transmits the modulation symbols.“in the frequency domain”,

by sending in the time domain the IFFT of the modulation symbols for the traffic data.



synbols to be transmitted on NF frequency subchannel's of one transmt
antenna in a transm ssion synbol period. In contrast to a single carrier
"tinme-coded" system an OFDM systemeffectively transmts the nodul ation
synbol s; "i frequency domai n" by sending in the ti in_the | FFT
of the rmdgvl azt%&é0 lssfgnbol s for the traffic data. WO 200&?%?%3%919467

PCT/ US2003/ 019467 7 [1035] Transmtter 116 provides an OFDM synbol stream
for each transmt antenna used for data transm ssion. Each OFDM synbol
streamis further processed (not shown in FIG IAfor sinplicity) to
generate a ‘iﬁbﬂsﬁfp%}gﬁsﬂﬂn{}‘i%hﬁo&%@s§A@PBM GlstredRH! @afcﬁﬂin%s'nﬂﬂ Btenhs then
transmtted Troma respec transmt antenna over a wreless

conmuni cat i esedfondmatratsmissivn. rﬁacteOFEM syﬁtb@l stoeamLim further pmces$ealrnatishelvist or t s
t he rmdulate i gnal.s p re eandfur er

degr ades thé" q:Irrédg atf(érdS'§n EC'S?[) @wé‘lt% foﬁ%gp%% in %E";E%g(fé n0| s%c AVGN)
having a vamamiokedaignaNs then[tﬂzlii&ﬁittemfromespeenvelﬁﬂtsrrﬂthmtehmamtvti&dhss

nodul ated signals. are received ceive antenna cei ved
S gnal st ofPamerieRidh SEFEel P iRty B SoPmuBROEM ShaspOgiess By t b n
recei ver 16Qpodamedd sighsls vieith S @aniculas ohari@i trb@ﬁﬁ@ andl fditigrt degeadies Qhe provi de
a correspondi st.ream of sanpl.es. For, each sanp am a fast Fourier
t ransf or mer q@ﬁ*ﬁ)edr%ee sywith additiye Whig S'P'I'rsé’at‘ﬁ’é"sga(ﬁ%f(gé) g*b""tgn%vf“i“’é‘&‘hefot
dormain to p;vow de a corresponding received synbol stream The recei ved
synbol streans are then provided to a receive (RX) data processor 162.
[1037] RX dal(B6])rocmss:ocwérGEOprtlmceameﬁttetdhmodtda‘ted wigdals yand) cdceived dgrmch 0
provi de decoded d{;\ for the t.r nsm Lft'? gta streans. ‘%ﬁ grocesm ng by
RX data prodE&Y§ANCIED it dhe Regi ‘(P AP 4B reEpERAT PHRYIYSH S2 8IERGT
denodul at i OIQRCIVR@J60 SWTbﬁH recél edTEGP, dach) recdetd’lilgt‘aﬂ mnmgonearwldd@mtmg RX

data processor ur.t her ovi de f each recejved data
acker ohamuideos chmspniting Sroslt O eBles: 1Eor st Binlty TR A BRCFIrSh

denodul at or hgegeser (FBR) '&d@e@é@ﬂﬂdj&aﬂlidrm@&hesarﬂﬁle@Rﬁ‘th@ffréméﬁ:y domain to
characteristics _of the communi cati on channel . such as the channel frequency

response,  PHYITANTEPIIENG Eoogpd aRROT ERgm: HEhe received symbol streams are then

si gnal -t o- n@ym&m@ayﬁgﬁétmm@rw&g& 162NR) of the detected synbols, and
so on. Typicall Ilot synbols are used to obtain estinmates of

the SNR Howgi/ 31276 dsnwrﬁ%tsssoaﬂé% mecepset ithentcati Vasa©Erbob rerMsatosyiAYds s,  or

?hconbl nat ' Q@cd&Ed Bhta Gbr #RUrad&hted WA Qlréam@Nihd ProSesifig Wy I3 QataRoctsBpe Of
e invention.
162 may include spatial or space-time processing, demodulation G.e., symbol

demapping), deinterleaving, and decoding. RX data processor 162 may further provide
the status of each received data packet. Channel estimator 164 processes the ‘“detected”
symbols from demodulator/decoder 162 to provide estimates of one or more
characteristics of the communication channel, such as the channel frequency response,

the channel noise variance N,, the signal-to-noise-and-interference ratio (SNR) of the

detected symbols, and so on. Typically, only the pilot symbois are used to obtain
estimates of the SNR. However, the SNR may also be estimated based on data symbols,
or a combination of pilot and data symbols, and this is within the scope of the invention.
[1038] A rate selector 166 receives the channel estimates -from channel estimator
164 and possibly other parameters and determines a suitabl'é_a‘-r_ia"te;" for éach data stream.
The rate is indicative of a set of parameter values to be usect tor: subsequent transrnission
of the data stream. For example, the rate may indicate (or may be associated with) a
specific data rate to be used for the data stream, a specific coding scheme and/or coding

rate, a specific modulation scheme, and so on.



[1038] A rate selector 166 receives the channel estimates from channel
esti mat or 164 and possibly other paraneters and determ nes a suitable
"rate" for each data stream The rate is indicative of a set of paraneter
val ues to be used for subsequent transm ssion of the data stream For

exanpl e, tNO@ PRy indicate (or may be associ at ed wPEHISHOYIE fic data

rate to be used for the data stream a specific coding schene and/or coding
rate, a specific nodul ation schenme, andgso on. WO 2004/ 001545 '
PCT/ U82003/019467 8 [1039] A controll er 170 receives the rate(s) fromrate

sel ector 166Gl t he BACKRL 176 1ALYS b MG O ALRRESP 88 kP Jaepr OVi des

the appropriate fee ormat I on nsmtter ack
i nf ormat i on statyg frame RAdtata grecessor #623nd nrmdtzshmmpnetstfchhaod;snfomnm her

i nf ormat i On’traggmlﬁ?% é?@ ][T]P,Ii\cgtf d%aél{]ﬁ}ferﬂ{anor;r h‘ﬁar?{ Cthe rate{)? tﬁgt hgnnc[my be

used to increase I enc fie ‘syste justin proce55|ng
at the t ransmmateﬁr mhotﬂeatlnﬁbahmqns drrarysummbmdtlm tluelnebf bedte kieedtraclset t i ngs

f t te t Ih dback
"nf ormat 1 on ign R SAL R L o fseien TR R0 Pe ARty pdNEapdft t he
processi ng @locetstngdaitie trinsmitsemisachi that data is erasdnvieed dt5he b&otmcﬂwafmh@s of
t 1ttt 110 dj t dat t
oaut at i on SOHERATEE Mipoissht HaFTBRYDFon shams’ e aBie RO RO e dback

i nf or MAt | ONkhdhOkene @bk dalttansrhiteAT10 Ginbuskd ab Sdtjist @kt pRocERMYi Methe 1&fa [ 1040]
In the enbodi nent shown in FLG 1A the rate. selection is perfornmed by
recei ver 150FeRFRfssioLiodeseRver dof- (Eargxgraple.dranpmidiss Ll0spawadiyst g“’[ﬁ‘?‘é\f?‘ﬁéh‘e to

transmtter cddilg s¢HemeOihb efodERBSHEINBAE, Sor ah} BorhBhRichaf @i dbale %medbﬁa ther forned
by the transnitter based on feedback information provided by the receiver,

or may be pdfiBickdeforpitian {prichilatarteeamm to ‘?er‘éﬁ’?éfﬁiqefié?re‘é"ﬁﬁrrlé‘bel ver. [1041]

I'n a singl e{opyo] i e GRTERBbdIMEAOShowY Sh H1G. T AL tHe @RSReLliGHisSperBRha bRy al |
be received at sinilar SNR at the receiver. The relationshi p between the

SNR of a " d&esseahil aggthe slecigd ﬁ%f%teacé)rﬂatats&réarmwwm toyrapgmigter ldP. PE) f or
the packet 'oﬁle}“%}nbodlhl@ﬁfénthb rfatE Rele@loh- mAy b@?gw@&ﬂfe@’ﬁ' yRE b @Rsmits %a&@ix m dat a

rate, supported by the single- carrier mwtha particu rra be
estimat ed. &eedbadkdniopmatinnprerades hyab@recgwp@rm@dbwrfaﬁnmﬂu Ibam@lthw th the
sanme SNR Ttg,gnsrmhg}&gqé&%p_rl stic of the AWGN channel is that its

frequency response Is flat or constant across the entire system bandw dth.
[1041] In a single-carrier communication system, the transmitted symbols may all

be received at similar SNR at the receiver. The relationship between the SNR of a
“constant SNR” data packet and the probability of error (PE) for the packet is well
known in the art. As an approximation, the maximum data rate supported by the single-
carrier system with a particular SNR may be estimated. és- the maﬁimum data rate
supported by an AWGN channel with the same SNR. The main characteristic of the
AWGN channel is that its frequency response is flat or constant across the entire system
bandwidth.

[1042] However, in a multi-channel communication system, the modulation
symbols that make up a data packet may be transmitted across multiple frequency
subchannels and/or multiple spatial subchannels. Typically, the communication channel
between the transmitter and receiver is not flat, but is instead dispersive or frequency
selective, with different amounts of attenuation at different sub-bands of the system
bandwidth. Moreover, for a MIMO channel, the frequency response for each spatial
subchannel may be different from that of the other spatial subchannels. Thus,
depending on the characteristics of the transmission chaﬁnéls used: to transmit the

packet, the SNR may vary across the entire packet. This problem of “varying SNR”



[ 1042] However, in a nulti-channel conmmunication system the nodul ation
synbol s that nake up a data packet may be transmtted across nultiple
frequency subchannels and/or nultiple spatial subchannels. Typically, t he
connunicatigp &Qﬁnngl between the transmtter and receiver_is not

but is instedd Eﬁ rsive or frequency selective, mntﬁcan$?gygﬁf”annunts
of attenuation at different sub-bands of the system bandw dth. Moreover,
for a M MO channel, the frequency respogse for each spatial subchannel may
be different fromthat of the other spatial subchannels. Thus, depending

on the char gelier iS4k la foPideF AR BR0RFRRANREL SgkSsth cfodi” ABSHL ! ¢ he

packet, the may vary across the entire packet. i's pro varying
SNR' WO 20041110(3[1&31151@@11 b820@ 340 1®UE for &ctndeuaetreans H@Xé’ceclbatdatb deopuntvi der

system Dancub A0 ol S rBatl iR SRS fRMub RS TkblpPal h channel
the data rat& 10 us of '&a YRSt ream na e sel t 0 ‘account - for

the nul tipat[ho43] f r,equ@myhaﬁerh@cﬁor \aemnmahamebfcomhmnrcaummmysmat isothec h@nnel .
[1043] A ngj chal | en mul ti - nne ni.cation s stem.is then
to deterni ﬁ%{e %\.‘JW af'taé rpig ¢t Fﬁé H&d f%ren%}g%%a SEPmSHUE BUEU St r eam
\ghi l e acthi e\a: Iﬁi@lcu&r m:et ofcperfarmanew,ebhic mpgbé quanified by Mpaﬁitaulﬁﬂyacb? qufmt Ik fied
y a particular cket error rate : oc
error rate (rﬁﬁﬁé)lg ppe 5??rortater(g€%) Pgﬁgf%ord?tegﬁgEﬁgﬁ’HéfroEWet PTéfat may

be used to GumathitioPaf BiyBGed tofantey peRBdrenan el Fodl exdnipte] theiésited 16Vel
per f or mance be achi eved b mai nt ai ni ng Lhe PER within a small w ndow

ar ound p&f Pé@lﬂ“&?ceﬂﬂ?ﬁ beAchieygd Ry T@n(@:mngp e EgR gyithin § Wh‘]”m‘il%‘% BorRfies are

provi ded heraedaﬂxchﬁrﬁ&ﬂfnﬁmalﬁert@grq{ e1ofydata transmission in a
mul ti -channel” communi cati on system w )h mul ti path channel.: In an aspect,

the rate of [1G6#Eh d&tmlqmersasmpnomddehc&mmme&thﬁﬂ&dammfaiaﬁﬁwnisxmssnon in a

associ ated-w th fﬁ data stream This nnﬁ#l[i c}}%ﬁg e.derived based n an
equi val ent SYHESPANNRLcOmMYIalion system Wit myHtipaf TS I8 & ashecin 8Ir‘§°8 ed for
the data st re@c&fﬂatzﬁﬁredﬂﬁ@Hbtb@dnéd’bafswdmzemcdletaadohlaflﬂ|vﬂm the dd@46dant-I This | B is a

di agram t hat raph| cal Idg ilJustrates rate selection for a multi- channel
communi cat i d‘FF%‘i/é‘iaé( Vet Pased Annant kapikRent piystem Bist dppdslsuthe grewr okyst em

For a gi ve_ntﬁuérﬁmsm{&haﬁwlﬁsehfdiqidd"aeacguba&naas@h@ﬁe&i infE8Re Ae@il 8élow( k) and a
noi se vari ince of a thegretical nulti-channel %/stem may be capabl e of

supporting mgbectﬂg'f 1B1is 2 qiagreny tht sraphigallisiliygiraiesfafeaelesions i araully  wher e

M may be di fch&mendonilinicatioh fs?‘d’e@ﬁ‘%tfﬁn@tﬂk‘ﬁiﬂ%’ha%h@%@@%'a% eqDivaldRedsBRr €l N,
spectral efficiency re resents the
For a givén mu 1path channel defined by a channel response of h(k) and a noise

variance of N, a theoretical multi-channel system may be capable of supporting a

spectral efficiency of S, using modulation scheme M, where M may be different for
different frequency subchannels. As used herein, spectral efficiency represents the
general concept of “capacity per dimension”, where the dlmensnon may be frequency
and/or space. Spectral efficiency is normally given in units of b1ts per ‘second per Hertz _
(bps/Hz). As used herein, a theoretical system is one w1thout any losses and a practical
system is one with (1) implementation losses, e.g., due to hardware imperfections, and
(2) code loss due to the fact that practical codes do not work at capacity. This Savg
relates to the average spectral efficiency of the theoretical system given the channel

conditions k(k) and N,. The average spectral efficiency S,,; may be determined based
on a spectral efficiency function f(x), where x denotes a set of input parameters for the

function f(-), as described below.



general concept of "capacity per dinension", where the dinension may be
frequency and/or space. Spectral efficiency is normally given in units of
bits per second per Hertz (bps/Hz). As used herein, a theoretical system
is one wthout an Iosses and a practical systemis one with 96)7

i mpl ement atoR04Y e.g., due to hardware inperfect PEHYSZAHY4¢(2) code

| oss due to the fact that practical codes do not work at capacity. This
Savg relates to the average spectral efficiency of the theoretical system
given the channel conditions h(k) and . The average spectral efficiency

Sang may be ed ba functi )
where X denoﬁ@i ?e‘@)‘f"’ ﬁt’s gﬁr@?értvga#I C%a'tnﬁﬁs E f?ytgts?%)ﬁn tl('?e(s)pecn(ag
descri bed b@fﬁ&knc%@&@&ltﬂ@ﬂéﬁi JPENRIS2 0a%is@hBWalént siBelniO46d a dNBoretieal val ent
systemw th an AWGN channel is able t'0 support the spectral efficiency of
Sa,, g wth aystehR The egiNWeignt, SNR, SNR| S, , eaiyibealeeindd foy speztral fficibing off Sy,
theoretical system The equival ent SNR, SNRCgw , may be derived for
spectral ef fustiganedulaion SEheghe MSdnt hased chnl aatuncxmnsg(rxaﬁefm,\andhhasﬁﬂ(x)ns a
function g(x) =f -'(x), where f -' (x) is an inverse function of f (x).

[ 1047] A pr adtipyeate fupgtiop of f4¥hel systemwith an AWGN channel is able to

support dat te n or
Sepror b, ot LS KRR SR A0SR AV ERRE0 2608 B

bi t s/ sec/ Herdata rawtR afing ﬁlotlllﬂetlmemM andusdidg kehene e tdradfERCHff Pcwitlnay. The
required SNR, SNRRg, may be determ ned based on conputer sinulation,

enpi rical me3NROEENRL,,. BhisdatwatoRlignormalized to bitkenilprtp.evhictons g saina uait t abl e.
The function of required SNR versus data rate is dependent on the specific
nmodul ati on sushéfas spectiabeffogngyy Berreqrired SR, SRug . iy bagletermingthbased are i s
deened to be surported by the q[i>ract| cal multi-channel %/stemvmth

mul ti path cHQRPReEr simylation. empitical dpasyrgmeng or sorpe Qe meansandmyaRestrrd iy ¢ he

equi val ent SNR tahde., dBE Aunctidt 6f fRqhiRaArsNaS @&rsus datnerafeqaubﬁeadexﬁwﬁimer@é@ﬁ@es for
the practi cal temwhile' the equivalent SNR is ppr oxi mat el y const ant

(oxcopt 1 or TRUIER SEHTSTH due ComESCHEmE ARERERS 47 bt d2A BiF 1> SeEfdd v)
since it is wefigppefedyytihe pf;Atam%umcanmrkl QPsterh (With &Mfkifdeh chahg fBkd me

data rate that rmay be supported the practical _multi-channel systemwth
the mul ti patlﬁqU‘@Hé"Wefor F}@ d[am;gte 1§ lﬁistﬂé?t!‘ ‘gﬁ/ect“h‘@l%hme,l‘\s@éﬁd?tﬁ RAPEEasEs1048]

For clarity,pthy u'ix@& &SN Nhérdsed For! the SiractieACEYsREA Whilk : tRe ShAG16m! SNARILis

singl e-output (SISO system then expandedto cover a single-input .
mul ti pl e- out apREoX{mSitaln)consyant depcept for the variation due to a dependency on modulation

scheme M) since it is defined by the channel conditions h(k) and N,. The maximum
data rate that may be supported by the practical multi-channel system with the multipath
channel is thus limited by the channel conditions.

[1048] For clarity, the rate control is first described for a single-input single-output
(SISO) system, then expanded to cover a single-input multiple-output (SIMO) system,
and then finally to a MIMO system. In the following description, the SISO, SIMO, and
MIMO systems all employ OFDM.

SISO System o
[1049] For the SISO-OFDM system, there is only on'é"f;-'é't')ﬁ'a"tial subchannel and the

channel response is defined by {a(k)}, for k=0, 1, (NF —1). For a multipath
channel with channel response of {h(k)} and noise variance of N,, these parameters
may be mapped to an SNR(k) for each frequency subchannel k. If the total transmit

power, P, for the SISO-OFDM system is fixed and the allocation of the transmit

total ?



and then finally to a MMO system In the follow ng description, the SISO
SIMO, and M MO systens all enploy OFDM SI SO System [ 1049] For the

SI SO OFDM system there is only onespatial subchannel and the channel
response is defined by {h(k)}, for k =0, 1, ... (NF - 1%. For a nmul ti'path
channel wi M YRYINREP response of {h(k)} and noise vari anc@SEPRG47t hese
paraneters mnay be mapped to an SNR(k) for each frequency subchannel k. If
the total transmit power, P,,,.,, for §fre SISO OFDM systemis fixed and
the allocation of the transmt WO 2004/ 001545 PCT/ US2003/ 019467 11 power
to the NF fr spb | oY fag ¥=Tale MR , f each
frequency s bgﬁgnwnge NkF ﬁ%@ﬂﬁg}l i’%f@ﬁ?ﬁ&pgﬁﬁ?&@@{’kﬁf&g' It:}}ten%e SN]R ﬁ{(\%:ﬁ)l z Eq
(1) NF No [freqs@icy Tehshamelbk may be¢xpreskediasy of each frequency subchannel k
with SNR(k) may be estinmated based on the function f (x), which may be a
constrai ned or unconstra}g nefggkﬁpectral efficiency function. The absol ute or
unconstrai ned'" SBNR®&xE— fency of a systemis typical Ey(Diven as the
t heoretical maxi num data¥rat&ethat may be reliably transmtted over a
channel with a given channel response and noi se variance. The constrai ned
spectral ef fi&dagnC f I he (]

nodul ati on s[(ll:ﬁdéﬁre %Ir‘r%sﬁpgcﬁ%?léif%%% if’f g{c?lgﬁer qﬂ%&@%%ﬁg&d]ae? g ‘%’P‘aﬁgﬁ‘lﬁ}@sfmgﬁ The
const rai ned beep@aitedbased bn tedondtion &) f whitthma BEh colserhinkd 6r WizGEt@inedN
synbols are restricted to specific points on the signal constellation) is
| ower than tspectabsHicieney Synstien-alThefaoelnte peyunconsireined speciialt efisigraynelda by any
si gnal const t-i Qn: ] .l : j s ad e unet f ofiXh, MRY be
defi ned basesgét%)rﬁ l'%ﬁi, ca(l:I(L) st ra?sn@aqg%é%??(;‘ﬁhgﬁpﬁc?%bngaf %&ﬁtg%a?gbﬁ rfeflge(lt)lg),, (k),
whi ch may beraaxpitied aer ashanprkwith 4 gigen chanaqlkeesiorseEandogdi e Xa{anSNRITkS (al- aj
| z+2Re {I:' -a:)}) (s r.e [ S T e | QL .schene
Mk), i.e., (Cﬁgsci%fr?gbl %?ﬁctga(l: %ﬁé‘%\{(\@e aC(s))fl\ﬁr(eéAsg%n sl?et} o&gg@ﬁﬁﬁgﬂa@%/ Pecifié

const el | at i anodufatign scheiie or aigpal@am¢llaphe nseddacdata yinsmisioaM Thpepmrigined t he

constel | ati OsBecrtrr%Yet%gie%cg'e(%é {ol tﬁg fa%y th%hp imtoﬁl.llation symbols are restricted to specific

points on the signal constellation) is lower than the absolute spectral efficiency (which
is not confined by any signal constellation).

[1051] In one embodiment, the function f(x) may be defined based on the

constrained spectral efficiency function f, ., (k), which may be expressed as:

2414 ,

fora ()= M, —Z%ZZE[logz Y exp(-SNR(k)(| 2, - a

j=1

Feares o -an)

i=l

Eq (2)

I .

where M, is related to modulation scheme M(k), i.e., modulation scheme M(k)
corresponds to a 2" -ary constellation (e.g., 2** -ary QAM), where each
of the 2"* points in the constellation may be identified by M, bits;

a; and a; are the points in the 2"+ _ary constellation;

B is a complex Gaussian random variable with zero mean and a variance of
1/SNR (k) ; and

E[-] is the expectation operation, which is taken with respect to the variable Jil

in equation (2).



a; and ai are the points in the 2M -ary constellation; ,B is a conplex
Gaussi an random vari able with zero nean and a variance of 1/SNR(k); and E
[] is the expectation operation, which is taken with respect to the

vari abl e QYV i n e uation (2). WD 2004/001545 PCT/ US2003/ 019467 12 Equati on
(2) shows Iﬁ’a’t"‘”él00 #ferent nodul ation scheme M k) may BETHSHE41817 each
frequency subchannel. For sinplicity, one nodul ati on schene M nmay be used
for all NF frequency subchannels for arate R (i.e., M(k) = Mfor all
k). [1052] The constrai ned spectral efficiency funttion f- .., (k) shown
in equation e o n | nction
may be numeréqg1 ??y ZSth;J'Qﬁgodrlﬁs/rgétl %g(g”%%) ucg%é;%(?cﬁe{rgﬁg%%m§%§&yal ues,
and t he resurdggemmyuticbammtlo rked snmpllgme omr modmatentsalisimesM nidydeasddtfer 3ll ¥Nhe

function f,,. k) ev essi proper table with a
specific mcftﬁqgfq(céﬁu@%@ f%{rf% é‘grf\ﬁaﬂr??o?lwér embodi nent, the
function f ( S i ,gg,afg ctral
ef ficiency fﬁ?lsztll Oﬁﬁieuéaﬁﬂraﬁééfégec%mﬁpge ﬁkglgn ei”ﬁf(gzggﬁpﬁgd éﬁfﬂ%)[}o,ns(?ﬁ) =

l 0g2 [1 +SNRioky hotbave 3} lodal tshﬁ\wlutmsn eTmat lhﬁ)snfu(uﬂilon rhdyebeShmiemiosl] ysgeeived al

efficiency | not con rain ven ul ation schene

is not a par h’éat“é’Fs A Léﬁ’t?&tsf e%(%?[?gm[{%ﬁ]gﬁsj 'ﬁi‘ge geagl&s[rp% beesltcfrf%’i&é)ﬂﬁﬁf Mo
functions prgyk devitshe TheEAFer athe &lhdtioh € ACY (KOf may ¥ Sdvalihted By c@Bing ke Set  of
i nput paraneters. These spectral effici®ncy functions are related to

channel capagoopey tablenwith aspscifigimodilagperoscheiee arldeSNR onst r ai ned or

o o B o S ERAETR] anBRCY L LSRR AR
typically 9'(\Sﬁmeér&léara§gecar9|defﬁa¥nc9€fuaalewqw a3 RSHG AR expRsseli g mal | zed
capacity. [1055] The particular choice of*¥unction“to use'for f (x)... may

be dependent on various factors. For a typical systemthat enploys one or
mor e speci fic nmodf) atkpalogsdhe&M®(k)]it has been found that tig@kse of the
constrai ned spectral efficiency function (k) for the function f (x) results

in accurate estimation of the paxinumdata r supported Db e S| SO OFDM
syst em wi t h MufhoganeaedionHel. thg 2bagpn speclak ‘%F‘E%ﬂy ‘éd\?frﬁ?ﬂsg%lg?‘%ﬂy &%tem a
set of di scrgien ficfufutib@écBSme (i.e., M(k) is not a parameter in equation (3)).

