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CHANNEL STATE | NFORMATI ON BAWCWM"JWW”M [ 1001] The prm%@gtbon
rel ates generally to data communi cagfspem and more specifically to a novel
and i npr oV 02093184 and apparatus for processing data in %ng’t“f%?e-i nput
mul ti pl e-output (M MDJ) communication dystem utilizing channel state
information to provide inproved system performance. Background  [1002]

Wrel ess communi cati on systens are w dely depl oyed to provide various
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system (e.g., a cellular syst INFORMATDIONN a nulti-channel
mul ti-point distribution system (MVDS), and others), an RF nodul ated
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number of  jnformation to provide improved system performance.

Background

[1002] Wireless communication systems are widely deployed to provide various
types of communication such as voice, data, and so on. These systems may be based on
code division multiple access (CDMA), time division multiple access (TDMA),
orthogonal frequency division multiplex (OFDM), or some other multiplexing
techniques. OFDM systems may ,provide high performance for some channel
environments. ; |

[1003] In a terrestrial communication system (e.g., a cellular system, a broadcast
system, a multi-channel multi-point distribution system (MMDS), and others), an RF
modulated signal from a transmitter unit may reach a receiver unit via a number of
transmission paths. The characteristics of the transmission paths typically vary over
time due to a number of factors such as fading and multipath.

[1004] To provide diversity against deleterious path effects and improve
performance, multiple transmit and receive antennas may be used for data transmission.
If the transmission paths between the transmit and receive antennas are linearly
independent (i.e., a transmission on one path is not formed as a linear combination of
the transmissions on other paths), which is generally true to at least an extent, then the
likelihood of correctly receiving a data transmission increases as the number of antennas

increases. Generally, diversity increases and performance improves as the number of

*ACTION*

transmit and receive antennas increases.




transmt and receive antennas increases. WD 02/ 093784 PCT/ US02/ 14526 2
[1005] A nultiple-input nultiple-output (MM comrunication system enpl oys
multiple (NT) transmt antennas and nmultiple (NR) receive antennas for data
transm ssion. A M MO channel fornmed by the NT transmt and NR receive
antennas “WRY2BBHeconposed into Nc i pdependent channel s POIUS2/M526 i n
{NT, NR}. Each of the Nc-independent“channels is also referred to as a
spatial subchannel of the M MO channel and corresponds to a dinension. The
MEMO system_can provide, i nproved . perfornapnce (e.g., .increased transm ssion
capacity) i00%e aduruitipennpy matislecampit 0>cmm@acwntsw@emmﬁayse
transmt anﬂuftr‘i;‘fae'a@% A3 Sntdhirfas Uhnd 'rﬁﬂ@ple[ WP lrecERRN @ntefindsh 96TdaE£L 2
need in the art for techniques to process a data transm ssion at both the
transmi t t ertranschissinpei 4&dYIVR) ehenned formed bydtha Nrtgansmit anddNr zeegiveiapteanas
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mul tiple-output (MM) systemto recover the transmtted data, and to

adj ust the ewneelpndcosissnagdnto a dimension; t Tee MIMQ syere gan provids improwed
character| SllSérfo?mﬁﬁce e'!.,'\ﬁcﬁgs%artﬁahsﬂiﬁﬁﬂ% ‘;c acftPf fF the %Hﬁﬂbﬁa'(ﬂrzlgnesg@raﬁgeeﬁs pect,

a "successive cancel [F&t1on" recelver essing technr que
bel ow) is useated by themmiltipls trahsmit aclgbaeing aniegnad ae utiligednot her aspect, the

channel ch risgLcs. a St ed. r.epor . t ransmtter
system andai}ggﬁet o%&aﬁ%ulsst {h%e?%.é ,ang'geacgt"} q@%e‘m %?JE@@“%&%% ktf’ e?ﬁ’?&gc%aaf& n&g,

nmodul at i on, tr@&ichissipnon) both det aapmitsr 4ml tecaiverriuais ao. takdsiadepntagecofirithenat i on
of the successive, cancel |l atjon receiver, nraocessi ng technique and adaptive
transmi t t er2qditipnak dimensioalfies &Eféfe%ﬁt?ygﬁ M&d o%Yﬁf&Hbg’ H’é’&y’déelﬂ?é?l‘fegv%@te%r t he
M MO syst orm@d] A specific enbodi ment of the invention provides a

met hod for sending data froma transmtter unit to a receiver unit in a
M MO commruni cation system' In accordance with the nmethod, at the receiver

unit, a nunber of signals are initi g&‘yﬁl ved via a nunber of receive
antennas, with each received signal I'ng a

[1007] Aspects of the invention provide techniques to process the received signals

at a receiver unit in a multiple-input multiple-output (MIMO) system to recover the
transmitted data, and to adjust the data processing at a transmitter unit based on
estimated characteristics of a MIMO channel used for data transmission. In an aspect; a
“successive' cancellation” receiver processing technique (described below) is used to
prc;cess the received siéna]s. In another aspect, the channel characteristics are estimated
and reported back to the transmitter system and used to adjust (i.e., ‘adapt) the
processing (e.g., coding, modulation, and so on) of data prior to transmission. Using a
combination of the successive cancellation receiver processing technique and adaptive
transmitter processing technique, high performance may be achieved for the MIMO
system.

[1008] A specific embodiment of the invention provides a method for sending data
from a transmitter unit to a receiver unit in a MIMO communication system.’ In
accordance with the method, at the receiver unit, a number of signals are initially
received via a number of receive antennas, with each received signal comprising a
combination of one or more signals transmitted from the transmitter unit. The received
signals are processed in accordance with a successive cancellation receiver processing
technique to provide a number of decoded data streams, which are estimates of the data

streams transmitted from the transmitter unit. Channel state information (CSI)



conbi nati on of one or nore signals transmtted fromthe transmtter unit.
The received signals are processed in accordance with a successive
cancel l ati on receiver processing technique to provide a nunber of decoded
data streans, which are estimates of the data streans tran '3tegl fromthe
transmitteVa9¥93BEhannel state i nforr?tlon (CSlI) WO 02/ Oggi’g']ﬁ 2/14526

PCTI US02/ 14526 3 indicative of characteristics of a M MO channel used to
transmt the data steans are also determned and transmtted back to the

transmtter unit, At the transm tte nit, each data streamis adaptively
processed pringiFativg erckﬁgaﬁﬁegﬁ‘iﬁrpfc?vm%h E&é‘hﬁ@?smlf He. @E%Fta%{ﬂ% Wi t h
the receivedy gﬁ&ete lndT@ﬁlsﬁﬁtféae@a‘ék V& tiePRaRmit i, T RCRRhshites afisi Ng
schene typicall ertorns nber of iterations to provide the decoded
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modi fied si oned sireBAY IFag eé‘dhﬂ’fé%ii%ﬂt@mﬁh&rbﬁmbbﬁ@ﬁ@éﬁﬁ&ed&t&m%ierlﬁadiﬁssed
approxi mately renoved (i.e., canceled). The input signals for a first

iteration aris acqqn@npwéﬁhmrtsq%émsar&ﬁ por-Haear ﬁmﬁssﬂg@ﬁﬁq@e fogirovide pne or
subsequent | hefelydB1 Sdhntsd CORPEE tHeAmbR] HiAiS 15t RIRARCHA fidodsbar @1 T ON-

[ 1010] Vari ous I Yhear - an -l near "processi ng schenes may be used to
process the providei2 dedogeditiata stream. aAmomber of peodifiadesigriatarare pls¢ derived baﬁqdrpnr | at

f adi ng), anne| .correl

i ni num rreanng 3&‘3 A5 a’f'ﬁk%gﬁdﬁfbec a%&é%hgcgﬁgén%ewo%uﬁ ﬁ{lerHc ni ques may
]E)edused Andsnfegma piobgnﬁatélysmdi\&ﬂ\(ee chanceded). The imppt signdls for adistéterayion ateect i ve
ading), an MVSE [1near e l.izer a,deci si,on eedback lizer
(OFE) & o PAeeIvER NS St e R SRS [ by (erion 36 06 AR
techni ques %agqrdﬁggrecgéggﬂm{{b@ avai |l abl e .CSI may include, for exanple,
the signal -to-noise-plus- interference (SNR) of each transm ssion channel

to be used fi010)at aVarieurdineansandmonAineartprecessinguchemesanay,bg used toprogess ther or
cach st TR AN R B dagR ot
be modul at edmbtfixdavepsion (CEMI ththna;uepdnhmﬂmmmsmime&aioemmas@mcpn, t he
sl or some other techniques may be used. And for a time-dispersive channel (i.e., with
frequency selective fading), an MMSE linear equalizer (MMSE-LE), a decision
feedback ‘equalizer (DFE), a maximum-likelihood sequence estimator (MLSE), or some
other .'techniqugs may be used.
[1011] The available CSI may include, for example, the signal-to-noise-plus-
interference (SNR) of each transmission channel to be used for data transmission. At
the transmitter unit, the data for each transmission channel may be coded based on the
CSI associated with that channel, and the coded data for each transmission channe] may
further be modulated in accordance with a modulation scheme selected based on the
CSL
[1012]) The |invention further provides methods, systems, and apparatus that
implement various aspects, embodiments, and features of the invention, as described in

further detail below.



[ 1012] The invention further provides nethods, systens, and apparatus that
| npl ement various aspects, enbodinents, and features of the invention, as
described in further detail below W) 02/093784 PCTIUS02/ 14526 4 BRI EF
DESCRI PTI ON OF THE DRAW NGS [ 1013] The features, nature, and advantages of
the presenWA®PE®Pt on will becone nore apparent from t hePQEVAR{IER
description set forth bel ow when t akerd in conjunction wth the drawings in
which i ke reference characters |dent|fy correspondlngly t.hr oughout and

wherein: [1014] FIG 1.is a diagra a nmulti elnput mul ti pl e-out put
(M M) communi cati onBREIERE §EHQET@N%@ RAWINGSs aspects and

nmbodi h 10 Kk di f
onbodi mont - SH0131 11 VR JeRincs Pitwe: 898 %‘%Wtaéasp%fbﬁs Pa?seﬁf e il perorms o
transm ssi Oﬁ‘n&élﬁﬁﬂiréiﬂ fEORE thR\cRtdi18® descHption fet 8drfll bdidwewhen itsked ibbafinctomgr am

of an enbodi nment a MMO transm tter system which utilizes orthogonal
frequency diwiths |thm %‘dl!'lg&t ino Avhichr iy TefffE’GPP7Fh4TP‘@fs4lq°§t1fé( CORRAPRNAURE Am
illustrati NG Bu m Seinancel l ation receiver processing technique to
process NR recerved sig S to recover NT transmtted signals; [1018] FIG
5is a bl ocI{l(ﬂjﬁgreﬁﬂof lals en:edlagamsyﬁftenm@m&%ir@ubfmumplm\lt MO i ous

Bi 6ok di agr SHESOMCARRD Suterm sAnals Wi R Gt hbus s Bl elifoufilils BE. 51 2
of |rrplt_ema|nttmd}tg\lz%h£ig§1\/llzl thCP;m que, b? I\/I\/SE technl q]the ahd g DFEttechnl que,
respectivel y; | ocC i agram o i ment of

recgi ve (RS a I%#:b@é§ §(§’F°°i[ E g°$§‘eﬁt ?{a&@% LsmHien pysigm
interferencg ﬁg&’f?&lﬂr%&mﬂé‘@a&?&%srﬁh% bfRéd oPfhe atilthbRESY; € pl ots that

illustrate t er formance for various receiver and transm tter processing
schemes. DETH16ED DESCA ipabiyek/diggran of prembpodiment ofj MM} Gansppitter system

mul tiple-inp Em%% C@;pm@ system 100 capabl e
of inpl ement c%zeghxgﬁ %zgg{egﬁ erl’r%%l}jﬁlg ment's @ invention. System

100 i ncl udeq1@17i r sSFIG y4tiem fldw diagremnillustratingi o suctessiveacancellation receiver

processing technique to process N received signals to recover Ny transmitted signals;
[1018] FIG. 5 is a block diagram of a receiver system capable of implementing
various aspects and embodiments of the invention;

[1019] FIGS. 6A, 6B, and 6C are block diagrams of three channel MIMO/data
processors, which are capable of implementing a CCMI technique, a MMSE technique,
and a DFE technique, respectively; '

[1020] FIG. 7 is a block diagram of an embodiment of a receive (RX) data
processor; '

[1021]  FIG. 8 is a block diagram of an interference canceller; and

[1022] FIGS. 94, 9B, and 9C are plots that illustrate the performance for various

receiver and transmitter processing schemes.

DETAILED DESCRIPTION
v [1023] FIG. 1 is a diagram of a multiple-input multiple-output (MIMO) *
communication system 100 capable of implementing various aspects and embodiments
of the invention. System 100 includes a first system 110 in communication with a
second system 150. System 100 can be operated to employ a combination of antenna,
frequency, and temporal diversity (described below) to increase spectral efficiency,
improve performance, and enhance flexibility. In an aspect, system 150 can be operated

to determine the characteristics of 2 MIMO channel and to report channel state



second system 150. System 100 can be operated to enploy a conbi nation of
antenna, frequency, and tenporal diversity (described below) to increase
spectral efficiency, inprove perfornmance, and enhance flexibility. In an
aspect, system 150 can be operated to determ ne the characteristics of a
M MO chann®0 Q%784 report channel state WO 02/ 093784 PAYIIEN42626 5

i nformation (CSI) indicative of the channel characteristics that have been
determined in this way back to system 110, and system 110 can be, oper at ed
to adjust the processing .(e.d., .encoding and mdul ation) of data prior to
transni ssi omf@rawen&ﬁspﬁadlaw.%w&meec agngj ghqut%B?%@?t @gﬁéw,de?m M50 can
be oper at edyi: M’ ' e | sanner
to provide ﬁ%‘gﬁ"%gﬁﬁirﬁ’%@gﬂ ilgo'g ag&escri bgg(b |e£nh ?{J?[%Eq?ﬂetfd’%ea?gq#ﬁ@gé?bg%l 1024]
At system 1(9g.. enaiding arslimedulation) mflataipriordiat tsangiission basedoomtheiaypilabile s) to

a transmt X S | [ ance
Nth o par ESkum PR hREE" Shienl 1% o{b BadbERirpost iy LndiEgEs
encoded dat grolrge@nmPIl06in apAdrinectsl rovidehigh perdorimagces addeseribed il funhpsddtéip
interleaved bits into nodul ation synbols for one or nore transm ssion.
channel s usB¥%Por transmitti ng the data. The encoding increases the
reliability [ﬂi‘zﬂ]he AledyRtetd BIH b Qe TS Provigss @o (iR ifoRividR Dits) Pa
diversity for the codéd bits, permts the data to be transmtted based on
an aver age trensmit|(TH)-dasd Proqesses -LlAt avhichr engodes thei datp InRjccprdancehwith 2
transm ssion_¢. I t@.tr S t IL.ng, and
further renBuBSTAE FerEenefl, HtEcedd e kEANERE Moo TAA B
modul ati on ggmioolar intdrkeaving escheaasy iand mapy tifelintekleavegd by inde niodelgtiem symbols

diversity if _the coded bits.are transmtt ver .nul ti pl.e freguenc
subchannel s 7] PPeQf MO, @Fwssf%e"héﬂ%%ﬁ}lﬁs,efgf ﬁ?@ﬁ@é&ittﬁggﬁﬁnﬁgf%@{"%ppi ng
(or a conbi RRkdass tHeerediabilitylof the &lafaotramehifiamed The ihfledviilg providenlttime t 0
system 110, as indicated in FIG 1. [1025t] Tn)e encodig , interleaving, and
synbol mappidivgrsity for aes eded dhitss permits, the datalg tie rlﬁié‘?ji

numer ous sc @m_ . . &Effl_ PG ¢5Sh i
Appl i cati ong er istgl %.ﬁOQ %&8%%?3??%)% " %ﬁ%s@a&%@ge@%@&&%rﬁkLEss

COVMUNI CAT|- GhtaSiaSiiivkion ¢anauats-fatlingaang furthargemovesworglation baswednecodad bitgnee of
e oSt BRIk B SRR OREDE B RS bty G 58ee AL 1 oy
mul tipl e anidpreisity ifithebeidsd bite afer teamsifittedauver multiple frequency subchannels. In an
.aspect, the encoding, interleaving, and symbol mapping (or a combination thereof) are
performed based on the CSI available to system 110, as indicated in FIG. 1.
[1025]  The encoding, interleaving, and symbol mapping at transmitter system 110
can be performed based on numerous schemes. One specific scheme is described in U.S
Patent Application Serial No. 09/776,075, entitled “CODING SCHEME FOR A
WIRELESS COMMUNICATION SYSTEM,” filed February 1, 2001, assigned to the
assignee of the present application and incorporated herein by reference. Another
scheme is described in further detail below. _
[1026] MIMO system 100 employs multiple antennas at both the transmit and
receive ends of the communication link. These transmit and receive antennas may be
used to provide various forms of spatial diversity (i.e., antenna diversity), ihciuding
transmit diversity and receive diversity. Spatial diversity is characterized by the use of
multiple transmit antennas and one or more receive antennas. Transmit diversity is
characterized by the transmission of data over multiple transmit antennas. Typically,
additional processing is performed on the data transmitted from the transmit antennas to

achieved the desired diversity. For example, the data transmitted from different



recei ve ends of the conmunication link. These transmt and receive antennas
may be wused to provide various forns of spatial diversity (i.e., antenna
diversity), including transmt diversity and receive diversity. Spatial
diversity is characterized by the use of mnultiple transmt antennas and
one or norWOMRRW¥e antennas. Transmit diversity is chaf&d{ &M by t he
transm ssion of data over nultiple tr8nsnit antennas. Typi cal |y,

addi tional processing is perforned on the data transmtted fromthe o
transmt antennas to achieved the desired djversity. For xan%? t he data

A e ;
transmi t t edtraRsgHt antermes B1Y bovdelavodsy seaderpain ey Sodedang interlavehatkoss Bt ennas
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avai |l abl e transmt antennas, so on. Receive diversity 1s characterized
by the receeseptom of thehéransnatiedrisignald ani gwltiple meeive | antquinas, rand edivessihi®nnas,
and diversity.is.,achi eved b Loply..r A th Lgnal s via different
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comuni cat i pre27pdesystew 100 imache speratedih @ atinber ofdifferepbmytiunigation modes,
frequency, or tenporal diversity, or ,a conbi r}ation t hereof .. The .
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enpl oys diversity to inprove the reliability of the communication link. In
a common appdiversity”oronuhunipationimedesingya ‘MM Ferampriatigpaodeantherflivessigy so

referred to . e" dl vers] al | . ' | tted
fromari  aganrapcBitmall oSy dyaa bRl 8 by BEE cbRchhRanm | 2
pure diversiihk. Incnoemmnontapplication of theadivérsityu seromimicationt mode svhitheisealsthe dat a

rate requirenents are low,or. when the SNR. is |ow ,or.when both.are true.
The M MO coFﬁ%ﬁ?‘ﬁEﬂ il diyersity, Gemmymgson @P@%rdf‘?at VV\Q?“S t?eﬁl frgmsallt 't he
comuni cat i gyilablRK trhhsnit , anf8ahid 6 & rédi%&&niebeiaéﬁ eyuas. amlie npiré i diversitecei ve
antennas) and is generally used to both inprovye reliability and

th
i ncrease t heommyaisptignsgpodemay. §enysad RAP§iHITeY ARLe %gatmr%rewﬂqscaﬁ i on
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with the antenna diversity. System 100 may utilize orthogonal
frequency dempkiysantoial divérsity @OBDIW) endswfi the esiirgenicationylinka (id. l¢ he
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combination with the antenna diversity.

[1028] ~ System 100 may utilize orthogonal frequency division modulation (OFDM),

which effectively partitions the operating frequency band into a number of (Ny) ‘
frequency subchannels (i.e., frequency bins). At each time slot (i.e., a particular time
interval that may be dependent on the bandwidth of the frequency subchannel), a
modulation symbol may be transmitted on each of the Ny, frequency subchannels.