[1054]  The spectral efficiency functions provide the spectral efficiency of a system
based on the set of input parameters. These spectral efficiency functions are related to
channel capacity functions, which provide the (constrained or unconstrained) capacity
of a channel. Spectral efficiency (which is typically given in units of bps/Hz) is related
to capacity (which is typically given in bps) and may be viewed as being equal to
normalized capacity. ,

[1055] The particular choice of function to use for f (x) may be dependent on
various factors. For a typical system that employs one of more spe'cific modulation
schemes, it has been found that the use of the constrained spectral efficiency function

foons (k) for the function f(x) results in accurate estimation of the maximum data rate

supported by the SISO-OFDM system with multipath channel.
[1056] In a typical communication system, a set of discrete data rates,

R ={R(r), r=1, 2, ... P}, may be defined, and only these data rates may be available
for use. Each data rate R(r) in set R may be associated with a specific modulation
scheme or signal constellation M (r) and a specific coding rate C(r). Each data rate

would further require an SNR of SNR . (r) or better to achieve the desired PER of P,.



R={R(r), r =1, 2, ... P} , my be defined, and only these data rates may
be available for use. Each data rate R(r) in set R nay be associated with
a specific nodulation schene or signal constellation M(r) and a specific

codi ng rat . ch data rate would further requir SNR of SNR q(r)
or better ?8935‘)(10%5 t he desired PER of P. WD 2004/ 001§£§%§>@?‘7/ﬂ§%03/019467

13 This SNR, Yq(r) is determned for the practical SISO OFDM systemw th an
AWGN channel . [1057] Each data rate R(y9 may thus be associated with a set
of paranmeters that characterizes it. 'I]hese paranmeters may include the

"as. fol Lond i et | i fm G toF e Bt giso- @AM, SR ih A 71 )

for the dataysakes, i.e., r =1, 2, ... , P, and Pis the total nunmber of
data rates avallable for use. Expression (4) states that data rate R(r) may
be transmi {15d] usikagh deduhtat R@h Bashtine biagsoyiagd dvitodlisetgofrmtame@ts Jhannd

furth SNR t hi t d d PER of P
HG 5 | o A hErAGy niot RS dHRE 0T U BPORSE 5067 o (eltBt i ni ng
t he maxi rrumcg&}hgrart@tg&)ggﬁﬂg e %&ysﬁﬁe (;S)I §%f (ﬁFw system based on an

equi val ent sys odi nefft’, constrai ned spectral
efficiency function shown in equation (2) is used for f (x) to determ ne

the average spectg(a (_ef[M(? @@f,)ysgkt ,transm ssion channeggysed for data
transm ssion. Since each data rate "®(r may be associated wth a different

nmodul ati on scheme M (r) , and since the constrained spectral efficiency
function i s whepenidentndon fovthg data taeesaiver agd, 3,pec i, ahd &fif iheitetalcyundfer bhe
transm ssi on channel ge different for different data rates. The

equi val ent t @S| %"a‘q%%"p o dift Preseion (&) syies S‘B%‘cfi‘i‘télra'éf R(Qi @¥ybeand i s

thus deter m-tr'aﬁéiimgy tﬁ?gcx% t%gD%Iﬁe?né W(r (”é: %dmé 1Ja9e58‘¥ dtﬂxﬁl{elrﬁeqtugr P data

rates supported syste orde uch t <

R(2) < ... $SNK P}r) td Béhidvie giatebircdVRER aibPe data rate R(P) is then sel ect ed
(e.g., by setting the variable r to the index for the highest data rate,

i.e., r = P[)0S8] st G2 R)a fldRadiagremerf an ainbedimasisiaipmbcess 200tfor defgrminiey

reaponse. h( B ARAEREYE o PR R SRR P S Bt AR T o

R(r), such agstdnne Ropchi$ ambodimsath ersecduktrdinedaspecttdh effidikaic ¢ fondien sheie
equation (2) is used for f(x) to determine the average' sbectral efficiency of the
transmission channels used for data transmission. Since each data rate R(r) may be
associated with a different modulation scheme M (r), and since the constrained spectral
efficiency function is dependent on M(r), the average spectral efficiency of the
transmission channel may be different for different data rates. The equivalent system is
dependent on the average spectral efficiency and is thus determined for each data rate in
FIG. 2.
[1059] Initially, the P data rates supported by the SISO-OFDM system may be
ordered such that R(1) < R(2) <...< R(P). The highest available data rate R(P) is then
selected (e.g., by setting the variable r to the index for the highest data rate, i.e., r = P)
(step 212). Parameter values associated with (1) the transmlss1on channels used for data
transmission, such as the channel response h(k) and the n01se variance N,, and (2) the
selected data rate R(r), such as the modulation scheme M(r), are then determined (step
214). Depending on the design of the SISO-OFDM system, each data rate may be
associated with one or multiple modulation schemes. For simplicity, the following

assumes that only one modulation scheme is associated with each data rate.



214) . Depending on the design of the Sl SO OFDM system .each data rate may
be associated with one or nultiple nodul ation schenes. For sinplicity, the
foll owing assunes that only one nodul ati on schene.is associated w t.h each
data rate. WD 2004/ 001545 PCT/ US2003/ 019467 14 [1060] The aver age spectr al
ef fi ci ency ™SIt he transnission channels is then §&UFHIHEA* st ep
216). This may be achieved by first determ ning the SNR(k) of each

transm ssion channel, as shown above ingquation (1). Using the constrained
spectral efficiency function, the spectral efficiency of each transm ssion
channel is t e , shown
in equation [?{g@.] Th’ieﬂenm&%te sg%aél‘\lﬁ c.eé‘ c?evg% g;{ ﬁe?hh%%&&@ e%gr%i sstl?g@ hannel s
are then aveieapgmuhed@stqbzléb nThnhmaya!weclag\edsbpétrstrdaterremfngdheSW(@av@acms

follows: NF-1 Ef(x) Sav 5 Fl 3 is.a diagram

|l st at | ndRnHaSSpRcRmat Bt founaleye BreabmenolemBiRe SysruR e e
mul ti path chaidelcy Eﬂl’:uéﬁ rméts Sl eEALAHOR! ofedch MasHis’nSIRAnAIT BSthen t he
syst em bandw dt h, the SIS systemis assqciated with different

spect ral efeF'i‘@P‘é‘i’\éi’fe§NRHf) mdrmeﬁitéﬁtonfﬁcbfqeeﬁf’és) U PMRnRetationsCihdim by
plot 310. T I [ f e used
For data tr AR el bl b GRkERYS o Bl WelP Al 35 30N
efficiency Saemge spevtidl efficiencshopmas folloplsot  312. The average spectral
efficiency, Savg , nmay be viewed as the spectral efficiency for each of the
NF frequency subchanpels in the SISO OFDM system if the communication
channel is an AWGN champgl instead of a nultipath channel. The constrained
or unconstrained gs efficiency function may thus be to map a
nul ti path channel o amw, equi val ent AWGN channel . [1062] Refér¥ing back to
FIG 2, a nmetric Wis then determ ned based on an equi val ent system (step

avel age SpodidSH] orice hon éyhusii Apfiine e Sotal BTN D MG OLRRAL  a

ef ficiency Qysttmevill & rsmh@n Wot B miuMgpailtHanpa tWithchiayiRge ENRi ackoss Swu;
Savg ). The SNR needed he egw val ent systemto support a data rate
Of Seq"i " mﬂ}e S¥sigin pandwidth, he SISO-OFDM system is associated w1th ifferent spectral

efficiencies for different frequency subchannels, as shown by plot 310. The spectral
efficiencies of all Nr frequency subchannels used for data transmission may be averaged
to obtain the average spectral efficiency Savg, , which is shown by plot 312. The average
spectral efficiency, S.vg , may be viewed as the spectral éfﬁéiéhcy for each of the Ny
frequency subchannels in the SISO-OFDM system if the communication channel is an
AWGN channel instead of a multipath channel. The constrained or unconstrained
spectral efficiency function may thus -be used to map a multipath channel to an
equivalent AWGN channel.

[1062] Referring back to FIG. 2, a metric ¥ is then determined based on an
equivalent system (step 218). The equivalent system is defined to have an AWGN
channel and an average spectral efficiency Sequiv that is equal to the average spectral

= Sy )-

‘efficiency of the SISO-OFDM system with the multipath channel (i.e., S, =S,
The SNR needed by the equivalent system to support a data rate of Seqiv may then be
determined based on the inverse of the function used to denvc the Savg, Which in this
case is the constrained spectral efficiency function. The' metrlc g may then be set

equal to the equivalent SNR, as follows:

¥Y=g(x)=rf"x), . Eq (6)



determ ned based on the inverse of the function used to derive the Savg,
which in this case is the constrained spectral efficiency function. The
metric " I' may then be set equal to the equivalent SNR as follows: "|I' =
g(x) =f &’(Cﬁ? E@ (6) WD 2004/001545 PCT/ US2003/019467 15 where f -'(Xx)
denotes th QLA f unction of f (x). The metric P .akGT{REO¥MITal ent

SNR are both indicative of the "goodness" of the NF frequency subchannel s.
[ 1063] The constrai ned spectral effici e[y function f (x) takes two inputs,
SNR(k) and Mr), and maps themto a spectral efficiency value. The inverse

constrained spectral efficjiency functio <’ t akes, t i nputs, Sa"
and Mr), aﬁ‘d“"EFa[ﬁs (fhé"rﬂofeé.thea’ﬁv%m%{}%oﬂé’? }I(ﬁé &ﬁ%}g}efrgzn‘i’gergto%gﬁﬁa%mt hug
determ nes tdig ;@Bomﬁ@lsﬂivwfth'a@gocﬁﬂwgv RN, RURICRE) BCRHRROT L 3 spectral

efficiency equal to the average Spectra iciency S,,,qg given that
constel | ati dh0GX] r) The cossthinedispectrelafficency fynchiay fillltakeratwodeputs, STNRLY) once
for each nodul g\tg}rgn schene

g .e., each sjgnal co ste.tl at i on%. The. function
g(x) may al £84 gy WPPFEH’ fof© & SPFak °#%5’3F%1tvf’@ﬁ' s Uife IRYESS SOYAEFed in a
table. [1064kLe lRapeftie@Hty ﬁﬂ_ct%}‘Rf"‘EgQﬂﬂes(ﬁ\)o inpit€ ¥4 And Yy aNPihs thi el ect ed
data rate R(r) at the ‘desired PER of P, by the practical SISO OFDM system

i's then det emrSNRda(us! €Phe HidBon R(&,, IM V) ntied dshdrnings ahd SNRtrcededoin thtie
nmodul ati on scheme Mr) and coding rate C(r) associated with the sel ected
dat a rat e R(eqyival®hie systaguii tp espBNR avagectse dificienet eaenl tootheeeansragef spe¢ieal

possi bl e datg.r.at esq by . gt [eg I IGa agur or by
sone ot her r?gféér’%%‘,c?asﬁﬁ %%gy Bé{ gg’%siéél +rﬁ5‘g%t 3b g@'f o?h%?lé’f@?%éﬁﬁgéag‘i A
det er mi nat i cleterminkt encerficteeash endriutation splemet Gie., settesiged dhastellatiane Rpe) i s

supported by. t he SI SO OF stem (s 222). This. may, be. achi eyed by
conparing tHEUSREFE may asé’:'%én&se%"f‘ﬁ'gé ?‘%qvlfﬂ.l ?l}esofn‘gﬂﬁ% gt%hremeﬁé%d:?%rregt"h%

sel ected datgygate. If the netric 'Pis greater than or equal to the
requi red SNR éﬁig.e., "P >- SNR R%épg‘)’q ), Which indicates that the SNR

achi eved by [@06d]S| Stheapphired \piNRe (D haeaded to trasmit dheaselested data rajeiREn) ci ent
to support data rate R(r) for the desired PER of P, then that data rate is
sel ect ed f orat theedegi ob Y. biotheanragtisd SISALOFRM systemds they deteived 5P a rat e

9 Cstep 2220 T B SR a6a forgutof BE GRAERNGLREOE O Bkl [
to step 214.CO aspsciddiwith theusglect2@ Aatamate R(r). The required SNR may be determined
for each of the possible data rates by computer simulation, empirical measurements, or
by some other means, and may be stored in a table for later use.
[1065] A determination is then made whether or not the selected Lgiata rate R(r) is
supported by the SISO-OFDM system (step 222). This may t{i;.;chie'_i/éd by comparing
the metric ¥ against the required SNR determined for the ls?-elect'ed.;iata rate. If the

metric ¥ is greater than or equal to the required SNR (i.e., ¥ 2SNR (r)), which

indicates that the SNR achieved by the SISO-OFDM syster'n' for the multipath channel is

sufficient to support data rate R(r) for the desired PER of P,, then that data rate is

selected for use (step 226). Otherwise, the next lower available data rate is selected for
evaluation (e.g., by decrementing the variable r, or r=r—1) (step 224). This next
lower data rate is then evaluated by retuming to step 214. Steps 214 through 222 may
be repeated as often as needed until either (1) the maximum supported data rate is
identified and provided in step 226 or (2) all available data rates have been evaluated.

[1066] The metric ¥ is dependent on the channel CQQ@_?F?Q"S_ (e.g., h(k) and N,)
and the modulation scheme M(r) if the constrained spectréliéff}xciency._function is usedi.

The required SNR is a monotonic function that increases with increasing data rate. The



be repeated as often as needed until either (1) the maxi mum supported data

rate is identified and provided in step 226 or (2) all avail able data

rates have been evaluated. [1066] The netric 'P is dependent on the

channel conditions ée.g., h(k) and No ) and the nodul ati on schene Mr) if
tral

t he const r %08/ Qhd efficiency function is used.. PERESTLHUPH%Ed SNR i s

a nonotonic function that increases with increasing data rate. The WO
2004/ 001545 PCT/ US2003/ 019467 16 enbodj nt shown in FIG 2 eval uates the
avail able data rates, one at a tine, fr the maxi mum avail able data rate

to the mninmum avail abl e .d ate. The highest data rate asspciated with
a required §ﬂ§°€‘l’f§f‘t %Wwég?&‘?-ré vagptes aqva‘?ag’?et ‘ﬁ?éa FAESr PR 2t B time 881“&&? ed for
usg. (%)1067] Jd%anmmtabii&FiSe;datama& t8 EhedBinmith @ﬁllafblaﬁed r@tfe. ﬂ'ﬁ?lﬂfzgh?ﬂﬂaté Pare (5|),
an . In equatian ,. myation i s perforned for. X) .to accumul ate
the spect r al2s®fifedvaiad @9““%5%{]313‘3[ WSSy D& eqqa{eﬁ’dgﬁwt@ulgc‘ﬁéﬂ?féq °Fo

provi de the gpectral efficiency for the NF frequency subchannels. The
average spectral efficiency Sa,,g is then obtained by dividing the
spectral ef fli§7ncyTHeopetrif el Npay PreRiRrmilrd @R PRIRLOTS2) K | r Iyt
frequency s lé@&zﬁi%'ﬂ &) 8 surli&idn4® P&‘f&ﬂe@ forap@ M Ec)c)xmhﬂﬁ‘eﬂh'éj %e@t{ia[i’ef'f?c?en&il%;?

equi val ent NR for  the equivalent systemneeded to reliably transmt data
at a spectr aff tief fndbiidak frequeqerabubchanhéle tapervalgethe ppectmlatffieikfdyclioe theyNSav g

usi ng nodul ation sch r)..[1068] Equation.(.5) assunes _that .t he sane
modulation JEARHEY WE%P%ﬁseﬂl‘f 8Vr°rJ§F| speQ fe?fééﬁ Y CyPes tfbgnﬁ%n‘%‘%"gi Bt he

SI SO OFDM systiging tHe siectraleefficiedy fon theCAR fequpky fsybdhinelsplsyothe asimbgr af t he
transmtter and recejver in e system put sacrjfice rf ormapce.
[1069] The f&EARFEY s %9"%-s§%f)efm§@9?n% w8 DRI eiempined e sUgelepE et
nodul ati on are. rdifferent freguency. subchannels.. The use of
di fferent ?E‘Qﬁ ozit% ?eo%q%é‘}éaieglfr:@;ss%énng?eg?aeec’?orglltlar%y rga Sgrgt o %{Gai §p$ ‘grragﬁ e cquency
subchannel s eijsal o6 the averagef speatatlefficieny S.fiusing amdulagdn schdber®r)I n FIG 2, the

equi val ent ‘z(,ts mis deteraned for each datg rate bein eval uat e Thi s
il ement at LLPRE o drawtiort(aRimgn B 5 Senf Pepuhforiseneng Jed ey Thed
associ at ed W tfreqdédcl etithbnnietdh et SISO-GRINEIEpSem HIWR EStrictioh cah filplignhe dat a
rates are associ at eg] wit h .theimﬁame. m)dutéatiton schepe, then fhe ece|ui_val ent
syst em onl y PRGNS theseenyBItEr s VPO ROV BY B¢ MeHEaR 8Kk s chene
that nmay be [LBG9) WiTHe frReicda¥ amay adi®s bbedefige® Vot Wit @ake bhiwhichodifférenhen
simplify the copputati on.

P y moduﬂx?ion schemes are used for different frequency subchannels. The use of different
modulation schemes and/or coding rates for different frequency subchannels is often
referred to as “bit loading”.

[1070] In FIG. 2, the equivalent system is determined for each data rate being
evaluated. This implementation covers a scheme whereby different data rates may be
associated with different modulation schemes. However, if different data rates are
associated with the same modulation scheme, then the equivalent system only needs to
be determined for each different modulation scheme that may be used with the data
rates being evaluated. This would then simplify the computéfibii.é o

[1071] As a further simplification, if the average spectral efficiency S, of the
frequency subchannels is only dependent on SNR(k) and not on the modulation

scheme, which would be the case if the unconstrained spéét’r‘al efficiency function is
used for f(x), then the equivalent system only needs to be evaluated once, instead of
for each data rate evaluated. The equivalent SNR for the equivalent system can be

determined once in the manner described above. Thereafter, the required SNR for each



[1071] As a further sinplification, if the average spectral efficiency Savg
of the frequency subchannels is onIy dependent on SNR(k) and not on the
nodul ati on schenme, which would be the case if the unconstrained spectral

ef ficiency_fun t|on is wused for f (x) , then the equival ent system only
needs to b?é“%%?i"%ﬂéft *2d once, instead of for each data ygir@sg\g%@/ i ed. The
equi val ent SNR for the equival ent systemcan be determ ned once in the
manner described above. Thereafter, the-sequired SNR for each WO

2004/ 001545 PCT/ US2003/ 019467 17 data rate (starting with the highest data

rate) may b (o] i i atedtQ rnative
enbodi nent , %aﬁ HRa(%trgﬁggqﬁhﬁn%Egge%ﬂ'lg%g]gng\éég%g §§5EP g’ é%LSté%R‘?@c‘%!eéged for
the nul ti patSNR:hanneI by a single-carrier conmunication system after
equalizatio ost-detectio NR is.,re esgntagive of the o of the
total signal 107-Eiwelfi a?'ﬁ aflys; grabagiment, the éﬂro er %csga%ﬂed Nt t]‘lie%ﬁ{l?"on at

t he recei verSNRI' hehaaved foﬁ:aﬂc mvlabmeshanhelmys:tsmm eatieraomBivRicadsn sywea after t he

single-carrier'’ s W t aI| tion icati of the

per f or mance 8¢ l‘éa Mgﬁ% ’8 TWE?‘B%BV%°#T&\7 e Oﬂg'gd"t?los’@é‘lt ernm ne
t he maxi rrum;ﬁ)wre)pw theOngigkt plus aﬁterferéncb hegte Sediatigktio] aytsé qedeivearmhesidtiday pes of

equal i zer sed to proclil?s the received si in the single- carrier

systemto ¢ ﬁb’&%g past-getectipnsINR aelyfved; in the, singlecs édy%?”@ﬁ‘aih 9ae!f8tted by

the multipahdy wehadiofive oPuspepfdbAricE Of & SISY- omuﬁﬁemfﬁm tRFEXOR) Bay Be M Ni mum
mean square error linear equalizer (MVBE-LE), a decision feedback

equal i zer (RS to Spemene dhes maxmm:ﬂlpms@dpb& e dhe MISQGEDM rsysem.

(infinite-I|engbly o ¥AOEr bdualiBty rb@y beeifééﬂ 9§ ?%ieﬁsthe %\J,B.vla %@nﬁl IE%J Shgle- »
=J mn where J.,;,, is given b T X
(eJar) + No OAFFIEF 8YSfeny &) 6eTRPENSate mr 4‘8?'@@35 %@étfﬁﬁiﬁeéfm&“ﬁbm@ﬁ@m‘é by ttheansf er

function H fx%ulnpallﬁl&%ﬂxlelTb@ch%%%hié?stxﬁ&)llhaﬂdé'ﬂﬁ x@hpRNa MifdhbAihédn sGiagd h) DFE

may be expressed a
error lmear equallzcr (MMSE-LE), a decision feedback equalizer (DFE), and others.

ue-, e

[1073] The post-detection SNR for an (infinite-length) MMSE-LE may be

expressed as:

1-J .
SNRmm:e—Ie = JJmm ’ Eq (7a)
where J ;. is given by
7, =T IVb S
win == : dw Eq (7b)
2z ) X(™)+ N,

where X (e’") is the folded spectrum of the channel transfer function H(f).