[1029] System 100 may be operated to transnﬁt data via a number of transmission'
channels. As noted above,' a MIMO channel may be decomposed into N¢ independent
channels, with N¢ € min {Nr, Np}. Each of the Nc independent channels is also
referred to as a spatial subchannel of the MIMO channel. For a MIMO systein not
utilizing OFDM, there is typically only one frequency subchannel and each spatial
subchannel may be referred to as a “transmission channel”. For a MIMO system
utilizing OFDM, each spatial subchannel of each frequency subchannel may be referred

to as a transmission channel.



[ 1029] System 100 may be operated to transmt data via a nunber of

transm ssion channels. As noted above, a M MO channel may be deconposed
into Nc i ndependent channels, with Nc 5 min {NI, NRl. Each of the Nc

i ndependent channels is also referred to as a spatial subchannel of the
M MO chann®Q 02093784 M MO system not utilizing OFDM t her BCT/ASXA45%al | y
only one frequency subchannel and eacH spatial subchannel may be referred
to as a "transm ssion channel”. For a M MO system utilizing OFDM, each
spatial subchannel of each frequency subchannel nmay be referred to as a
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rﬁgrtgf IngnNL uIa :“%%rw F)g?e?xgnto % m_yh}%'equency mgﬁg Fs # or a

given tine &’e@dxves%dfﬂwmﬂtqﬂmesfthermddulaﬁonosynﬁaplﬂ)ﬁbm ’DX daudprbeassqrrﬂ 14sandbol

vectors is recel ved and |ve at or _(MOD 22, and
transnitted RPYdss2 SUEdR ngt"é‘?fa gﬁ[’%ﬁ%&gﬁl?i b “é'é?’\/‘g‘% ‘39‘1'{1%%“150 a
nunber of reggibee pRRitiid 8kt. 15&nd @61k VIAIVIDE system employmg OFDM, TX MIMO

processor 120 provides a stream of modulation symbol vectors for each transmit

antenna, with each vector including Ni, modulation symbols for the Ny frequency
subchannels- for a given time slot. Each stream of modulation symbols or modulation
symbol vectors is received and modulated by a respective modulator (MOD) 122, and
transmitted via an associated antenna 124,

[1033] At receiver system 150, a number of receive antennas 152 receive the
transmitted signals and provide the received signals to respective demodulators
(DEMOD) 154. Each demodulator 154 performs processing complementary to that
performed at modulator 122, The modulation symbols from all demodulators 154 are
provided to a receive (RX) MIMO/data processor 156 and processed to recover the
transmitted data streams. RX MIMO/data processor 156 berfonns proceésing
complementary to that performed by TX data processor 114 and TX MIMO processor
120 and provides decoded data to a data sink 160. The processing by receiver system
150 is described in further detail below.

[1034] The spatial subchannels of a MIMO system (or more generally, the

transmission channels in a MIMO system with or without OFDM) typically experience



transmtted signals and provide the received signals to respective

denodul ators (DEMOD) 154. Each denodul at or 154 perfornms processing
conplementary to that performed at nodul ator 122. The nodul ati on synbol s
fromall denodul ators 154 are provided to a receive (RX) M MJ data
processor WB62/8M®4processed to recover the transmitted FETASIVISHs. RX
M MO dat a processor 156 perforns prockssing conplenentary to that
performed by TX data processor 114 and TX M MO processor =120 and provi des
decoded data to a data sink 160. The processing by receiver system 150 is
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system (or e al t iANSITL SR npelS.i siem w t h
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rec eLver . u ntt?ﬁigﬂ?dat mliegece:iﬂé uhiy) ﬁdd@épvidftswithe ansmitidr uail sb et thelproqesHne s S| n]g
can be adjusted (or adapted) accordingly. e may conprise any type o
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link and may,eoeatioR R isCiddichtive\GTth® etfar ABRERAEY 67 fRe canmiARakdetk ard by t her
detail below. For sinplicity, various aspects and enbodi nents of the

i nventi on abe rapestedi Medvasiousmechprismp.nay Kesabed da nfwrther detgfRbelqwc hfoFues to
determ ne a i1 ze. CS| pX V| ¥ el f

deser i bed bEFBcitly ffjols ssbeBisPRl blfocmBRe U Be %A DBE AHREIME 6 -
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whi ch does npot ut%cil i ze CEDM but 1S c%%aaggl of adjusting its processing
based on CHPPRVed {SKMPErgIRANLe At desHor %% stem (e.g., as reported by
receiver system 150). Transmtter system 110a is one enbodi nent of the

transmtter portion of system 110 jn . .
MO Transmitter System with CSI Processing

[1035] FIG. 2 is a block diagram of an embodiment of a MIMO transmitter system

110a, which does not utilize OFDM but is capable of adjusting its processing based on
CSI available to the transmitter system (e.g., as reported ‘by receiver system 150).
Transmitter system 110a is one embodiment of the transmitter portion of system 110 in
FIG. 1. System 110a includes (1) a TX data processor 114a that receives and processes
information bits to provide modulation symbols and (2) a TX MIMO processor 1202
that demultiplexes the modulation symbols for the Ny transrhit antennas.

[1036] In the specific embodiment shown in FIG. 2, TX data processor 114a
includes a demultiplexer 208 coupled to a number of channel data processors 210, one
processor for each of the Nc transmission channels. Demultiplexef 208 receives and
demultiplexes the aggregate information bits into a number of (up to N¢) data streams,
one data stream for each of the transmission channels to be used for data transmission.
Each data stream is provided to a respective channel data processor 210.

[1037] In the embodiment shown in FIG. 2, each channel data processor 210

includes an encoder 212, a channel interleaver 214, and a symbol mapping element 216.



FIG 1. System 110a includes (1) a TX data processor 114a that receives and
processes information bits to provide nodul ati on synbols and (2) a TX M MO
processor 120a that denultiplexes the nodul ati on synbols for the NT
transmt antennas. [1036] In the specific enbodi nent shown in FIG 2, TX
data proce¥$Mi209¥84 i ncl udes a demul tipl exer 208 coupl ed PEHUSVH er of
channel data processors 210, one procgessor for each of the Nc transm ssion
channel s. Denul tipl exer 208 yreceives and demJI tipl exes the aggregate

information _bits into a nunb r of a, streans, , one data stream
for each of Bneeder2d3dpqeds 3A @H%Bﬁlﬁg@ ’f‘g’ a?]’s%&“f“o e degerved datastiieans By,

Each data stygga n'lcé WHRVd qﬁﬂmhrar aen&@aaﬂgcsbhefﬁe Gb 3Fr3ide d@dd%d PHIRC e Cifnal10.
[1037] In the enbodi ment shown in 2, each channel data processor 210

i ncl udes an intedeayer meter&amahmmdeﬂrhﬂérbla@dma particulaninteslegying s¢h qmpqs. ng

encodes ¢ ho BV APRBR. o aiakpiatoter AR e BRI @,

with a part lrﬁdﬂuﬁhoﬁ@m&lmﬂ:m]odmﬂamoptcbanndb.lsetbﬁﬁ'drabsmﬁhn@admktream
interl eaver 214 interl eaves t

bi t t I
i nt er | eavi ng1938enePilQl dat3(&8: H@aa "%q]!t’a;;t%miase@sr?{}&a o aﬂ nﬁﬁ%ﬂ%’f‘ﬁd 216
maps the int FH (a\pestebted %fbx%a‘ﬁon 'ﬁ&@' uirRd p@eessemﬁmt ilafa%ayf b tridsaiiged @0

channel used for tfransmtting the data stream 1038] Pil ot data (e.g.,
data of knovn aptime divigionrapltinlexsd M@a@m}aﬁoﬂlhﬁt @ ispbsek of theyransmigsion

processed | r&fn?r{rﬁ?st Jés%ﬂ 8! t}a'%snumﬁe e@%‘?dbéf\%/'; | 'i’l’-lefé Sidl : a{:&fh& "ROH B lijﬂeed

(e.g., 1in a V|S|onrrut|pex or a subset of
the transmi ssdeiver tacprafonmichanmsbebtimation,@s desctibedkelowf or mat i on bits. The pil ot

data may be at ,th rec 0 rf hal a
doseri bed bdieH [ 1038 v FERIY 2 e ¢ gt encoulh, i égg‘nghé@%&‘ﬂgﬁm ra

i nterl eavi NGomBiftioh eieredf) May b@hdjaste@bad&drmtthoavdiltabreemﬂl)(ermwshepmnugrt ed
based on the available CSl (e.g., reportg‘g recelger sysréﬁﬂn 150) In
one coding eYPRfl‘fﬂ‘SGWtﬁ'Pl bP)-- datfgeso a%ﬂdl e ?ft%’d?‘%]?ﬁmfesa aPHKE &Y 18,si ng
a fixed basg, b ubing PR sasé/c%deT .00 aGake)3 qra%@ebdestdna&d#aﬁwhe

puncturing to a | eUe TRe desired cods fate, as supported
transmi ssi ommttanm@ltousfénbvboﬂﬁthchhefa&at@ sypported by éhmeﬁi’ﬂ{ qfh ¢he

punct uri ng n er

codi ng and %ﬂ?%?lpgﬁﬁgﬁhmgd%%ﬁ# g‘:}geﬁ gogﬁﬂnthis%ﬁ r#r%wén@&omméigh%ﬁaésed on
the report epeffbimed-afterake vinnagl mmllaa\oﬂg ﬁmenmtheracodtngemdsmndqlathm snhdmd, wi t h
an i ndepend Wth this cel Ia i an"

d
recei ver (ef{l% gﬁﬁf& %W&?@‘W" ”@Bﬂ%% %ggl?eos"% : 8&gxamp ¢, cach of

the data streams may be coded with an independent code. With this scheme, a

t he

“successive cancellation” receiver processing scheme may be used to detect and decode
the data streams to derive a more reliable estirfxate of the transmitted data Streams, as
described in further detail below.

[1040] Symbol mapping element 216 can be designed to group sets of interleaved
bits to form non-binary symbols, and to map each non-binary symbol into a point in a
signal constellation corresponding to a particular modulation scheme (e.g., QPSK, M-
PSK, M-QAM, or some other scheme) selected for the transmission channel. Each

~ mapped signal pomt corresponds to a modulation symbol.

(1041]  The number of information bits that may be transmitted for each modulation
symbol for a particular level of performance (e.g., one percent PER) is dependent on the
SNR of the transmission channel. Thus, the coding and modulation scheme for each
transmission channel may be selected based on the available CSI. The channel

interleaving may also be adjusted based on the available CSI.



the data streans to derive a nore reliable estimate of the transmtted data
streans, as described in further detail below [1040] Synbol mapping

el enent 216 can be designed to group sets of interleaved bits to form
non- bi nary synbols, and to map each non-binary synbol into a point in a

si gnal cor¥082PRF84on corresponding to a particul ar nodul aRCHBSKRBEZ6E (e.g.,
QPSK, M PSK, M QAM or some other scWene) selected for the transm ssion
channel . Each , mapped signal point corresponds to a nodul ati on synbol.
(1041] The nunber of information bits that may be transmtted for each
nmodul ati on [184Zbol Teble hlipiaverieus eambirations of cpding gaterandemedulajion sshemeper cent
PER) is dep LSS L Thus, t codi ng
and nodul at@%@&h@n@gﬁﬁrﬁﬁh&gﬁgﬁsSirgRga néck?g{r%n%sgnlg% 1etljgteél @{:teg‘g’ based
on the avai traisiissioBl chafinel aiaynbelachiemed nisingvamg oneyofaksourhieer aclj pedsibde based .
on the avail ahl.e CSI . .02/ 093784 [ US02/ 14526 10-11042] . Tabl.e 1 |ists
various conftAT2Pations ofeo %ﬁagegar\d&f"éf 0 3G0FMe, « 595 pxamplenene infprmation i e \seq
for a numeﬁer%oﬁ}ﬁidn&?@ﬂﬁ)l midyebes Wi askiny (1)ratedin® rate A N/2 bhd@ GHYKSSI ONn

channel may be achi eved using anﬁ one of a nunber of possible conbinations

C : posSs

of coding rmedulaien. A godingdate of hBnand 8=B3K anoduiatien. @ha codingrateel Bhamd t per
nodul ation | NS| G ﬁﬂd’g Lat e / QPSK
nodul ati on, fé(/ a %F&S‘)tﬁég? gﬁg@qﬁ&gbggodﬁ @ Bge no g@’é‘%@&nﬁc%ﬁ% %’ codl ng
rate of 1/ 41,QRSK,16-QAM, and 64-Q4Mardnened fonthé histed SNRahnges d Dtigr mavtlalationd

nodul ati on schepe, In T S - nd 64- re used.for the
ated SR TOHRCsoct el PaBar QA 126 SR A B i e ol o8

128- QAM  anlithia thescopayf tht fiveldonused and are w thin the scope of the

i nvention. Table 1 SNR # of Information Mdul ation # of Coded Codi ng Rate
RangeBi t s/ Synbol Synbol Bi t s/ Synbol 1.5-4. 41QPSK21/2 4.4-6.41. 5QPSK2 3/ 4

Table 1
SNR # of Information Modulation # of Coded Coding Rate
Range Bits/Symbol Symbol Bits/Symbol

1.5-4.4 1 QPSK 2 12
4.4-64 1.5 QPSK 2 - 3/4
6.4-8.35 2 16-QAM 4 112
8.35 - 10.4 25 16-QAM 4 5/8
10.4-12.3 3 16-QAM 4 3/4
123 -14.15 3.5 64-QAM 6 712

14.15-15.55 4 64-QAM 6 231
15.55-17.35 4.5 64-QAM 6 3/4
>17.35 5 64-QAM 6 5/6

[1043] The modulation symbols from TX data processor 114a are provided to a TX
MIMO processor 120a, Which is one embodiment of TX MIMO processor 120 in FIG.
1. Within TX MIMO processor 120a, a demultiplexer 222 receives (up to) Nc
modulation symbol streams from N¢ channel data processors 210 and demultiplexes the
received modulatioh symbols into a number of (Nt) modulation symbol streams, one
stream for each antenna used to transmit the modulation symbols. Each modulation .
symbol stream is provided to a respective modulator 122. Each modulator 122 converts
the modulation symbols into an analog signal, and further amplifies, filters, quadrature
modulates, and upconverts the signal to generate a modulated signal suitable for

transrnission over the wireless link.



6. 4-8.35216- QAMA1/ 2 8.35 -10.42.516- QAMA5/ 8 10. 4-12. 3316- QAMA3/ 4

12. 3-14. 153. 564- QAM67/ 12 14. 15 -15.55464- QAM62/ 31 15.55 -

17. 354.564- QAM63/ 4 > 17. 35564- QAM65/ 6 [ 1043] The nodul ation synbols from TX
data processor 1l14a are provided to a TX M MO processor 120a, which is one
enbodi nentWOP2/9878EMD processor 120 in FIG 1. Wthin TXNARR/HBEessor
120a, a derultiplexer 222 receives (uf to) Nc nodul ati on symbol streamns
from Nc channel data processors 210 and denultipl exes the received

mmodul ati on synbols into a number of (NT) nodul ati on synbol streans, one
stream for each antenna used to transmt the nodul ati on synbols. Each

nodul ation synbol stream j ' 5 | nodul at or 122. Each
nodul at or 122 converts thivﬁ dt ﬁlqlt{e? te W. anal og signal, and
further anp[l0ddes, HGI 3 év & blogk dihgednmivfan embadimerof advitMOpeannmittet Systene

ignal to wdul i gnal suitable for. t i Ssi the
ot Doress 1 7 HIEC, Gesiest neiies A Ta AL hepatlo o7 MSNR & PrOERSHE b0 8 Bbrm v ¢
OFDM [ 1044] afi1gble TSIS Withth QCRX dad Graodssdl 184, tEiafbnBidn §ifs 18 bt Edhimitted

transmtter system 110c, which utilizes OFDM and is capabl e of adj usting
i ts processhidepuliipiessd intaea number of (intoddy) fregnency subchamaeli data seasese §8%r

114c, the i ' | ) ' i a
nunber of (%&P{)ﬁhﬁ%ﬁf#&%&%‘@ﬁ %u%%ﬁ%ﬁﬂéel% E(g%’t %séfls rrggén%%té %%ess%%%rn 'e?’m or
each of t hefrequeqeresubghanmioldedanstedam is pravidedde d réspectivadredudnay sutwhanmekddtan.
Each frequenc%/F 5;3;'1 hannel data streamis provided to a respective
frequency sPREREE: dat a processor 310. [1045] Each data processor 310
E r Oﬁ e; ses dpiogsy or mglﬁlgdascpﬂgmsdrr mﬂepm%ss&l tnailfaarmela Qésp‘e%tﬁ'e OiBlidenygt em
ac ata processoy e inplLenmepted simlar to TX data progessor
114a shown pybchinnel ‘thhth&E%ﬂ F&S‘%s#w, aEFaRfaceaM@ééW%SEBPIC’F‘%‘F‘EE!E%‘%

demul ti pl exﬁf ggd{'g&w&%&@swrpilﬂéesﬁoivHanFl@JLﬁ?n%r %?qgﬁglﬂedatéj?%ées%xr gggn i nto

a nunber of substreans, one substream for each Spatial subchannel
used for thinclhidesydemeljiplenerchatrdeniultipieren thedraguensly subchannel data hsgameintdied,

inter| eavednm%gg, dcfyﬁraqg Isubstreams, one substream for each spatial subchanne] used for the

frequency subchannel. Each data substream is then encoded, interleaved, and symbol

mapped by a respective channel data processor to generate modulation symbols for that
particular transmission channel (i.e.,, that spatial subchannel of that frequéncy
subchannel). The coding and modulation for each transmission channel may be
~adjusted based on the available CSI (e.g., reported by the receiver system). Each
frequency subchannel data processor 310 thus provides._l.(u;_)i to) Nc modulation symBol
streams for (up to) N¢ spatial subchannels. |
[1046] For a MIMO system utilizing OFDM, the modulation symbols may be
transmitted on multiple frequency subchannels and from multiple transmit antennas.
Within a MIMO processor 120c, the Nc modulation symbol streams from each data
processor 310 are provided to a respective channel MIMO processor 322, which
processes the received modulation symbols based on the available CSI.
[1047]  Each channel MIMO processor 322 demultiplexes tpe Nc modulation
symbols for each time slot into Nt modulation symbols for the Nt transmit antennas.
Each combiner 324 receives the modulation symbols for up to Np frequency
subchannels, combines the symbols for each time slot into a modulation symbol vector
V, and provides the modulation symbol vector to the next processing stage (i.e., a

respective modulator 122).




mapped by a respective channel data processor to generate nodul ation
synbols for that particular transm ssion channel (i.e., that spatial
subchannel of that frequency subchannel). The coding and nodul ation for
each transm ssion channel may be adjusted based on the avail able CSI
(e.g., repdvaeaoRw4t he recei ver systen). Each frequency POEFAISH2INS6 dat a
processor 310 thus provides. (up'to) N2 nodul ation synbol streans for (up
to) Nc spatial subchannels. [1046] For a MEMO systemutilizing OFDM the
nodul ati on synbols may be transmtted on nultiple frequency subchannels
and from nul [1048]e t MiMOriprocassoe hPQcsthus wiceivesans prbddsses the moddatidymbolshe Nc
nodul ati on synbol. strea .0m ea dat a rqces 310 are, pr.ovided to a
respective c RFR¥de I\WW\/B%P%'@% 5?5?16&2‘5‘,&%i€h81r 'fgi‘gg@s aue f%oéjuﬁé%is 801
modul ati on syegtee!fer baheranamitt sntenay.aiHaab IntodCRtion [sh¥al] vetre 'V ebverng lsinlleMO

processor 322 depultipl exes the Nc. nodyl ation synbols_for each fi sl ot
o NT rrod ie S5k yhessh Hmeat OnahaRodHEBR Pbeh VERRRY 5 assttedoMih dor 324
receives th | feddluf YubReRArdef Révi Uighi §db€sﬂ-§ 141D BfR2AB&IIS

conmbi nes th?pggggoﬁdu?gbfeach tierre \giliggta irllc?u(')3 a no g‘lngrili“(’)n synbol vec%nor V,
and provi dessynibol ismgaveyelon synbol vector to the next processing stage

(i.e., a r tiv ul,at . 7 1048]
M MO procesgﬁﬁsﬁmc%}(ﬁ'ﬁg %‘lgoc%ﬁ%ﬁ@%ﬁ%ﬁ%ﬁﬁ@?ﬁﬁgﬁéﬁﬁgrrb]f)l}e[s to
provi def NT niﬁd?\ﬂl&idrﬂ@nﬂzohbﬁdtom @Qttlu'osgthkt ftdm:iDﬂMO Vfdbesngmmmm#raﬁﬂemtosyrrbol
vector for each transmit antenpa. Eack tio ol. vect covers a
single tingnQgyptorsy aé‘%f@ngbp&‘re"ﬁfp“’StF ﬁ%‘ﬁﬁﬁﬁ@ﬁ@%’ﬁn@ﬂ%ﬂ" %&%@F i s

associ at ed Whbdulator 122 Ghdlides fACHVERE Fast Uiubian Tainsfoad | (FD 320 dide %ramar rier
on which the nodul ation synbol is conveyed. [1049] FIG 3 also shows an

embodi ment cengrsiny33e ndepapevertenidt. The nodul ati on symbol vectors Vi

t hrough VNt M ﬁ,-lp ' SOFHd Rt L

t hr ough 122t[flb$(g‘]spect [ vg%%ﬁﬁkﬁheagrﬁ%gﬁfﬁe%\ahgﬁgnmﬁﬁm FI é&%@&gggﬁﬁé
nmodul at or 12dbmaix reptessntation Kwhick és FefigrredRoasi apr O shsyahol) ¥singFIBFT3 2 FIcycl e

fi tor .322.. 324. 110 | FET 320
Bach 1 ecor veirian e SriigRrdy RHRT REYET B e/t PR REPREAEEE o1 i on
(which is ref el 8 dnd saonpnInCrvhisodithet) foriédch anddiilafion EyimBol va&or commertel

designed to performthe | FFT on apy nunber_of frequency subchannels (e.qg.,
J tg an OFDM symbol, cycle preﬁ% generator 322 repe.atsq a port.%n of the gme—doma.l g

representation of the OFDM symbol to form a “transmission symbol” for a specific
transmit antenna. The cyclic prefix insures that the transmission symbol retains its
orthogonal properties in the presence of multipath delay spread, thereby improving
performance against deleterious multipath e_ffec‘ts. The implementation of IFFT 320 and
cycle prefix generator 322 is known in the art and not described in detail herein.