[1074]  The post-detection SNR for an (infinite-length) DFE may be expressed as:

T "7 [ XE™)+N
SNR =exp{g I ln(%)aw]—l . Eq (8)
/T

0

The post-detection SNRs for the MMSE-LE and DFE sh(ﬁ'n;iiﬁ.équét'ibns (7) and (8),
respectively, represent theoretical values. The post-detection SNRs for the MMSE-LE
and DFE are also described in further detail by J. G. Proakis, in a book entitled “Digital



TYriT X (e'ar) + No SNRdfe = exp - f Inw-1. Eq (8 2~ _IT No The

post -detection SNRs for the MVBE-LE and DFE shown in equations (7) and (8),
respectively, represent theoretical values. The post-detection SNRs for the
MVSE- LE and DFE are al so described in further detail Proakis, in
a book ent Wﬂ’@%ﬁ’“"tﬁ‘@ tal WD 2004/ 001545 PCT/ u52003/01921%‘7’%%5"’3/‘"9467

Conmuni cations", 3rd Edition, 1995, MGaw Hill, séctions 10-2-2 and

10- 3- 2, respectlvely, whi ch are mcorp&rat ed herel n by reference. [1075]
The post-detection SNRs for the MVBE-LE 'and DFE may al so be estimated at

t he recelver based t.h |ve i be ent

Appl i cation %’é’?fné‘fa? RB%: %(5(&1)/ gliﬁ gﬁb@?@?gﬂﬂ u "S?‘r?'%%ﬁ" I e(g§l Met hod

and Appar at usspfeﬂrvelyUt»/hichmmgcdﬂst&ma@herahhyeefémﬁ@r mation in a Wrel ess

Conmuni cat i ect I 2001 a te er

2001 "and U1273be; cHe masifereios SRS brupe ML SnE DrETRY il Vbt hod

and Appar at ug tleofecdtverCRsed o tHeareeeived sagnaMbls tdegdribed i ULS. Ntskeint prh@ibrput

(o D), S0P oSO, 54 RS0 She b8 i ol o anc

i ncor por at ecbmlir@ rcrmné]efsmi@nﬁmmhl&mh Roswiréledse Wonfiuniiifen  Sydedh, as t hose

descri bed by the-anal ytical ressions shown in equations (7) and (8),
20

may be deterfﬁﬁﬂﬁ‘éﬁ’e\‘yd?le‘i MNerghn g t37d Sppipmlar 18neP0isad U.-gsPatgnt ABPHGRHPR of t he

metric 'P (isefal NoP09/8§lN835 entnled “MefHod' &hd=APPHRatMs fdr P}F&essn@SbataCtﬁt@Ctl on
SNR (e.g., SNRor .SNRdfC) for (g i val ent channel may be conpared

agai nst t he MekjgierTppt thlPSr\thPEf( @k Coyrwpunication, System; Piilizing {bannst

par amet er Vaét&@%nfoﬁﬁﬁt)o’n ”Nﬁfe)i M 1], Z@ndalﬂasm%&d dgtehe Hisiet Q? tﬂa%@sernt”‘t e that
may be used in the SISO OFDM systemw th ti pat h channel 77] -The

equi val ent <Application mxtmmmsdbwemtbwaﬁsrﬁn@su on -channel s used for a data
stream may Lgofig! | NEafd 1QedidY & effﬁ ! s?ﬁb@@ﬁgcm&db?tr@pﬁﬁl i@ efir ésﬁ)'n?ncy

equal to the average spectra I'ciency o tTansm Sssi on channels. The
equi val ent sshewein mtloral(gba!tﬁe(welﬁdyd?@cﬂewmad@r thraupipgth-ciennetandanedNR

hi d f th | h h t
System The Bcfh vareln SEE By 40 e SRR hnect ¥ <ShRerot ALY Htinner.
and this is WERLISIRR: SORRR OF ,LHoSNIEY S5 APequl el BWER chBurlPibay be

mmse—le

compared against the required SNR, SNR  (r), derived for a particular set of

parameter values, R(r), M(r), C(r), and P,, to determine the data rate that may be

used in the SISO-OFDM system with multipath channel.

[1077] The equivalent system that models the transmission-channels used for a data
stream may be defined to have an AWGN channel and a spectral efficiency equal to the
average spectral efficiency of the transmission channels. The eqmvalent system may
also be defined based on the post-detection SNR achieved-for. the multipath channel by
a single-carrier communication system. The equivalent system may also be defined in
some other manner, and this is within the scope of the invention. The metric ¥ may
also be defined based on some other functions and/or in some other manner, and this is
within the scope of the invention.

[1078]  The data rate selected for use in the SISO-OFDM system using the metric
¥ represents a prediction of the data rate that may be supported by the multipath

channel for the desired PER of P,. As with any rate prediction scheme, there will

inevitably be prediction errors. In order to ensure that the desired PER can be achieved,

the prediction errors may be estimated and a back-off factor'may be used in determining



al so be defined based on sone other functions and/or in sone other manner,
and this is wthin the scope of the invention. [1078] The data rate
selected for use in the SISO OFDM systemusing the nmetric 'P represents a

prediction of the data rate that nmay be supported by the rrultié)ath channel
for the de¥A2YBEY of P, As with any rate prediction SERURROINBE e Wil |
inevitably be prediction errors. In order to ensure that the desired PER

can be achieved, the prediction errors?my be estinmated and a back- of f
factormay be used in determ ning WO 20047/ 001545 PCT/ US2003/ 019467 19 the

data rate that ,can be supparted by, the tipath channel .Thi.s back, of f
reduces thenﬁ? ﬁ‘aﬁ%ﬂaé%g'ﬂkcaggbetsﬁ%pog%f’ %trhe w%ﬁ%ﬁtrpﬁanf@} ggésﬁq"’%f)g r‘f'(%c (l;[g?} this
back of f as tbroaghpuasf theswtel. eThuahit Iselesitablelto &edpi thisiback éfhes chedl aspdssRIER.  An
accurate predi.ction schene |ike t n described herein will mnimze the
back of f Fo P 1B R dha KR A e RE B el bt s B Bodor i o
4A shows a plegdribed hefUivilEchiSMreE: the rbacks offabcber fiptied fafd hanceyiabaiize hé

supports a set of discrete data rates. In FIG 4A, the discrete data rates
are | abel ed SY¥MRERFWYtor r = 1, 2, ... P, on the horizontal axis. Each

data rate R([M)791s aAI60aAZhEWs Wipldl of requREPSNRE WersNts afidsl foLfl systend @it eve the
desired PER of P,, for_the systemwth an AWN channel. The re%gi red SNRs

are | abel ed SHBPOSRR sehyof discreys, datg dates  Inj Gy 44y the disprrie datp satescare labpled 8t i ng

poi nts at () for SNRL,IH(L )P, on thRorizomal axé. -Hach A&th kRS ROYSS dsbeldid witd £i mum
SNRs required to support the corresponding data :rates, and are shown by

the solid aespettes SNR.reqhirsphactachibvecttii desiesdC PER WicPi ot thersydtém Svidyshi em i s
represented by plot 410 (the thick solid line). [1080] For a given

mul ti pat h chaYReY chaned ‘BhateayjeedsiiRstarclabadéd asci N g r)Savie veryici exisddher ni ned
as shown in equation (5), and the netric |I' for this average spectral

ef fici ency rfSFee ORRERIEERONE aaéRérﬁoquﬁr)éqtmu6&X?§);,.\quqs\é|tpyhe P and
Savg may be represented by, a point 414 in F.G  4A .which is marked with an
S T it SFES St B SRedbu st Bor it Yo e B porite

sel ect ed datsalid diresBIR0CA SptraMiffibiencl fuddtidn fSAUE syStelae FipresteddSy plopport ed
by the system é’lggé%ﬁl't .may be necessary to back off the selected data
rate since it0{ge idHne)" theoretical  val ue. For «exanpl e, code | oss and

i npl enent at i[pg8ol OS TRy alfiven! @Sltibdth icRanfel, theGReagd QRtbirdl Ry (59, aaky sye the
desired PER I npl enentation | osses due to , _
determined as shown in equation (5), and the metric ¥ for this average spectral
efficiency may be determined as shown in equation (6). Graphically, ¥ and S,,; may
be represented by a point 414 in FIG. 4A, which is marked with an “X”. If this point is
in the shaded region above plot 410, then the selected data rate associated with ¥ and
Savg is deemed to be supported by the system.
[1081] It may be necessary to back off the selected data rate since it is based on a
theoretical value. For example, code loss and implcmen_t_a"t"iq'r)“._Jos_s_e's.__'_may result in a
higher required SNR to achieve the desired PER. Imﬁle’_fnentatio_n losses due to
imperfections in the receiver’s pre-decoder stages will show up in the SNR, and losses
due to imperfections in the decoder and the transmitter are typically negligible. The
amount of code loss versus capacity may be estimated and accounted for with a back
off. The amount of back off to be used to account for code loss may‘ be determined as
described below.
[1082] FIG. 4B graphically illustrates the determination of the amount of back off to

use when evaluating whether or not a particular data rate is supported. As described

above, the set {SNR_ (r)}, for r=1, 2, ... P, represents the SNR required in a



inperfections in the receiver's pre-decoder stages will show up in the SNR
and | osses due to inperfections in the decoder and the transmtter are
typically negligible. The anobunt of code |oss versus capacity nay be
estimated and accounted for with a back off. The anount of back off to be
used to act¥OUtY®L¥ code | oss may be deternined as deSEFUBEAYHE%w. [ 1082]

FIG 4B graphically illustrates the determ nation of the ambunt of back off
to use when eval uati ng whet her or not parti cular data rate is support ed.
As descri bed above, the set { SNR ,q (r , for r=1, 2, ... P, represents

he SNR 2004/ 00154 S2
Eoeobt ai Le?ﬁf’g ﬁ&%‘lsyﬁﬁ‘“&?@?}f‘ 49&/3&5 [ﬁg‘ggr( gf\ll—“\/Q {791% ?’&dgrg%%%é(f%r ezgat =
data rate b agjdﬁﬁ'{z{tg'gas@&%ﬁﬂé @bﬁg%qmea oPGE&H&PaE&HP%&traﬁQ%&&@ f@fctibgi ency

function.,p P, and is shown on the right vertlcal
axi s. The send{isNRywWn eprths eright vertial SIXRR. r gheisete (SNR, An)}i, demlr sly 2t enP(i . e.
with no inplenmentation |osses) to obtain the desired PER of P, It can be
noted that SRIREwHs(thy SNRapguired iy f) idegrsygiem (he.. Wish A émgirmerpatian)losses)iipe

dsS S f
equl 9 NYLaL @udlpbm KELAT 10k B OB waf SR, 5 L R S o
{0 representsfbesafdi andle SHRHLINR £ Ol NG BRAGHIL SNISYB) o ke

account for losses®™n the prdactical system( mai nly i dél ade code
| 0ss). [1083kquife SPMEFRAELpaPRAL Etenel T4 Sdt ASRSr)} , fdB Ael ez, e dmhybequat i on
(5) wll lie between two consecutive data rates, e.g., R(r) and R(r + 1) ,

whi ch have Isisfined taaepresentsthel additiayial SNBaequised for theTpractiset systcpondrdeynbfeck of f s

in SNR at these IBWQ%@%SR%%I@?W%%EE@WEmd@Me,ﬁggﬁ(r + 1) , respecti vely.

I n an enbodi nent to use tor the netric 'P may be
det er mi ned HY083]nedFhei meeagpcﬂpmttabrcfﬁﬁiemswgr§etcmdASWuptxm 15 willake

fol l AS +  ASNR AT .R(r + 1) -
11 6 VA e o S0 LR Sl
= - A)' defmiliZd to bitdeiHeRe! exmudage@aﬂdeng eadil @fs ia smbeu bRek b adi

rretrl c, 'PBO, (instead of the netr Y) be conpared agai nst the
requi red SNRaEhast ANBOY apd ARNRLY mlhefc‘?m@ti‘ﬁb‘r I@ra"rf‘é‘?md‘mem the"amount of

back off to use for the metric ‘¥ may be determined by linear interpolation of ASNR(7)
and ASNR(r +1), as follows: ' S "

ASNR(r)[R(r +1)-C,, 1+ ASNR(r + D[C,,, = R(r)]

AY = L 9
R(r+1)—R(r Eq )
A backed-off metric, ¥y, , may then be expressed as:
Yo =¥ -AY . Eq (10)

[1084]  Referring back to FIG. 2, the backed-off metric, ¥y, (instead of the metric

¥ ) may be compared against the required SNR in step 222 to determine whether or not

the selected data rate R(r) is supported by the SISO-OFDM-system.

SIMO System
[1085] For a SIMO system, Ny receive antennas are used to receive a data

transmission from a single transmit antenna. The channel response between the single

transmit antenna and the Ny receive antennas may be represented as h(k) or {h,(k)} for

i=1,2,... N, and k=0,1, .. (N.-1), where h(k) is the coupling (i.e., the



the selected data rate R(r) is supported by the SISO OFDM system SI MO
System [ 1085] For a SIMO system NR receive antennas are used to receive a
data transm ssion froma single transnmt antenna. The channel response
bet ween the sin transmt antenna and the NR receive antennas may be
repr esent ety %0 ﬁ%‘t"k’)“‘or {h;(K)} for i =1, 2, ... NR aRGTHS2005019467 = (NF
-1) , where h, is the coupling (i.e., the WO 2004/ 001545

PCT/ U82003/019467 21 conplex gain) betypeen the transmt antenna and the
i-th receive antenna for the k-th frequency subchannel. [1086] The

spectral eff}] t] f ( y. t s that
fgr a Sl SO s‘{?g‘{p a"§2 RY ﬁﬁl}i Q{nﬁ@ltr e%eg:ﬁlg)gﬁdsg%o tﬁ (BefE kot a" R%?Osr;tgngr%ﬁll S

obt ai ned byfrealummw&)mnebf all the recei ved SNRs for the NR recei ved

ant ennas. rece SNR f or k-th fr sub hannel in a
Sl MO- OFDM s&i@se% e %Sé"fo@XB&’é?E@’d;"a&“ OFPh(H(’Kabngéra Ry is the Samgas  pq
(1) O wherfalebie, SISSilchn, B mst%e RRENed SRRLIBNGY STMRFHRRRGE obtafed

normalized to 1. For sinpli equation (11) assunes t'hat the same noise
vari ance No Hysa sepmatierdohall amq PCNF'ZVCdr SUBF er that¥nrrasivedcquignriaon Thas,)thermy be

modi fied to aceQyNING R %fkf@rf?éahe& | SchaliAdil ,ﬁmcm%ﬂgﬁwggﬁ&ﬁ )tvEQ for

di fferent recelve antennas n co rison, the recerve e k-th
frequency suisptesseies: in a Sl SO CFDM system may be expressed as shown in
equation (1). For the SIMO> OFDM system the received SNR determned in
equation (11) may then used in the spectral efficiency function f (x).
Except for the change iy|&fg)|fonputation of SNR the raté control for the
SI MO- OFDM syst emgxgy(x) be=tpecfarmed in simlar nmanner as desggutqg:d above for
the SI SO-OFDM system M MOANgystem [ 1087] For a M MO OFDM systen| the
response between the NT transmit and NR receive antennas may be descri bed

B X e P, o SRR BB e P 4. Ok 1
simplicity, equation (11) assumes that the same noise variance Ny is received on all Ng
receive antennas. Equation (11) may be modified to account for different noise
variances Ny being received for different receive antennas. In comparison, the received
SNR for the k-th frequency subchannel in a SISO-OFDM system may be expressed as
shown in equation (1). For the SIMO-OFDM system, the received SNR determined in
equation (11) may then be used in the spectral efficiency function f(x). Except for the
change in the computation of SNR, the rate control for the S_IMO-OFDM system may

be performed in similar manner as described above for the SISO-OFDM system.

MIMO System
[1087] For a MIMO-OFDM system, the response between the Nr transmit and Ny

receive antennas may be described by an Ni XN, channel impulse response matrix,

H . The elements of the matrix # are composed of channel impulse vectors {4, ;}, for
i=1,2,.. Ngand j=1, 2, ... Ny, where £, ; describes the coupling between the j-th
transmit antenna and the i-th receive antenna. Each vector £, ; is composed of L taps

and may be expressed as:

A =04 ;(1) A ;2 .4 ;L] , - Eq(12)



i =1, 2, ... NRand | =1, 2, ... NI, where hi ,j describes the coupling
between the j-th transmt antenna and the i-th receive antenna. Each
vector k;j is conmposed of L taps and may be expressed as: k;,; =[k;.i(1)
lii,i(2) ... k T, Egq (12) WD 2004/ 001545 PCT/ US2003/ 019467 22 where

.k /g— ]
each of th¥O200UlI545py he nodel ed as a conpl ex Gaussi aRCEISIPIIEA: for a

Rayl ei gh fadi ng channel. For a given (i, j) transm.t-receive antenna pair,
the signal transmtted fromthe j-th té?nsm't antenna may be received by
the i-th receive antenna via a nunber ‘0f propagation paths, and the

T P ancor SRS SR R Gt B el ol ORBRP R B B P ™
.1 (p) | 2] sv- Rayleigh( fhding chiviicE Poraangiven r(§ )y emasthit-teseiverahtenmapdir, tenpigment s, h'

is the conplex conjugate of h, and 80-,, is the Delta-Dirac function that
i s equal to tesnemigad frony the j-th Wansmif anianasr May bg aecgived bl dhanf-harecep(grantidpdore, it

i d tfk : j hibd w .
| s assumed tad nbibe o BRBGLbR SRANSAS tﬁgﬁ%dgafgﬁ ﬁrﬁﬁgﬁgﬁé RSk Wiy ©

antenna pairs are unco ted, 1.e., different val ues
of m n, i pregagatjon patheaee dysumed e besenconelated. Ehigmay &e exnressebasose of k .
[ 1088] The channel inpul se response matrix, si(n), is a tinme-domain

representation of,th glﬁﬂ n f.esponse. A correspondin nnel
frequency respon%g-f@%?@ %f?b)rﬁ]ép‘be’ obt ai ned by perforrgnqﬁlg a fast
Fourier transform (FFT) on 3{(n) , which maybe expressed as: H(k) = FFT

[s[(n)] , E 4 w8 muki sed) g - i cul ar,
an NF - poi m&%%aﬁdé@?%’ze%’b‘gﬁg &%rme%tho%ong%gﬁﬁeﬁn?g%g}% rl\rllr>9hasx zLi‘:r.ﬁrtl)Jllugkgp\@/'ghes for

a given el erdtd,h; isjthoPeliDirey fdrgtionghat & ewaluewoeonf iNF=gowfl il énteso f or t he
corresponding elenment h;.j of H Each elenent of His thus the FFT of a
cor r espondi riheEVisere Rurthsrmeye, itscassumed Haas thegthanne] gesponsesciopgifigfent wgnsedinp| ex
values (i.e., hi i =Th:, 1(0) h; j(1) . hew | - T whi.ch are
represent at irecé’wgfar#eﬂga &’?"Lesqaﬁ el Cﬁﬁ?lééé’dﬁs’eE@f--nffi-hL‘ é{\{g’ﬁ g\%%’h"&)%’la]%%t% "t 8
particular (i, j.) ,trapsmt-receive antenna pair. The matrix H may thus be
Viewed as coriverhes B TOuERAE BRUREE FAEPPRR iy k). for k = O, 1,

(N~ 1), eaghogh di RRASiaMRp ML reoo@3ShaOr 3 MO DM, sShem dat a

may be processed and transmtte sin nuner ous processi ng schenes. Each
processi ng sepresemtatiory ofl @s NISIOe cl{ahhelt dagponmnNNAr corresponding channel frequency

response matrix, H(k), may be obtained by performing a fast Fourier transform (FFT)

on #(n), which may be expressed as:
H(k) = FFT[#H(n)] , Eq (14)

where k=0,1,.. (N ~1) and N 2L. In p'articular,llgntl'l\'llp - pomt FFT may be
performed on a sequence of Nr sampled values for a given elerﬁent h; ; of H to derive
a sequence of Nr coefficients for the corresponding element h, ; of H. Each element of
H is thus the FFT of a corresponding element of #{. Each element of H is a vector of
Nr complex values (e, h, =[h,0) h () ..k ;(N.-DI"), which are
representative of the frequency response of the propagation path for a particular (i, j)
transmit-receive antenna pair. The matrix H may thus be viewed as comprising a
sequence of N matrixes H(k), for k =0, 1, ... (N —1), each of dimension N X N;.

[1089] For a MIMO-OFDM system, data may be processed and transmitted using
numerous processing schemes. Each processing scheme may designate (1) the manner

in which data is processed (i.e., encoded, interleaved, and modulated) prior to



in which data is processed (i.e., encoded, interleaved, and nodul at ed)
prior to WO 2004/ 001545 PCT/ US2003/019467 23 transm ssion, and (2) the
transm ssion channels used to transmt each independently processed data
stream [1092% In an all antenna processing (AAP) schene, one data stream
i s transm MBI all transnit antennas and frequenEQT@§WEW§ﬁﬁéls For
this schene, the data to be transmtted nay be encoded, interleaved,
nodul at ed, and then denultiplexed into synbol streans for the NT
transmt antennas. For the AAP schene, @ coded data packet may be

interl eaved 'arrllanig 1Qn tarrllﬁ ((gAﬁ}%ut?pn%Xusgiog cﬁB\ glgtuggm E'r%nsn{.ltl Qet\cii] méer%cl?c{cntéy over

per - ant enna process streamis
al | frequenqusubdbaas&%mm(ﬂ= each transnlt antenna. For this schene, the

data to be smtted.js first denu data streans. for the

N T st (RS b R Fnengh Bloce e AN SitRiher ae it Ryl R kS

i nt er | eaved,oveslUiraisask, anddhlad hﬂrfrdqaaiagi RubichexheBY eHor tIﬁQEch@fnetthedM td bansm t

antennas. The data rates and. the cg? agq uIa schenes . & 'be the
Yeda MOduigst, T

same or di f frEPIpifted may; heaenepdeqpinter ?’A plfpisked BN dat a

streamis onkybbltreirh€RyY @ N trdnkiRit bRtEHAS NEor tﬁl@mmcheﬁﬂeoazbdeaaﬁda acket
i ndependently prqocessed data stream nmay conprjse one or nore coded data

packets or dtRYRROPiEEeaved pypoth (b fregisacidnd sPegemainat ed at the transmitter by

encoding a gaeagt af LadranRaseprobdisifg RPAD) SHbmE, GRUADstFaRERRrandhitledBY be
decoded at the receiver based on a conpl enent arﬁ: decodi ng schene. The
Q

decodi ng of e freayeraNGrerharpisnd e&@maamammfa: tthrSéebﬁm theglatapia be

modul ati on syakihed Fsrt?rg'tSdEhMt?ﬁﬂexE@ fo Nf &h@-} stieRRS YEHthe N BensRECHRARIsN EasiE heme
selected for use at the transmtter affects the processing schenes

avai | abl e f dlatastrieamtis indepandently\ceded, interdeayedrmoduiatrd) aridothen kransiiigd- GRDM
system nay Q)%e 8%?&%%%98@% antgr(niﬁg O’%‘he’(«% A&EM e CI) n{l)%%’ld_ IPQdulaJnon schem(:g\": 1.

Eq (15) wherey is a vector recelve
k-t h' f f r equemryybesthd stram pedliffeienefor thetVyedata 8@@meedfbr the dtAdt schome.teagteddd , whi ch

ey be 1 epr SSERt kAol gk, YRKLT, here vi (10 s the

entry recei enna for tene.k and i =1, 2, ...
NR, x(k) is [w%ct dEacbfindelendputlyl prodesved sigtatstytam fray compaselongior gore qdded.

"transmtt ec{iata packets or codewords. Each such codeword is generated at the transmitter by
encoding a packet of data based on a particular coding scheme, and may be decoded at
the receiver based on a complementary decoding scheme. The decoding of each
codeword may be achieved by first recovering the modulation symbols transmitted for
that codeword. The processing scheme selected for use at the transmitter affects the
processing schemes available for use at the receiver.