[1051]  The time-domain representations from each cyclic prefix generator 322 (i.e.,
the transmission symbols for each antenna) are then processed (e.g., converted into an
analog signal, modulated, amplified, and filtered) by upconverter 324 to generate a
modulated signal, which is then transmitted from the respective antenna 124.

[1052] OFDM modulation is described in further detail in a paper entitled
“Multicarrier Modulation for Data Transmission : An Igea Whose Time Has Come,” by
John A.C. Bingham, IEEE Communications Magazine, May 1990, which is
incorporated herein by reference.

[1053] FIGS. 2 and 3 show two designs of a MIMO transmitter capable of
implementing various aspects of the invention. Other transmitter designs may also be
implemented and are within the scope of the invention. Some of these transmitter
designs are described in further detail in U.S Patent Application Serial No. 09/532,492,



8, 16, 32, and so on). In an enbodi ment, for each nodul ati on synbol vector
converted to an OFDM synbol, cycle prefix generator 322 repeats a portion
of the tine-domain representation of the OFDM synbol to forma

"transm ssion synbol" for a specific transmt antenna. The cyclic prefix
i nsures t hMO 83M# ansni ssi on synbol retains its orthogoRETUPRAAESt I es in
the presence of multipath delay spread® thereby inproving performance
agai nst deleterious multipath effects. The inplenmentation of ]FFT 320 and
cycle prefix generat or 322 is known in the art and not described in detai
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MIMO Receiver System

[1055] Aépects of the invention provide techniques to (1) process' the received
signals at a receiver system "in a MIMO system based on a successive cancellation
receiver processing scheme to recover the transmitted data, and (2) adjust the data
processing at a transmitter system based on estimated characteristics of the MIMO
channel. In an aspect, the successive cancellation receiver processing technique
(described below) is used to process the received signals. In another aspect, the channel
characteristics are estimated at the receiver system and reported back to the transmitter
system, which uses the information to ?djust (i.e., adapt) the data processing (e.g.,
coding, modulation, and so on). Using a combination of the successive cancellation
receiver processing technique and adaptive transmitter processing technique, high
performance may be achieved for the MIMO system.

[1056] FIG. 4 is a flow diagram illustrating the successive cancellation receiver
processing technique to process N received signals to recover N transmitted signals.

For simplicity, the following description for FIG. 4 assumes that (1) the number of



system and reported back to the transmtter system which then uses the

i nformation to adjust the coding and nodul ati on accordingly. The
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processi ng na ased on a channel correlation matrix inversion (CCM)
signal separation may be obtained if the transmitted signals are less correlated.

. [1058] The initial spatial or space-time processing step provides Nt “post-

i processed” sig,.nalsE that are estimates of the Nt transmitted signals. The SNRs for the
Nr post-proceséed signals are then determined, at step 414, The SNR méy be estimated
as described in further detail below. In one embodiment, the SNRs are ranked in order
from highest to lowest SNR, and the post-processed signal having the highest SNR is
selected and further processed (i.e., “detected”) to obtain a decoded data stream, at step
416. The detection typically includes demodulating, deinterleaving, and decoding the
selected post-processed signal. The decoded data stream is an estimate of the data
stream transmitted on th? transmitted signal being recovered in this iteration. The
particular post-processed signal to be detected may also be selected based on some other
scheme (e.g., the particular signal may be specifically identified by the transmitter
system).
[1059] At step 418, a determination is made whether or not all transmitted signals
have been recovered. If all transmitted signals have been recovered, then the receiver

processing terminates. Otherwise, the interference due to the decoded data stream is



techni que, a m ni num nean square error (MVBE) technique, or sone other
techni que. The space-tinme processing nay be based on an MVGBE | i near

equal i zer (MVBE-LE), a decision feedback equalizer (DFE), a

maxi mum | i welo2/oends sequence estimator (ML.SE), or sone. op&EUSt2aesi que.
Some of these spatial and space-tinme pyocessing techniques are described
in further detail below The anpunt of achievabl e signal separation is
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at the received antennas if the components due to the decoded data stream had not been

‘transmitted (i.e., assuming that the interference cancellation was effectively performed).

[1061] The processing performed in steps 412 through 416 is then repeated on the

Nr modified signals (instead of the Ny received signals) to recover another transmitted

signal. Steps 412 through 416 are thus repeated for each transmitted signal to be

recovered, and steps 420 and 422 are performed if there is another transmitted signal to

be recovered.

[1062] The successive cancellation receiver processing technique thus performs a

number of iterations, one iteration for each transmitted signal to be recovered. Each

jteration (except for the last) performs a two-part processing to recover one of the

transmitted signals and to generate the modified signals for the next iteration. In the

first part, spatial processing or space-time processing is performed on the Ng received

signals to provide Ng post-processed signals, and one of the post-processed signals is

detected to recover the data stream corresponding to this transmitted signal. In the

second part (which needs not be performed for the last iteration), interference due to the



stream previously transmtted fromone of the NT transmt antennas and
received by the NR received antennas. Thus, the renodul ated synbol stream
is convolved by each of NR elenents in an estinmated channel response
vector h, @ @BReiNe NR interference signals due to the rpefysiAdse
transmtted signal. The vector h, is g particular colum of a (NR x NO
channel coefficient matrix H, which represents an estimte of the M MO
channel response for the NT transmt antennas and NR receive antennas at a
speci fic tinRcoRRlUathiteim " BYXah@lcdefrbr i RRERED Sfnilh t@desveInolified sinaRi t t ed
along with the data. The NR interference signals are then subtracted from
the NR cor r depiosdhergeovetediopponing ranayedt o derive NR nodified signals, at
step 422. Thes. ifi .S - i . t irwed
nt ennas | 1 PREUEIA oefEeimndlfend HRE AGER0n b Ing [UONE gl iR BRE RED
transm tted egpressed amssumi ng that the interference cancell ation was
effectively perforned). [1061] The processing perforned in steps 412

t hrough 416 is then repga ed on the NR nodified signals (instead of the NR
received signals) to rlecoyer another transmtted signal. Steps 412 through
416 are thus repeatgd Gr |each transmtted signal to bequgpovered, and
steps 420 and 427 are peMiorned if there is another transmtted signal to
be recovered. [1062] The successive cancellation receiver processing

t echni que thus perforns™a! number of iterations, one iteration for each
,transmtted signal to be recovered. Each iteration (except for the |ast)
perfornms a twierparis thervectes of Ng rdceived sigals amhe isfthet veetor bf N suput siguals fagnal s
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cor respondi nghitlomaphbsexpressedastt ed signal. In the second part (which needs
not be perfornmed for the last iteration), interference due to the WO

02/ 093784 PCT/ US02/ 452 16 decoded data streamis canceled fromthe
received signals tojderiive nodified signals having the recovered conponent
removed. Initially,_Jt®e|input signals for the first iteratiogggge the

recei ved signal s,"whi o¥i{may be expressed as: rl =r=r1r 712

1
XN,
where X' is the vector of Ny post-processed signals from the first iteration. The SNR of

the post-processed signals may be estimated, which may be expressed as:

v =7 V25 o ¥, Eq (3)

[1063]  One of the post-processed signals is selected for further processing (e.g., the
post-processed signal with the highest SNR) to provide a decoded data stream. This
decoded data stream is then used to estimate the interference i' generated by the

recovered signal, which may be expressed as:

=]z Eq (4)



M rNo Eq (1) where r is the vector of NR received signals and r' is the
vector of NR input signals for the first iteration of the successive
cancel l ati on receiver processing scheme. These input signals are linearly
or non-| i ng@rdaePepcessed to provi de post-processed si gnapsriusodiusde may be
expressed as: Eq (2) where x' is the yector of NR post-processed signals
fromthe first iteration. The SNR of the post-processed signals may be
Fstinated whi ch may be expressed as: Yl =[Yl , Y2' ..." YNr ] Eq (3)

1063] One qof the post-processed si | s |s.selected for rt rocessin
(e.g., the TyEdntEs ?rsa@sse&tg fracid Fro empg‘h@g?ﬁgﬁﬁ?r Lol iighatign °

decoded data strea oded data streami.s then ed to estl mat e t he
i nt er f er encd® fer éﬂ%‘}‘g‘?‘gﬂ F\'écomrpé‘é‘b&’@ﬂ’gﬂl §‘5’§)‘H5(F°t°§/\ﬁzl g‘?‘\'q"w AhEeralit essed

as: Eq (4) he interference 1l is then
subtracted ﬁ?ﬁ}éﬁ%@{%ﬁﬁgﬂa& %%ées‘f%%msyd%or this iteration to derive
modi fied signals that conpfise.tRhe input signal vector r2 for the next
iteration. The interferencé cé\ndel | ation may be expressed as: 1j-il |

r2-i2 il ' 2 =r, J Ir! 7Y NR - 1NR
_£2=!l—'il= I, ¥ i fl Eq(S)
M
rNR—lNRH

[1064] The same process is then repeated for the next iteration, with the vector r’

comprising the input signals for this iteration.
[1065] With the successive cancellation receiver processing scheme, one

transmitted signal is recovered for each iteration, and the SNR for the i-th transmitted
signal recovered in the k-th iteration, y', may be provided as the CSI for the
transmission channel used to transmit this recovered signal. As an example, if the first

post-processed signal x! is recovered in the first iteration, the second post-processed
signal x? is recovered in the second iteration, and so on, and the Ny-th post-processed

signal xNT is recovered in the last iteration, then the CSI that may be reported for these
recovered signals may be expressed as: ¥ = [¥1, 73, ,{‘,’; 1.

[1066]  Using the successive cancellation receiver processing technique, the original
Nr received signals are thus successively processed to recover one transmitted signal at
a time. Moreover, each recovered transmitted signal is removed (i.e., canceled) from
the received signals prior to the processing to recover the next transmitted signal. If the
transmitted data streams can be decoded without error (or with minimal errors) and if
the channel response estimate is reasonably accurately, then the cancellation of
interference due to previously recovered transmitted signals from the received signals is
effective. The interference cancellation typically improves the SNR of each transmitted
signal to be subsequently recovered. In this way, higher performance may be achieved
for all transmitted signals (possibly except for the first transmitted signal to be
recovered).

[1067] The possible improvement in SNR for the recovered transmitted signals
using the successive cancellation receiver processing technique may be illustrated by an

example. In this example, a pair of cross-polarized antennas is employed at both the



Eq (5) [1064] The sane process is then repeated for the next iteration,
with the vector r2 conprising the input signals for this iteration. [1065]
Wth the successive cancell ation receiver processing schene, one
transmttegoo2@v8Bs i s recovered for each iteration, and tper/GhiRiaasy the
I-th transmtted signal recovered inighe k-th iteration, y,' , may be
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transmitted signals will be poor due to the correlated interference from the other antenna
with the same polarization. As a result, the capacity of the transmitted signals based
only on linear spatial processing will be severely constrained by the correlated
interference signal.

[1070] When the eigenmodes for this example MIMO channel are examined, it can
be seen that there are only two non-zero eigenmodes (i.e., the vertical and horizontal
polarizations). A “full-CSI” processing scheme would then transmit only two
independent data streams using these two eigenmodes. The capacity achieved in this

case can be expressed as:
Capacity = 2-log,(1+ 4,/ 6?) ,

where A, /o? is the ratio of received signél power to thermal noise power for the i-th

eigenmode. Thus, the capacity of the full-CSI processing scheme for this example

MIMO channel is identical to the capacity of two parallel additive white Gaussian noise

(AWGN) channels, each having an SNR given by 4, /0?.



conponents of the pair of cross-polarized received antennas and processes
these four received signals. The received signals on the vertical elenents
of the cross-polarized antennas are highly correlated, and the received

si gnal s onwiohpobPsd zontal elenments are simlarly highly perushaied. [ 1069]
When there is a strong |inear dependemce between two or nore transmt-

recei ve antenna pairs conposing the M MO channel, the ability to null
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polarization of the second cross-polarized transmit antenna may be recovered at an SNR
that is (theoretically) limited by thermal noise power.

- [1073] In the above example, removing the interference from the vertical
polarization does not impact the SNR of the two signals transmitted on the horizontal
polarizations. Thus, the successive spatial processing and interference cancellation are
similarly applied for the two signals transmitted on the horizontal polarization. This
results in the first recovered signal on the horizontal polarization having a low SNR and
the second recovered signal on the horizontal polarization having an SNR that is also
(theoretically) limited by thermal noise.

[1074] As a result of performing successive spatial processing and interference
cancellation, the two transmitted signals with low SNR contribute little to the total
capacity, but the two transmitted signals with high SNR contribute in a significant

manner to the total capacity.



[ 1072] However, by applying successive spatial processing and interference
cancel l ati on, the SNR of subsequently recovered transmtted signals can be
i nproved. For exanple, the first transmtted signal to be recovered may be
the verti cqalo P@bskd zation fromthe first cross-pol ari zedptT/89@NMus26ant enna.
If it is assuned that the interferenceo cancellation is effectively
performed (i.e., zero or mniml decision errors and accurate channel
estimates), then this signal no longer (or mnimally) interferes with the

remaining three (not yet rapaVBispdkivt hidPipetdive Chailss. Renoving this
vertical polarization interference 1nproves the on the ot her not yet
recovered silyWal tPifesent tf@@ﬁ’ecﬂﬁldt(ﬁessiﬁé}‘)tW%thﬁip%sﬁﬁ&ﬁ?}@ﬁlesT‘P?é’ be used
cross-pol ar 31% 'dmgdmk%hmgteems ap bQ:haltPlﬁl Fk%élf—‘ﬁfa berch&Jaéténﬁdea' e
exanpl e, e. two signals transmtted on the horlzo tal polarization
do not int ereitherarmedlspetdwet hedxspegsmd sAtmrthspersn@dl\WQ ﬁBanireDtpmnceS flat

pol ari zatio wth effective.i gnal
t r ansni ttedr}?)(Hn% E@ \f@ﬂl‘?”(‘f&lﬂm B‘gl %ve{%c{ﬁ?é @F gbg %hi@@?{ glgn t;;1(‘)3I r‘%led
transmt anthandeidimeg nbﬁowe@pdieﬁe@ﬂv@MHﬁlm cﬂi&ﬁlelbhﬁdnen&s(ﬁehemc?hbmélbq@ve

limted by thermal nqjse [1073] In the bove exa removi ng the
interfer encéadmg)(ﬁghélffmnf ﬁ@ﬁ}mt ‘}fd‘l‘tﬁ atgn AERSY 8§y§’|‘?ﬁl bP%@@)’t‘ﬁlHC}Sﬁﬁ of the

two signal s yergds F‘i‘kél?r%e‘ﬂﬁhé E')%téﬁ%énﬁ%tﬁhs wmélaﬁﬂ'f&aéehﬁiﬂsopefahﬁ§ codi$ons

successi ve Spat I a ocessli ng and i nterference cancel at ion are simlarl Yy
applied for and@nmmmngmalrbe @u@nssmetqae@blbhon resetyer Progessiag tpabinigue £an ibsn.

This  resul b di bl Lol SEOKSL el 0Rd Aibdh MBIDAAAAL POl ari zati on

havi ng a | ow e secon r ecover e ”IOI’I zont al
pol ari zat i onf10%6Yi ngFana Sbirdishekive sMHPI@ocha(mdi,ehn@hspaiaﬂ y}odessm'g wedhibgueasher mal

noi se. [1074 rformn ccessive spat.ial processing and
|nterferencél‘dbé?l?é‘?lﬁzﬁr‘gn%{{ﬁ gltr“gﬁz TGS ngﬁC eéﬂ%"?gvprgﬁ
contribute |detdoliflatiéh taR8 deRbdihg. CTREEI lidear iphtidl hprotakBing I testmiuet edaysitgnal s
with high SNR contribute in a S|]9n|f|cant manner. to the taotal capacity. WO

02/ 093784 P@mplsssé/am@zecelm tBHl DPEihe Bsiapied HEnE 5 4P Fiayniz i Tefeived1 075
Di T1erent fgt%hrﬁ%- g{ésife ES: PtuQ'nx)se tr§tﬁﬂﬁﬁ9a&h &%%ﬁét nf \%gﬁﬂﬁﬁx ﬂﬁ@ipré%@ndésed

dependi ng on aracterfstics o channe
charact eri zed wise end hnterferonced fmmetml othensighalspehe \abilityA tﬂmﬁfedﬁl@@emﬂve

M MO h I fl di
IR e e et e
di spersive Nhékareiaivach thx pemnelnwefficiene enaaixc ﬂ’lalrﬂemﬁ'lhesthe\lcﬁxannel response

between the transmit and receive antennas. The successive cancellation receiver

processing technique (e.g., with CCMI or MMSE) can be advantageously used for non-
dispersive MIMO channel.