[1093] The model for the MIMO-OFDM system may be expressed as:

y(k) = H()x(k) +n , for k=0, 1, ... (N, 1), Eq (15)

where X(k) is a vector of Ny received symbols for the k-th:_;}:fréquency subchannel (i.e.,
the “received” vector for tone k), whic}; .n.1ay be represented as
Y&y =y, (k) y.(k) ... yn, (XY , where y;(k) is the entry received by
the i-th receive antenna for tone kand i =1,2, ..., Ng;
x(k) is a vector of Nr modulation symbols for tone k (i.e., the “transmitted”

vector), which may be represented as x(k) =[x, (k) x,(k) ... xy_ 7,



vector), which may be represented as x(k) _ [x, (k) x2(k) ... XNT (k )]T WO
2004/ 001545 PCT/ US2003/ 019467 24 where Xxj (k) is the nodul ati on synbol
transmtted fromthe j-th transmt antenna for tone k and j =1, 2,..., NT
; H(k) is the channel frequency response matrix for the M M) channel for
tone k; an® A™Y¥'¥he additive white Gaussian noise (AMBMSYH*Y nean
vector of 0 and a covariance matrix of A, = NOI , where O is a vector of
zeros, | is the identity matrix with opes along the diagonal and zeros
everywhere else, and No is the noise variance. For sinplicity, the effects

of |\ e, OFDM pr ocessi ngnak b/l S A4 ANBHLIHGY (ARG LECRLY U 0GR, ™Y e

negligi bl e) are not shown IFh’equa 0 scattering in the

propagation environmept. .tk (Me saabpLlisireams transnitted fromthe NT
transmit antennas interfere wth each otRer &t the receiver. In

particul ar, a gi VR) Sy tHeeharfiel Beqleidyaespdhie matrik fomthe MEMO amdltfofldhenna nay
be received by all NR receive antennas at different anplitudes and phases.

Each received synbol kdmfeam may then include a conponent of each of the NT

transmtted synbql 13 etﬁ% {a{éﬁtﬁ@Yﬁﬁ%awﬁf{ng@?de@%@g@g{u a el @eﬁ%ﬁ;ﬂe%d 3 hese NT

col lectively inclu ransm reans.

synbol streans are di sRafisRed ndt@0ef Whe MY, wiReLDViEd aY@Pef zebd, af¥Eihe [ 1095]
At the receiver, various processing techniques nmay be used to process the

NR received synbol sidestitysndtix ehith @ots dldreg thl diagenmas and teeck oprindleresdisecans.

These receiver processjng.techniques nmay be grouped into two primary
categories: spati al Qﬁhﬂéb%§89?¥%§“?@§biver processi ng techni ques (which
are also referred to as equalization techniques), and "successive

nul | i ng/ equdior siEpligity alrsdetfastsef the @HM pracrssng atthohthe trapuniferrandgecsives si ng

techni que (Wi nizd b@h38ighSE e R hifih comihgpsy! ve | nter fer ence

cancel lation" (SIC] processing technique). The spatial and space-tine
recei ver pr d8¥4%i nPueciohssatgring inglhe propegatien lsevirammeniydhe dr spmbal strgams he AAP

scheme, whi ltx%n{%-lg\ﬁeecﬂ“r %mgﬁahmt LRGhnL B WieR e M Sifer &g}reters&i&w fpr mance

for the PAP sc ese recelver processing techniques
particular, a given symbol stream transmitted from one transmit antenna may be

received by all Ng receive antennas at different amplitudes and phases. Each received
symbol stream may then include a component of each of the Ny transmitted symbol
streams. The N received symbol streams would collectively include all Ny transmitted
symbols streams. However, these Ny symbol streams are dispersed among the Np
received symbol streams. o |

[1095] At the receiver, various processing techniques may be used to process the N
received symbol streams to detect the Ny transmitted symbol streams. These receiver

processing techniques may be grouped into two primary categories:

e spatial and space-time receiver processing techniques (which are also referred to
as equalization techniques), and

e “successive nulling/equalization and interference cancellation” receiver
processing technique (which is also referred to as “successive interference

cancellation” (SIC) processing technique).

The spatial and space-time receiver processing techniques may provide better
performance for the AAP scheme, while the SIC processing technique may provide
better performance for the PAP scheme. These receiver processing techniques are

described in further detail below.



described in further detail below. WD 2004/001545 PCT/US2003/019467 25
[ 1096] For clarity, the followng term nnology is used herein:
"transm tted" synbol streans - the nodul ati on synbol streans transmtted

from the transmt antennas; "received" synbol streans - the |n€6uts to a
spatial or “ALE e processor (in the first stage of CLUSIOBMAL; ver, if
one is used, as shown in FIG 10); "nodified" synbol streans - the inputs

to the spati al or space-tinme processor %ﬂ each subsequent stage of the SIC
receiver; "detected" synbol streans e outputs fromthe spatial or

space-tine Hi%ﬁss%rcn(aHP h)efcwlo dng%mmo g{@‘g&l{dﬁe&&[ﬁanﬁ may be detected at

stage t for e &8IV stream - a synbol

o ST SHRUSHE Sl LR ol 3R Br G R e L oo

(only one det eCt € ecovere
receiver). [1097]" tﬂ'ehﬁmslpatamﬂhnaand space-tinme receiver processing techniques
attenpt to transm tted synbol streans at the recel ver.

separate oqut
Each transni ttgg‘ H’ﬁ@ y"é’f)f VAT a eb’épmso‘&aée‘ft@d“r s@flce(ti’?e PORASHi(8ghe he

various conponent Sﬁrafstagbefatsmséenterrqﬂonesytﬁealas%hmammc 1d)e NR received
symbol streans based on an estimate of the channel response and (2)

renoving (or cangedifiedy symeolisireams ethe irnaitsdadhe atilor spasertimerpipeesior ied

synbol streans. Eagh J6&80 @gt AGESSICcdiwgnni que attenpts to either (1)
decorrelate the |nédh \\/]I dga t?é}{lsmﬁ%t 9::yrrbol streans such that there is

no interference fdct@m:d heymbet $ipams r dresovitputsefiors yirebsphtial tor epace- time pE®pssmaxi m ze

the SNR of each d reamln Lhe presence of

i nterference fro %g’he%mgy%"bqo sffr?aé'?fng’ay% §e%d%tt &% s?yr?bg{tdst ream
is then further prrg&g,ggequ(e g., denodul at ed, del nterl| eaved, and decoded)
to obtain the correspondi ng data stream [1098£ For sinplicity, i's
assurmed that a®l |f?Féa¢fe‘%e?YB‘1gDPb${@PWg y Zmpokgigam;thats res@\ferqsirmhesrp%meam

processing by projegGid Ngkchida cfa?acs%'e?{xﬁ‘éorﬁ HP@&ete%EJd%?ﬁEcél‘%Yx‘é‘ ‘?sr}ecovercd at

interference-free sub-space to obtain the transm o streans. The
|l i near ZF equal i zesh stage oha PEspoeiver).W zF (k) , which may be expressed as: W

ZF (k) = K iﬁ&ﬁ]' (kﬁhlé( Qa}iéll and I%(Baée:l@r)le receiver processing techniques attempt to

separate out the transmitted symbol streams at the receiver. Each transmitted symbol
stream may be “detected” by (1) combining the various components of the transmitted
symbol stream in the Ny received symbol streams based on an estimate of the channel
response and (2) removing (or canceling) the interference due to the other transmitted
symbol streams. Each receiver processing technique attempts to either (1) decorrelate
the individual transmitted symbol streams such that there is no interference from the
other transmitted symbol streams or (2) maximize the SNR of each dctected‘symbol
stream in the presence of noise and interference from the o_ihgr symbol streams. . Each
detected symbol stream is then further processed (e.g., demoddlated, deinterleaved, and
decoded) to obtain the corresponding data stream.

[1098]  For simplicity, it is assumed that a linear zero-forcing (ZF) equalizer
performs spatial processing by projecting the received symbol streams over an
interference-free sub-space to obtain the transmitted symbol streams. The linear ZF

equalizer has a response W ,. (k), which may be expressed as:

W, (k) = H()H" (k)H(k)™ . Eq (16)



WO 2004/ 001545 PCT/ US2003/ 019467 26 [1099] The detected synbol streanms, z
, Wwhich are estimates of the transmtted synbol streans, x, may be
estimated as: z(k) = W", (k)y(k) = x(k) +WF (k)n . Eq (17) As shown in
the right-an i of equation (17), the detected synmbal streans, X,
conpri se tﬂ@”ﬁ?@@gﬁftted synbol streans, x, plus fi|teF§E“ﬁ6P¥@?“VVF (k)1
which is in general correlated with a covariance matrix E' = No WF WF.
The correlation takes place on the sang frequency subchannel between the
different transmt antennas. This correlation is thus applicable for

Syst ems thagl@zeal’ﬁhea&tteﬁ%paﬁﬂb%??t?gainﬁg L AGKRN a;elés%glalt(e-rggc\)?m t%g;‘;lla}{&ﬁiﬁe y also

be perforne d on ot i near receéivers, as Is one skilled
in the art. sfhdOklredthe xSWegde sbihRarddser f erence cancel l ation receiver
processing technique attenpts to recover the transmtted synbol streans,
one stream at each stage, using spatial or space-ti-ne receiver processing.
As each synbol sbﬁ(b)&r@_%(k)gd«)we_r(bmﬂjpek)gi nterference causeBqy)t he -
recovered synbol streamon the remaining not yet recovered synbol streans
is estimated and canceled fromthe received synbol streans, and the

nmodi fi ed syrisoshowmriazthe righehandrgideaefi ¢quatione E53.ctie siptecied siimpel yreams Xo
recover the next transmtted synbol stream [1102] For,a SIC receiver, the
-th stage i fPEPESE e Bapsmutterssyapal steepmyy X spjuchliqredpoisen Ved& M. s fthe NR
nodi fied synbol streans to attenpt to separate t the (NT - f + 1)
transnitt ed S ACTElled KiEh B KQYArRAGFEMATK et M Woec ol erirelafipn {akes ) C
receiver us ine, | j 1 ol ream
rmy be i sol 154 i Ao shShgnel DARRAAGE lleRAF BuldBEartonfal il £ TR,
mat ched t o tchetlationam shus tipditable farispdtenss thaganse alFamemi ppdcesingy(AAPhe f ol | owi ng
description mes..that, t.he transmtted nmbhol streans_are.recovered in
an_ascendi ndToPber e By T FREH bfoed ¥R o b Re Gl BN A T
recover ed fiknewn by be skyifedah thetarteam from transmt antenna 2 is recovered
next, and 53 ﬂﬂ aq@ synbol . stre fron1tr§nsnit antenna NT is recovered
last). HoweVEIO ¢ pi'he; Suchevive ILRElSTPEReARCCRAP™: Aot PLrRIORerYREy 1 RigLS
streans nay a@bmpts 16 edo@E&rOothe ltRdsrhifted SYMAbAsteimQroie rstrednl k0 3dch Thgpemadied filter
for the Q-th synbol streamto be recovered in the . -th stage (Pa ‘a unit
nor m vect or SPARET Pk ppacefimenecqiyqr  RIpCESng: £ Asicarh SYmb! st 1§ gerRvered. ifter e

interference caused by the recovered symbol stream on the remaining not yet recovered

symbol streams is estimated and canceled from the received.symbol streams, and the
modified symbol streams are similarly processed by the next stage to recover the next
transmitted symbol stream.

[1102] For a SIC receiver, the £-th stage initially performs spatial or space-time
processing on the Nz modified symbol streams to attempt to separate out the

(N; —£+1) transmitted symbol streams that have not yet been recovered. If the SIC

receiver uses a linear ZF equalizer, then each transmitted symbol stream may be isolated
by filtering the Np modified symbol streams with a filter matched to that transmitted
symbol stream. For simplicity, the following description assumes that the transmitted
symbol streams are recovered in an ascending order (i.e., the symbol stream from
transmit antenna 1 is recovered first, the symbol stream from transmit antenna 2 is
recovered next, and so on, and symbol stream from transmit antenna N7 is recovered
last). However, this is not a requirement and the transmitted symbol streams may also
be recovered in some other order. |

[1103] The match filter for the £ -th symbol stream to be recovered in the £-th stage

has a unit norm vector, w,(k), of Ny filter coefficients for each tone k, where



WD 2004/ 001545 PCT/ US2003/019467 27 k =0, 1, ... (NF -1). To mnimze the
interference fromthe other (NT _f) not-yet- recovered synbol streans on
the a -th synbol stream the vector w, (k) is defined to be orthogonal to

{h 1(k) } § rﬂj)=e+1, 1 +2, ... NT. This condition my be expressed as
E. (k)h, (W?”: YWOB%or j = + 1, 1+2, ... NT and al soPFHSRRN%ne k
where ' k =0, 1, ... (NF -1). Since the transmtted synbol streans from

the other (i-1) transmt antennas have,al ready been recovered in prior
stages and have been canceled fromthe nodified synbol streans y' (k) for

(1) o ;BB LMl OSBRI e g LRBRRRL. o (13
filter respQasfedd syrbol sit@nsof thEP Lt SFinbASEREhnD TheRE P WS, (BPR Uk Red 98 be
space-tinme processing techniques. For” exanple, the mafch filter response w

, (k) may lethdgonalvedhytd)hgoraj kidrdar +2; . egyial Thieconditon nidyebeekpressed as ver ,
the channel response matrix, H(k), is reduced by one colum in each stage
as a transmwf egdhsyl, S a8 ¢ £ 2COVRS eshd RO &€ chchr LBnstRGRherd he
reduced channel response matrix, H (k) , is an (NR x (NT - e + 1))
matrix, wWthe€®,1,1). @nl-umsSiher thehgarsinated dyinbantesanasfreth thdi@tHee (£ 1))
prior-recovered synbol streans renoved fromthe original matrix H(k). The
ZF equal i zéfansrais patarnas fhaver 3lseady been (rpoovergd in prorystagey, argd baye beerycaseeleter i ved

Pases o o BLAGEAGRIS sk SRPRTET AT o s s uBbr Y AR5 L1,
diff t f t fid , f th -th
Lt (ke PSR RbaR IR O 50 LS copgoson f) Jpr ihe @ (i

(k), where \gfogik) RRIFASPAM Seshthsd w () Ha?%§ﬁlﬁve?%%§ﬁv%ﬂi\%ﬁgxfsssjp idi BF first

colum of the ZF equal i zer response matrix” W ZF erived for

the a -th stspge-tintelfioSdssind RcBBERE! Far SMMPN, I BBA¥iltér resgoRbe W) )amh
transmt ant g%ﬁal nalgl{gt hgné]bg 2sti mai ed as: x, (k) l:t r\/\fl’?lsl{ k)ey"'((%) :Igr-l
(k) h, (k) x, (lop+derivédk hsing aHopedrl B ei\@1i2604FQ0the £IC REEIVIE200 Sh&nheUEspdd& The

LA S A M I - LR

Each det e%c%gered. For the ¢-th stage, the reduced channel response matrix, H'(k), is an
(Ng X(N; —£+1)) matrix, with (£ —1) columns for the trar!_s_u‘r_iitv antennas of the (/1)
prior-recovered symbol streams removed from the origin!al -.matrix H(k). The ZF
equalizer response matrix !V_;_F (k) for the ¢-th stage may be derived based on the
reduced channel response matrix, ﬂ'(k), as shown in equation (16). However, since
I_{_’ (k) is different for each stage, ﬂlzr (k) is also different for each stage. The match
filter response w,(k) for the £-th symbol stream recovered in the ¢-th stage may be
expressed as w,(k)=w lzr (k), where w ;F (k) corresponds to ¢-th transmit antenna and
is the firét column of the ZF equalizer response matrix W3, (k), which is derived for
the £-th stage.
[1105] The detected symbol stream, %,, for the £-th transmit antenna may then be

estimated as:

2, (k) =w, (k)y (k) =w; (Oh,(k)x, (k) +w,; (F)n . Eq (18)



synbol streamincludes estinmates of the nodul ation synbols transmtted on
all NF frequency subchannels of a respective transmt antenna. The spati al
processing thus effectively naps the M MO systemto a nunber of parall el
SI SO systems O the (NT - P + 1) synbol streans detected at the f -th
stage, theV8rf@" 8 *2sponding to the - th transmit ant BRHESIE/U¥Bcted for
further processing to obtain the data for that synbol stream [1106] If

t he synbol streans can be recovered without error (or with mninmal errors)
and if the channel response esti rrate IS reasonably accurate, then

cancel | atio 4 I nt ebf er er(l:ge Ble [ec E/negﬁ& mbol stregms i's
ef fecti ve. T}éeﬁpgﬁ élpr PRAEGUEF @I ENen 8T gt HEYF &% SV PRNER | ess
i nterference(mnds gy do@etddlsgmbel afbineyV 6%, ) hfoBheE ¢,.SNRE.... IN). .t MHash WBictedti gher
performance may be achieved for all recovered symbol streans (possibly

except for tdyebbi stsetarrr mclndey mﬂmmjmbm the tmaeiahgion yrebds &‘ran@ﬁiaecemiangNF
t echni que CaIP out Eg{a ﬁhef Spati al 2 %paceititme regei ver. processi ng
t echni ques i f4RYE |SH P e Ricd "ghee lt"8 QAR PEEYer ?f’?% Cesg, s
accurat el y esfectivlyeehapathd NEMOesBEm Ik Sumbeuoft paaliel ISISO fsyqemar dfome er r or
recovery of %he transm tted synbol streans, which can be achieved in part

by the use of¥Vmnf&ltk WQ?&)FtFeéE’FldBWC‘E‘E)Héh? rihspge. t'?ﬁ?ﬁ&P”%StPP’é‘Hﬁ'ﬁ tojthey §7]
Typical 'y, af y,HDRf Eﬁ%}lnaqp L AR 3} Fudied Bcéé‘s ind {5 Sﬂq‘?"@é%hﬂ’ for [Hﬁ?s;ﬁﬂlﬁ?r in
o etecte

which the transmtte streans a e sane ta rate
is used for seam. transmt antennas, then the detected synbol streamthat

attains the ﬂi%ﬁgeStgﬁgﬁhgﬂMolbﬁm el r?tbgdre§o‘%re{19»991‘6ﬁ{ Yerol 8. Wit milfnfal! the

rate control descri rein rates ansm ennas nmay be
sel ect ed sucdmorfiand #lthe dmnmﬂu@oxsymmuhatstsrreambw@cmam than bgpcelﬂae:bn abl e.

Wth rate COR% n (irferénréee d3d %e e H'erg:omi b stré/am is cf?ec%we Mp & afer g?ectogecrtﬁc? dis
not an i npor consideration c[ an aspec in-a ml annel
system t hat sympbbsteecansiivtdufil eheh reapa-mneeslemmtarfeammahm fmay bdeuba: tor &hieme SSi on,

each i ndependent | rogessed stre an equi val ent
S1'SO syt omMRRF SN RO oY BENT LR ER Y Y operceien ol S8
sim | ar manngmbalkstidaak (gesibly bedtpeliavibe ffist xfc&ﬁreﬁHSQnﬂaxésk@éﬁm)V\Dn?@SKZ 001545

PCT/ US2003/ 019467 29 M MO-OFDM S teméqn }3‘ %1109 AAP i s used at
the transni tR2FESHE JeTPIGEE EHRVIO8 f, eFPatig)spacs m rece“'er processing

techniques if the interference due to each recovered stream can be accurately estimated
and canceled. This requires error-free or low-error recovery of the transmitted symbol
streams, which can be achieved in part by the use of an error-correction code for the
symbol stream.

[1107]  Typically, an important consideration for a SIC receiver is the order in which
the transmitted symbol streams are detected. If the same data rate is used for all
transmit antennas, then the detected symbol stream that attains the highest SNR may be
selected for recovery. However, with the rate control described herein, the rates for the
transmit antennas may be selected such that all detected symbol streams are similarly
reliable. With rate control, the order in which the symbol streams are detected is not an
important consideration.

[1108] In an aspect, in a multi-channel system that employs multiple transmission
channels for data transmission, each independently processed data stream may be
modeled with an equivalent SISO system. Rate control may then be performed for each

data stream in similar manner as that described above for the SISO system.



transm ssion synbol period the spatial or space-tine processing at the

recei ver provides NI detected OFDM synbols that have been transmtted from
the NT transmt antennas. Each detected OFDM synbol conprises NF

nodul ati on_synbols for the NF frequency subchannels. The NT detected OFDM
synbol s ty&f‘i’a?f"i’@f’l?“éde i ndependent |y, and each OFDM syfb31S200¥08#& ort ed by
the response of the spatial subchannel via which the OFDM synbol was
received. [1110] For the AAP schene, injgrleaving is done in both the
frequency and space donmins. Hence, a codeword may be interl eaved across

all NT detected OFDM synbol Mm%@%%rﬁﬁﬁlegpﬂh AAP (whi ch enpl oys
all NTNF transm ssion chann rd) may then be mapped
to an equi vdlHI9] SIIS@AR/stuwsed attthatramsmpitaryaf aNMIRAOSQEIRMY systems them doromchipi es NT
times the bandw dit.h of one s i al...subchannel (and hence encountering a
channel of ﬁfﬁﬂsrﬁ’ﬁ??ﬁ‘ f)‘/é?tf?g%m{a? Bef %ém?%é)ﬁpg’aﬁg'nﬁg pr&‘fe?s'__"%gt?ﬁ\t/ e,r_b‘f verS{’ Véaecs

efte € en
equi val ent NRiefcotedtPEDMGyinbals et hBleHoes yahsetitted frdm alle XY\ EMsmithemreneds. may

then b t | dat t r th OF tem wth
o T po b TR AR EE DD, (PP Yyl PRt FPAET R B et o
ef }‘ i Ci en(r:] [ easubtfhafxﬂﬁhl.:%I:Jlﬁhel\tﬁcﬁdﬂtmiigé]&mw@nﬂ)oisﬂyﬁcMgl\ﬁHéJﬁ@Bﬂeﬁ&@t@mq&i tfabh a
multipath c el. For . the Syst t her.e re Spa

subc hgnnel S Q%%h%"@ﬁgﬁn@ﬁtoft%‘g&ﬁ%mﬁ&q%? ??E(ekﬁpagg Susihapwahﬁﬁ w&‘icﬁe‘h‘? NS =

NT 5 NR ). loFdMissmeaiseas rerfledspati al subchannel is associated with a
respective transmt_antenna and has a bandwi dth of W The channel response

of each spdtT] s iseRbmASP schmes dnteriqaviagdhfleneanthorniy frequeaey apbepasy hj (k)

for j =1, Zomains, NHen@N4d kodEQ/ordlmay-be {Mirleavad aMbRT A1 N, ddfdctdaSopDRT COl UM
of the matrix H(k) and includes NR elenents for the NR receive antennas.