[1077]  For a dispersive MIMO channel, time dispersion in the channel introduces
inter-symbol interference (ISI). To improve performance, a wideband receiver
attempting to recover a particular transmitted data stream would need to ameliorate both
“crosstalk” from the other transmitted signals as well as inter-symbol interference from
all of the transmitted signals. The successive cancellation receiver processing technique
can be extended to handle dispersive MIMO channel. To deal with crosstalk and inter-
symbol interference, the spatial processing in a narrowband receiver (which handles
crosstalk well but does not effectively deal with inter-symbol interference) may be
replaced with space-time processing in the wideband receiver. In the wideband
receiver, the successive cancellation receiver processing technique may be employed in
similar manner as that described above for FIG. 4. However, the spatial processing

performed in step 412 is replaced with space-time processing.



fading (e.g., different amobunt of attenuation across the system bandw dth),
which may be nore likely when the system bandwidth is wide and for certain
operating conditions and environments. The successive cancellation

recei ver pwoaessi7eg techni qgue can be advantageously usedpé€musdzauses

non- di spersive and di spersive M MO channels. [1076] For a non-di spersive

M MO channel, linear spatial processing techniques such as CCM and MVSE
may be used to process the received signals prior to denodul ation and
decodi ng. TheEms) ! i Naane eAdotitden) 2QMVISE Migat efializey (VBVSELE) tnay bepksay fod  at
the receiver to null out the undesjred signals, or to ximze the received
si gnal - t o- i ARGHRES-HAE PIPACERNg B, %\EldPWde‘E?Fveéai’iﬁméfth@( an%‘ﬁgtt?‘i e, ©egnal s
in the pres i ' Nghcdl r n r h @4 ' I e

abi 11Tyt o GRS, drotatng "kl sl R Ul Sl Hraplie for i

si gnal -t o- i magowbandrahenpl.udHomevereeacht Tiller Wphinnlie spasighprogessordagludasaneren i n

the channel coefficient,matri.x at crlibe .

bet ween t he RFMEPP: %§n%es$rébcegi1{}§‘ux£ élﬁ%g?ehl‘ﬁe%g%g@\é{ggﬁ'\'/@e?égglﬁg%oﬁgﬁ |g%n
recei ver pregfetbei fofusecialspadgiiing progessingivttien @ié\thaanel biihdtecdn., e channel
advant ageousl y_used for .non- di spersive M MO channel. [1077] For a

di spersi ve KGPRificieRbmakix B} areacqyraer sion in the channel introduces

i nter - synbolyyg7ey er f Gr SR8Rr emBbdimeR al dBBIsRYTebatIO 4RSS (DFE S RNsked
receiver attenpting to recover a particular transmtted data stream woul d
need to anelfetgt epabetime propessiog At khe tridabanchaccsiver TheaREHi 6 t280% 1186 s as
wel | as intef ﬁach”éﬁb?l%at'igte?fefcﬂee?&ecﬂaﬁlﬂéﬁ v s er%]% iiﬁﬂ@smtt)x%ﬁg a?idgﬁﬁss- The
successi ve cancarl atlon Fecelver processing tec nlgue can be extended to
handl e di spelkesision féddbizkctoaanel intéiterehealfrom $ymbmlothat eivk abieadlyibaeredetectgdrbol-

i nterferenc the spatial processjng in a narrawband r.ecei . G
handl es cr gg@f’gﬁ? S(%@?’P c%ﬁe gqggéeil%?hog? PrRYe ??fe"( I&E‘é’l‘”\/ﬁr’foﬁs\sfth?é% %r)'/l fibol
i nt er f er encgympBslinReferenePfetettedbyt the siddslatiér syentRisHeBsHonding o theelevodddband

receiver. In the w deband  receiver, the successive cancellation receiver
processi ng t%@%ﬁs&%?é’h?ﬁfe%ve@hiﬂnﬁi}% in simlar manner as that described

above for Flipget HAWGUEhnothdlC emBétimdht, Y YR fmbMdike Yol OfedBéhck Nesibfafbrd 12 i1 S
repl aced with space-tinme processing. WD 02/093784 PCTI US02/ 14526 21 [1078]

I n one enbod M) may bevsed for theapacsefina¢ proeessinBAVBE- LE) may be used for the
space Ui e RRETSS! Sk e alh IAPSRAalRRRLY Shey HEDO o ool FabsbChyl aue

the space-t processi Nng assunes sim m as processi ng
for the nardegratiativgh inh@rfoshanctiomer ehanneloestimiates latecrot hapéeurate. t Tike PpEtand|
processor 1 W?gch%ﬁlgs are described in further detail by S.L. Ariyavistakul et al. in a paper

entitled “Optimum Space-Time Processors with Dispersive Interference: Unified

Analysis and Required Filter Span,” IEEE Trans. on Communication, Vol. 7, No. 7,
July 1999, and incorporated herein by reference.

[1082] Adaptive transmitter processing based on the available CSI and successive
cancellation receiver processing may also be advantageously employed for dispersive
MIMO channels. The SNR for a recovered transmitted signal from the output of each
space-time processing stage may comprise the CSI for that transmitted signal. This
information may be fed back to the transmitter to aid in the selection of an appropriate
coding and modulation scheme for the data stream associated with that transmitted

signal.

Receiver Structure
[1083]  FIG. 5 is a block diagram of a receiver system 150a capable of implementing

various aspects and embodiments of the invention. Receiver system 150a implements




than one tap, as described in further detail below The MVSE-LE technique
Is nost effective for use in space-tine processing when the channel
estimates (i.e., the channel coefficient matrix H) are accurate. [1079] In
anot her emyei2/¥6s¥ks a decision feedback equalizer (DFE) npyr/BSoaused for

t he space-tinme processing at the w deband receiver. The DPE is a non-Iinear
equalizer that is effective for channels with severe anplitude distortion
and uses decision feedback to cancel interference fromsynbols that have
al ready beemedgicestiod -candellafidit redaivar piot&sitig as¢hnifie d8Gecteet Wid Fseblerethe or s
(or with mnimal errors), then the inter- synbol interference, generated by
t he nodul at kremsmzifteeh signalsor Fles pensmitied signalh &foge fipitn) Ny densoyt @ateRRa 4e

effectively hed. 1 I t mpodi gan :
maxi mum | i kéﬁ%?ﬁ’ggc}%s8a%e§§§}yé§ﬁe>r{r‘g%ogﬂ( {})E@gi may Ag@ %J%ué%i %%ra {eﬁgecuve
space-ti ne gemodiston (DEMOIB1154TlwkidDAE alsodeforB t¢ es hrfiogtrend prgessediud®r or

possibly elimnate the degra I on i n perfaormnce when. nne tipates
are not as ﬁé?f’ﬁﬁ&tr@f’e‘ﬁén iﬂ%‘ mﬁlé"éeﬁlgc%ﬂwg‘ﬁ s° a?@salétgerc]d? T ags fr?])mf lgjnrit her
detail by Snbmbé¥dfttansmitadatdnngy, add reckive anteMRel52r &yl dilnélakly fotivenmmaltiple

Space-Time Processors wth_Dispersive Interfg,r,enc X U%hfied Aneﬂf. si s and

Requi red Fi treeymitipdh signals peifack, dulgter dafRoRAitign prs and agpphifigs) a5, y
1999, and i AGRLRIE g%gﬁvwgigha, RYwhSERNER: cdnbiBRAbd ALARE b/ An tihRRRKiAk €T

processi ng e avadl lable CSI and successive ~ cancel | ati on receiver
processi ng rimguency ®rmseliudnany digitizes thengowncorverted signapde prayéde gamyples.

channels. T SNR for._a recaqver 1 .ited si J -t of
each spaceig?mgerﬂ?%‘g%tgrs ilﬁg ]%alyatggh%‘%%?z%ﬁel §1éa %a&@?é@g& lrtt?g]ré{%éetgu]%@gntgm tted
si gnal . Thi.gendritt 0f N&feamn offesecdieed enbdudation t oymitivds, t which nist peavided & RXn t he
selection o @E@p&‘ro&ri atﬁ codi ng and nodul ati on schenme for the data
stream assodf ARDFPECEIREL 59 r ansmitted signal . Receiver Structure [1083]

FIG 5 is a[fgagk ofaorem of eRplo§seFotethe Sdosd emskifiors apeldldemodiulatopl1saent i ng
vari ous aspects and enbodi nents of the invention. Receiver system 150a

i npl enent s ettez pedemBpreeTiusoanplgnaBary o thah geermed dyimAuaec R sheyen
recel ver pr G PRSI 101 RENMUSALRCH Bed EERIUELATCRBCOPATT BcekbARBIUIGAY
signals. The transmtted srgnals from(up to) NI transmt anteénnas are
recei ved by tiemgenaratehRransformeth septcs@utatidns cafcthe SBmples add rpsoides 2 gtream of
respective

modulation symbol vectors. Each vector includes Np modulation symbols for N
frequency subchannels and one vector is provided for each time slot. The modulation
symbol vector streams from the FFT processors of all Nz demodulators are then
: provided to a demultiplexer (not shown in FIG. 5), which “channelizes” the modulation
symbol vector stream from each FFT processor into a number of (up to NL) modulation
symbol streams. For the transmit processing scheme in which each frequency
subchannel is independently processed (e.g., as shown in FIG. 3), the demultiplexer
further provides each of (up to) N modulation symbol streams to a respective RX
MIMO/data processor 156.
[1085] For a MDMO system utilizing OFDM, one RX MIMO/data processor 156
may be used to process the Ng modulation symbol streams from the Nr received
antennas for each of the N frequency subchannels used for data transmission. And for
a MIMO system not utilizing OFDM, one RX MIMO/data processor 156 may be used
to process the Ng modulation symbol streams from the Ng received antennas.
[1086] In the embodiment shown in FIG. 5, RX MIMO/data processor 156 includes
a number of successive (i.e., cascaded) receiver processing stages 510, one stage for

each of the transmission channels used for data transmission. In one transmit



denodul ator (DEMOD) 154 (which is also referred to as a front-end
processor). For exanple, receive antenna 152a may receive a nunber of
transmtted signals froma nunber of transmt antennas, and receive
antenna 15&ipg3Ryss4 Ml arly receive nultiple transmtted pepgshpqesdwach
denodul ator 154 conditions (e.g., filgers and anplifies) a respective
recei ved signal, downconverts the conditioned signal to an internedi ate
frequency or baseband, and digitizes the downconverted signal to provide
sanpl es.  EpgdtesaipostnbmbObnelda §Reant W friiRfittbanatdedchttankMfsida FRAGR], ingh a
received pilot to generate a stream of received nodul ati on synbols, which
i s provi dedeach mxta RireADl diat indenesdentlyoproeswged [(€@g4Withf it ic8CedRg APed f or

the data tr 1,581 C d f.orns, pn i ng
conpl enent a%b%tmgﬁﬁ ﬁgs?h%gé?f %hrdrjrg?s g‘y{t%fo%fré? g‘rresﬁfg%‘;égﬁgl\}\sﬁg{ iaﬁ{e ngaG F??? :qﬁlﬁn this
case, each danomitlpadaessiddctiene| tebesuralver RETdate sresssois €quek tos Hhevmimber et

generates transfornmed representatio t he sanpl es .an rovi d stream
of nodul at TGRSTESHEYF at?@'%f’o‘i" ch angﬁggﬁ%puﬁglog%&smﬁ a%B‘E'lﬁs éftsef(f;%r g?/tﬁbol s
for NL freqdRisivsisn poRiah melySedd SutRBieof 1R odilabk Baneittetbnhay). &R loldrityre
slot. The nodul ation synbol vector streans fromthe FFT processors of all

NR denpdul afet MIMQ/datsgfpcespnlides descabed 198 i FAMSMEREPCEPHRE S8fBHn in FI G
5), which . gpgﬁge' '.E%ﬁ"re pfé{ Egg&kﬁkdfgagesﬁyfmeépt Y& GhePhstSidee 3T0d) imasah FFT

processor nunber o pto modul atiron synbol “streans. For the
transmit pr cbasel MEMEY dasarprocessoini2Orcouplet tf ancigtesiarepce eanbelles A4 ang she last

I ndependent | 066 . ' h | o

further  proviPaBeTORIRTES Bufy ersticuABWCyddlh prskeesch sach” SEACHY i et
respective ocedid¥tagd S0 clemad VIIMBfdatd fro8dshorFiz0a acdelvieDasd ptoeesses thei zi ng
OFDM one RX. M dat a processor 156 e used,t rocess .the NR

nodul ati on %\{Bnﬂll\?!a‘léfl?‘béﬁrﬁg? r SRR r‘f@k%@ﬁ@@ff ?%"i‘t fg’ﬁ(ﬁ"&g fs?)‘f' tQ PERVidS 2 e N
frequency subediRa agtaSstieantof Be fildt Parfsmaisioni chareD (orAne fifsd trananiltbd/Eigaatyt em.
not utilizing OFDM one RX M M) data processor 156 ma)é be used to process

the NR nodulfmd foneashras she seeenchtfirough dast stages iROp Bueushed Varthepred MIMAMGaE] | n

t he enbodi [ I r S : ' a
nunber of g@?‘%&?@?\\ﬁo (f ?r g{a&tgg%géagﬁg%% h@e@@%%@% %(réﬁkeg{soidﬁggss g%glsjage%gl,s one
stage for danhthefintenferencanmcelesiiothecpracadingsstagead detive daleeoded alatandteegiion. | n

one transm tfor t\qg tr%rzlénq]'gsglgg %h:ﬁ)%y l:%?r?gzér%égggd by2 ghat stage. Each channel MIMO/data

processor 520 further provides CSI (e.g., the SNR) for the associated transmission
. channel.
[1088] .= For the first receiver processing stage 510a, interference canceller 530a
receives the Ng modulation symbol streams from all Nr demodulators 154. And for
each of the second through second-to-last stages, interference canceller 530 receives the
Ngr modified symbol streams from the interference canceller in the preceding stage.
Each interference canceller 530 also receives the decoded data stream from channel
MIMO/data processor 520 within the same stage, and performs the processing (e.g.,
encoding, interleaving, modulation, channel response, and so on) to derive Ng
remodulated symbol streams that are estimates of the interference components of the
received modulation symbol streams due to this decoded data stream. The remodulated
symbol streams are then subtracted from the received modulation symbol streams to
derive Nr modified symbol streams that include all but the subtracted (i.e., cancelled)
interference components. The Nr modified symbol streams are then provided to the

next stage.



processi ng schenme, one data streamis transmtted on each transm ssion
channel, and each data streamis independently processed (e.g., wthits
own encodi ng and nodul ation schene) and transmitted froma respective
transmt awoapessdqor this transmt processing schene, tper/osoraes2eof data
streans is equal to the nunber of transm ssion channels, which is equal to
the nunber of transmt antennas used for data transm ssion (which nmay be a
subset of the available transmt antennas). For clarity, RX M MJYdata
processor 1§589% daadIGh&da fcoitrdlier $40 ﬁ?MnLcthdeemngdm.prQMT] Each
receiver processing stage 510 (except for the |ast stage 510n) includes a
channel M Nésgé‘?ﬁ Yo be vs&st t%@’&“&d pusgstens mnthe %W%Y%%@é%éz%éﬁc&er 530,

and the | astyocalsfpeerbfified BEpldeRSoranky channel M MJ data processor 520n.
For the first receliver processing stage 510a, channel M MJ data processor

520a recei vEW99hd FFl6e Ssshosvst heeceNRr Hiseningt thenmay e dised in dastenightigryard

denodul at or 5 0. QL. ]@g ; ﬁl@ﬁ] r. the
first trans%‘aégé%ﬁﬁga#ﬁreqa%( sﬁfea{nh%%aﬁérls 9%5%@%9%9%@?{3{2%%% na](cjei‘ﬁar each
of the seconfe tinaugimlcagtspehdige so Bdohhtranknited signd)n,In chiscase| edvhvEreaiieer a
processor 520 for that e receives and processes,the NR nodified synbol
streans fr SIRCEFSG $ees SL(?g'ﬁé(ebec%R%aé‘Fq gc}rqcﬁve(rhcgmep é@%&ﬁaﬂﬁuéﬁﬁgnﬂg a&éri ve a
decoded dat arfdeafiddedoded Bite sirdanl\Sotiesisondingad eHetedoverRd higndmiaeesiged. by t hat
stage. Each channel M MY dat a rocessor 520 further provides CSI

. . (e.g.,
Lhe SNR) T o098 o dErscRame® (PUhor a RaWHISES BRpessitea tAemesy FOSBR MEAM (T P o
receiver pr i A b bier I IR R t he
NR nodul at i %ﬁ%@#ﬁ%léée?%ggnéﬂf F%]%Flgnﬁrﬁﬁé}gﬁféﬁﬁlegﬁoﬁg&&A An% forﬁﬁgach of
t he second titervalyhtosprovidd- petidl afrequenayeand time edivessityn gespeetivnety. | dior 3hepe

receives the, NR npdified nbol si.r. ' r ler in
the.pr eced AGERagR: ooeler BokrSing b ARLRertVeR it Bfel B B0 RaSbcORER C
decoded dat forstheemamshritiad silgaainel eaddl ividisedt antpuracefssawh fr&fhendyt kibcharrel.sane
stage, and rfornms the processi e.g.,. encoding, interleaving,..

modul at i on, Reagulzsion s e,larﬁgré?ulanﬁg@%ﬂaﬁ)aﬂ%naaeﬁ?wsgwug?*@ﬂaﬁh|aa?/§8“§§nbm
streans thatyghelsealayMBé Soninddnéh | N icBpRIRAGEy GRMENaRt theOllehilbplekigei ved
nmodul ation synbol stieans due to this decoded data stream The renpdul ated

symbol st r egeformed attihe: trangmitterctysi§mt r Bhg strrany elceambinedmadulationosyhphnis|
streanms to ri 14 AH i nclude all but the
subtract ed 6&3&@&%@3@%@&@ ?\%é@@é?g%ég cor%%%éﬁfs. The NR nodified
synbol streans are then provided to the next stage. WO 02/093784

PCT/ US02/ 14526 Spatial Processing Technigues for Non-Dispersive Channels

[1092] As noted above, a number of linear spatial processing techniques may be
used to process the signals received via a non-dispersive channel to recover each
transmitted signal stream from interference caused by the other transmitted signal
streams. These techniques include the CCMI, MMSE, and. possibly other techniques.
The linear spatial processing is performed within each channel MIMO/data processor
520 on the Ny input signals. For the firstl receiver processing stage 510a, the input
signals are the Ng received signals from the Nr received antennas. And for each
subsequent stage, the input signals are the N modified signals from the interference
canceller from the preceding stage, as described above. For clarity, the CCMI and
MMSE techniques are described for the first stage. However, the processing for each
subsequent stage proceeds in similar manner with the proper substitution for the input
signals. More specifically, at each subsequent stage the signals detected in the previous
stage are assumed to be cancelled, so the dimensionality of the channel coefficient

matrix is reduced at each stage as described below.



24 [1089] In FIG 5, a controller 540 is shown coupled to RX MEMJ dat a
processor 156 and nmay be used to direct various steps in the successive
cancel l ati on receiver processing performed by processor 156. [1090] FIG 5
shows a regeMRbses ructure that may be used in a straight porssed4szeanner
when each data streamis transmtted ever a respective transmt antenna
(i.e., one data stream corresponding to each transmtted signal). In this
case, each receiver processing stage 510 may be operated to recover one of
the transm [109d] Si gRal FIMOsysRIPWitH &Nt thaisia eatkanastaidaN:s teceiasramteras sthondi ng
to the recovered t_ransm'ttec?] signal . [1091] For so other transmt
processi ng &§sbied signgls GWQOEWP@%@%W%@VC?W&WW G COREFSCHBY t i pl e
transmt antennas, frequency subchannels, and/or tinme intervals to provide
spatial, frequenay=Hxrdatine diversity, respectively. For thBa€) schenes,
the receiver processing initially derives a received nodul ati on synbol
stream for whg fiQiRetditell Sindioklveqior @G thd Nark vedtonodtpmnizomfthe MIMO
frequency subchannel . NMbpdul ation synbol s ;ﬁr. ﬁ}él hlrg’lgf %ﬂ%@qﬂsmt ant ennas,
frequency sGpemshasAeived gy theppsaive qninaps)oilds g rhanie! cogigiont gnatnx, X 1s

conpl ement akye ERIRGedymbBE Ve 4 | ﬂE%PQeech{r&ﬁﬂ@%@LﬂM@cﬂabﬂﬂﬁ Ehit er
system The stream of Conbi ned nodul ation synbols is then processed to
provi de t he ndis $nNral oectarrepresentiagmaise plus anieresprge; dihe mpesived SYRBCITEERRE ques
for Non-Dis ' ] i

spatial pr o@@@‘%"%%@@‘ﬂﬁ%ﬁ%@% ff)@ Ntr%?}eg? tsg&g}r«%g gga slq# ?geirgf gfrl\tg%lﬂédgr%g% ei ved
vi a a non- dispgifistime stdtarSimilatyy theganseittasiagyimbot vepten inchwdes Ngmegdudationam

f interf : ed by th her. t o tt ' . . Th
Lechni quos. FREPORAY SRS o ransiies VA Ny o RRE b s B ERRioe R e’

l'i near spat iThk cRAMGESSREMGerit maped HanBe fudhehwhtt@pah channel M MY data
processor 520 on the NR input signals. For the first receiver processing

stage 510a, the igpyh pSiAONRl § are the NR received signals frggdhe NR
recei ved antennas’i‘QZﬁ]d"? or ‘eNégh subsequent stage, the inputEgi ghal s are

the NR nodified signals fromthe interference canceller fromthe glrggcedi ng
stage, as deders hedreators/h; condgin dheashanyel copfficionty assacipted\ it thegchirag are

described for, the first stage. weye h 0 i f yhsequent
stage procedd¥nid &t ﬁ??lbﬁubﬁg%ﬁg{g% ;{%{l‘{ehséc%rs ég{éeegﬁlig%%t%fltp%cle%ﬁq o(rx§l #?g i nput
signal s. Monectepefii Biudibh Y(6a)yahssedatd suitls prpvintly staaceileti nigrmlsgmal mmibeedct ed

in the previous  stage are assuped to be cancelle so the dinensiopality
of the chandssumpgforimplieity thglthe wansgut AP ‘éﬁn"%&%n the sgme Qggéﬂ g?gﬁﬁebed
bel ow. associated channel coefficient vectors are listed in equation (6a), then at the k-th stage in

the successive cancellation process, the channel coefficient matrix is:
H=[h; hy,; A hy ] Eq (6b)

CCMI Technique
[1094] For the CCMI spatial processing technique, the receiver system first

performs a channel matched filter operation on the received symbol vector xr. The

matched-filtered output can be expressed as:

Hr=H"Hx+H"n , ~ Eq(D)

«Hss

where the superscript ““” represents transpose and complex conjugate. A square matrix

R may be used to denote the product of the channel coefficient matrix H with its

conjugate-transpose H? (e, R=H"H).
[1095]  The channel coefficient matrix H may be derived, for example, from pilot

" symbols transmitted along with the data. In order to perform “optimal” reception and to



WD 02/ 093784 PCT/ US02/ 14526 25 [1093] In a MMO systemwi th NT transm t
antennas and NR recei ve antennas, the received signals at the output of
the NR receive antennas may be expressed as: r = Hx+n , Eq (6) where r is
the recei v@gd @xvdIed vector. (i.e., the NRX 1 vector outpupctiusoziuspe MLMO
channel, as derived fromthe receive antennas), His the channel
coefficient matrix, x is the transmtted synbol vector (i.e., the NIxl
vector input into the NII MO channel), and n is an NRx1l vector representing

noi se plus iestim4té eheBNR ofTthe traperaissionl chambil itvieofen convenfent udasemiBome
nodul ati on ;ﬁnbol s fromNR signals received via NR rece ve ant et? nas at a

speci fic ti FBOWN symbals intp Ahe ffansmildaty sifremm 4ndclQ teapspt the, KuQvg} SYBAI PYfes NT

modul ation o3y Bb@ote krindMisstdrioéBhseld. ! SichMdowackyibdlsMFe bisaRéfeirtd ANAHINAS at a
specific time slot. The channel coefficient matrix H can be further witten

as: He[h, haymboeinof pilf sigpals. Meshads forestimatingrasingle ransmissipn ghannch hased on
coeffici ent t t ?‘[}H@e lfe% equent
step int he%spz@ gls'éivagglg}gﬁgg Ita%f%nﬁglg?é%g {l deﬁl(r;%) um of‘i‘) gvalﬁgﬂé
equati on (64 t}&S&OCI(Meed,dehbnmt esttmnlmhymethmt&l descrilssdgima Fs Largeinr 2 pepesd.

Assumngfors cit tatthe rans ignals are c |l ed.in the sane
order that Fﬂtét Q(BEPé{ e‘g r&’G@P‘F‘iecié’ﬂ?‘ivé%cfo(s‘émﬁ%?ﬁ nalypi§ P
equation (G%feréﬂt%aAasls&@ec&reH?n SCDSR | CominbBicAivns e%fh VA gwaﬁ@isl’atmﬂﬂ
process, the channel coefficient matrix is: H = [hk hk+t A hN | SG )

CCM Techni duenspetivnsPn Comnpypication Oxp 999, Ehléc%ggmﬁ @theé&hmnqhesﬂ%@
receiver Sy%eg@af x'nﬁf%er e@&{d%ﬂgdﬁa@:xcfﬁﬁgfbﬂeﬁg Eﬁ&hﬁcel deBriciQR fhain ANadB t he

recei ved sy vec mat ¢ out put can be expressed as:
HHr =HHHX +HH&knowitip ¢h€artwher e t he superscript "H' repr esents transpose and

I ' . b . f
he. channel LA i Ao, e GyrerbdiBLovibglEgat x ﬁ?rﬁ%i%séé‘*‘?ﬂﬁﬁﬁf’%“ °

= HH H). [1095] The ch f tr be d
oxampl ¢, 11 GRIBRVEE! %%H%E?dﬁ%&%&%tﬁﬁé EY e R RPN TP R 1o
per form " OphiniEH can'ReRprelsed agtnd t O

=x+R'H"n Eq (8)

From the above equation, it can be observed that the transmitted symbol vector x may
be recovered by matched filtering (i.e., multiplying with the matrix H”) the received
symbol vector r and then multiplying the filtered result with the inverse square matrix
R

[10971 For the CCMI technique, the SNR of the received symbol vector after

processing (i.e., the i-th element of X') can be expressed as:

——

) (2
sng, =L Eq (9)
o

n

If the variance of the i-th transmitted symbol ]Jc'l,l2 is equal to one (1.0) on the average,

the SNR of the receive symbol vector after processing may be expressed as:

1
SNR,='$'-07 .
i~n



WO 02/ 093784 PCT/ US02/ 14526 26 estimate the SNR of the transm ssion
channels, it is often convenient to insert sonme known synbols into the
transmt data streamand to transmt the known synmbols over one or nore
transm ssiwo ehesyeel s. Such known synbol s are al so ref errepdr/usozaas®ei | ot
synbols or pilot signals. Methods for2estimating a single transm ssion
channel based on a pilot signal and/or a data transm ssion may be found in
a nunber of papers available in the art. One such channel estination

met hod i s daherrdisedvdiianée nlayrige hormmlipabby scalingi the dah "elphéntradf§ the cegeiviedn,

Per f ormance Bound, and Cutpaff-Rate Analysis of References-Assisted

Coher ent CDNymBalmeetof byl gohs with Applications,” |EEE Transaction On
Communi cation, Oct. 1999. This or sone other channel estimation nethod may
be ext ended [198kat rIf 2 mosiujation syabolsgrearn &ag Iﬁ‘HP#FéFed@@éﬁlfaPWétﬁ@ OVRE{RYIUPIEY  as

V; may be onrartisdhisnnss; SRl ASR e el et b8 S M
t he inverse c()mbmpd mudlu}atmw eymsb)ls.oForlRxamplei, ifta da@msttmmewm tsansmittegsfrong all

=R-1H vr =x+R-1HH Erqomt he a £ |

observed t hARePHE: Bﬂﬂaﬁﬁ?ﬂ@g@t‘é’ﬁ%@?ﬁ%@?‘%ﬂ”“ Sigif rtgac%gl\r/ﬂetr e g%/é)%gt ched
filtering (isufmed/andithdtombigedvnbdulition smbbllma)l-be adpaesseelczm ved synbol vector
r and then nultiplying the filtered result with the inverse square matrix
R 1. [1097] For the .technl gue, the SNR of the received synbol vector
after processi ng' fd= ‘t.he i-th element of x') can be exprBa$Kd as:
Ix,tla SNR, = 2 orn' f=E i (9) If the variance of the i-th transmtted synbol
1x':12 is equal to one (1.0) on the average, the SNR of the receive synbol
vector aft eAlipratively the trangmikier maypbeepesale to: tragagrit ose gpmore data streams on a

number of transmission channels using the same coding and modulation scheme on

some or all transmit antennas. In this case, only one SNR (e.g., an average SNR) may
be needed for the transmission channels for which the common coding and modulation
scheme is applied. For example, if the same coding and modulation scheme is applied
on all transmit antennas, then the SNR of the combined modulation symbol, SNRql,
can be derived. This SNR Would then have a maximal combined SNR that is equal
to the sum of the SNR of the modulation symbols from the Nt transmit antennas. The

combined SNR may be expressed as:

SNR,, = iSNR 1;— Eq (11)
n I=1 '

[1099] FIG. 6A is a block diagram of an embodiment of a channe] MIMO/data
processor 520x, which is capable of implementing the CCMI technique described
above. Channel MIMO/data processor 520x includes a processor 610x (which performs
CCMI processing) coupled to a RX data processor 620.

[1100]  Within processor 610x, the received modulation symbol vectors r are filtered
by a match filter 614, which pre-multiplies each vector r with the conjugate-transpose
channe! coefficient matrix H, as shown above in equation (7). The channel coefficient
matrix H may be estimated based on pilot signals in a manner similar to that used for

conventional pilot assisted single and multi-carrier systems, as is known in the art. The

matrix R is computed according to the equation R=H"H, as shown above. The

filtered vectors are further pre-multiplied by a multiplier 616 with the inverse square



It n WD 02/ 093784 PCT/ US02/ 14526 27 The noi se variance may be nornalized
by scaling the i-th elenment of the received synbol vector by 1/ Il [1098]
| f a nodul ati on synbol stream was duplicated and transmtted over nmultiple
transmt aWioaeesyss t hen these nodul ati on synbol s may be sporvesoriaspet her to
form conbined nodul ati on synbols. Foes exanple, if a data stream was
transmtted fromall antennas, then the nodul ati on synbols correspondi ng
to all NT transmt antennas are sumred, and the conbi ned nodul ati on synbol
may be expresagd 1o forth anestitla®l xEQf Qﬂeor)fax@hﬁt?erdnﬁbad{ﬁldﬁ synf¥l t/é@&sym dst er
may be operated fo transmt one or nore data streans on a nunber
tranlslm ssi oshaowmabmedn aguatign {8)e sane codi ng and nodul ati on schene on- sone
or all transmd,santgnnas.. In this case., only o SNR (e 1 e e SNR
my be neejg]c{hao Pe® Wn@?ﬂsg’g‘l ﬂceéﬂ%ﬁ& inef qﬁe\?ﬁf%&eq g%ddu% nu%yl{@&%i ng )
and nodul at isgBam$ediiPoridingtoithilefle tfa@smie ¥aeRias usdd fof tie mmsslod ohg dasad
nodul ati on schenme is applied on all trapsmt antenpnas, N%S SNR of the
reﬁﬁp mt

C(ﬁﬂbl Red mo GHER 183y Q‘;'/ mxdedsfnm gombiner BLf, Wch gpmbipgs geafionoul d
t hen hav f o
e R Wile GOIER! RSB Atrnb SofBHRL modIAHAR HIBORT x! e FRR of ay

t he nodul ati'on sy transmt antennas. conbl ne
be expr essegpréidedNoNTX dabdRprotesbor-628NHfer Sorae iothier ﬁansmﬂ.prolcessﬁg scheiyes| 4899]

FIG 6A is a block diagramof an enbodi nent a channel

processor 5@gty(matm madufatiop syabele XomMayks I@Hﬂﬁ?‘I figectlpy dnetshpwh g/gﬁﬁ? q@ to
descri bed ?‘ han M MY data processor 520x includes a processor
610x (whi ch per oPHs proceSS| ng) coupled to a RX data processor 620.
[ 1100] Wthl[thﬁ]oceBmocssﬁi(ﬂQx thoe geeeretey @dnurnbky | oft indepesgeny symbelc swgamsr  ar e

filtered Db h h
the conj uga%(:grrﬁpgﬂ‘g 5%% e Wgﬂ eéIOf\é!glg? eglin% ﬁransrl}%ltt?é hgﬂﬁ'gctgm ’ﬁﬁltepg S‘Iibecr)f\{/vI et in
equati on ( 7)Bacil bpmbélasesh isdedes r€o@éred modulation symbols that correspond to and are

estimates of the modulation symbols after the symbol mapping at the transmitter

system. The (recovered) symbol streams are then provided to RX data processor 620.
[1103] - As noted above, each stage 510 within RX MIMO/data processor 156
recovers and decodes one of the transmitted signals (e.g., the transmitted si gnal with the

" best SNR) included in that stage’s input signals. The estimation of the SNRs for the

" transmitted signals is performed by a CSI processor 626, and may be achieved based on
equations (9) and (11) described above. CSI processor 626 then provides the CSI (e.g.,
SNR) for the transmitted signal that has been selected (e.g., the “best™) for recovery and
decoding, and further provides a control signal identifying the selected transmitted
signal.

| [1104]  FIG. 7 is a block diagram of an embodiment of RX data processor 620. In
this embodiment, a selector 710 within RX data processor 620 receives a number of |
symbol streams from a preceding linear spatial processor and extracts the symbol stream
corresponding to the selected transmitted signal, as indicated by the control signal from
CSI processor 626. In an alternative embodiment, RX data processor 620 is provided
with the symbol stream corresponding to the selected transmitted signal and the stream
extraction may be performed by combiner 618 based on the control signal from CSI
processor 626. In any case, the extracted stream of modulation symbols is provided to a
demodulétion element 712.
[1105] For the transmitter embodiment shown in FIG. 2 in which the data stream for

each transmission channel is independently coded and modulated based on the



matrix H may be estinmated based on pilot signals in a manner simlar to
that used for conventional pilot assisted single and nmulti-carrier

systens, as is known in the art. The matrix Ris conputed according to the
equat i on Mod7g4 @S shown above. The filtered vectors pegubaiuég’
pre-multiplied by a nultiplier 616 w b the inverse square WO 02/ 093784
PCT/U802/14526 28 matrix R1 to forman estimate x' of the transmtted
nodul ati on synbol vector x, as shown above in equation (8). [1101] For

certain trangfdel PSNReﬁfe'rE’&)véféH SRBUR1atibh SyrRsTld R tRGeXPLY 'tx‘aﬂdnﬂﬁbl&ymﬁﬂhel

streans COI’I’ESpOﬂdI ng tO multiple transmt antennas used for

tr ﬁ{} smi ssi orarmderapdwéﬁtt@d insaqeerdanceayithe dempdulation sdlemec(mmMé?SI% JM—QM«(DC h
h
comones oA QAP §8 mUIR fB e 00 B PAPABIUIRL THD° o,

For sone ot hlemodulanad rdata ﬁtomdemodtgatﬁmhdament Teis mhldmhmdemdmyahidm
synbol s x'

processor 63% rlf%i'géfvij?gg@g’!? Ct l g‘?ﬁ%gsgghvgrpg?@ ‘g hﬁﬁ%@ne]ow%ﬁ\écﬁendent

symbol streans, aﬁ@rﬂ\esa@m{eﬂw&@ dabf 1§ UHRREr qéccf&aaabfti efdBder ' 2165 Tht hed
fromthe transmitter system Each synbol streamincludes recovered

nodul ati on $9WPEMentarymanger s fwh dexformedabw eucodes 21 2mtEos e¥pmplee anb@dPat i on
symbol's af t %Ec&% 5 ¥ B L Bde agﬁbé D&t e%%HértRQ% dlf%%c?ﬂ? coWSluug%
(recovered) s streans are then provi e ata processor .
[1103] - As cndmg,dreanmﬁee;ly,eiacperfsnagbaﬁthe teangrhittar. RXhé/ideddda datapatrsemsisan 156

S gnal | wi ¢ h SeHER pHCREs g Smalept e ranaicey 298 sBeorh pepe siegfeard " The. |
estimation giwd]'e REferrin@bat i FIG, SRS HeldsBilaed aitAlRtibS spEBAO kMasd/bythe CSI

processor 6, and may be achi eved based on equations (9) and (11)
descri bed alsombine€Shoguigivassyombobo &'t enalgr pravitied toh@SICBfocessoy 626, ®hdeh f or

the t tted s t . the "b " f
e overy et B AN 85 a5t e s g Shaphls Fop rrpif ST diadeRier i ng
the sel ect egobmafiSeititdafthe %bge%var[a%é@ﬂiauﬁl l?asécﬁoﬁ"tﬂ%l Qrde sighag el _an

enbodi nent of RX“data processor 620. In thlg enbodi nmen a selector 710
wi thin RX daha tthQﬁiﬁ@}ﬁ!w tHe23NR &F ehe/ Bth @an3mhiNsioh c@ﬁnneﬂ)ﬁd@dlomﬁc}h&t@dﬁ(%r@m a
precedi ng |inear

sp rocessar . and extracts )
cor r espondi r(ble)t dhe 8‘?’\9 "éHmLaYeQr?g%l"t‘ftt%a‘”g’FW P’ ‘{:%‘Pgé 'Ef{/nm{]]ﬁ’e

control si gRgrief Egsmmsc% IPKRAASHOthe @S- THe SNR f&Y alpémhltféﬁsxﬁl@ti&dbma&ls RX
data processor 62 rovid
may comprise the CSI that is reported back to the transmitter system for this

transmission channel. CSI processor 626 further provides to RX data processor 620 or
combiner 618 the control signal that identifies the selected transmission channel.

[1107]  The estimated modulation symbols x' are further provided to a channel
estimator 622 and a matrix processor 624 that respectively estimates the channel
coefficient matrix H and derives the square matrix R. The estimated modulation
symbols corresponding to pilot data and/or traffic data may be used for the estimation of
the channel coefficient matrix H.

[1108]  Referring back to FIG. 5, the input signals to the first stage 510a includes all
transmitted signals, and the input signals to each subsequent stage includes one
transmitted signal (i.e., one term) canceled by a preceding stage. Thus, channel
MIMO/data processor 520a within the first stage 510a may be designed and operated to
estimate the channel coefficient matrix H and to provide this matrix to all subsequent

stages.



with the synbol stream corresponding to the selected transmtted signal and
the stream extraction nay be perfornmed by conbi ner 618 based on the
control signal from CSlI processor 626. In any case, the extracted stream
of nodul atyweyv2eyiiepl s is provided to a denodul ati on el enpot/ugikA4s261105]

For the transmtter enbodi nent shown Bn FIG 2 in which the data streamfor
each transm ssion channel is independently coded and nodul ated based on the
WO 02/ 093784 PCT/ US02/ 14526 29 channel's SNR, the recovered nodul ati on
syrrbogs for [11(ﬁ]seljmst gxi;lxtimmaii@ﬁit@rbeck@med byarezeivenagstemt &30 iback to
accordance with a denodul ati on schene (e. PSK, M . that is

conpl enent af§pnsitten sysigr i 19 Mk @&?Eﬁ‘é(‘lﬁsgmﬁr ttﬁ"e W%P%ﬁgwekhéﬁnel :
The denpdulsat.ed; r MINMO/BAtE BRbssdrliBe. S t hen de-interl eaved
by a de- inﬁge'@g\glgﬁ)%ﬁff%ggﬂ?g%emnt aryaﬁ)gnner to that performed by
channel interleaver 214, and the de-interleaved data is further decoded by
a decoder 716 in a conplenentary mﬁ_‘%rr I:lﬂ)'élli'eat performed by encoder 212.
For exanple, a Turbo decoder or der may be used for decoder
716 i f Tur bg1140] corbuzl thiei MMSE spatial nprocessiap etethiniqley ,thé seqeéver caystenh ditstt he

transmtter. The decoded, data reamfrom, decoder 716 represents.an
estimate of PEHEMTRS AW PS‘F@EP ttge E"L"F‘é'ﬁ(irﬂﬁ’él?qide‘ft@b%\‘/vé WerBRU Ry oegsécflg}tri ng
back to FI G | gat ARt ¥ RAQymbBEvect i ned
nodul ati on s’“i‘/ olhghg d'%ﬁgéi gﬁgﬁgg pr oﬁ%ﬂdgg&tteziglhgr gagzngsior 226, whi ch™

esti mat es t'lehiGNfanfierexpesedas: t he transm ssion channels. For exanple, CSI
processor 626 nmay estimte the noi se covariance nmatrix O based on the
pil ot signals rec.xei ¥¥"f and then conpute the SNR of the i-th transm ssion
channel based on “equ on (9) or (11). The SNR can be esti rrnga?pz simlar to
conventional pilot assj ste? single and nmulti- carrier systens, ag i's known
inthe art. The SNR=ftbr(HM[ +g# X Me transni ssion channels may conprise the
CSl that is reported back to the transmtter systemfor this transm ssion
channel . CSlyjrocessor 626 further provides to RX data processor 620 or
conbi ner 618 the control signal that identifies the selected transm ssion
channel . [1107] The egtﬁ ed npdul ati on synbols x' are furtger qgrovi ded to
a channel estimMgrHg% ndl %a mat ri x processor 624 that res aét vel y
estimates the channel coefficient matrix H and derives the square matrix
R The esti mieafatiidliaidered saytitthat the aasah aqee eirtrgoftthe pirbrovectbaiedetwrdhor

traffic data may be used for the estimation of the channel coefficient
matrix H  the initial MMSE estimate X and the transmitted symbol vector X (i.e., e=X—X) 1s

minimized.
[1111] To determine the SNR of the transmission channels for the MMSE

technique, the signal component can first be determined based on the mean of X given

x, averaged over the additive noise, which can be expressed as:
E[&]|x] =E[Mr|x]

=H"(HH" +¢ )" Elx]

HYHH" +¢ Y 'Hx

<

2

where the matrix V can be expressed as:
v=H"@p +HH")'H=H"¢ 'HA+H ¢ 'H)" .