[1112] For eswholsr AnNEMO-QHEPMhsystewi with difdhivdiichreseployssd N N trapfnissipel noi se

i f lot 510 of th tral effici ' NF
{requency s beishBIEnsmhg Fotsed FRAThTes s EMCeRtial SR pptem
unconst r ai neRat RIdys aN . Bf fubtaiey ahdIBEJUPRE N ASméa¥BandWig Witdn®Rpdtd) OrF

(3). An average spectral efficiency Sa"g for each transmt antenna nmay
al so be der isvedhaare! fAndhmndenersquuieringna ¢tahnel A NsHowmltipathf)l @f the Apapping is

Cor NT-spat (F0b sbaRosesstu e Tns aviad 88 St aher ¥y bo-
di fferent beaaieEma¥ thendepsed &ndelekithe Miogep tath hets CorIP@MIMO-OFDM system
with a multipath channel.
[1111] FIG. 5A is a diagram illustrating the spectral efficiencies of the spatial
subchannels in a MIMO-OFDM system with a multipath channel. For the MIMO-
OFDM system, there are Nr spatial subchannels if the channel response matrix H(k) is
full-rank (i.e., Ny =N, < N;). In this case, each spatial subchannel is associated with
a respective transmit antenna and has a bandwidth of W. The channel response of each

spatial subchannel (or each transmit antenna) is defined by h (k) for j=1, 2, ... N,
and k=0, 1, ... (N 1), where h (k) is one column of _thq_mam‘x _H__(k) and includes
N elements for the Ng receive antennas. ‘_

.[1112] For each transmit antenna with channel response of h;(k) and noise
variance of N,, a plot 510 of the spectral efficiencies for the Nr frequency subchannels

may be derived based on the constrained or unconstrained spectral efficiency function
as shown in equation (2) or (3). An average spectral efficiency S,y for each transmit
antenna may also be derived as shown in equation (5). As shown in FIG. 5A, the

spectral efficiency plots 510a through 510t for the Ny transmit antennas (or Nr spatial



subchannel s. [1113] FIG 5B is a diagramillustrating the spectral
efficiency of an equivalent SISO systemused to nodel the M MO OFDM system
shown in FIG 5A The -equivalent SISO systemis defined to have an AWGN
channel and a spectral efficiency equal to the average ectral effl ci ency
of the M M¥OFINLet em bei ng nodel ed.  For the M MO OF BFAP &ith NT
paral |l el col ored-noi se channels, each occupying a bandw dth of W the
overal | capacity C,, may be expressed gs: Cm .ma = Wloge | ZI " | , Eq
(19) where I E1l is the determinant of 1, and Et is a diagonal matrix with

based on equari e Sistng‘éa%f 99%%&%5‘%? Che SR PR TR Sl o0
h2 12 ... O sebch@a@@)s. ... 13! 2 The capacity Cmm) of the MI\/DCFDM

system may t be sed ere SS
is the spect ef fﬁ?‘pgnclﬁ 3 %‘ggrafnsl/] U/Stﬁzwgcglr]? e%%%} ff‘&‘e't‘ch ?f a eél{lﬁle\{\?ansm t
ant enna. FcSIS@l sysienC ey, tot inedd] othe MDMOFOFDM egieat slowr( 24 )FIGI SA T&n m)

=WS, |, d f i =1 I | owi d i.pt
capaci 1y of REAkRSBRE Joine Rl s S AER ol SF v R e
scope of thequdluenkd averagk spdofhl diifieieaapaliht MIMOIIFDNI dyflemespitigvabdeidd. SI SO

system occupyi ndw dt h of W na e expressed as 2004/,001545
PCT/ US2003/ gy@%ﬁgﬁﬁé‘-&ﬁn@ﬁuew 'HDPVX“J‘) E‘Ef"iegz“f"se @Sﬁmglﬂ‘if%% he
spectral ef fdheWiih dwhhd SVeRlidpicytdre, aMHyibsakgBlsePhsSO System with

mimo

X+
Cmimo=Wlog2[| iz |"l] ’ Eq (19)

where |Z| is the determinant of X, and Z_ is a diagonal matrix with the post equalizer

signal powers. The diagonal matrix X, may be derived based on equation (18) and may

be expressed as:

|lw/'h* 0 .. 0
0 "h* ... 0
Z: = : |—‘!2 '—ZI - : . Eq (20)
0 0 le,-—NT |2

The capacity C,,,, of the MIMO-OFDM system may then be expressed as:

mimo

Ny ’
Crimo ZWY S, Eq (21)

Jj=1
where S; is the spectral efficiency in bits/s/Hz corresponding _to the j-th transmit antenna.
. N.
For simplicity, the lower bound in equation (21), ie., C,, ‘= Wz S/, is used for the
j=l
following description. However, the actual capacity of the MIMO-OFDM system may
also be used, and this is within the scope of the invention.

[1114] The capacity Cgiso Of the equivalent SISO system occupying a bandwidth of
N;W may be expressed as:



AWGN channel . [1115] Setting C,,,, equal to Cm no and conbi ni ng equati ons
(22) and (23), the spectral efficiency Seq,,;y of the equivalent SISO
system may be expressed as: NT ZSj Sequiv _ ;=1 Eq (23) NT [1116] The
spectral efficiency S; for each transmt antenna in the M M) CFDM system
may be expl@RUPOLES N -1 f(h, (k),w_;(k), No, Mr)) S~ ECRUSNUSOIMET 5y F
where w. (k) is the ZF equalizer response for the j-th transmt antenna,
e.g., the j-th colum in the matrix WgF (k) determ ned in equation (16).
[ 1117] The function f (x) in equation (24) is a function of SNR(k) and
nmodul ati on sche )wwe The SNR for the k-th frequency subgh el of the
j-th transmt anginnl\laNT%f"b’e expressed as: jw, (k)h. (k) ~§q§%§'(25)

SNR/ (k)= No [1118] The average spectral efficiency S,,g AAP for the

M MO- OFDM s yitepan syt B th&QRciRYeffidlgty e bRYIHE %S @tk ivaldht Msolsystet Ktk N, (k)
w, (k), No, M(r)) Savg, AAP _ j=1 lz-o Eq (26) - NTNF WD 2004/ 001545
PCTI US2003/ 0Y9%d¥chagel The aver age spectral efficiency Savg AAp for the

M MO- OFDM s wid h. i's e se - fici Vi SeQYg,
of the equi gygm Sﬁ%ﬁ?ﬁ? eeﬁlh?i Qe??"’"" gn@gor{lltiﬁmﬁpeﬁﬁgtfcﬁk (%) Add! @8, the

spectral efficiency Sequiv Of the equivalent SISO system may be expressed as:

Ny
DS,

J

S o= Eq (23
equiv NT ) q ( )
[1116] The spectral efficiency S; for each transmit antenna in the MIMO-OFDM

system may be expressed as:

S £, (), w, (), No, M (1))

5, == v : Eq (24)

where w (k) is the ZF equalizer response for the j-th transmit antenna, e.g., the j-th

column in the matrix W, (k) determined in equation (16).
(1117] The function f(x) in equation (24) is a function of SNR (k) and modulation

scheme M(r). The SNR for the k-th frequency subchannel of the j-th transmit antenna

may be expressed as:

| wh (h; (k) [?

SNR (k) =

Eq (25)

[1118]  The average spectral efficiency S, ,,p for the MIMO-OFDM system with

AAP may then be expressed as:

Ny Ng-1
D) fh(k),w;(k), Ny, M(r))

Sovg, aap = T T : Eq (26)
T'YF




Sequiv = Savg. AAP )' [1119] The equivalent SNR for the spectral efficiency
Sequin in the equivalent SISO systemmy then be determ ned for the
M MO- OFDM system with AAP, as shown in equation (6), whichis: "|I' =

SNRegti, =_g(Squiv, Mr)) , Eq (27) As shown in equation (27), the
equi val ent Wg’f\?&""i“’é"%ﬁt ained for the equivalent system §ﬁi€1§%‘fé{?/01§fﬁf7i ci ency

SequiV , which as shown in equations (24) and (26) is obtai ned by
averagi ng the spectral efficiencies S, gfor j =1, 2, ..., N, of all NI
transmt antennas. The spectral efficiency S, of each transmt antenna is

int bt ai.ned b j h t f e ' ' |1 NF
frequency s ey SSREEH Sremt TGV, ELRIEHER WL AREY 1Bl

| effici . f . | i al
Subchannel o GE ash ihd, AR Biriglindy) SRR e R SIS R By s

the netric gP tg detgermne the rate for the data transm ssion over all
transmt antéffhas™™M” sinilar manner as that described above for the SISO

system [112¢{19fS SHWAuivaleft! SAR 98 th@sdbied @fticieney tsy  MRYihe¥qdlalid? SISE

equiv

spectral efficiency distribution plot 520 for the equi val ent SISO system
due to pi eceyite iy had B adteraiinedl for tHaVBMIO OFBV s§ktkinOvieNAAP] tghiovane f f
(x) , for j =, 2, ..., NI, for the NT transmt antennas. However, this
di scont i nui tEPUPR&Es Whichi§'tj gated by the role of the interleaver used at
the transmitter to interleave data prior to transm ssion across the

frequency and sppesNionRENgS, MMOHOEDM System wi th PAP [ 1184]2MHf PAP is

q q

used at the transnmitter of a M MO OFDM system then the rate control may
be performed for each of the NT data streanms transmitted fromthe NT
transmt antdenshawn iptequdtion (2 Oethgeaquivaienth®NR 4 abtaiard §paheequivalenp sysée®si ng or

3 " e Bt 155 ARG bl AT AL ST
| oved perl QAR QU LHRiARRLIL(SDRCE! | T DLPRERS il Bl (1

Lo recover g SUEBPLSbASAM AR Lhfnk: aldind 53R boaA0k SRRl Be -t

stage, t he interference priror-recovere reans are
assuned to RBetraNeicRecieABUK) N dINVE FeQicRBE Sutchaiels Nertet digivalelTSNR@  not -
thus determined by the average spectral efficiency of all frequency subchannels and .
spatial subchannels, as shown in FIG. 5B. The equivalent SNR may then be used as the
metric ¥ to determine the rate for the data transmission over all transmit antennas, in
similar manner as that described above for the SISO system.
[1120] As shown in FIG. 5B, a discontinuity may exist in the spectral efficiency
distribution plot 520 for the equivalent SISO system due to piecewise concatenation of
the spectral efficiency functions f ;(x), for j=1,2,..,N,, for the Nr transmit
antennas. However, this discontinuity effect is mitigated by the role of the interleaver

used at the transmitter to interleave data prior to transmission across the frequency and

space domains.

MIMO-OFDM System with PAP
[1121] If PAP is used at the transmitter of a MIMO-OFDM system, then the rate

control may be performed for each of the Nr data streams transmitted from the Nr
transmit antennas. At the receiver, either spatial/space-time processing or SIC

processing may be used to recover the Nr transmitted symbol streams. Since the SIC



yet-recovered synbol streans may be mnimzed (or nulled out) by selecting
the proper match filter response w 8 (k) for the synbol streamto be
recovered in this stage. The match filter response w, (k) includes NR
elements for the NR receive antennas, with each elenent being a vector of
NF coef fi cPLYPL¥St he NF frequency subchannel s. Thus?CT/Qé@ﬁg%‘f’ﬁée of the
SIC receiver resenbles a (1, NO SIMO system [1123] The average spectral
ef ficiency Savg, PAP,[ for each transmg3 antenna in the M MO OFDM system
wi th PAP may be expressed as: NF -+1 S :i f (h,(k),w, (k), No,Mr)) SM

k-o Eq (28) Kk ectivel the channel
response and® r? SS'?% f“raé r\tla\(lis}:p'(r)n sgveﬁzf)sso agfé é &tﬁgqahg?sgacteﬁ”ﬁ lﬁ%
ant enna. ThefoaBAP,agefoﬂpwmgrdatcﬁ@fibn mfﬁrrmSlICSacbg/er PAP t for each transm't

t i t st th PAP i t
oo ey diBf! SRR SR RIS Settsr sySpli] riam fapape 2h dreasmit pap, 1)

to deterni neantdn@a inf et £ ftRIstdgB e tHel iatSfdichceA oM. (¢[-1] Ibr-1d26verdt Sfnhtdd f (x)
in equation (28) is a function of SNR and nodul ation schenme Mr). The SNR

for the k-t sukamgarerasspmed e hanarskledfandhibe interfetenty fromrthe othat €Mnad) nety be

expressed as: SNR Eq (2 ed abov t he mat ch
filter respolf5ECQre ?r%yrqbg s‘é"ﬁ%‘ E{f%@m"ﬁg‘ﬁ%%!ﬁ? %@A@QP%Y F‘ﬂect"H% € PIIXT st age
is a col um giick RRerdEspBRldealvl, &S rfof BRROMBE HBhh lta< bMdckYered thethi¥Btdgt X ThWV ZF (k)
is derived for thet -th s’t‘age based on t he reduced channel response

matrix, WO 284éd BitarorspontsT w/E20 Gisl (O AR Elenidhts Hor (He) Ve vdabio® ahdmnat) wikh
colums for the (f-1) prior-recovered synbol streanms renoved. [1125] For
each transmi%chelempeing atvaeloneii: cefhivienisforte Wriftramapy sutishannelpeThvsal

ef ficiency %g%ggg(geqjgﬁ%gﬁﬁe%lv\ép}e % @%ﬁﬁ@?ﬁ?ﬁ‘%e nl;‘)e determ ned as shown

in equation e equiva Pe deternined for the
spectral [1123]  The average spectral efficiency S,,, psp, for each transmit antenna in the

MIMO-OFDM system with PAP may be expressed as:

Ne-l

> b, (k),w,(k), Ny, M (r))

Sewgpare === N , o Eq (28)
F

where h,(k) and w,(k) are respectively the channel response and the filter response
associated with the £-th transmit antenna. The average spectral efficiency S,,, p,p, for

each transmit antenna in the MIMO-OFDM system with PAP is used as the spectral

efficiency S, ,, of the equivalent SISO system (i.e., S

equiv

equiv = S,.g.par,¢) 10 determine the
rate for the transmit antenna.

[1124] The function f(x) in equation (28) is a function of SNR and modulation
scheme M(r). The SNR for the k-th frequency subchannel of the £-th transmit antenna

may be expressed as:

|w, (b K]

SNR, (k) = Y
0

Eq (29)

As noted above, the match filter response w,(k) for the symbol stream recovered in the
£-th stage is a column of the ZF equalizer response matrix W 2= (k). The matrix

W:, (k) is derived for the £-th stage based on the reduced channel response matrix,



efficiency Seq,,iv as shown in equation (27). The equival ent' SNR for each
transmt antenna is determ ned by the average spectral efficiency of all
frequency subchannels of the transmt antenna, as shown in FIG 5A The
equi val ent SNR for each transmt antenna may then be used as the nmetric P
to determ WO 4P e for that transnit antenna, in sPRTVEIOHUAHKEr as that
descri bed above for the SISO system Milti-Channel Systemwth MCP [1126]
For a multi-channel processing (MCP) scglfma, one or nore data streans are

i ndependent|y processed (e.g., encoded,”1nterleaved, and nodul ated) at the
transmtter to provide one or nore correspondi ng synbol streans, and each
symbol st reath iy whidhehash € + D asdwmnes &t ¢ el —d) rrnopercovered gymby) spams
transm ssi on _channel s. Each transm ssion channel group nay include (1)
sone or all FP&fUency subchannels of a spatial subchannel, (2) sone or all
frequency sumtisinnefsd ath niahiripl aateapatn ahe MIVR-OBRDM | systefn3Wvitis AP, ahe al |
spatial subchannels of a_frequency. subc nel, (4) so or .all spatial
subchannel s SBFCtWﬁ?f?‘F‘ﬁP“é’ Feﬁuecfgg]?fc‘iﬂ}/’évﬁlﬁfi%gﬁﬂeﬁyg?m%’%%y t&d{ft&@{?ﬁ%?ﬁﬁﬂ" Bh“ of
transm ssi on_channgl.s, ar .(6) _al I 1.Sshan ,channel.s. . The.r for each
i ndependent Ieﬁua iS’P O@QZsaengl H‘(ﬁt %qué‘fa#eé’grsr?‘friréa)% elhgrcl)n % g? F%’H"csdugr tthﬁ}%’gclur?gr oved
performance dfficiéhcy 8 ghas shbwaughequitioni (37)ac The equl valdh eSNEForadsdh RARSmimy be
viewed as variants of the MCP schene. [1127] FIG 6 is a flow diagram of
an enbodi nerdntepfia @ dpteosieeds b MO abearagecspedtrabéfficiency dftadl freguencp fubshannels ofror e

i ndependent | rocessed data_strea ch Lsh i [a 1 over a
respective gar%grf)nsgfl £1 %nr?gmgssgflmévﬁl %’@r?ng?‘s'. Tﬁgf%}'ﬁfnﬁi%}f ry%}a?]ﬁ}g}lsﬁxl%}st dat a
streamt o benteah® nagnherobé ased ss thel matiedy foodetexampihe, ratebipr steat ttiangnia

variable mused to denote the data streamto.one (iL~e., M= 1) (step 612).
The group of T aneURReRes o Qe FHEE Fo  EPE Welutrm 1% then

determ ned (step 614). For the AAP schene, one data streamis transmtted
over all frequency subchannels of all spatial hghannel s, and the

transm ssi on channel group wet el NSSEHRWIAANSSRS PCTI US2003/ 019467 35
include all [mizg)sm Edtia@iulGRRAdme] srocebsiig (MEP)RARRAS; baEer moBadairéanttaream i s
transmtted . over. all frequency subchannels of each sgtg#)i al subchannel, and

the transm SEFBAGCARNRIOCEsSE efy SRGRFSE TIFENRY e RUTLBOGT pted)rab fiseFrogrmutter

subchannel s QrovidtCore’ GNabiet corBipdRdiag ¥sREb fsetam¢]aha esdl §aibolstream ey t he
MCP schene, the transm ssjon channel group may include an

then be transmitted over a respective group oOf transmission chnnels. Each

transmission channel group may include (1) some or all frequency subchannels of a
spatial subchannel, (2) some or all frequency subchannels of multiple spatial
subchannels, (3) some or all spatial subchannels of a frequency subchannel, (4) some or
all spatial subchannels of multiple frequency subchannels, (5) any combination of
transmission channels, or (6) all transm-ission channels. The rate for each independently
processed data stream may be controlled such that improved performance (e.g., high
throughput) is achieved. The AAP and PAP may be viewed as variants of the MCP
scheme.

[1127] FIG. 6 is a flow diagram of an embodiment of a process 600 for controlling
the rate of one or more independently processed data streams, each of which is
transmitted over a respective group of transmission channels.

[1128] Initially, the first data stream to be rate controlled is selected, for example,
by setting a variable m used to denote the data stream to one (i.e., m=1) (step 612).

The group of transmission channels used for data stream d_,. is then determined (step

614). For the AAP scheme, one data stream is transmitted over all frequency

subchannels of all spatial subchannels, and the transmission channel group would then



conbi nati on of frequency and spatial subchannels. [1129] The hi ghest
available rate Rm (r) that may be used for data streamdmis then selected
for evaluation (step 616). If the available rates are included in a set in
i ncreasi ng der hen t he hi ghest available rate may b | ect ed by
setting a \V/ r%ogﬁqoést"ﬁ to P(i.e., r =P), whichis thepﬁiréﬁéogf/mi%ﬁdex for
the set. The sane rate set may be used for all data streanms, or each data
stream nay be associated with a differejy rate set. [1130] Paraneters
associated wth data streamdmand rate R (r) are:then determ ned (step

618). S - t | - m.adm
). Some pay Jllet'}a?ms{i’ilas)!loﬁ@ﬂa%klfls.( ??xt{ﬂgp%@s%ﬁez%é,][&ge E%g %%s%taﬁﬁﬂl%d m

such as the nodul ati on schene e us r ata stream Sone
ot her par ameeesibfregagnayesuibthenrels dfieachcspatial subsharingh anththie trahsmissianchasnet he

channel resp e [ 0, h t.r 1 SSI nnel. in roup and
t he noi se vﬁ@nﬁ%‘n%ﬂw lf‘é‘f%l{" fi@q‘}#g{,é [ %ﬁ%ﬁngé% ﬁ%ntﬁgd]g?rgﬁ)rﬁ Anné‘:i:'i&]?g?e%dtgtja
stream dm (hlaaode£72Q),.. Hop tiR/MCP BEheéie/ BB trandntissiofadhanr@] gidup elagiretude@any he SNR

for an equivalent SISO systemthat nodels the group of transm ssion
channel s useagmbiatigmeffreguensz andispatial Fhlecharelsi ¢ °Y nmy be obt ai ned by first

determ ni ng avef.age .spect. fficiepncy Sav of all , transm ssion
channel s uségﬁ%r iﬁe&xgﬂeﬁg{gﬁaﬁ%rﬁt& ’%@'ﬁ?’?a%‘ig%sﬁ n%?a%é"%a?pfieésste as: N~
I f(hn, wn, NQefdid e %Y%timstgﬂ B16y. 0 CIthlﬁQa\(aagc)le rates Bte WOREE] th a NGy W, are

respectively the channel response and filter response associated wth the
n-th transmisgeasmechdninteen hthighest pvailablerraterarybectsipgicr Sy sgitipg a vprablg r - M
(r) is the goqylatLop %&%ﬁ?thu]?.gg% é%deﬁ%ﬂhé&ert.e'%ﬁé QmeFxﬁt@@et%a)Jb% JsBg nunber

of transm ssion channels used for data streamd,,,,. For data streamd,,,,
t he same nodot alt Jaastreane e eachwiptajseans mgy pe passegiated with 8 diffesinpratecsshinnel s, as

ai frorent ¢ AMH s iAmerdt celaflel iy B Sy Phn SR SIEEE o B oe PEE '
[1132] The seeshingh @ 618).C86Me PhralBRrEMby YO helpRResyid @Fdi strighn set
equal to the average spectral efficiency of the transm ssion channels used
for data strdarsnenas(the modulatpacighamenis, (Bhiege usesbfarhe(dataegirean 4 Some lgther

equi val ent Splglrlz\;mré?eerg ?n%ytrglaaut%ptgg tcor%mru?iltcgti(%f crg?lglé“ \3/ch as the channel response

h, ; (k) for each transmission channel in the group and the noise variance Nj.

[1131] A metric ¥ is then determined for data stream d, (block 620). In an

embodiment, the metric W relates to the SNR for an equivalent SISO system that

models the group of transmission channels used for data stream d,,. The metric ¥
may be obtained by first determining the average spectral efficiency S,,, ycp, Of all

transmission channels used for data stream d,, (step 622), which may be expressed as:

N,
> f(h,,w,,No, M, (1))
Savg. MCP,m =20 N ’ Eq (30)

m

where h, and w, are respectively the channel response and filter response associated
with the n-th transmission channel, where n is an index comprising (i, j,k), M_(r) is
the modulation scheme used for data stream d,, and N, is the number of transmission
channels used for data stream d,,. For data stream d,,, the same modulation scheme

may be used for all transmission channels, as shown in equation (30), or different

modulation schemes may be used for different transmission channels.



in the equivalent SISO systemis then determ ned based on equation (27)
(step 626). The equivalent SNR may be adjusted by a back-off anmount to
account for inplenmentation |osses, as described above for the SISO system
(step 628). This step is optional and represented by a dashed box for step
628. The mMOFO[S{ s then set equal to the unadi ustgﬁT’(yﬁz"ﬁﬂTIﬁéﬁFed

equi val ent SNR (step 630). The SNRrequired to reliably transmt data
streamdmat rate R (r) for the mJIti-?gnannel systemwi th an AWGN channel
is then determ ned, e. g , froma table (step 632). [1133] A determ nation

;?a;gﬁ‘lnsg:agﬁ[ & ;22 he ] ecﬂ tlf:{ff%}eﬁaﬁgp 1v%le§y§)1? é/gtglgé% E‘%t eg a(?vcpth T,I o

is greater dvemige @pec&ﬁllh’iﬁcn‘ér&ytdﬁehereqismsexdn SNRnéls .ueed forlaata shibimi el Om.,t hen
rate R (r) is deened to be supported for data stream dm and the process
proceeds-t o 81.8R.= %40 Qt(btep 620 e The eqravaleax SNRowededato aixproiod aerawatfeg,Ju,sm

sel ected for data stream dm by decrenenting the index r (i -1)

(step 638). iTHbe pauwvatans SIHQ sysiem iy then deterpiagd based ©p esvamoae(@@ (G5 fﬁé)/v rate.

[1134] AL StAR CfflvaignISNRY Bajabl Oftyhstea™BfCa VORKREF HoufiOlo T RbGurfORET 0! has
been performed for all data Streams he answer 1s no, then rate

cont roI [ s p‘é??ﬂ@ilem?@o# tnsses dsedepratbed mgfcytth@'&ﬁwswmdﬁtepré%); Adiststep ivar i abl e
m (1. r r 4 to
deter m ne t h iar%ljea)l? ‘ejﬁéﬁe% %;Pgd t"s({*rtgg?nép%ismfhe rﬁé&v{\ng g’i i ?’fr?%eg{ag&iont r ol
has been pertbalnmddj‘uatpd at adjcmdapqstvaleatrﬁ*m {stepr630h e The S NBfrequitee $0 refigdly (r)) ,

Streams |s prVPBARAENR 4 PR, bR EREE ek o PR, (702,

be shown Vi a:HGoHEPIttRIN cﬁlem’”n@a'e()%: frd¥ah tabR]stepé ) cont r ol techm ques
described herein can approach the performance of an optimal rate selection

scheme. Thellb§lli mah dleimioatiaoris Shehennde whethermmoprage ), rdlis suppemas! tyhthe tests

every available rate (for a given channel realizati on; and sel ects the
hi ghest rat egf%%férqﬂmsﬂ%ﬂéﬂ"ﬁ%ls P??dtfPFedat‘ﬁ%@F'F‘e‘éln (SR &0)-pH the mefgic Riig

Foal | zabl o rAFRUIGEI Y G ChBrEHa #’P?%,‘fﬁatﬂerya%"%os”&m 5
PCT/ US2003/ Q148 3y AR L6 o e as&g{%gk%g, 8] o8 GgRFLTEN: of

a transmitter sys a recerver: sys el

comuni cat i Qfe f%S iGHBr 108table 143 1d se{éhea mraamsﬁr&ﬁﬁ B Y &ltenbfich %&lé aldti ¢ data

is provided froma data source 708 t X dat a”processor 710. TX data
processor 7I1@e.ay rderybtep e38)x Thehﬁoemi Ehen fHIlﬁnsato step 618 to evaluate the new rate.

[1134] At step 640, a determination is made whether or not rate control has been
performed for all data streams. If the answer is no, then rate control is performed for
the next data stream by incrementing the variable m (i.e., m=m+1) (step 642). The

process then retumns to step 614 to determine the rate for the new data stream d,, .

Otherwise, if rate control has been performed for all data streams, then the set of rates
{R,(r)}, for m=1,2, ..., N,, to be used for the Np independently processed data
streams is provided (step 644). The process then terminates.

[1135] It can be shown via computer simulation that__t_hf: rate control techniques
described herein can approach the performance of an optimal rate selection scheme..
The optimal selection scheme is a non-practical scheme that tests every available rate
(for a given channel realization) and selects the highest rate whose PER conforms to the

desired PER of P,. The rate control techniques described herein may thus be used to

implement a realizable rate control scheme having high performance.



nunber of data streans, and further formats, codes, and interleaves each
data stream based on a coding schene to provide a correspondi ng coded data
stream The data rate and the coding for each data stream may be

determ ned by a data rate control and a coding control, respectively,

provi ded by %2%%¥MW3I | er 730. [1138] The coded data i s PCREN2Y/BN#ded to a
nodul at or 720, which nay also receive pilot data (e.g., data used for
channel estinmation and other functi ons)37The pilot data my be mnultipl exed
with the coded traffic data, e.g., using time division nultiplex (TDVM or

code di vi si I ti . b |1 _.or ] f.the .transm ssi,on
channel s usg@lz{ei tr@@%'é % eth&rl%r%f’c°f§3tc§b%g§?cgEﬁ&ﬂtrart’ﬁw"g&%r%%ggsﬁhag by
nodul at or 72dd ameyivenglsteael S04 Jn moltedhairiehcprrhenicaionsyséan @t a Wit h one or

nor e nodul at,i schenes, (2 ransforn.ng .t he nodul ated data ta, form OFDM
synbol s, an 'lf:g)] ap%'e?ﬂi‘?‘ﬁ f%”é@?&ﬂ 3, R HG F2 P Prey f@bﬂ/ﬂ%‘ffﬁ%’é‘f"q@g ®orm a
cor r espondi NYTK @it Prozedsemn 7 By MIX datd peocessord 0l Biriag dehultipixf GE e inased on a
nodul ati on con%rﬁr(r)l troller 730. A, transm ssion synbol

rovi ded b 0 _
streamis tH&M 8(/5%%8“?38‘%5@1?‘i"g%\'ngoﬁ’?’?‘ﬁ@dfsrm)‘““?ﬁf’es[%E@Q]"aE gam
transm tter baded nONMRAMESschéife oG VN cdrfesptnding ol v RhmStrheaiairstt ©  One
or nore anal 08§S| gnal s and further conditions (e ar;gl ifies, filters,

and upconveinidhe sodingfesicagh daty sugam F’@yc‘?érﬁ’é%mjé‘e%%m’ﬁd‘lﬂ' fasgcanirghand 3ui t abl e

for transm Sc%lii‘ﬂ@coxﬁfb@freip@&i&ﬁﬁ?ﬂéﬂid@@%}QE’onﬁJ&»ﬂ&nﬁb; The nodul ated signal from
each transmtter 722 is then transmtted via an associ ated antenna 724 to

the recei verl15t enThejcpderhatays theaqspyjdad 18 papedalas G0, whieh mayplsoraceixel
nodul at ed sgﬂmahﬁa lr'eé.g.? BRE Sketeds bwanna%hm&iomfﬂg%%&%%ﬁsﬂ Whgéb_glg;[ gagzr , and

the received signal Tromeach antenna IS prov 1 to an’associ at
recei ver (R by mmltipleieh wid dieveodedy Hafficodnid, 19-nusigge tigpe, diviioh treyltiplex -

anpl i f1es, 3(‘?61\@"8@8&@81%&);1 inhgi reﬁcghm, il ﬂ[;%l aaﬂx%scﬁi&i L Zffshit@on
conditioned signal to provide RtA anpl'es. The sanple streams from
recei vers 73hannelsrusedylo taBsmit therteaffichéata. prag QEIEM, the proceseing by erodplatec 8@ or 760,

whi ch i ncl : I 7 t r 764, [1141] F
CFOM ¢ he priDal R pHoRuRing R B0 Rl ih 7L R B3O Hemds | "
cyclic prefitsangoening tiel modydped daa ta forma@FDMFMbelsibmd (3) @@pentlingraséyslien ng

R oA S R TR T N e
denodul at i omainhsioe s gofsphahentdion a mvdulagorocmitrol provikded by controller 730. A
transmission symbol stream is then provided to each transmitter (TMTR) 722.
[1139] Each transmitter 722 converts the received transmission symbol stream into
one or more analog signals and further conditions (e.g., amplifies, filters, and
upconverts) the analog signals to generate a modulated signal suitable for transmission
over the communication channel. The modulated signal from each transmitter 722 is
then transmitted via an associated antenna 724 to the receiver system.
[1140] At receiver system 150a, the transmitted modulated signals are received by
each of antennas 752a t‘hrough 752r, and the received signal from each antenna is
provided to an associated receiver (RCVR) 754. Each receiver 754 conditions (e.g.,
filters, amplifies, and downconverts) its received signal and digitizes the conditioned
signal to provide data samples. The sample streams from receivers 754a through 754r
are then provided to a receiver processor 760, which includes a demodulator 762 and an
RX data processor 764.
[1141] For OFDM, the processing by demodulator 762 may include (1) removing
the cyclic prefix previously appended to each OFDM symbol, (2) transforming each

recovered OFDM symbol, and (3) demodulating the recovered modulation symbols in



nodul ati on schenes used at the transmtter system RX data processor 764
then decodes the denodul ated data to recover the transmtted traffic data.
The processing by denodul ator 762 and RX data processor 764 is

conpl enment t perforned by nodulator 720 and ﬂg rocessor
710, respegﬁlz\?éﬁ?,&g}gt transmtter system 110a. [1142] -l;ﬁg ?@%ﬁw%ﬁ FIG 7,
denodul ator 762 nmay derive estinmates of the channel <characteristics (e.g.,
t he channel response and noi se vari ancejg and provi de these channel
estimates to a controller 770. RX data processor 764 may al so derive. and

provi de the yo5dainds with oﬁ@shmaﬁco%mag\am%ﬁém&%ﬁ%emwJa he BfeQfIntlize ONE OF
t he decod

nore ot her performance; netrics indicative of ed results. Based

on the vari cuedulajige schfmdsnysed mhtthe fransnetieri systent r & detsoprotessasr 76f6themnd  RX
data pr OcescscﬁEod@f}re d%gl@&&l%& gz[ta o] Céégy the ﬂ%ﬂs’?ﬁiﬁld’@afﬁ& dﬁgl %gén pl’t%%ééﬁ[]%(lg ul ar

rate for ea I ndependent rocess ata stream base ni ques
descri bed abtemedulmerdbZiekd RXf datarptocensor TH4t seomplemenfariatosthat perforsed byt ed

rates for t LEATR: r € timates, ACKI NACK for
the recei er]ﬁ‘ %&égi%tﬁbgﬁd sg a%ﬁ?ocgirlggﬂ@’ c3 ﬁgéa]l ’ia(t)ﬁ§ Sﬂgnt?eerg?lsztemrraﬂﬁabe provi ded
by control | d1142]70, Apshosvasis dlGhY, dembduldiat 86 mag eles v esfinifates b chel chamet] by a

nodul at or 78 nd . conditigned.,by transmtters. 754 nd transmtted by
ant ennas 752 gg%%ns[%s &rgaﬁé?‘rfq}a%‘?l rélsggl%sf’éiﬂﬁini 'Efa‘.'a‘nlai“f)lgﬂaaﬁfw’fj? &ﬁ%erﬁhf"f'g’ system
110a, the nedtihated st@nalla T700RX daeipweesssy Federnyl 866 deriveand @eRiideatle by

ant ennas 724 cgcgditioned b rece&ver 2, depodul ated by a denodul ator
tats

722,
740, and prd Fagyregeivee Rigkel @ H@é?@ﬂ}“ PIRYIGEPNE OF BIPET OPEPEFIQERATGE k
i nformati on rhdtaeSiilicited dithd Beol@rREMB! B8d oMthel haidue eyfea ek inforhmatiomt i on i s
then provided, tq controller 730 and ed to control the processing of the

data streandecep§f fram dpmrodulatornJodatnd Rt daids pragrsierd4tda copiraller Ty mBe

det er mi ned hRfadineodr it & PhraciIfCaledbeeachk ifd¥p&hAEhtRYprodiscl A6 isi¥&im Baseg em or
may be determ ned based on the channel estimates fromthe receiver system

The speci f i @cBEiFRENKHES AtaTP: 2toMe-s divedhask dafoprationdn e dorm che skickct ed
rate are detsgefdprbsFHCnE Qhth 8GLRe, lh@gﬁﬂﬁnepﬁgﬂdﬂge &ﬂgla@d%mmqﬂi}k%% §|A o«

provided to TX data processor 710 and nodul ator 720. The receive
may be usedeqElciniFkeahaang sqrpn; ATTNsOmbNation heseaf sepnhe wisdided Py gontrller

portion of a79agitelssed 6¢ & YRUddt] prSctQbr 758, RbAAREMbY ! £%nddRiafty! Lhe

receiver to correctly recover the packet. 1144] Controllers 7 0_ and 770

direct the &pediencd byaransmiterss Bids and transmiftedl byeariennas 752 paqkelgstransmitter

respectivel %ysté\{ﬁ@é;{_es 732 and 772 provide storage for program codes and
contro

data used by lers 730 and 770, respectively.
[1143] At transmitter system 110a, the modulated signals from receiver system 150a

are received by antennas 724, conditioned by receivers 722, demodulated by a
demodulator 740, and processed by a RX data processor 742 to recover the feedback
information transmitted by the receiver system. The feedback information is then
provided to controller 730 and used to control the processing of the data streams. For
example, the data rate of each data stream may be determined based on the selected rate
provided by the receiver system, or may be determined based on the channel estimates
from the receiver system. The specific coding and modulation schemes associated with
the selected rate are determined and reflected in the coding and modulation controls
provided to TX data processor 710 and modulator 720. The received ACK/NACK may
be used to initiate an incremental transmission whereby a small portion of a packet
received in error is retransmitted to allow the receiver to correctly recover the packet.

[1144] Controllers 730 and 770 direct the operation at the transmitter and rcceivef
systems, respectively. Memories 732 and 772 provide storage for program codes and

data used by controllers 730 and 770, respectively.



WD 2004/ 001545 PCT/ US2003/019467 39 [1145] FIG 8 is a block diagramof a
transmtter unit 800, which is an enbodinent. of the transmtter portion
of transmtter system110a in FIG 7. Transmitter unit 800 includes (1) a
TX data processor 710a that codes each data streamin accordance with a
parti cul ar YWY 1¥ehene to provide a correspondi ng cofEHV§HOH¥IF eam and
(2) a nodulator 720a that nodul ates and perfornms OFDM processing on the
coded data streans to provide transm sgion synbol streans. [1146] In an
enbodi nent, each data stream nmay be assOCci at ed with it own data rate and

codi ng and i che whi ch are | nt f.] he co ols

provi ded byrﬁg‘gﬁtroﬁfn“'e 1573 ocﬁ'ﬂlégrrag'toefaéfff’ 'Ilnm @ﬂ) 5%5: '?:I%Pt?i“ Fa% may be
performed asofdksGhisheer pahivneof thahdmitir éyatehhel(hﬁb(rdﬁnenterhMrluﬂxt iB0G. h8 Tﬁ
dat a. processor, 71 ludes a d | tipl exer ND encoders 8l12a throug
5120 "and. NorUdsADIa TR cbeimersert st Cofi Sy abnicam m accordaie ¥k o

encoder and paRanRelcodin %E:i\&ﬁélﬁf f@rdeeﬁ@&xéipb@nsg £6R) data @@mﬂhwlgxer 810
dermul ti pl exes the traf e., the rnformation bits) into ND data

streans, whePUNEP rcy&abteatawydqlﬁ%a@ Pejtrame (O Mapreressing onnhe faded 4912 eans

are provi dedresths @réVidettMHImAGHR sy thrdamisbe supported by the ND groups of
transm ssion channels used for these data streans. Each data streamis

provi ded t o [4146spdBiangmbedimsae pahata stream glaybs @ssosigted deith iBawn defasae o
respective dahaodihg smaagﬁiorp&he,h@s MRRRIakd fentERA BYOHS OGRS ﬁr‘sbl@s& ¢l for

that data streamto provide coded bits. The coding i ncreases

reliability contrellse 73t Fhe raimselrcken ton eachidatacsighmgnaychecpasiorasd 4Srﬂ9$qyth>ed any
conmbi nation gf.£yclic redundancy check (CRC) coding, convolutional coding,
Turbo coding, block coding, and so on. The coded bits from each encoder
812 are therdll{flovildehe tembadimstpdwwnvie HeagndX date grocessoe i I@lincluddsi €h

inter' eaves JRgnGRAEds Y, I HESEH 8120 Qf%fis%ﬂdﬁ&,ab@%]ﬁésl'i_ﬁéMéa’J&s%‘i?ﬁ”e' The

i nterl eaving provides |ver5|ty efrmts the data
to be transrthioughd8bkss@d., one ast ci\eoraige alSNEha‘nocl inteeleaver Msaatlsgatarstromm)nnel S

used for t hg)deqlﬁtl plg)}c; §gx¥{1%r&ﬁ{‘qé‘}e§ theatgaffrl Yy tzile d ftl%Jer i %518?& t\é)estB éaréel ation

bet ween cod TRATER oF meach modut ation dat a
streans are strhgms, pherei fecintbe any)dmém(meo?%mter[ Tﬁdgb dhta s&é@sem&)pldmﬂedn shown
Ia or, 720a ng el ements 822a, through

;322? (Gong f g%l?g%ga sdlg eémlgﬁlj gct?ﬁsglglzor}\l 5) b)S/ ¥h D groupspcl:t1 Itra smission channels used
for these data streams. Each data stream is provided to a respective encoder 812.
[1148] Each encoder 812 codes a respective data stream based on the specific
coding scheme selected for that data stream to provide coded bits. The coding increases
the reliability of the data transmission. The coding scheme may include any
combination of cyclic redundancy check (CRC) coding, convolutional coding, Turbo
coding, block coding, and so on. The coded bits from each encoder 812 are then
provided to a respective channel interleaver 814, which mterleaves the coded bits based_
on a particular interleaving scheme. The interleaving provides time diversity for the
coded bits, permits the data to be transmitted based on an average SNR for the
transmission channels used for the data stream, combats fading, and further removes
correlation between coded bits used to form each modulation symbol. The Np coded
data streams are then provided to modulator 720a.
[1149] In the embodiment shown in FIG. 8, modulator 720a includes Np symbol
mapping elements 822a through 822s (one for each data stream), a
multiplexer/demultiplexer 824, and Nr OFDM modulators (one for each transmit
antenna), with each OFDM modulator including an inverse Fourier transform (IFFT)

unit 826 and a cyclic prefix generator 828.



mul ti pl exer/denul tipl exer 824, and NT OFDM nodul ators (one for each
transmt antenna), with each OFDM nodul ator including an inverse Fourier
transform (I FFT) unit 826 and a cyclic prefix generator 828. WO

2004/ 001545 PCT/ U82003/019467 40 [1150] Each synbol eI ement 822
recei ves aOHUIi*e coded data stream and naps the Bg% S28HY 9154t er | eaved
bits based on the nodul ati on schene selected for that data streamto form
nodul ati on synbols. Each synbol mappi ng del enent 822 groups each set of gm
coded and interleaved bits to forma nodh bi nary syrrbol and further maps

corr espondt 193" § Hcl sy mBo R ferkioh A2 e BRGen R dhf sl o
M QAM) . Eachd nmappeict: &idgdand bmirlehved(bﬁtﬁ ©53e0 e Shé moaﬁlIaMm hymerseledtat fopn

synbol , wher corres onds ecific nDd tion schene sel ected
for data str@ﬁm&‘nf m 3‘8‘“ St?!f“%fi]ét at 3hySyHIe g"ﬁ@"@%%ﬂ‘e“hﬁ%ed to

pr ovi de pi | Qioupy ¥aEd Set oY, Céode@¥ind tdﬂ&reab@ bitsl fol ke Ror-Binkky  syHhbbI)dnd DM OF
W th tge m)dulatlon synbols for the traffic data. Synbol mapping

eI ements 82 lﬁ‘ir'Bt’lﬁh”‘&ZQ@ BRIy SYFBoY &R at PRECIRS dRAIBY Mo S‘é‘}ﬁrt?@ﬂ%e'faéian the ND
data streangofréspbhdihg B SheSeledBMddliRlGX SheBe4e.gl, bb@id I\E@QR G@Lﬁ )eam i's

transmtted on a respective group of transm ssfon channels, each
transni ssi offaehmaRacd geeal Poi fOFPF@P%éOeﬁﬂmeﬁﬁib@?Odahﬂon éﬁmﬂlyn‘dbﬂng@f

spati al and chHEPHRACY, T SHAIHE ddulMidn 'smeﬁfée&!l&%“ kdrl QA8 XREarf 24, a ﬁ(f ovi des

the nmodul ati on symbols for each data streamto the- transm ssion channels
to be used Mgr= 2"hatPnldada1a By alaorbe dyinibbl phpEped td promide pilptl sgmbols,82Hicl ey
provi des NT nodul atjo étnbol streans to the NT OFDM nodul ators. [1152]

For the AAP tReahksygul t'@}?ée‘éi & e HAM & CPMAsHith the nedudation symbely fasrthessi on
channel's, anpgfRdaya. %ﬁn&ﬁhaﬁﬁm?@l@ﬂgﬁg Sﬁa%hroﬁgﬁmlthénrﬁrw hgﬁ%%odﬁl%gan anden

synbol napplng el enent 822 1 s needed. Multiplexer/demulti plexer
demul ti pl ex&¥mpoja forgsip data aiwagrymulgpkmr@emvltwm & on symbol streans for

the NT tr an?ﬁstl] antieRpadia strdahP R ¢ &é@ogﬂog&gg%ﬂgt%rgl? of sk &aM | Sd

transmtted over all frequency subc annels o smt antenna, an
NT sets of ehaadlsr a@d2eachhiramsalissiont eraneely group8may  imalids yarlyo humbgyp amd)

el ement 822 -3h6inkfi&h bf &fatlal aﬁd freﬁmnc%bl\é%gha?né}@l tMQlllls])égélj rﬁﬁlfm Ee'xgnj gxpr 824

then sinply passes the nodul atio rom each pi ng el ement
822 to an aPsayidesthegnodutariog 3ymbols for each data stream to the- transrmssmn channels to be

used for that data stream. Multiplexer/demultiplexer 824 then provides Ny modulation’
symbol streams to the Ny OFDM modulators.

[1152] For the AAP scheme, one data stream is transmitted over all transmission
channels, and only one set of encoder 812, channel interleaver 814, and symbol
mapping element 822 is needed. Multiplexer/demultiplexer 824 then demultiplexes the
modulation symbols into Nr modulation symbol streams for the N transmit antennas.
[1153] For the PAP scheme, one data stream is transmitted over all frequency
subchannels of each transmit antenna, and Ny sets of encoder 812, channel interleaver

814, and symbol mapping element 822 are provided (ie., N,=Ny).

Multiplexer/demultiplexer 824 then simply passes the modulation symbols from each
symbol mapping element 822 to an associated IFFT 826.

[1154] For the MCP scheme, each data stream is transmitted over a respective group
of transmission channels. Multiplexer/demultiplexer 824 performs the appropriate
multiplexing/demultiplexing of the modulation symbols to the proper transmission

channels.



[ 1154] For the MCP schene, each data streamis transmtted over a
respective group of transm ssion channels. Miltiplexer/denultiplexer 824
perfornms the appropriate multiplexing/denultiplexing of the nodul ation
synbol s to_the roper transm ssion channels. W) 2004/ 001545
PCT/USZOOS»@T@%@* 1 [1155] Wthin each OFDM nodul at o CTIURRPIVIBYE | ecei ves
t he nodul ati on synbol stream groups each set of NF nodul ation synbols to
forma correspondi ng nodul ati on synbol 4yector, and converts this vector
into its time-domain representation (which is referred to as an CFDM

synbol ) usi ngjigje 'wvtﬁrnS@acf.%ﬁimﬁqy&duﬁwrt BASERY elg&rt&%%ﬁziula%mto forma

cyclic prefix génerator 828 repeats a portion o t he
cor r espondi rifreamagronpssacioset of Mo aiodulitien gyybloisgo heraf a Xormsmndmg méddativhe

transmi ssi Orﬁyﬁ%ﬂPQActJre%% (?ﬁVéljiS thgr &C@%g?fngllts ern%p&{lﬁalme% CSCI%IQ[IOH (rwzlé(i%nce Of

mul tipath d perfo rence gal nst 'Perious
pat h effect srekuc‘th t@ass arh@rﬁmﬂ syuibslp)esnsgdn: maetseef:hstb?odrreequmi&m sEbreedch ve

[an0. - OreLofnlt i SO A6 sFRRuoE8 iR Rty L B rbhdIgY °

recei ves andopn oa:e:sse&powdm@smamsum tsymbslm SEieooyclis yiprefix enkiireanhdt othgener at e
a nmodul ated sj whi.ch is then transmtted fromthe soma ed ant enna
724. [1157] "i"ﬁg’mé%? PR SRR Stiogny! Biop ‘ﬁzti“é@%?féffé‘cw’flﬂu'émﬂ WFPhout
OFDM are desprad betebyinipisvifepertbeinande a'gﬂnit lielefesibhsOputNEFfddtsSuctp @ @ahnel

applications; U S. Patent plication r al 09/ 993,087, entitled
AP LTl o o GipeBiar S BY SeRpoRpt ccietive, BBEQARlE RPVESeCHs AN B4 | on

System " fi |;ﬁ6‘v18&3\é€sﬂ’6ﬁﬁ oftrand@iktion syrbbobs to%ta%i:lat‘éﬂﬂlah%&éﬁnse“ al No.
09/ 854, 235, gg% g "“Met hod and Apparatus for Processing Data in a
Ml tiple-I nd 5h IARIMBIEE (20 M5 Ve AndiiecsEseh R respetiagn tomEmissiph g

Channel St atmbblf Qrdahit io0Beneratd b @foddided! dignadOQhich i¥-ten FalsGittedRBhi at i on
Serial Nos. 09/826,481 and 09/ 956, 449, both entitled "Method and Apparatus

for Utilizi Myoekidimaien® Zde | nformation in a Wrel ess Conmuni cat i on

System " reqpegi verps coliing dnd/Ro@Makdh for US
Pat ent Appl f{cg??on Sercl amg n. 89 % 76, 878%3%}???33&1&%3 r{g’&étc e

Wrel ess Corfleeriibesin fanhasglstaid i the follostingdiSy paieny applicagms:  and

e U.S. Patent Application Serial No. 09/993,087, entitled “Multlple Access Multlple-
Input Multiple-Output (MIMO) Communication System,” filed November 6,2001;

e U.S. Patent Application Serial No. 09/854,235, entitled “Method and Apparatus for
Processing Data in a Multiple-Input Multiple-Output (MIMO) Communication
System Utilizing Channel State Information,” filed May 11, 2001;

e U.S. Patent Application Serial Nos. 09/826,481 and 09/956,449,. both entitled
“Method and Apparatus for Utilizing Channel State Information in a Wireless
Communication System,” respectively filed March 23, 2001 and September 18,
2001;

e U.S. Patent Application Serial No. 09/776,075, entitled “Coding Scheme for a
Wireless Communication System,” filed February 1, 2001; and

e U.S. Patent Application Serial No. 09/532,492, entitled-“High Efficiency, High
Performance Communications System Employing Multi-Carrier Modulation,” filed
March 30, 2000.