[1112] The i-th element £, of the initial MMSE estimate X can be expressed as:



[ 1108] Referring back to FIG 5, the input signals to the first stage 510a
includes all transmtted signals, and the input signals to each subsequent
stage includes one transnmtted signal (i.e., one term canceled by a
precedi ng ®ioagmesdhus, channel M MJ data processor 520a wet/osor/1usee first
stage 510a may be designed and operated to estimate the channel
coefficient matrix H and to provide this matrix to all subsequent stages.
WO 02/ 093784 PCT/ US02/ 14526 30 [1109] The CSI information to be reported
by receiver systgzr'rh]‘,‘slgg1 bggkv,1x9+,,14apscmtter system 110 may cpgprd)se the
SNRs for the transnission channels,""as* determined by the stages within RX

M MO data processor 156. E Techni que [1110] For the E spati al
processi ng tlg%lhﬁf @eé}em%%éﬁwwogggfeérﬁnﬁ?&? zerBérI\anTt%@épeﬁ%ﬁtvla&ei Bati on
of the recei vedt syrrboE t‘éeCtaﬁ% rxvviest hd$_\/\/ei ghting coefficient matrix Mto
derive an i %5 BITABELEPARE EBCBF e transmitted synbol vector x,
whi ch can be expressed as: z =M HH(HHH + Om)-Ir where .M =_H (HHH +
onn)-1 Eq (12) EFEEU=Phs& natrix Mis selected such that thBa&Edn square
error of the error vector a between the initial MVSE estimate z and the
transmtted[sprpol AesHoWn i eiatidn,(18), %, i abisediestimate of & amdithis[tidslchh beéo
determ ne the SNR of the transm ssion channels for the MVBE technique, the
si gnal conpeaacedaapbiain wiproeddetforminced Ahambihsahestimatenafar; aafi bg obtained X,
averaged over the additive noise, which can be expressed as: E[x | NI =
E[M | x] =Dbyldivitidg 3.0bym,.) Thi, the| unbidséd miniim-meEnn' jquareHgeroz estinate whide t he
matri x V can be expressed as:

X, can be obtained by pre-multiplying the biased estimate X by a diagonal matrix Dy,

as follows:

E=Dy% , Eq (16)
where

D3 = diag(1vip, Vv kI ¥ n,) > Eq (17)

and v;; are the diagonal elements of the matrix V.

[1114] To determine the noise plus interference, the error € between the unbiased

estimate X and the transmitted symbol vector X can be expressed as:

1>
|
‘T
5
154>

[1115] For the MMSE technique, the SNR of the received symbol vector after

processing (i.e., the i-th element of X) can be expressed as:

SNR, =.I_5_[L’_‘1ﬂ Eq (18)

i
where u; is the variance of the i-th element of the error vector €, and the matrix U can

be expressed as:

U=I-DyV-VDy +DyVDy. Eq (19)



V =HH(0 +HHH) - 1H=HHO- 1H(| +HHO- 1H) -1 [1112] The i-th el ement x, of the
initial MVSE estimate x can be expressed as: WO 02/093784 PCT/ US02/ 14526
31 xi = VilXl +...+Viixi +...+ViNRXNR Eq (14) If all of the elenents of i
are uncor reloaheoand have zero nean, the expected val ue opctivb@/14s%h

el ement of x can be expressed as: E[zB2l x] = viixi . Egq (15) [1113] As
shown in equation (15), xi is a biased estimate of x; and this bias can be
renmoved to obtain inproved perfornmance. An unbiased estimte of x, can be

orror st mhs Bttt T Feort vl MmO E L 30l %{l‘yﬁg"’f{*ﬁ%ﬁ’g@%&e

estlrratelt byadlagonal matrix D as fiollows: x=Dyl- Eq (16) x , where Eq
(17) Dvl = diexrggel/and Hfrcin \eg@ation. (19X /uy NRNRY-1, then dhe iSNRapf thehesceivesy siyralpol
el enent s of the matrix V. [1114] To deYnerm ne the noise plus interference,

the error ﬁg%é%gp}&gss gf&exp%?;%qﬁgle X and the transmtted synbol

vector x ca esse ‘HHH +0nn)-1r [1115] For the MVISE
techni que, the SNR of the recel ved synbol vector after processing (i.

the i-th el ement gfg x)tan be expressed as: SNRi =E[Ixi 12] UkqEm)(18) where
ui; is the variance oflthe i-th elenent of the error vector 9, and the
matrix U can be expressed as: U=I WDV +D; VDV . Eq (19)

The estimated modulation symbols, X, may similarly be combined to obtain combined
modulation symbols, as described above for the CCMI technique.

{1116] FIG. 6B is a block diagram of an embodiment of a channel MIMO/data
processor 520y, which is capable of implementing the MMSE technique described
above. Channel MIMO/data processor 520y includes a processor 610y (which performs
MMSE processing) coupled to RX data processor 620.

[1117] Within processor 610y, the received modulation symbol vectors r. are pre-

A

multiplied with the matrix M by a multiplier 634 to form an estimate X of the

transmitted symbol vector X, as shown above in equation (8). Similar to the CCMI

technique, the matrices H and an may be estimated based on the received pilot signals

and/or data transmissions. The matrix M is then computed according to equation (9).
Tﬁe estimate X is further pre-multiplied with the diagonal matrix Q{,l by a multiplier
636 to form an unbiased estimate X of the transmitted symbol vector X, as shown above
in equation (12).

{1118] Again, for certain transmit processing schemes, a number of streams of
estimated modulation symbols X corresponding to a number of transmit antennas used
for transmitting a data stream may be provided to a combiner 638, which combines
redundant information across time, space, and frequency. The combined modulation

~

symbols X'’

are then provided to RX data processor 620. For some other transmit
processing schemes, the estimated modulation symbols X may be provided directly (not
shown in FIG. 6B) to RX data processor 620. RX data processor 620 demodulates, de-
interleaves, and decodes the modulation symbol stream corresponding to the data stream
being recovered, as described above.

[1119]  The estimated modulation symbols X and/or the combined modulation

symbols X'' are also provided to CSI processor 626, which estimates the SNR for each



WO 02/ 093784 PCT/ US02/ 14526 32 If the variance, | x, |I' , of the i-th
transmtted synbol, x,, is equal to one (1.0) on the average, and from
equation (19) u;i =1 -1, then the SNR of the received synbol vii vector
after proca®u2neeRy be expressed as: SNRi = Vii Eq (20) par/s02/13526
estimated nodul ation synbols, R may simlarly be conbined to obtain
conbi ned nodul ation synbols, as descri bed above for the CCM technique.
[1116] FIG 6B is a block diagramof an enbodi nent of a channel M MJ data
processor 52fyhe wdrisatittddSsigadabFer eximplepCSIrprucessgr 62embivEstithee ke SNR of

descri bed apbove. Channel] M data progces 5 incl
o e BT Do iS00 el SR 3o B RERA 0D
[1117] Wt h'tﬂnE%{/@\n&t& %?gtﬂﬁl 1@&93@ _réﬁa%e% 85cki t¥ Rk ﬁ%ﬂﬁﬁérgsgﬁteﬁny sl pry@sdcR 66 are

pre- nultiplied . e nmatrix y a nultiplier 4 to forman estimte t
of the trarfamhertpravidgarisoRXy dase drooesson $28 s vaembinsy S18 rthe goairel ovignag that

Simlar tot.he.g:CM\J t i . trices Hand Onn nay be estinated
based on thédefngclgsl’ 83e1§§?%{rﬁ§§5tﬁé§%§gnggnd/ or data transm ssions. The nmatri x
Mis then cqumeled Bigsedtichatedl nodelaticht éydibo(OX. areTgh@spromded tx ah adfptiveher
pre-multiplied with the diagonal matrix D- by a multiplier 636 to form an

unbi ased estyr §dr 76421 thah efivaan®Bi inaes Bl aho|the/ @edehal xmateix DROWasabewe in
equation (12). [1118] Again, for certain transmt processing schenes, a

nunber of stegeatives 0F3) and (li7eespdctimgtiul at i on synbols x corresponding to a
nunber of transmt antennas used for transmtting a data stream may be
provided to a conbi ner 638, which conbines redundant information across
time, space, and fSpagesdihy PrddessingTedhnighesbeluliaie-Dispersiveiannels are t hen

provi ded to ata, processor 620.. For, sone, other transmit processing
schenes, t he[lRiegs‘S i maf‘g Boﬁ"r‘g &E‘i"’ﬁ‘t  gAmbsr A 8?%“%%V°Beésfﬂg BR?FH‘@HESdP?ye%t ?sff'g( not
shown in Fl G pRRBkssitfe BEnslatReNe® ¢RS Ahe-BidfersiXclttahél. TheseRamiques thelude
denodul ates, de- interleaves, and decodes the nodul ation synbol _stream

cor r espondi rtbe ©8e ©hdingm demain ehapnel (rapplization: dschpighes sichqess MR Eq fffe
[1119] The [ ap S ; t BBmCaRbifgs pREskALI on
synbol s x" 3‘?%3%?%‘3‘96{53‘3?’&%“‘%3 t%éﬂﬁ%;béﬁésﬁgﬁﬁ%fzog . Ia'}\?t\/ni @h eﬁgt I rrgl? es t Ee SNR
for each techniques described above for a non-dispersive channel. The space-time processing is

- performed within each channel MIMO/data processor 520 on the Nr input signals.

MMSE-LE Technique
[1122] In the presence of time dispersion, the channel coefficient matrix H takes on

a delay dimension, and each element of the matrix H behaves as a linear transfer

function instead of a coefficient. In this case, the channel coefficient matrix H can be
written in the form of a channel transfer function matrix H(7z), which can be expressed
as:

H(7)={y(z)} for 1Si<Ny, and 1S jSNy . Eq (21)

where h;(7) is the linear transfer function from the j-th transmit antenna to the i-th
receive antenna. As a result of the linear transfer functions h;(2), the received signal
vector r(f) is a convolution of the channel transfer function matrix H(z) with the

transmitted signal vector x(#), which can be expressed as:

k() = [H@ x¢-0)dz . Eq (22)




WO 02/ 093784 PCT/ US02/ 14526 33 of the transmtted signals. For exanple,

CSlI processor 626 nmay estimate the SNR of the i-th transmtted signal
based on equation (18) or (20). The SNR for the selected transmtted

si gnal maywlaepefted back to the transmtter system CSpepusnaIHer 626
further provides to RX data processor 3620 or conbi ner 618 the control

signal that identifies the selected transmtted signal. [1120] The
estimated nodul ati on synbols x are further provided to an adaptive
processor 64g1a3pat N@?hﬂ’@ﬁ thed @eriGdul dtdon Mudiidnt (perféhn@ ialleri@iulators @54 Gased on
equati ons (132;' and respectively. Space-Tinme Processing Techni ques for
Ti me- Di sper 3t eSWrrﬁ@qlged[smb]arwmf&%@ m%d%recal%ml%f étb%éoﬁsqure

processi ng. ?sﬁé}mtﬂ Ugs nlwdllﬁﬁ phd? ol BeGEck: &eg%lg%faﬁrt%h%e &gﬁ@ge}f@é iYha a

ti me- di sperstve channe ese tec ni ques |nc e use time domain
channel equaliscete-time represeniatios sn she follewingvBBcrptiorDF Ejrst, MeSEhanaeldirpséesi bl y

ot her techniques, in canjunction wth t ati al cessi chni, ques
described a O?O‘fec@r?kxﬁ%giaéi%’raﬁ tEhtH‘?M traa?ﬂgltsaag?ega ?flglaﬁr/g é ng is

per f or med vvlth $ach channel M MJ data processor 520 on the NR input

si gnal s. fﬁ &hni que [1122] In the presence of time dispersion, the
channel coeffl cient. matrix H takes on el ay di nensi on h eI enent
of the matrix H BbRe\Ved, 0 ’&qul)ﬁeﬁfvu(tkﬂans&@rosf% ron mstegﬂl?%f

coefficient. In this case, the channel coefficient matri x H can be witten

in the for mulfera LRI B Ee k—fh&@? fn@ight uheeichinnebiransfer Hanckion avdotiatedosith the
expressed as: H(rg = {hh~ (r)} for 1:5i:5 NR and 1 S j5 NT . Eq (21)
where hy(z) path béteebn mlmj—tlt transhie ranfennd tahdrthé notmrededve) antbnitar ands i &5 that enna

to th -th t f the | t f t
y(s), the TRRGRGBIOUHRHE ARl i) o) U RBRIHER  UrPBTon o Bhalthel

transter funglian aﬁhﬁemam(fer)fummrﬁmxattdemyscream,eex k@B@hs: vect or x(t),
whi ch can be &xprlessed x(t-r) g (22) WO 02/093784

E’%Sﬁﬁéﬁﬁi?i?s Kb ith ‘éf(k& B 2§é$$d*%%§%;?2 e sl

provi de received sanples. Wt hout | oss of
[1124] The received signal vector r(n) at sample time n can then be expressed as:

£(n) =3 H(Ox(n— k) +n(n) = Hx(n) +n(r) Eq (25)
k=0

where H is an Np X(L+1)N; block-structured matrix that represents the sampled

channel matrix transfer function, H(k), and can be represented as:

=[H(0) H®) A H(L)] ,

and Xx(n) is a sequence of L+1 vectors of received samples captured for L+1 sample

intervals, with each vector comprising Nr samples for the Ng received antennas, and

can be represented as:

x(n)
x(n—1)
et
X(n—L)

X(n) =

[1125] An MMSE linear space-time processor computes an estimate of the

transmitted symbol vector, %(n), at time n by performing a convolution of the sequence



generality, the tinme-dispersive channel and the received signals can be
represented in a discrete-tine representation in the foll ow ng
description. First, the channel transfer function vector h; (k) associated
with the jwidvdevseesnmt antenna at delay k can be expresspdr/asiz/ibze( k)
[h,j (k) h2i (k) AhNR (k) ]T for 0:3k < L, Eq (23) where hj (k) is the
k-th tap wei ght of the channel transfer function associated with the path
between the j-th transmt antenna and the i-th receive antenna and L is the
maxi mum ext @nteckived SAARI Rciold Y #iththeddeqhéiRe Gh@KNEN . N TN vt Thaioes Next
the NR x NT channel transfer function nmatrix at del ay k can be expressed
as: H(k) _ [Mik),(@kJollowvs( k) A hNT (k)] for O< k:5 L Eq (24) [1124] The

recei ved signal vector r(n) at sanple tine n can then be expressed-as: L
K(n) = EH(k)x(n - k) t£p(n) = Hx(n) + n(n) , Eq (25) k=0 where His an NR
X (L + 1) NT bl ocigm)= urtMi(led(nrakty+ Mr(iat, represents the sanpEge{@&hannel
matrix transfer functiOm, 11(k), and can be represented as: H = [H(0) H(1)
A HL)] , and x(n) is a sequence of L+1 vectors of received sanples
captured fofyherelMSAMI(SK) 1 At MO} 5. M(K)], Each piembef thaOdedérhined ghd\RRisanpl es
for the NR receiVed antennas, and can be represented as: [1125] An MVSE

| i near spacexfehtsf the @peBsefiltegamdit es an estimate of the transmtted synbol
vector, 1(n) , at time n by performng a convolution of the sequence WO

02/ 093784 PCT/ US02/ 14526+ K33 of received signal vectors g(n) wth the
sequence of 2K + 1, Rxﬁmi ght matrices Mk), as follows: K X (n)
> MK)r(n - k) = M(n) =-K Eq (26) where M= [M-K) AMO AMK], Kis
a paraneter that r@et=er nt@es |t he del ay extent of the equalizer filter, and
r(n + K - M

r(n—K),

The sequence of weight matrices M(%) is selected to minimize the mean-square error,

which can be expressed as:

£ = E{e” (e}, | Eq (27)
where the error e(k) can be expressed as:

e(k) = X(k) - x(k) . Eq (28)

[1126] The MMSE solution can then be stated as the sequence of weight matrices
M(%) that satisfy the linear constraints:

X 0, -K<A<-L
D M®R®E-N={H"(-}), ~LA<0 Eq (29)
=K 0, 0<A<K

where R(k) is a sequence of N XN, space-time correlation matrices, which can be

expressed as:

min{L,L-k)

D HmH" (m+k)+p_(k), ~LSksSL
R(k) = E{r(n—k)x" (n)} = { memax0-k) Eq (30)
o, k), otherwise

where @, (k) is the noise autocorrelation function, which can be expressed as:



r(n) _ M r(n) M Lr(n - K) The sequence of weight matrices MK) is
selected to mnimze the nean-square error, which can be expressed as: 6
E{eH (k)e(k)j, Eq (27) where the error e(k) can be expressed as: e(k) =
X(K) - Xx(kwo dz@ox788) [1126] The MVBE sol ution can then bepst/gsedsss t he
sequence of weight matrices Mk) thase satisfy the linear constraints: K O,
-K<-X<-L LMK)R(k-X)= HH(-X), - LS?,0, Egq (29) k=-K 0, 0<XSK where R(k)
is a sequence of NR x NR space-tine correlation matrices, which can be

expressed as: mn(L,L-k Kyv#®#ELHr(n - K)rH (n)} = ~, n=max( Q.

~H( ~n) HH( ni +k) +~%4%I),—%LZ@ k)é)-z]_ (g% (k), otherwise 71 Eq (SO?qﬁlére gpZZ
(k) is the noise autocorrelation function, which can be expressed as: WO
02/ 093784 PCEbt UBHE/ (tehiitbally3anddnelated) noisﬁ{¢%)ide) *pz BIXOX Where ¢Eqin( 849 ca#ser
white (tenporally uncorrelated) noise, rpzZz (k) 2 ro S(k), where (pZZ in
this case mrepesssuinty thelspatiahecorsgbattonahatior Ferd spatially amedtterhporalSouncopealated! | vy
and tenporally uncorrelated noise with equal power, at each receive

ant enna, qpURO[sR)With egualiswey at eaph negeiye prjenne) @n (Kpoy dfurther be
represented as: MR or MFH'R-' where R is block-Toeplitz with block j, k
gi ven by R(j[1127}) Heration (29) can further be represented as:

MR=H",or M=H"'R" , Eq (32)

k==t

where R is block-Toeplitz with block j,k given by R(j—k) and

_Q(K—L)NR XN -1
H(L)
H(L-1)
M
H(0)

L Ok voxNy j

[[==t
i}

where 0, is an mXn matrix of zeros.