U S. Patent Application Serial No. 09/532,492, entitled- "H gh Efficiency,
H gh Perfornmance Communi cations System Enploying Miulti-Carrier

Modul ation,” filed March 30, 2000. WO 2004/ 001545 PCT/ US2003/ 019467 42
These applications are all assigned to the assignee of the present

appl i cati ol &M% M2 or por at ed herein by reference. thFTﬁég"ﬂwg“ﬁor t he
transmtter unit nay also be inplenented and are within the scope of the
invention. [1158] FIG 9 is a block di am of an enbodi ment of a receiver
processor 760a, which is one enbodi ment of receiver processor 760 in FIG

7. The transg.tt . I [ e j gﬁﬂg nd
processed b)s/mregeecg \}lé:?igoq'gsﬁé ?ag &EI%?)%% §e Ras;sngﬁ%: épg%elr)érae?rés},&ea |cﬂgrgr%?a@t hen
provi ded t o ineorpRXat€&F Biveinr e efaence 9 MBhervdesiigh fad e transatioar unB2way 418069

W thin denodul atar, 762 each |l e ream., s provided to a respective
OFDM dermdul"é’lp%fn,eme |a?ﬁarfr‘ivgﬁ%h"d@g%p%%tb?@%ﬁtg ix renoval element 912 and an
FFT unit 9J2158F erfEiGt 994 2 biekaliapsarh lo€ a ymbodimpnitedfi axretéiedryedsson 760ac h

transm ssion synbol to provide.a correspondi r.e ered DM synbol . FFT
014t hen t r AL FnEne SBRBARERG 5F M Ve BRSO AT0 (o (e TPaSENRHFY o
transf or m t angdulavdddsiginly et Reeivid Y- anteeae SE eld rppebieksat i bynressivdro sS4 ftor t he
NF frequency subchannels for eaijh transm ssi,&gt sy:ﬁ)?l eriod. FFT units
914a t hr ougHPre4%: Vpsyuela SUREDS 20 AL theh AERYided: P el iRX ¢ RIpFgETeE P10
processor 93chi,[ael.€&j]u1a§pasjz@| processor 920 perforns §patia| or space-tine
processing on the NR received s%nbol streans to provide NT detected synbol

streans, whildlP%r e Withindemodulgtor 7672, epph $ample firearots RIQYRS tost FasBSFEYe Spat i al

processor 9Z5rIMYdeiiBRLIGIBE Whish lHcRREY a &felic ST feABYal efentdAddEhndCAY ¥1ek at i on
matri x inversion (CCM) e1 ualizer, a mninmumnmean square error (MVSE)

equal i zer, atEEEIamsaRP1Zrsmaresbe cxcinBEfiREycluded dpescsitpRomisdeipambel
equal i zer ([EGlovidla SQRRpNAR reE&AERHIGHIM sl BEFE oflPifch ko &t @il 1 n
the aforenmentioned U S.W Patent Application Serial Nos. 09/993, 087,

09/ 854, 235, reqyeee @ERM symbal winmthe fay Fopniastransigrmm p tpreyidec @ veatemefl ¥ pl exer

922 then nul I:Jo%r@%gfdggﬁg%{} ErRIGRRP oM rflBERE! BRI cackMfinBhiQbflES ND

aggregated detected [ streams to synbol
demappi ng elsembeitpsriod.4 FFEanis 2lAsisrougheiedp pravidedY eigegiveddymbol streams to a

spatial processor 920.

[1160] Spatial processor 920 performs spatial or space-time processing on the Ng
received symbol streams to provide Nt detected symbol streams, which are estimates of
the Nr transmitted symbol streams. Spatial processor 920 may implement a linear ZF
equalizer, a channel correlation matrix inversion (CCMI) equalizer, a minimum mean
square error (MMSE) equalizer, an MMSE linear equalizér (MMSE-LE), a decision
feedback equalizer (DFE), or some other equalizer, which are described in detail in the
aforementioned U.S. Patent Application Serial Nos. 09/993,087, 09/854,235,
09/826,481, and 09/956,44.

[1161] A multiplexer/demultiplexer 922 then multiplexes/demultiplexes the
detected symbols, and provides N aggregated detected symbol streams for the Np data
streams to Np symbol demapping elements 924. Each symbol demapping element 924
then demodulates the detected symbols in accordance with a demodulation scheme that
is complementary to the modulation scheme used for the data stream. The Np
demodulated data streams from Np symbol demapping elements 924 are then provided
to a RX data processor 764a.

[1162] Within RX data processor 764a, each demodulated data stream is de-

interleaved by a channel de-interleaver 932 in a manner complementary to that



t hen denodul ates the detected synbols in accordance with a denodul ati on
schene that 1is conplenentary to the nodul ati on schene used for the data
stream The ND denodul ated data streans from ND synbol dermappi ng el enent s

924 are thené&%/lsded to a RX data processor 764a. 162%U Wt hin RX data
processor Ve Q¥R denodul ated data streamis de- |n1P¢§}r éé‘\%‘&wb‘v a

channel de-interleaver 932 in a manner conplenentary to that WO 2004/ 001545
PCTI US2003/ 019467 43 perforned at the j4ansmtter systemfor the data
stream and the de-interleaved data is urther decoded by a decoder 934 in

a manner CO[;H%H‘@HF%% ﬁg%eeﬁgns“}?& o erg%r”igg dﬁg st aﬁmg%’ﬁksﬁ@ lgﬁe? ea\?&ﬂg%&% For

exanpl e, C eco e use coder 934
i f Turbo or fookrakcidedbgla decniien@% inespenter vrahple,mersarpeo e petbrmtd htrbe
transmtter nl_,lanlt " The detssl_o ,Istrr ec? ‘?ﬁro .ge drer 9[)34u represents
an esti mat e THIMPRESEREH F’faé'EP Ba R 9 b%cbﬁré’? G & 5% Fovi de
the status afec&ieD34r #CBure cbr pamkeiutidreal g:odmg nehsp@hmg, ‘v’ih@éﬂﬁﬁ‘hedtatvms

recei ved correct] error Deco t her store denodul at ed
B Ty By A1 EM el AR e LR R A Y N e e B
with data froinhe tahdfieed ek suBshenDedodtr YIAREYT A% Provide Ghe daﬁ@dadeacﬁ 1163]
In the embodi nent shown in EIG 9, a channel estinator 940 estinmates the

channel r espBe¥ed PAcket (fes riBRICHING FfehE Ik Wa Popied FURStlY Aeigermany iDFaedss ¢ o

controller %34 .maylfahér ks @tmbRINUNERa B PablRtsSdOt Medodad 66rddBY, sBenh ik nat ed
based on the detected synbols for the pilot. [1164] Contro Ter 770 may be

desi gned t o 958 PBY rﬁev%ﬂmltsaré Wuh&afaoﬁgmréﬁa?%epepb incggreental drassmisgipn apd,
exanpl e, cordetgdeher 770 may determ ne the nmaxi numdata rate that may be
used for each data stream based on the channel estimates and ot her

par anet ers s[illk@] asintthe embefimentishpws #hEle 9, p thamp! estimator @49 sstimaitsgbi
di agr am of Jﬁ@é‘l&nd%e RoiSECHINE arld I__;R&\%%ine ¢ 8QfnatestB cGitrdier PP ger

enbodi nment o recel processor /60 In ecel ver processor Ob
perforns SI Gher @@e@urn@oamandaw@evmgb infayt bee estiratedr baviaP os che etetsd

enpl oyed atg ter system For sinplicity, the follow ng
descri ption ﬁlgg]rstg(;:rg?% rott processor 760b assunes that the PAP schene is

enpl oyed. [ 1188 | rCthl@llerrﬂi?@dilaerbﬁ desigoevhtoi perfeinGyvari@ys funstiens/mstatgdrtocas s or
760b i ncl ucj%%leéti‘t)n. For example, controller 770 may determine the maximum data rate that may

be used for each data stream based on the channel estimates and other parameters such
as the modulation scheme.

[1165] FIG. 10 is a block diagram of an embodiment of a receiver processor 760b,
which is another embodiment of receiver processor 760 in FIG. 7. Receiver processor
760b performs SIC processing and may be used if the PAP or MCP scheme is employed
at the transmitter system. For simplicity, the following description for receiver
processor 760b assumes that the PAP scheme is employed.

[1166] In the embodiment shown in FIG. 10, receiver processor 760b includes (1)
RX OFDM processor 910 that processes the Ny sample streams to provide Ng recelved
symbol streams, as described above, and (2) a spatial/data processor 1000. Spatlal/data
processor 1000 includes a number of successive (i.e., cascaded) receiver processing
stages 1010a through 1010t, one stage for each of the symbol streams to be recovered.
Each receiver processing stage 1010 (except for the last stage 1010t) includes a spatial
processor 1020, an RX data processor 1030, and an interference canceller 1040. The

last stage 1010t includes only spatial processor 1020t and RX data processor 1030t.



RX OFDM processor 910 that processes the NR sanple streans to provide NR
received synbol streans, as described above, and (2) a spatial/data
processor 1000. Spatial/data processor 1000 includes a nunber of
successive“éi.e. cascaded) receiver processing stages 1010a through
1010t, one™QUJUINFS each of the synbol streams to be PEABSEIM6TELCH
recei ver processing stage 1010 (except for the | ast stage 1010t) includes a
spatial processor 1020, an RX data proggssor 1030, and an interference
cancel l er 1040. The |ast stage 1010t includes only spatial processor 1020t

and RX data Ri6ACS S Pl %g&t sta o?i99;&?9%g%b@esﬁ’&%ﬁfé@éé&l%%goncgs‘kés thd 1671

For the first stage 10 , Spatla ocesSsor 1020a recelves processes

the NR receNyadeisydTH@hbos sir@aRE démdasdcdsetvaator &' Y BOIOR XYOFDM priatdseor OtPM
processor 910 based on a particular spatial or space-tine equalizer (e.g.,
a linear ZF gehdn zparticudarGEial oregacttimesqualiner (SR lowpanlF equalizea, MYEHI LE, or

a DFE) to prgyvide NT cted. s trea not e vector, z' ).
One qat a st rceqél?rlfzrég’ Aeréered s loZFX E@g@\%ﬁyﬁr °égg’_@g‘% Prgl"%e?%raaé?&tg‘g&’fm%ma
provides t hestl@%@é]eﬁ&ie@){m%ct&t £'620n& Hath Arednb isSe ek rRIEERBN hd¥afldt @
processor 1030a. Processor 1030a further processes (e.g., dénodul ates,

dei nt er | eavempcessnd02iaqaciades thedeteeeldagingol sdeine | &t tsiy dinalstrédnt ®RX datat O
provi de a correspondi ng decoded data stream Spatial processor 1020a may
further proviaessgs 18395 niroessiar 103Q fustherrpiatesses £H8&n demodyatesh deigterieayes. t o

perform the gspatdahesPthes BAESed LBl SGRBGH #akhO% %'proﬁ&@q%m%%oﬁﬁ For

the first stage 1010a, Interference canceller 1040a ‘receives t
recei ved syndeobdeditdamasieamr Apatid peocessos 10204 rhdy. frthert provide ah estinyate df the

Interference,cancel | er 040a al so receives an rocesses (e.gq.,.encodes,
i nt erl eayes, "2, “?Sggfﬁﬁo‘l]’h'ﬁhﬁs")seﬁ?epeﬁggﬁgﬁes@a {5 SRS 1, Wé‘iﬁ’?ﬁg%foﬂgﬁ a
processor 10s34p@sto provide a renodul ated synbol stream x,, which is an
timat f |  str ' d. Th dul at ed nbol
ctream 2, 1 SE; herorprE e aaks oke RPRmesE FPeHisro)tHErF 15 Her i ve
.estimtes okding s%ﬁb&.rsfnr%ﬁé‘ﬁ&n9&%}%3&61@%@.‘3](,4%‘9&?0@ f‘i e @?én‘éé éa‘%‘{cﬁféﬁ?e.
vector i) due to e just-recovered synbol’ stream= For The LT re-domai n

i npl enent at i WA0a alke redefRP AL dtdREssesy (B19) erebdedAliofleayes, . DM YP &RpHEEe t O
obtain a transm ssion synmbol _stream which i s further convol ved by each of

|
NR el ement s $eR0%ed HEER™; (s Reedats BropEReel 0382 iopropide pgemedylqred gymbol
i nterference,caapPeneich id esrtiﬂﬁ{emf q,élaiinﬂof&femgﬁg recVR®! TR feﬁﬂgﬁlatyf'e

vector h, is a columm of the channel I1"'npul se reésponse natri x
symbol stream X, is further processed in the time or frequency domain to derive

.estimates of the interference components (denoted as an interference vector i') due to
the just-recovered symbol stream. For the time-domain implementation, the
remodulated symbol stream X, is OFDM processed to obtain a transmission symbol
stream, which is further convolved by each of Ny elements in a channel impulse
response vector A, to derive Ny interference components due to the just-recovered
symbol stream. The vector 4, is a column of the channel impulse response matrix, %,
corresponding to transmit antenna 1 used for the just-recovered symbol stream. The
vector £, includes Ni elements that define the channel ‘impulse response betwceﬁ
transmit antenna 1 and the Np receive antennas. For the frequency-domain
implementation, the remodulated symbol stream X, is multiplied by each of N elements

in a channel frequency response vector h, (which is a column of the matrix H) to

derive Ng interference components. The interference components i‘ are then subtracted



corresponding to transmt antenna 1 used for the just-recovered synbol
stream The vector h, includes NR el enments that define the channel -
""inpul se response between transmt antenna 1 and the NR receive antennas.

For the frequency-domain inplenentation, the renodul ated synbol stream x1
is multipl MPBYOLHEN of NR el enents in a channel fred’ﬁ@frﬂ]ézpo?/%'é’ff&nse
vector h, (which is a colum of the matrix H to derive NR interference

conponents. The interference conponents % are then subtracted WO

2004/ 001545 PCTI US2003/ 019467 45 from? e first stage's input synbol
streanms y' to derive NR nodified synbol streans denoted as_a vector y 2
), which’ i ndramyghefimst giage’s mautssypbphstreans (% |18 denye, e S1qdifief symbektreanence
components. The NR nodified synbol streans are then provided to the next
stage. [1169femoisd an@h vestort fe) sWhisShdnglHdodynbytalbe %&bggé%d {errosanceiiedigh

1010t, the spat.i al rocessor for thaf_sta eceives and praogesses the NR
modi fied syrlBEIErERGeccamPopenity Fh%Nkirﬂ?‘}é%d;Wg'ﬁ’é)LStée&H@eW g}e"iiﬁo‘f'ﬁeéistﬁr €edi ng
stage to derjexestigge detected synbol streans for that stage. For each
stage, one detected symhol streamis selected and processed by the RX data

processor t A1y dortereh efohs excpishHirongh dast 8iaess 19AP: thepyeh 1Ot Hie satigh of t he

second t hr oyghteSRF RIPthat AupeArdteives aB@ProcdsHR thd W Ehb& 6D SEntoR ftfedins Bom the t hat
stage receives the NR nodified synbol streans fromthe interference

cancel | er i rinterigrepfecaBerllfyinshe geceding siasdodet e daieiad SYPRUHTIRNOE he RX
data processpi st NEdr Ja&?sﬁ%’é’]ﬁnescie@&?ed s§fabb1%Eearh eseletRd afd Biob&E&NGANe

conponents due to the synbol streamrecovered by that stage, and rovi des
NR nodi fi ed R¥ dpfaipregessenpsprpyide theecomasponding gecod¢didapptrerme  Easeaehsaf the
interferenc i reGel i i i CLddhed in
Further det arTone oo pt SRR BT ks B O RFR It REOIRE e shge RESRERE Lo

09/ 993, 087 aYrimodifighaymit®d stratn foojm the @Berferenpadagceleron the preending sthgs iageh

wher eby t he i e t}?)% r er

desi gns may tgﬁeg%b%c??a?rap{l%?r@n edth%% gétgﬁ)\%ﬁ f {%?ILWl%ﬂg tﬂi%aﬁ)gis‘ag? ’acgﬁées’lqr’l?/ent i on.
For exanpl e,Nd ineerfetemne ebmpatentyadue So rthy syrebd estrearh geddvered thyathatmitégecrand | nst ead

o oon s B IR LS DR R ks [or (D data st cam

descri bed hdiEi0h nebhebsictaspive nmgerferenoasiangellatva@r repeiserd porggning teahnigez aspl e,

channel est idiga:td%zrad ?rfl ?ux{-hgr Eétgl ingthlésa?grcrtngnt%%é Y)?S.al%gcnt Application Serial Nos.
09/993,087 and 09/854,235. .
[1171] FIGS. 7 and~9 show a simple design whercby-fhe receiver sends back the
rates for the data streams. Other designs may also be implemented and are within the
scope of the invention. For example, the channel estimates may be sent to the
transmitter (instead of the rates), which may then determine the rates for the data
streams based on these channel estimates.
[1172] The rate control techniques described herein may be implemented using
various designs. For example, channel estimator 940 in FIG. 9 used to derive and
provide the channel estimates may be implemented by various elements in the receiver
system. Some or all of the processing to determine the rate may be performed by
controller 770 (e.g., with one or more look-up tables stored in memory 772). Other
designs for performing the rate control may also be contemplated and are within the
scope of the invention. .
[1173] The rate control techniques described herein may be implemented by various
means. For example, these techniques may be implemented in hardware, software, or a

combination thereof. For a hardware implementation, some of the elements used to



provi de the channel estimates may be inplenented by various elenents in the
receiver system Sone or all of the processing to determne the rate may
be performed by controller 770 (e.g., with one or nore |ook-up tables
stored in penpry 772). Qther designs for performng the rate control may
al so be coMt e’r%%l%?fsé‘a and are within the scope of the FRVERIPYN*F1173] The
rate control techniques described herein nmay be inplenented by vari ous
means. For exanple, these techni ques may. be inplenented in hardware,
software, or a conbination thereof. For a hardware i npl enentation, sone of
t he el ement 3 9467 4 I pl enent. the
rate cont roﬁmﬁfﬁ%gE t?'e\r%)? gOQ’Qré( ;Q)g}ée Wqénp%%g& éng)'gbeoram%rf: B%{c?ggon" Y B%Iéf‘fi C

i nt egrated cntlegnatetisnr(:m&l (%)Cs)ddtgltaledxgrml groatssqs GDER3,0digitd] 3FAs]) prochsgihg al

12T o RGP R i I T B R

m cr o- cont r FPEAS), pmoefsoxpr ememﬂarsSmmbhanroﬂbxepmﬁmrscesm tothefl@fc@oraél t o
performthef ngt i on es erein, Qqr i nation ther [1174]
For a soft vva‘Wé "Earg’rﬂ Bfg qurb‘i’f@“sp%eﬁ'?q’(‘iﬂge%'f" Preompinatian, FCBF may be

i mpl enent ed [(M14) rrqwﬂlaea)fmeglmpmhaﬁamdr §sine poHibis 6Mthe ra8 toftPolOndy boat
performthe  functi ns d ri b&g]herel n. The software caodes ma be stored

in a nenory 08 efne(‘@ g}”’“ gprogdutes o funatigas,candzso amqthaty dhey a

processor ( ufiktion€ 8tk HRfein 3Phedsoftivatd) codesl iRy BE BRFd iHRI therIBYY WBR (e.g
i npl emented within the ygr ocessor or external to the processor, in V\:hl ch

case it can BENBIRAAT LA TEr-7) apdipresefed By 8 pocsisedess spntipllar 139ar 3¢®. neans
as 1 s KnowrHefndnhiy 8fit may Mﬂlerﬂbﬁeﬂi@“h HeDrétesss 6r@xle%l Qicthé E Rci&c! osed

enbodi nents is prow ded to enable any person skill in the art to make or
use the predbithichrageit pabe oeml@e@nv%ewpile@ap.twoqe@sor iasvarievsypeAnaent s wi | |
be readily 3ppawanh tert hose skilled in the art, [1176] and the generic
princi pl es defined herein may be applied to ot her ~ enbodi ments wi t hout
departing fdbh he Bgipréviousdessaippien effthe disclpsed embodimentyksupsovidésieto epabdes ent

i nvention i o} ho [ein but
is to be acs:dc éfé%?ﬂt ﬁgﬂﬁdd‘ég??g&#oég%%%s%’gtugﬁ he rﬁ?ﬁ%g'ttnﬁ]%rﬁoﬁm Isagand
novel feat umeedificaians|to gheee drelpadimenty wanbz]rewmpnasnmmm@uu@ mm 2004/ 001545

PCT/ US2003/ QiPﬂsW and the generic principles defined herein may be applied to other

embodiments without departing from the spirit or scope of the invention. Thus, the
present invention is not intended to be limited to the embodiments shown herein but is
to be accorded the widest scope consistent with the principles and novel features

disclosed herein.

[1177] WHAT IS CLAIMED IS:



47 CLAIMS 1. In a multi-channel comunication system a nethod for

determning a rate for a data transm ssion over a wireless comuni cation
channel, conprising: identifying a plurality of transm ssion channels to
be used for the data transm ssion; defining an equival ent systemfor the

transmi ssi 8P YN4WI¥Ps based on one or nore estimted ERENREPI19467

characteristics of the transm ssion channels; deriving a netric for the
transm ssion channel s based on the equiyal ent system and determining a
particular rate for the data transm ssion based on the netric. 2. The

met hod of claim11, further conprisi nQF ‘g@b[grm' ni ng an average spectral
efficiency of the transm ssion channe sed on the one or nore estimated
channel characteristics, and wherein the equivalent systemis defined to

have an additive whlt gs%lﬁt?l eln hfn?nﬁﬁYﬁ\'L%s?J?@%“ﬁ' th?dq%r et R nelﬁlt”q al

efficiency equal to t he average spec I enc fansti $si on
channel s. 3.rat€lier arbﬂtahmbsmfssmh avenadyirelass cdmummnnhamgl casprisingt i ng a
spectral effici en&%hpf each Lans ssion ch ar

b t
estimated channel“CHal %t ePLur et TP ﬁ"?ﬁ%se%is%rgg"é’ Eoﬂeg’?eggr ore

ef fici ency afantthsibi;ansm ssi on channel S is determ ned based on the
estimated spectr efficiencies of f(g)f ransm ssj on . channel s, 4. The net hod

of claim 3, wher %Ftﬁ Pipg, &N SAWYRIFT SyétFlPI é!??cya’ﬁf’“s&?&?ha?'}e 3¢ g7 9AC Channel

i s estimat edndrasaiindeétl chamizhstial ftenetls HP etitaadmiedidn eHagity, function. 5. The
met hod of claim4, .wherein.t spectral, efficie of each transm ssion
channel is furt hé‘F"‘@%?r‘r‘ﬁ‘f’EﬂP thedmnypission shannels B?)Qi‘/i d op theniuivaleplesYsie®s f or
the data tramgm ssion. WO 2004/ 001545 PCT/ US2003/ 019467 48 6. The net hod
of claim3, wherein the spectral efficiency of each transm ssion channel

is estimated basd§eBRNAY alPﬁE’GH]@{ rai; fRpide dpja brppsanissigns hassdegicte metifict i on.

2. The method of claim 1, further comprising:

determining an average spectral efficiency of the transmission channels based on
the one or more estimated channel characteristics, and

wherein the equivalent system is defined to have an additive white Gaussian
noise (AWGN) channel and a spectral efficiency equal to the average spectral efficiency

of the transmission channels.

3. The method of claim 2, further comprising:

estimating a spectral efficiency of each transmission channel based on the one or
more estimated channel characteristics, and

wherein the average spectral efficiency of the transmission channels is

determined based on the estimated spectral efficiencies of the transmission channels.