[1128]  As with the MMSE spatial processing described above, to determine the
SNR associated with the symbol estimates, an unbiased minimum mean square error

estimate is derived. First, for the MMSE-LE estimate derived above,

E[ 3(vjxtm) = ME[ r(mjx(m)]
= [M(-K)Hx(n + K) +A +M(OHX(n) +A + MUOHX(1 — K]
Eq (33)

3

where the expectation is taken over the noise. If it is assumed that the modulation
symbols are uncorrelated in time and the expectation is taken over all intersymbol
interference in the above (all transmitted signal components not transmitted at time n),

then the expectation can be expressed as:



Q K-L)NRXNT H H(L) H(L-1) M H(0) L gK NRXNT Eq (32) where O nX" is an in
X n matrix of zeros. [1128] As with the MVSE spatial processing described
above, to determne the SNR associated with the synbol estinmates, an

unbi ased nwiig3wy378EaN square error estimate is derived. PCT/E802/18526 t he
MVSE- LE estimate derived above, E[ x(8)12;(n)] = ME r(n))x(n)] [M-K)Hx(n
+ K) +A + MO) Hx(n) +A + I\/(K)Hx(n - K] Eq (33) where the expectation is
t aken over the noi se. is assuned that the nodul ati on synbols are
uncorrelated in t ion is taken over all intersynbol
interference in tﬂg?@gg’\% i&ﬁ@ﬁﬁ(g itted signal conmponents not
transmtted at tine n), then t he expectation can he_ ex ressed as: WO

02/ 093784 PCT/ US02/ 14526 STMEP)H(PHy tHﬂ(DéfANEEMﬁlﬁ;iﬂ& X [460) H(0) +
M-1)H(1) +A + M-L)H(L)]x(n) .Eq (34) = M(n) Vx(n) vvhereEQ/ HHR- 1H .
[1129] Finally, after averaddH&(@ver the int erference from ot her spati al
subchannel s, the average value of the signal fromthe i-th transmt
antenna at tinme n can be ex¥ssyed as: E[xi (n) I xi (n)] =v"x; (n) , Eg
(35) where vii is the i-th diagonal elenment of V (vii is a scalar), and x,
(n) is the igfh el enent

H -1

- Mii-B"R

i
e

[1129]  Finally, after averaging over the interference from other spatial subchannels,
the average value of the signal from the i-th transmit antenna at time n can be expressed

as:
Elx;(n) | x;(m]=vyx;(n) , Eq (35)

where v, is the i-th diagonal element of ¥ (v; is a scalar), and %;(n) is the i-th element

of the MMSE-LE estimate.
[1130] By defining

Dy = diag(Uv;,, 1/ vy A vy ) Eq (36)

then the unbiased MMSE-LE estimate of the transmitted signal vector at time n can be

expressed as:
%(n) =Dy &(n) = Dy Mr(n) . Eq (37)
The error covariance matrix associated with the unbiased MMSE-LE can be expressed

as:

o =U=E{[x(n)-DyMr(w][ xm - (mM“ D3]}

* Eq (38)
=1-DyV-VD{ +D, VDy

The SNR associated with the estimate of the symbol transmitted on the i-th transmit

antenna can finally be expressed as:

SNR; = — = T-— . Eq (39)



of the MVBE-LE estimate. [1130] By defining DV = diag (1 / v1t,1/ v22,A,
| 1 VN7,N,,) , Eq (36) then the unbi ased MVSE-LE estimate of the
transmtted signal vector at time n can be expressed as: x(n) = Dv'lI(n) =
D- M (n) Bwo(03/69378he error covariance matrix associ ated we¢tusha4spabi ased
MVSE- LE can be expressed as: = U= Et3§2;(n) - D M(n)] [ x(n) - r" (n)W
DV-1 1] } ~ee =I-D~V-VDv +D~VD; Eq (38) The SNR associated wth the
estimate of the synbol transmitted on the i-th transmt antenna can
finally be ¢x31gsseTheaMMSBRE techniquy can B (mBflpmented by- vlidnanZMIMGUGé{ZB4
PCT/ US02/ 14526 38 11_32?]5[ The MVBE-LE technj u can b l.emen

channel M MPFQFgssar 5 %QYO’@ Go B 5 Imihis case: myltiple 6gf]i CP‘Plp‘é t‘?rﬂ‘l"’% ts)‘ér 634

can be desi ggggit nrtﬁrtﬁeﬁgeqhédae of fREVA H%ﬁe@%&&strbﬁ vﬁﬁﬂ&l@@&%?ﬂe df%@gmed

signal vectors r e sequence of weigh matri ces k), as shown in
e](c:]uat i on (2@)am¢¢a|1\11_(l@| asesho@8 dn equatipe (%fésﬂ‘éhlélallfhrcﬂéé}ﬁfl@ﬁrﬁeﬂ *}er@ffﬁﬂnt i ply
of the estimate ¢ wi.th the diagonal rix D~_to der heu sed

MVBE- LE est ithfapre-multiply @ﬁ%ﬁtlmteeﬁdﬂiﬁa ‘33 dragonal “l?&%’btﬂrwéo é%%é ‘%S&Q can

be designe i ve the.s ence. ma

equat i on (SM%‘% ﬂtém%ffaaﬁbﬁsagh qu\l{\ﬁﬁé'ggég)sh%&d %é %CE%P ?%@? grg%e
subsequent lﬂéﬁ%ﬁl\?ﬁsﬁb Agrivethe B ueﬂ&fbf%ght inhtiSde M@) ammmrm QQudubﬁT(IiZJQad ri bed
above for the E technique. The SNR of the symbol streamtransmitted

fromthe j - the dingomhinatranD§ nasashowy ibequation (A6).cThd aeeuentprecssing may p89) by
CSlI processor 626. DFE Techni que 1132g FIG 6C is.a block dia raml\g[r{ an
enbodi nent @fhigvediasiailar mwchétﬂéﬁ dessripedsaboye Torshe MIVpE tach lillgquglﬂm

| pl ement i ngyr (e fFG) SRAM BinsihidZR otk 4R trhRhit antenna may be estimated based
on equation (39) by CSI processor 626.

DFE Technique
[1132] FIG. 6C is a block diagram of an embodiment of a channel MIMO/data

processor 520z, which is capable of implementing the DFE spatial-time equalization - -
technique. Channel MIMO/data processor 520z includes a space-time processor 610z,
which performs DFE processing, coupled to RX data processor 620.

[1133]  For the DEE technique, the received modulation symbol vectors r(n) are
-received . and processed by a forward receive processor 654 to provide estimated
modulation symbols for the data stream to be recovered. Forward receive processor 654
may implement the CCMI or MMSE technique described above or some other linear
spatial equalization technique. A summer 656 then combines an estimated distortion
components provided by a feedback processor 658 with the estimated modulation
symbols to provide “equalized” modulation symbols having the distortion component
removed. Initially, the estimated distortion components are zero and the equalized
modulation symbols are simply the estimated modulation symbols. The equalized
modulation symbols from summer 656 are then demodulated and decoded by RX data
processor 620 to provide the decoded data stream.

[1134]  The decoded data stream is then re-encoded and re-modulated by a channel
data processor 210x to provide remodulated symbols, which are estimates of the
modulation symbols at the transmitter. Channel data processor 210x performs the same
processing (e.g., encoding, interleaving, and modulation) as that performed at the

transmitter for the data stream, e.g., as shown in FIG. 2. The remodulated symbols from



t echni que. Channel M MJ data processor 520z includes a space-tine processor
61 0z, which perforns DFE processing, coupled to RX data processor 620.
[1133] For the DFE technique, the received nodul ati on synbol vectors r(n)
are receiwedbosgs processed by a forward receive procespor/uSiA442@ provide
estimated nodul ation synbols for thesdata streamto be recovered. Forward
recei ve processor 654 may inplenent the CCM or MMSE techni que descri bed
above or sone other linear spatial equalization techniqgue. A sumer 656
then conbi nesanasl @$4 'Rfmés@dr 20t @¢ provited @6 TEabBaUk! srogdssori a8 which drécessdback
processor 658 with the estipated noduyl ati on synbol sl_;o rovide " egggl i zed"
nmodul ati on HPndyebels ko desiyetthe estimaterd gﬁsml%%@i?%@ﬁ?ts- réﬁ#&éﬁ PrqcEssor 8PPy, t he
estimated di ' - : : [ ; dul ation
Symbol s ar e oy Pl pCP AR S Al e e e e e e

nmodul ati on §MASbI s Theaeswiimgresting®s obi the transmittksnsyinhoh tvecton atitileondai by RX
data processor G%O_to provi de the decoded data stream [1134] The decoded
data stream 13 tHeH re- encoded and re-nodul at ed by a channel data
processor 210x to provjde renodul ated synbols, which are estimtes of the
nodul ati on synbol.s \at t 11y ; el,\data process x perforns
t he sane proceséfnr?g_( -g-.f,(kgﬂ'?:gy'}h Mr‘h eakihg, and nodﬁﬁg%ﬁ%gn) as that
perfornmed at the trafisfitter for thd data stream e.g., as shown in FIG
2. The renodul ated synbols from W 02/093784 PCT/ US02/ 14526 . 39 channel
data proces¥bere2r@ iribe yeeor gbeeceiyed aredylation symbelss whichsis giveRi 89Vpribcesses
t he synbols to der

I he . i d di i on ) .., Feedb
processor GS@atlﬂﬁﬁbg)ﬁri(éﬁég?}}e;‘r’]‘;l%h%é’grslys §{ h‘%’;ﬂ?sq%%ﬁgjﬁ??@g‘inb?éhﬁsgan&gf?ﬁ%ar
t | i . 5] T 1.1 ] | nat fiy t it ted
Cansversal oyl 366 1055128 365 ) kil IR S 06 o 00
ca (40) - X( Reward” Ecertioient - ik © séd)) by Sﬂ%ﬂ/%@@&g Obrdc86r Vesh, ady] ation

synbol s, which is given above In equation 5), s the vector of

synbol deci Mp(k3, It by Kigds the sdqeerchanfn&l, - @geN; priexiesshbreofiGient Matriqek) , -

Kl <- k SO0 is the sequence of éKl + 1) - (NT x NO feed- forward

coef f i ci ent usesthyifeedbacisprgcesyorr6sBynEreptiop d¢0)\een psp be sxpuessebas: and M (k),

1:5 k <- K2 is the sequence of K2- (NT x NR) feed-back coefficient matrices
K(m)=M_r(n)+M, %) , Eq (41)

where M =[M(-K,) M(-K, +1) & M@©)], M, =[M®)-M2) A M(X,)],

X(n-1) r(n+K,)
%(n) = zs(nh—{2) . and r(n) = _l:(n+11\<41—1)
%0 -K,)| r(n)

[1136] If the MMSE criterion is used to find the coefficient matrices, then the

solutions for 1\4 ’ and __M___b that minimize the mean square error € = E{g” (k)e(k)} can
be used, where the error e(k) is expressed as:

e(k) =x(k)-x(k) .
The MMSE solution for the feed-forward filter can then be expressed as:

Eq (42)



used by feedback processor 658. Equation (40) can al so be expressed as:
r(n) + Mc R(n) Eq (41) where M = L(-K1) M-K, + 1) AMO0)1, M
:M2) AMK2)], 5(n) _ x(n-1) r(n + K1) x(n -2) r(n + KL -1)

= M f
LM 1)

(n)

and r(n) Mvoo2odd7sx(n - K2 )r(n) [1136] If the MVBE critep¢pgsizasspsed to
find the coefficient matrices, then tle solutions for Mf and M that
mnimze the nmean square error e = E{eH (k)e(k) } can be used, where the
is expressed as: e(k) = x(k) - x(k) . The MMBE solution for the
feed-forward filter [gan thenjbe expressed as: M= -HA-1 M a = Eq (42)
where WD 02/ 093784 RCTil 7114526 40 H Q K, -L)NRXNT H(L) H(L-1) MI

error e(k)

and ft

j) M0 [1137] . The |MBEsol ution for the feed-back filter is:

H(0)

=

and g is a (K, + )N x(K, +1)N, matrix made up of N, x N blocks. The (i,j)-th

block in gis given by:

Ky=i+1
RG, j)= 5. HEWB” (m+i-)+0%15G- ) . Eq (43)

m=0

[1137] . The MMSE solution for the feed-back filter is:

0
My(k)=~ > M (HH(k~j),1SkSK, . Eq (44)
=—-K] .

As in the MMSE-LE described above, the unbiased estimate is first determined by

finding the conditional mean value of the transmitted symbol vector:
E[&(n) | x(m)] =M  Hx(n) = V4. X(n) , Eq (45)

1~
H. Next, the mean value of the i-th element of

where Vo =M H=H"R
X(n), X;(n), is expressed as:
El%; (n) [ x; ()] = vage % (n)

where vy, ; is the i-th diagonal element of V4, . To form the unbiased estimate,

similar to that described above, the diagonal matrix whose elements are the inverse of

the diagonal elements of V. is first defined as:

Diute = diag (Vs 11»Vage 22-A »Vate,NpNy ) - Eq (46)
Then the unbiased estimate is expressed as:
%(n) = Dy &(n) = Dy M £ (n) + Dy M, Z() . Eq (47)

The resulting error covariance matrix is given by:

H(O)

is a (K +_1)INR KI{+1)NR matrix made up of NR x NR bl ocks. The
(ij)-th block in R=|sHive by: Kr+l R(i, j) HmMHN (m+ j) + 0-2 18(i



Eq (43) O Mo(k) - LM (j)H(k- j),1:5kSK2 . Eq (44) !'=-K, As in the MVBE-LE
descri bed above, the unbiased estimate is first determned by findin

condi ti onal

matri x whose el enents
first definep, adluBvE

g the

nmean val ue of the transmitted synmbol vector: E[x(n) I x(n)] = M
f fix(n) =wedlhossgd{n) . Eq (45) where Vdfe = Mf H = H R ptrud@nls2et h
value of the i-th elenment of is expregsed as: E[xi (n) I xi (n)] =

vdfe,iixi (n) where Vdfe,ii is the i-th diagonal elenent of Vdfe. To form
t he unbi ased estimate, simlar to that described above, the diagonal

Dvdf eM f

DvdfeMl x(n) . Eq gf}?&]ﬂThe resylting error covariance matrix is given

WO 02/ 093784 PEE

e e
n) =

the unbi ased estinmate is expressed as: 7c(n) = Dvdfe x(

€ nean

r(n) +
by:

%5205 Dilee D vare B Bvae E{ [ x(n) - Dvdfe Lm r(n) + M
x(n))] [ XH(n) - & H(n)M + H (n)M )Vdfe] } - Dvdfe-dfe g
D1 -1 Eq (48) The SNR associated with the estinmate of the sy

%%If) e-Vdfe +

transm tt ed Tha SNR assotiatetdr withs thiet estimatecofithe cmbolhteansingtedxqr the Sabl tmagsmiBNR, =

1 = ydfe,ii

udfe,ii

1
decoded dat ZMEPPASHH D BEARSK R8T ive an estimate of the distortion
generated by the al readi decoded information bits. If the data streamis

decoded wi t hout L —
conponent can be accuratgl yl-egti;mat ed and the inter-synmbol in

r—. \Widfeki m nimal errors), then the diE‘?@fg?i on
er

contributed by the already decoded information bits may be effective

cancel ed oufppsgie PROKEHS HEE t&%hfqlﬂé,gﬁ@y@éoééar Wtk Qurkifi G4 fRed 1O QBERO an

and feedback processor 658 are typic

estimate of the distortion generated by the already decoded information bits. If the data
stream is decoded without errors (or with minimal errors), then the distortion
component can be accurately estimated and the inter-symbol interference contributed by
the already decoded information bits may be effectively canceled out. The processing
performed by forward receive processor 654 and feedback processor 658 are typically
adjusted simultaneously to minimize the mean square error (MSE) of the inter-symbol
interference in the equalized modulation symbols. DFE processing is described in

further detail in the aforementioned paper by Ariyavistakul et al.

Interference Cancellation

[1139] FIG. 8 is a block diagram of an interference canceller 530x, which is one
embodiment of interference canceller 530 in FIG. 5. Within interference canceller
530x, the decoded data stream from the channel MIMO/data processor 520 within the
same stage is re-encoded, interleaved, and re-modulated by a channel data processor
210y to provide remodulated symbols, which are estimates of the modulation symbols
at the transmitter prior to the MIMO processing and channel distortion. Channel data
processor 210y performs the same processing (e.g., encoding, interleaving, and
modulation) as that performed at the transmitter for the data stream. The remodulated
symbols are then provided to a channel simulator 810, which processes the symbols
with the estimated channel response to provide estimates of the interference due the
decoded data stream.

[11401 For a non-dispersive channel, channel simulator 810 multiples the

A~

remodulated symbol stream associated with the i-th transmit antenna with the vector h;,

- Vdfe, i.i Eq (49) [1138] Wth the DFE techni que, the

erence

Iy
654



adjusted sinultaneously to m nimze the nmean square error (MSE) of the
inter-synbol interference in the equalized nodul ati on synbols. DFE
processing is described in further detail in the aforenentioned paper by
Ariyavi st alg 02b3784 . | nterference Cancel l ation [1139] Fl GcBuks/@sigl ock

di agram of an interference canceller %80x, which is one enbodi nent of
interference canceller 530 in FIG 5. Wthin interference canceller 530x,

t he decoded data stream fromthe channel M MJ data processor 520 within the
sane stage iwhidheiseairaflRthte oNtiRY LiIRAMEdespdAse bawesd el ediriimit glteniacfor dat a
processor 210y todprow de renpdul ated synbols, which are estinmates of the
nodul ati on atpy stEeam lsrbcﬁﬁtgrﬁe?‘?véfedp‘%ﬂdd’rach Of ttheeNriragoi ysr attennas-nd'hand
channel di stortlﬁ)n Cganne ta processor 210y performs the same

processi ng (&WL % BAY ‘Eif”fﬁﬁess? er| eaving, and nodul ation) as that
performed at the transmtter for the data stream The renodul ated synbols
are then provided t hannel sinulator 810, which processes the synbols
with the estinmted rhnel response to provide estimates of the
interference dueth hg coded data stream [1140] For a nonng%g%gr si ve
channel , channel by N'ilt or 810 multiples the renodul at ed sy tream
associated wth theli.-th transmt antenna with the vector hi , WO 02/ 093784
PCT/ US02/ 14526 42 ixgh is an estimte of the channel response between the
i-th transmt antenna for which the data streamis bei ng recovered and
each of the NR receive antennas. The vector h, , be expressed as: hi =
Eq (50) andangiseme celommnf aofestamt@scthanmle@pmtsammx dq@bméaempnesscdHS‘t hat
can be expressed as: H= h2,1 A h2,2 AMOJ12,NR A hNT,i hNp,2 M

A

by hy A by,
by

i;'lN h/z.NR A ENT.NR_

The matrix H may be provided by the channel MIMO/data processor 520 within the
same stage.