4. The method of claim 3, wherein the spectral efficiency of each

transmission channel is estimated based on a constrained spectral efficiency function.

5. The method of claim 4, wherein the spectral efficiency of each
transmission channel is further estimated based on a modulation scheme to be used for

the data transmission.



7. The nethod of claim2, wherein the deriving the netric includes

determ ni ng an equi val ent signal-to-noise-and-interference ratio (SNR) for
the equivalent system and wherein the netric is related to the equival ent
SNR. 8. The nethod of claim?7, wherein the equivalent SNR is determ ned
based on AP PR function of a spectral efficiencyPFHYEIRNYN*eed to
estimate a spectral efficiency of each transm ssion channel. 9. The nethod
of claim?7, wherein the deriving the me&e{i c further includes adjusting the
equi val ent SNR to account for |osses in the conmunication system and
wherein the netric isfela t juste uj val ent..SNR.  10. The

nmet hod of claim1, fu'rr[1 erpétgogjrrﬁ?iésllgﬁ'g:a"'(’jd‘g?eé?ﬁ‘i t(rﬁllgnsgpe%mga?ftﬁl‘%c@myar&n%a}bl ation
schene t o ugmnimissibiechdidel i§ reatipated shased, oansh unb@rseained Bpecaglicifaiienny syst em
is further c%efi.ned based on the nodul ati on schene. 11. The nethod of claim
1, further c9 'si ng: determning an SNR required to support the

particul ar data rate by the conmunication system and wherein the
articular data rate js determned o be supported by the transm ssion

: Taqui TRemetes prelnind Wi & ﬁmf@atﬂ% Betigdnclyep i c. 12, The

channel s if the requi

nmet hod of clai m Hetehigingidn dgbiivalRi€sifial iRhEIseaidlifRHEEnENARDGENR) for the
characteristics conprise an SNR for each transm ssion channel. 13. The

met hod of clCAPIAIENt sypieim AN Wheteitthe mstric s Fedatedsioithraaaty 2leRapMYRY
characteristics conprise an estimted frequency response and an esti mat ed
noi se variance for the transm ssion channels. WO 2004/ 001545

PCT/ US2003/ 019468 49 Thymethpdohglpinnl viterain tie gauivalgi SNR is detseminedibased ssi on

channel s ar &qf {2 GERE YunclibP SR ANkl UriGARY | Bhctip LRER N 8ltinat@h 5;396@ in a
mul tipath wirel ess conmuni cati on channel W th frequency selective tading.

15. The met kérigey of eachtransmigpignahannehe nul ti - channel communi cation  system
is amltiple-input rmultiple-output (MM) comunication system and the
transm ssi on channel s correspond to spatial subchannels. 16. The net hod of
claim 1, wherein% he ¥ metheheafniam 7 vipmein thadérying thy mewinfutheaimctwdeshogonal

frequency divisi Qﬁﬁumblgttf-leoéqﬁf%a(egz M 1S RIOHE k&%s‘s&r]n ﬁ%sc%ﬁ]munication system,

and wherein the metric is related to the adjusted equivalent SNR.

10.  The method of claim 1, further comprising:
determining a particular modulation scheme to use for the data transmission, and

wherein the equivalent system is further defined based on the modulation scheme.

11.  The method of claim 1, further comprising:

determining an SNR required to support the particular data rate by the
communication system, and wherein the particular data rate is determined to be
supported by the transmission channels if the required SNR is less than or equal to the

metric.

12 The method of claim 1, wherein the one or more estimated channel

characteristics comprise an SNR for each transmission channel.

13. The method of claim 1, wherein the one or more estimated channel
characteristics comprise an estimated frequency response and an estimated noise

variance for the transmission channels.



and the transm ssion channels correspond to frequency subchannels. 17. The
met hod of claim1, wherein the multi-channel comunication systemis a
mul tiple-input multiple-output (MMDJ) communication systemthat enploys

orthogonal frequency division nultiplex (OFDM, and the transm ssion
channel s cOF YR to frequency subchannel s of spati afCIISENREs. 18.
The nmethod of claiml, wherein a set of rates is available for the data

transm ssion, the nmethod further conprilg ng: eval uating each of one or nore
avai lable rates to determne a highest rate supported by the transm ssion

channel's. 19. 101 milt) o channeli,EoTTOL Al R S G My ELRG ol

determining a rate for rans’m ssi on over a reless co |¥:ati on
channel , corspbihanmegs or bpheial sfbghangels, grbuip iofa Mmultipethi wtless cimammidasiob o - be

used for the,data .iransni Ssiopn; tai ning an esti mated
Bwigh 1Rfe BAPRL"

si gnal - t o- néEUCLWHP freausPenss Po (SNR) of each transnission channel;

estimating spectral efficiency of each transm ssion channel based on the
estimated SNR for _the_transm ssion.channel ;. determ nin n average spectral
efficiency of théstraﬁé%@??‘?ﬁﬁ*ﬁéﬂﬂe?’s“’gﬁ@@dt nmq‘hgf'?aﬂﬁ? ePTYpEEA gy

ef ficienci esy@émtisa hiudipidtingal ARitphesURi IMIMID)2EMkhGHidnion dyédr Uind0fs/ 019467
50 determ ning an equivalent SNR for an equivalent systemwth a spectral
ef fici ency SEHfsMistign ehaanely eqrEegeond S dpatigl|subgipanelsency of the transni ssion
channel s; determning a required SNR to support a particular data rate by
the comunication system and determ ning whether the particular rate is
supported by the 10r andhs J8steed of itdaimel s MhefEin: e awitihichaphg] stAMBYNSRtiBAsed on

the equi val epften? YR BHhddRal RAUEACS UividiFh muBiplexT(@FDM) Etn@icafibRisoteh?

wherein the Spectral. efficiency 0f each transm ssion channel is” estinmated
based on an WA&sriznaissiaschagads farespamdite frequggey subsh@ppedh. 21. The method of
claim19, wherein the spectral efficiency of each transm ssion channel is

further estinmated based on a nodul ati on schene to be used for
17. The method of claim 1, wherein the multi-channel communication

system is a multiple-input multiple-output (MIMO) communication system that
employs orthogonal frequency division multiplex (OFDM), and the transmission

channels correspond to frequency subchannels of spatial subchannels.

18.  The method of claim 1, wherein a set of rates is available for the data
transmission, the method further comprising:
evaluating each of one or more available rates to determine a highest rate

supported by the transmission channels.

19.  In a multi-channel communication system, a method for determining a
rate for a data transmission over a wireless communication channel, comprising:

identifying a group of transmission channels to -be used for the data
transmission;

obtaining an estimated signal-to-noise-and-interference ratio (SNR) of each
transmission channel;

estimating spectral efficiency of each transmission channel based on the
estimated SNR for the transmission channel;

determining an average spectral efficiency of the transmission channels based on

estimated spectral efficiencies of the transmission channels;



the data transm ssion. 22. The nethod of claim 19, wherein the

mul ti-channel comrunication systemis a M MO conmunication systemthat

enpl oys OFDM 23. In a nulti-channel conmmunication’system a nethod for

det erm ni ng,oa% 4§@tﬁ1’% rates for a set of data streans to be transmtted
over a wir & 698" OHuni cation channel, conprising: i dSATUSAHY ¥ gr oup of
transm ssion channels to be used for each data stream defining an

equi val ent system for each transm ssiongghannel group based on one or nore
esti mated channel charact erl stics of the transm ssion channels in the
group; deriving Qe@Riihin GOfEn " SRRSF:SH QlichaR NSl Wb Baged. PN the
associ ated equival ent yst§ﬂ1 determning a rat eac ata stream
based on t heffimency equet toobe a\teeate\mctratdfécxelttatoatlstnraeams@mhairm met hod of
claim 23, further i.si.n i ng ectr ach
transm ssion charcliﬁtgﬁﬁﬁirngea %ﬁu?‘ﬁ&e gﬁ\ée lrcz}r S&%Begegﬁlﬁg&e c anne?y tié
characteri stcpumuna:nnbn\/@stzm@ddd)01545 PCT/ U82003/ 019467 51 determ ning an
aver age spectral deffl .Cl ency. pf Ehe t si.on ¢ 3’{%@# n each, group
based on estimat Sd opaler 4 e?fl €i 'Cue%r 55 tiheUpke ¥ ‘E‘)rf”%’ﬂaﬁﬂ

wherein the cha;melseibxethé daty shiesmidsian basdiontthiceypiveesi SNR afidithe dquié dSINR| S
defined to have an additive white Gaussian noise (AWEGN) channel and a
spectral efficiency equal to the average spectral efficiency of the
transmi ssi on chanoel SThé rﬁdﬂlﬂ)dgbﬂtul)alm259 Whereitie tHe0 sbe@iralC bificiEh&df of Wiaes ei n t he
spectral efficieng 541 eaﬁ transm ssi on channel is estinmated_ based on an
unconst r ai né@"ﬁ?‘sﬁ%h pfich dy estmpied asedsop @ YRESPSFAIRRS: isBrsirab 6fficYmeY et hod
of claim 23 fudctibh.her conprising: for each data stream determ ning an SNR
required to. support a particular rate by the conmunication system and
wherein the particular rate is determned to be supported by the group of
transm ssi on chanppel SThOmdit GAtRit $abhékint iR §REMAIM Efici of SealfSS than
or equal to the netric associated with ‘the data stream 27. The nethod of
cl ai m 23, wh@pgnissiemenanppgl iy fugtherrritimated Base o8 4tmeshylation scheme to be used for

the data transmission.

22. The method of claim 19, wherein the multi-channel communication

system is a MIMO communication system that employs OFDM.

23.  In a multi-channel communication system, a°method for determining a
set of rates for a set of data streams to be transmitted over a wireless communication
channel, comprising:

identifying a group of transmission channels to be used for each data stream;

defining an equivalent system for each transmission channel group based on one
or more estimated channel characteristics of the transmission channels in the group;

deriving a metric for each transmission channel group based on the associated
equivalent system; and

determining a rate for each data stream based on the metric associated with the

data stream.

24.  The method of claim 23, further comprising: *
estimating a spectral efficiency of each transmission channel based on the one or

more estimated channel characteristics, and



systemis a M MO communi cation systemthat enploys Ol=DM and the
transm ssion channels correspond to frequency subchannel s of spati al
subchannel s. 28. The method of claim 27, wherein each data streamis
transmtted over a respective transmt antenna, and each transm ssion

channel gr P¥¥Hdes all frequency subchannels for SREUSPUHUHY ant enna.

29. A menory conmuni catively coupled to a digital signal processing device
(DSPD) capable of interpreting digital gnpformation to: identify a plurality
of transm ssion channels to be used for the data transm ssion; define an
equi val ent syste r. the transm ss)gnech ..on_qne qr . nor

cat mat ed channelteeiapirden 4 ERRLWREHARHIAROD of Be RRGH B AEn QS wBER e &
metric for tdreup basetson esEmated speatralefficidraizs df tha thingniesipn chahreist amglyst emm and
determ ne a particular rate for th gata transm ssiRn blased .ogg.he\?ﬁrretric.
WO 2004/ 001545 PCTFISELHESAGYYSH #Y51aB [ FachirisSHIGR yhajprel grain s S8tinedii e n

t he DSPD i s Haue¢ bheadditvepetiileaGauksian wdiser(AMeGNNchatlheiahdih speatralreffididnen efeul
estimate a sgg}c&tral effici eﬂa of freECh t ransm ﬁsi og.c annel based on the
one or nor ¢° & AVHAELIPeCYRl SHIfeney, ol e fransmussiop channgly iy e &1WPne an aver age
spectral efficiency of the transm ssion channels based on estimted

spectral efficiencies_of the transm ssion channels, and wherein the
equi val ent systerfi s dB§ i'ﬂ"éﬂo‘{ (5’%1‘3%}@ &t Sbaretn e wprctral efiseara el sishse

(AVGN) channginsmiislom chael fsadstifbiel PaQACoh &FluAtonbPaitddCorddRERGRdSRBGE al
efficiency of the transm ssion channels. 31. A receiver unit in a

nul ti - channeffidenenliiciani on system conprising: a channel estinator
operative to derive estimtes of one or nore characteristics of a
plurality of transm ssion channels; and a rate selector operative to define
an equi val ent sy3fem Baewgthgs of Haimpde fusthergomprisivgi nat ed channel

characteristics g etaa?%efte{ agam, ée?%}xﬂﬁhiﬁ%érﬂ%h?equﬂ@& lovs%ﬁgorf@ licadr Mte b€
transm ssi on channel s based on the equival ent” syste an
the communication system, and wherein the particular rate is determined to be
supported by the group of transmission channels for the data stream if the required SNR

is less than or equal to the metric associated with the data stream.

27.  The method of claim 23, wherein the multi-channel communication
system is a MIMO communication system that employs OFDM, and the transmission

channels correspond to frequency subchannels of spatial subchannels.

28.  The method of claim 27, wherein each data stream is transmitted over a
respective transmit antenna, and each transmission channel group includes all frequency

subchannels for one transmit antenna.

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

identify a plurality of transmission channels to be used for the data transmission;

define an equivalent system for the transmission channels based on one or more
estimated channel characteristics of the transmission channels;

derive a-metric for the transmission channels based on the equivalent system;
and

determine a particular rate for the data transmission based on the metric.



determ ne a particular rate for the data transm ssion based on the netric.
32. The receiver unit. of claim31, wherein the rate selector is further
operative to estimte a spectral efficiency of each transm ssion channel

based on the one or nore estimted channel characteristi csi and determ ne
an aver age Y PRSef fici ency of the transnission cha®REUS2003Y342d on
estimated spectral efficiencies of the transm ssion channels, and wherein

the equivalent systemis defined to havg an additive white Gaussian noise
(AWEN) channel and a spectral efficiency equal to the average spectral

efficiency of thgptra 1. S8 ¢ ehs. in e D R i aim 32,
wherein the spect%P'aI gﬁg}nﬁtﬁgyo r(;bt?"ngla(b:i’ w?%caqusﬁgssﬁ lcﬁgﬁ%I&P@%ﬁi mat ed
based on a dowegtretmigrigitabinfammetaonstor ai ned channel  spectral efficiency

functi on. VD 2004, 00545 RET/ AFA0RY HIAA0L, Rk cn it BRECLY L B Of
claim 32, further COITpI’IgI ng: a nerory contigure 0 Store one or nore
t abl es for anéraesimaed chamd] tlarasristia; snd t he spectral efficiency of each

transm ssion channel .. 35. The receiver. unit of claim31, further
comprising: a conPPBIREA: ayRtasPear iR aEe dafirieen dpapmbiahon
conpri sed ofestilheted peciral@fficisncieadbfthe Gonsmisioaehainglsiandi N a nul ti - channel
communi cati on system conprisjng: neans _for identifyjng a plurality of
transm ssi on chgmfeé“ ﬁﬁ%”ﬁ&’@gsﬁsi‘}f“ Bh ﬁa%f[ p ﬂ?"teaarﬁ’sﬁdétg‘ieo‘ﬁ@tenéﬁﬁé‘a or
defining an midi(XWENY chame! & Dsachl efficRAey QualPiit AefabdBebral citanoe!
characteristics of the transm ssion channels; . neans for deriving a netric
for the trarfSffedENERISEALHIRENYS-based on the equival ent system and neans
for determining a particular rate for the data transm ssion based on the

metric. 37. The receiver apparatus of claim 36, further conprising: neans
for estimating a33pectrrafeivsf pRibingayltighandsbeerrmuylicatipa sYSim, SPTEPRNE based on

a channel estimator operative to derive estimates of one or more characteristics
of a plurality of transmission channels; and
a rate selector operative to
define an equivalent system based on the one or more estimated channel
characteristics of the transmission channels,
derive a metric for the transmission channels based on the equivalent
system, and |

determine a particular rate for the data transmission based on the metric.

32.  The receiver unit of claim 31, wherein the rate selector is further
operative to

estimate a spectral efficiency of each transmission channel based on the
one or more estimated channel characteristics, and

determine an average spectral efficiency of the transmission channels
based on estimated spectral efficiencies of the transmission channels, and

wherein the equivalent system is defined to have an additive white
Gaussian noise (AWGN) channel and a spectral efficiency equal to the average

spectral efficiency of the transmission channels.

33.  The receiver unit of claim 32, wherein the spectral efficiency of each
transmission channel is estimated based on a constrained or unconstrained channel

spectral efficiency function.



the one or nore estimted channel characteristics, and neans for

determ ning an average spectral efficiency of the transm ssion channels
based on estimated spectral efficiencies of the transm ssion channels, and
wherein the equival ent systemis defined to have an additive white Gaussian
noi se (A 023?1“6’1?? P and a spectral efficiency equal t&THEXAYEPH e
spectral efficiency of the transm ssion channels. 38. The receiver
apparatus of claim 37, further conprisigg: neans for storing one or nore
tables for a function used to estimate the spectral efficiency of each
transm ssion. 39. Atransmtter unit in a nmulti-channel comunication
system conprising: W 2004/001545 PCT/ US2003/ 019467 54 a controller
operative to ided#ifyThe reativertupitwfeaifro32, furthat coniprisimgni ssi on over a
lurality of transm ssian £h ls inawre co ication channel,
\a/ner ein %/he ratgn?es odéf%r}f}cﬁuﬁggggarseeo CShan Jég%?\floélaer?gfl'lcqg)ylsufeed?hotfgfrf’ﬂ%d for
t he transm gbd spactedh affieinsy ofmasiedarsmissioe channelor e est i mat ed channel
characteristics of the transm ssion channels; a transmt data processor
operative to code data, provided at the identified rate, in accordance

W th a parti cul aBscodThgreséaitnitbbclpinoyi, detheoctmipridpiga; and a nodul at or
operative to nodul ate ihe coded data Id‘? 3c§8rgan<%e wth a artiec?lutﬁr
modul ation schem@ PYUSHER, CREN5Y I Provideygeqoacko infemation 4ouprisede Of (1S ¢ of

claim 39, fuyaftiRelrm@prising: a transmtter operative to generate at | east

one nodul ated signal for the nodulated data. 41. The transmtter unit of
claim39, wherein the multi-channel comrunication systemis a M MO

comuni cation sysgem hRappRa0d AasmitoMnnan@nirificalibRERRES SbRpHsiiannel s
correspond to frequency subchannels of spatial subchannels. 42. "An

apparat us in a wimeaneies ideptifyingiagiuralisn of transevssion shamelsitp §e used dorcthe data

i dentifying @né@ik§ot;0 Use for a data transm ssion over a plurality of
transm ssion channel's in a w reless comuni cation channel, wherein the rate
is determ ned basees &1 datingtpupn gheiMalentysysiem Hestd madofeor mhgge tesiamatad ssi on

channel s basg nePJha.ng(%riQtfcs%Pfh ﬁgstg'g%gqgﬁgﬁnnel characteristics of the

transm ssi on channe neans a, provided at the identified
rate, in accordameanyferhderiving a metric for the transmission channels based on the

equivalent system; and
means for determining a particular rate for the data transmission based on the

metric.

37.  The receiver apparatus of claim 36, further comprising:
means for estimating a spectral efficiency of each transmission channel based on
. the one or more estimated channel characteristics, and
means for determining an average spectral efficiency of the transmission
channels based on estimated spectral efficiencies of the transmission channels, and
wherein the equivalent system is defined to have an additive white Gaussian
noise (AWGN) channel and a spectral efficiency equal to the average spectral efficiency
of the transmission channels.
.
38.  The receiver apparatus of claim 37, further comprising: -
means for storing one or more tables for a function used to estimate the spectral

efficiency of each transmission.

39. A transmitter unit in a multi-channel communication system, comprising:



particul ar coding scheme to provide coded data; and neans for nodul ating
the coded data in accordance with a particular nodul ation schene to
provi de nodul ated data. 43. A transmtter unit in a nmulti-channel

comuni cation system conprising: a controller operative to identify a set
of rates f¥PRYIt data streans to be transnitted SGEUSHYPY ess

comuni cati on channel, wherein the rate for each data streamis determ ned
based on an equi val ent system defi ned f,ﬁ] a group of transm ssion channels
used for the data stream . and wherein e equival ent systemfor each WD

2004/ 001545 PCT/ U820831i01946[7 5? idt rtg,nsan}' Esgoolps cfhanrgﬁ? ar OHLFS ii S oql/grf‘iined
based on one or AOPBURET OREERY ShKREY 2 BtaPactel] &9 Es T IP™ S8 4 &% ni ssi on

€
channel s i n gdliralitgrod Ufznsmissibre abdnneln én tar wifedess tcothatuaicpti@c emandl, epatiatthve t o
code each data.sér eam g)r ovi ded at ghe ideﬁ %.f ide% rate, in .accor d%nce wth
a codi ng scHafds Seiprauted paseg on N Layplentyypiem fefiged 1o HiF FosRIsuah PR di ng
coded data Hakedasionddelmate ds@nsittd CHandIRBAth@érizticOdFeheatranéMission ORGdtlat € each
coded data steamin accordance with a m)du! ation s,ch&me sel e(;}led for the

data streamto prRJtANEBIt data PRICEESSLORFEALYE 19at3 Brevided abthr 1deatitied rate,

nul ti - channgh a&RPTIHE Wil A Pl F{cBInE SRRk 8 P@vide Bode@@RlaVAd unit including a
channel estimator operative to derive estinmates of one or nore
characteristics @meduatqiopsratiye tgmadplaiedhs codeddatd eacaardance 3 apapticular

sel ector opeh&ulafien sheiEtd AEvRAP nRAié@usAt system based on the one or nore
esti mat ed channel characteristics of the transm ssion channels, derive a

nmetric for the transm ssion channels based on the equival ent system and

determ ne a partiggul afpd @embRE uhitr d@kBot f@ﬂ%ﬁ%ﬁ%ﬂgzbased on the netric;

and a transmtter unit including at |east one trans data processor
operative to cod@ Wensmitteprepgraizel tat genetate dedeastypreednodutated pignad clovrtbence
with a codi &i td O provide coded data, and at |east one nodul ator
operative to nodulate the coded data in accordance with a nodul ation
schenme to provide nodul ated dat a. _

41. The transmitter unit of claim 39, wherein the multi-channel

communication system is a MIMO communication system that employs OFDM, and the

transmission channels correspond to frequency subchannels of spatial subchannels.

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

means for identifying a rate to use for a data transmission over a plurality of
transmission channels in a wireless communication channel, wherein the rate is
determined based on an equivalent system defined for the transmission channels based
on one or more estimated channel characteristics of the transmission channels;

means for coding data, provided at the identified rate, in accordance with a
particular coding scheme to provide coded data; and

means for modulating the coded data in accordance with a particular modulation

scheme to provide modulated data.

43. A transmitter unit in a multi-channel communication system, comprising:

a controller operative to identify a set of rates for a set of data streams to be
transmitted over a wireless communication channel, wherein the rate for each data
stream is determined based on an equivalent system defined for a group of transmission .

channels used for the data stream, and wherein the equivalent system for each
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transmission channel group is defined based on one or more estimated channel
characteristics of the transmission channels in the group;
at least one transmit data processor operative to code each data stream, provided
at the identified rate, in accordance with a coding scheme se!ec_ted for the data stream to
provide a corresponding coded data stream; and | |
at least one modulator operative to modulate each coded data steam in
accordance with a modulation scheme selected for the data stream to provide a

corresponding modulation stream.

44, A multi-channel communication system comprising:
a receiver unit including

a channel estimator operative to derive estimates of one or more
characteristics of a plurality of transmission channels, and

a rate selector operative to define an equivalent system based on the one
or more estimated channel characteristics of the tran§nﬁssion channels, denive a
metric for the transmission channels based on tfle .equivalent system, and
determine a particular rate for the data transmission based on the metric; and
a transmitter unit including

at least one transmit data processor operative to code data, provided at
the determined rate, in accordance with a coding scheme to provide coded data,
and

at least one modulator operative to modulate the coded data in

accordance with a modulation scheme to provide modulated data.