[1141]  If the remodulated symbol stream corresponding to the i-th transmit antenna

al
is expressed as ;%, , then the estimated interference component i due to the recovered

transmitted signal may be expressed as:

hAl.l"ii
¢ ﬁiz' i
= ' . Eq (52
i M q (52)

[1142]  The N elements in the interference vector ii correspond to the component
of the received signal at each of the Ny receive antennas due to symbol stream
transmitted on the i-th transmit antenna. Each element of the vector represents an
~ estimated component due to the decoded data stream in the corresponding received
modulation symbol stream. These components are interference to the remaining (not

yet detected) transmitted signals in the Ny received modulation symbol streams (i.€., the

vector !_k ), and are subtracted (i.e., canceled) from the received signal vector g"' by a



hNTNR Eq (51) The matrix ft may be provided by the channel MEMJ dat a
processor 520 within the sane stage. [1141] If the renodul ated synbol
stream corresponding to the i-th transmt antenna is expressed as 1; |,
t hen the egiggmmbsedsi nterference conponent 1 r due to the pesaNeRshe
transmtted signal nmay be expressed agg¢ h,I , f =h',ZE52 Mq( ) h;,NR
[1142] The NR elenents in the interference vector i correspond to the
conponent of the received signal at each of the NR receive antennas due to
synbol stre e I of
the vector ¢ onret BLER bRt Phoulea yehd ECTRA nEEhERIRYs RATIE EORY
streamin t ﬁmammﬁ&mﬁﬁhdngﬂnecmc\ﬂkmonrmﬁllbb&kj)x@ﬁke&)&ﬂblﬁiwrﬁhbcﬁfaﬁh edineion
conponents are interference to the remaining (not yet detected)
transmtted(®i ghht snodmﬁqméeqm riecés pevidedchsl the iioput sigotoolto sher gemiwregdives. , t he
vector rk ), and. a bt aCt%‘%‘f@s , canceled) fromthe received si gnal
vector rk bPoa‘f WB 62/ 14526 43 sunmer 812 to provide a
modi fi ed Veﬁﬂfi”y k"quQa&i 015%951%‘8@99&1391@%&& i Q8 %ﬁﬁdﬁpesu%rt@oif{hr eam
ncel l ati can a

removed. Thi's C e expressed as° shown ove I'n equa ron (5).
The nodifie [ e

recei ver pr g}é{é@s@% ﬁénsz?rgfﬁ &?dogs% cgﬁﬁiedﬁa %éb‘%gbﬂ‘?;‘#ﬁ&ﬁﬁ& dil speérﬁs'l?hve
channel, the v n_esfinmate the channel

et | Lt nestergrtn i Ror i B M E e b a0 0SB RS L Then

the estimated interference vector at tinen, i r(n) , may be expressed as:
"(n) L zh,1(k).; (n vk Ak:gLZiIZ(k)i,(n-k)
h (k)x,(n~k)

=
i) = ;’liz ©)%, (=)

) Eq (53)

L A
LZ B, ®S, (- k)
k=0 .

where i,(n) is the remodulated symbol for time n. Equation (54) effectively convolves

the remodulated symbols with the channel response estimates for each transmit-receive
- antenna pair.
[1144]  For simplicity, the receiver architecture shown in FIG. 5 provides the
(received or modified) modulation symbol streams to each receiver processing stage
510, and these streams have the interference components due to previously decoded
data streams removed (i.e., canceled). In the embodiment shown in FIG. 5, each stage
removes the interference components due to the data stream decoded by that stage. In
some other design, the received modulation symbol streams may be provided to all
stages, and each stage may perform the cancellation of interference components from all
previously decoded data streams (which may be provided from preceding stages). The
interference cancellation may also be skipped for one or more stages (e.g., if the SNR
for the data stream is high). Various modifications to the receiver architecture shown in

FIG. 5 may be made and are within the scope of the invention.

Deriving and Reporting CSI
[1145]  For simplicity, various aspects and embodiments of the invention have been

described above wherein the CSI comprises SNR. In general, the CSI may comprise



k=0 Eq (53) M LIz k~.n-k) k=0 where 1f(n) is the renodul ated synbol for
time n. Equation (54) effectively convolves the renodul ated synbols with

t he channel response estimates for each transmt-receive antenna pair.

[ 1144] Forw®iozpbizei ty, the receiver architecture shown i np&t/Gso2asspsovi des
the (received or nodified) nodul ati om synbol streans to each receiver
processi ng stage 510, and these streans have the interference conponents
due to previously decoded data streans renoved (i.e., canceled). In the
enbodi nent  ahppel oF iffdemation SACH ptliReeve Sl \CREradtBEstich e HeSdopitagnie@BRONENT S
due to the data_stream decoded by that stage. |n sone other design, the
recei ved nodikatYasiqus {pespf infe n iy Rsprpyiged aelSh some lexamplgyekWhishd each
stage may pefd RkRdeAdeicel lation of interference conponents from all

previ ously decoded data streans (which rmay be provided from preceding
stages). Théll46ht erlheerenembediment, | thei GHl nemprges osigral-tknqipreplus-interfatencer nor e
stages (e.qg,

] e faor.the data str i i .. var L,ous .
nodi ficati oﬁasnot LSI{H%é wﬁgl@eilsvg?nvgrac i@ecr? % é)?gﬁéoﬁ%n %]n&hv%ffé\cegk%wlgeepwgde and
gr e Wt h: n ferfaempeoier.t The SNRGmtygwally @g_rmatémgldq?dviﬁlapmtahdhgz_raﬁﬁtﬁs[sibﬁ42]
or si icity, varioys aspects and enbodi ments o e invention have been
descr | ggd al %@%H%‘?degﬁ’f &Hg eagpMISSIQp (€ Lo 8 Q_raqswltgéﬁ.grsgpgm}, haét?‘@’@m By
conpri se mazggxté%ﬁ@gﬁ‘ﬁ R AIBE bAARRE forfdniier oY RénsadissicH (Hafiflld. OThel SRR 1 S

d.
i ndicative of the characteristics of the comunication |ink. Various types
of i nf or mat e¥imaayndebp ayentized tasa care having 2 patiphlas nembeineichits. gde one
described b - | : :
%hﬂ%lg{e;ltllﬂ@ SNR Tﬁ&f}ﬁatg mﬂéﬂgt@? g)t a(ns%g? 1%1 %% %ﬂ%@?}ok-ug table.

si gnal -t o-nol se-plus-interference Ived as the
rati o of thélki7ynallnpontier embodirest, thé £85I momprisdésndignal power endoowesferenthe SNR

Is typically,estimted a rovi ded for each transm ssi.on hannel . Lised for
ot o T oo P ol 8o el it RBandia SRE Be SEBRRSTY SRk flh sr ARG 30 100
SNR may al seadhardnsmissida@himel esed foridata tednsiisgioa ssi on channel s. The SNR

estimate may be quantized to a val ue havi ng a particular nunber of bits. In
one )(1148] In yet another embodiment, the CSI comprises signal power, interference

power, and noise power. These three components may be derived and provided for each
transmission channel used for data transmission.

[1149] In yet another embodiment, the CSI comprises signal-to-noise ratio plus a
list of interference powers for each observable interference term. This information may
be derived and provided for each transmission channel used for data transmission.
[1150] In yet another embodiment, the CSI comprises signal components in a matrix
form (e.g., Ny XN, complex entries for all transmit-receive antenna pairs) and the
noise plus interference components in matrix form (e.g., N; XN complex entries).
The transmitter unit may then properly combine the signal components and the noise
plus interference components for the appropriate transmit-receive antenna pairs to
derive the quality for each transmission channel used for data transmission (e.g., the
post-processed SNR for each transmitted data stream, as received at the receiver unit).
[1151]  In yet another embodiment, the CSI comprises a data rate indicator for the
transmit data stream. The quality of a transmission channel to be used for data
transmission may be determined initially (e.g., based on the SNR estimated for the
transmission channel) and a data rate corresponding to the determined channel quality
may then be identified (e.g., based on a look-up table). The identified data rate is
indicative of the maximum data rate that may be transmitted on the transmission

channel for the required level of performance. The data rate is then mapped to and



enbodi nent, the SNR estimate is mapped to an SNR index, e.g., using a

| ook-up table. [1147] In another enbodi nent, the CSI conprises signal
power and interference plus noise power. These two conponents may be
separ at el ywdeg2ioyeds and provi ded for each transm ssi on chaonekoxasd f or
data transm ssion. [1148] In yet anot her enbodi nent, the CSI conprises
signal power, interference power, and noi se power. These three conponents
may be derived and provided for each transm ssion channel used for data
transm ssi onepresehtdbylardayetatednditdier (DRI adhiichedah be effitidatly c66dtp Hos €Gample,
signal-to-nqgjse ratio plus a |ist of interference powers for each
observabl e i‘#]i‘é? fr 6YeR POENE drtp EtesH RIS, SPRPOTERY Bwyhe Fansmiiten wnit defgeashovi ded
for each tranaghsshiefnd BRARS b9k ;AY bEREA th rRABh 3¢ ORT whérk20%., h Derget
anot her enbodi nent, the CSI conprises” signal conponents In a matrix form
(e.g., NT x CRRinginafs adaterate pheerd Gie., alon’t ueiths transmitardenng) andt bthneugbdli sag) and

the noise pl ' I ' trix f e.q. NR

compl ox ont 1rassd 1 fpiceleratéh SRTRRNGRL k) AL hical BiTspGinion, R oSpbl

si gnal conponezsarsments (¢.55 SINK sgimgwds) arel muppelialirnitye te heDREB4ssd bay e.pha
appropriate transn‘bﬁt-recei ve antenna pairs to derive the quality for each
transni ssi onOTRENHRE: used for data transnission (e.g., the post-processed
SNR for eaclj11322nS Nintylef gholitdr ambbaigRM, RSCSEDRIpYiSsh AlindiBRionF Sheiiirtichlirt ) -

[ 1151] In yet another enbodinment, the CSI conprises a data rate indicator
for the tr ®Fefaingischamste ba psedraidhetransmitjergmitfor paghdranswit slatactgamelInt o be
used for da 1. SShan ' Lot hal |y based _.on the
SNR esti mat té@s f%’?@ﬁ?lﬁ’t #hgnlg %ﬁ%‘???ﬁﬁﬁ%ﬁ@é’? @ga%%ﬁ@%a%o\gnfggfcglerggr@sglgndi ng
to the det empaiticeldr aivakuiation gobdme yo bermped Fanthbdransteittdafai sicbatnesugh, thitathed on a
| ook-up tablg).. .The.identified.data rate is indicative of the maxi num data
rate tﬁat nadgglf)eg-q?‘/reéﬂggﬁrfotr@amgﬁs ?ﬁ%‘éﬂf ‘ansm ssion channel for the required
| evel of pefi1#3jancia.yel arothetembodintent,sthe IOSD compried at differanti A HZAAFIY 34

PCT/ US02/ 14526, 45 represent ed a data rate indicat DR whi ch can be
ef fici ent |y PAGIFBRT meg “réﬁgﬂ?ﬁ?@ ?‘%iaftr?‘ﬁﬁnsl%’)‘ Cgé‘%}}?ﬂ _gﬂﬁ%ﬂg{yb&@ Sﬂ%a]%&r PR are
support ed b¥ofhBeothéra§8dlty {Béastidhdent 96r BRC Franshii@&ishTcharRBl & A&terrhiied Aq3- bi t
val ue may be used to represent the DRI where, e.g., a zero can indicate a

dat a rate offeposted as p referengpomeasuiement yadue. r Biesasfter, oniétaning ofathelqualithebiigh 7
can be use Lngdi c e AL ff d e YRLC

I npl enent at iqrghé,}mf[s ﬁgd q%{zfﬁ P?yxgﬁr:cglg%%r g%%g ?gi%aé'n% Sﬁﬁwéés}} ﬁlﬁ%t gg qéﬁoét e(r%npped
directly tomedasurBRéntiadebe anrene mgasuranent dodstermineab|Fhe difference may then be

quantized to one or more bits, and the quantized difference is mapped to and
represented by the differential indicator, which is then reported. The differential
- indicator may indicate to increase or decrease the last reported measurement by a
particular step size (or to maintain the last reported measurement). For example, the
differential indicator may indicate that (1) the observed SNR for a particular
transmission channel has increased or decreased by a particular step size, or (2) the data
rate should be adjusted by a particular amount, or some other change. The reference
measurement may be transmitted periodically to ensure that errors in the differential
indicators and/or erroneous reception of these indicators do not accumulate.
[1154] Other forms of CSI may also be used and are within the scope of the
invention. In general, the CSI includes sufficient information in whatever form that
may be used to adjust the processing at the transmitter such that the desired level of
performance is achieved for the transmitted data streams.
[1155] The CSI may be derived based on the signals transmitted from the

transmitter unit and received at the receiver unit. In an embodiment, the CSI is derived



[ 1152]

In yet another enbodinent, the CSI conprises an indication of the

particul ar processing schene to be used at the transmtter unit for each
transmt data stream In this enbodinent, the indicator may identify the
parti cul arwoadiopgsschene and the particul ar nodul ati on spboEoRv2i9sdee used
for the transmt data stream such thassthe desired |evel of performance is
achi eved. [1153] In yet another enbodinent, the CSI conprises a
differential indicator for a particular neasure of quality for a

transm ssi orbfagédamm&i pilbnirdfer@hdey incﬂtﬁ&edslﬁll?th_er ugﬁhﬁmq siggm gmemammy ijdry
measur enent r. the transm ssion channel js determn nd reported as a
ref erence m?Q&HP ntthe\/gghé‘?ayﬁfefl‘“éh‘feag?aﬁe iﬂﬁeoﬁ?tﬁdnﬁ\“dﬁh’@ ‘&Eé\p‘inﬁli}“@ﬂ t he
transm ssi ogignhgnnel continues, and the difference between the |ast

reported -neasurenent and the current neasurenent is determ ned. The
di fference Mhlp6] henlnbget guether embiodimentether Chcemprises, ormdrt mereygignelszed
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i odi cal | et - - b Nof: i té Alote foi £ALO8 d/
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[ 1155]

transmitter SRpnIqU

The CSI may be derjved based on the sigpals transmtted fromthe
équqr%ec%fi thesg terhnigyes pig @sw@»ec? tthe following, paleris dytHEhere ¢ he

CSl is deri gdandPidteQ8s3die oPtht/ ety ak?ﬁc?a@lon 4 ﬂ?@@éraﬁéﬁ erei bpferdrBiRr ence

included in the transmtted signals.

ternative or additionally, the

CSI may be der¢t v&GS b&Raleot oNo.t 799404, i entitled e (SY$TEMe ANBNMETHOD EORBnal s.

[ 1156]

_ _ OB
{ransh fted on t RETIAPRN IRCFIVGRS (RECTc R VER BN RATH OB ShER: Cer

unit.

In sone CDMA COMMUNICATION SYSTEM,” issued August 25, 1998,

e U.S. Patent No. 5,903,554, entitled “METHOD AND APPARATUS FOR
MEASURING LINK QUALITY IN A SPREAD SPECTRUM
COMMUNICATION SYSTEM,” issued May 11, 1999,

e U.S. Patent Nos. 5,056,109, and 5,265,119, both entitled “METHOD AND
APPARATUS FOR CONTROLLING TRANSMISSION POWER IN A CDMA
CELLULAR MOBILE TELEPHONE SYSTEM,” respectively issued October
8, 1991 and November 23, 1993, and

o U.S Patent No. 6,097,972, entitled “METHOD AND APPARATUS FOR
PROCESSING POWER CONTROL SIGNALS IN CDMA MOBILE
TELEPHONE SYSTEM,,” issued August 1, 2000.

[1158] Various types of information for CSI and various CSI reporting mechanisms
are also described in U.S Patent Application Serial No. 08/963,386, entitled “METHOD
AND APPARATUS FOR HIGH RATE PACKET DATA TRANSMISSION,” filed

November 3, 1997, assigned to the assignee of the present application, and in



systens, a degree of correlation nmay exi st between the forward and reverse
links (e.g. tine division duplexed (TDD) systens where the uplink and
downl i nk share the sane band in a tinme division nultiplexed manner). In

t hese systwioR/oddrIes qual ity of the forward |ink may be especrveseds{o a
requi site degree of accuracy) based o4v the quality of the reverse link,
whi ch may be estimated based on signals (e.g., pilot signals) transmtted
fromthe receiver unit. The pilot signals would then represent a nmeans for
whi ch the t rEEsRIAVISeS 5642006 Higk Rate! MiekétIdata i inaface Spbyifitdtiont cth ver
unit. [1157] The signal quality may be estimated at the receiver unit based
on vari ous Of‘éhlﬁhmdé@fp@éﬁe@h%"{:lntbi’efﬁ?rﬁf@%hm ques are described in the

fol I ow ng PR189Y 5. . T4 ébl% b@sr%PSﬁf\):g bhck t:mh@stangﬁﬁ&r%ﬂmaﬁ&@sem

application and incorporated here reference: U S Patent .
5, 799, 005, trasmissenh SCBYSFENMFANExaDl¢0me ESRmayebessnt i Rid, m&zmr@tbypm_m

508, U compiondheied. dp e epasidnf (o ioBbp ol A A Bl

k//EAngI N?gggﬁ&ﬁt@dgd-ééﬁybishﬂ An SR tEAREAITERUUS L. C\dvotileCAmbaNmEMSTHENT ST is ssued
y U Pat ent, Nos 56, nd 5,265, 6 119, .both. entit]|ed
LTI ANDETAEPIAHAI hETSHis R BRES (8 BiciHRARBIEE S ERb AR AR,

CELLULAR MOBhlck J@%@'@‘@{% efiéaivelfate deﬁéJféeauavéE karingls Uedlarf Btaate, theSSNRP9L and
Novenber 23, 1993, and U.S Patent No. 972, entitled "METHOD AND

APPARATUS FORY bPROTHESk K&P@ﬁ@@r@@mmy ylmﬁm qhRngEMEONTEPFBM FYStmpHONE
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used and are within the scope of the invention.
[1160]  Referring back to FIG. 1, the CSI (e.g., the channel SNR) determined by RX
MIMO processor 156 is provided to a TX data processor 162, which processes the CSI

and provides processed data to one or more modulators 154. Modulators 154 further
condition the processed data and transmit the CSI back to transmitter system 110 via a
reverse channel.

[1161] At system 110, the transmitted feedback signal is received by antennas 124,
demodulated by demodulators 122, and provided to a RX data processor 132. RX data
processor 132 performs processing complementary to that performed by TX data
processor 162 and recovers the reported CSI, which is then provided to, and used to
adjust the processing by, TX data processor 114 and TX MIMO processor 120.

[1162]  Transmitter system 110 may adjust (i.e., adapt) its processing based on the
CSI (e.g., SNR information) from receiver system 150. For example, the coding for
each transmission channel may be adjusted such that the information bit rate matches
the transmission capability supported by the channel SNR. Additionally, the
modulation scheme for the transmission channel may be selected based on the channel
SNR. Other processing (e.g., interleaving) may also be adjusted and are within the

scope of the invention. The adjustment of the processing for each transmission channel



conbi nation thereof. In one enbodinent, CSI is reported periodically, and
differential updates are sent based on the prior transmtted CSI. In

anot her enmbodi nent, the CSI is sent only when there is a change (e.g., if
t he changewexpR®estss @ particul ar threshol d), which may | operubhaaekl ective
rate of the feedback channel. As an exsnple, the SNRs may be sent back
(e.g., differentially) only when; they change. For an OFDM system (with or
wi thout MMD), correlation in the frequency donmain may be exploited to
permt reduthaiddon the doemARBUSNRIbr (BSlchimmeballowadhdRIKIO é’g’fste‘cmmoeachiﬁpé dighor an
OFDM system if the SNR corresgondl ng to_a particular atlal ?ﬂl annel
for NM fr equsHesmanse fiehaveithroughputiog bif ste forppartispfar keyal ft‘ PW%’FéSa € ast
frequency sy | r d.
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one or nore nDduIators 154 rther, conditi e processed
data and tr dhdssFEibadin thef 01195’(%“?‘19 t[fé%%tﬁﬁ@@# %eﬂaﬁl%. @l’ ‘&%3&72 reverse

channel . [1161] At system 110, the transmtted feedback signal is received
by antennas 124, denvodul ated by dem)dul at or s 122 and provided to a RX
data processor 132 RX data MEMEO-System Operating pige Dr ocessi ng

conpl enent ar, th I EVIYIL, Vighs the
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may al so be adjuste re wwthin the scope of the invention
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M MO system 'eve rmance rate
for a parti aedhafqub,easeiesmbedm flﬂll’hﬁ'ﬁdﬁtﬂ) beldine When there is a large disparity between

the worst-case and best-case transmission channels (i.e., transmit-receive antenna

pairings), the coding may be selected to introduce sufficient redundancy to allow the
receiver system to recover the original data stream. For example, the worst transmit
antenna may have associated with it a poor SNR at the receiver output. The forward
error correction (FEC) code is then selected to be powerful enough to allow the symbols
transmitted from the worst-case transmit antenna to be correctly received at the receiver
system. In practice, improved error correction capability comes at the price of increased
redundancy, which implies a sacrifice in overall throughput. Thus, there is a tradeoff in
terms of reduced throughput for increased redundancy using FEC coding.

[1166] When the transmitter is provided with the SNR per recovered transmitted
signal, a different coding and/or modulation scheme may be used for each transmitted
signal. For example, a specific coding and modulation scheme may be selected for each
transmitted signal based on its SNR so that the error rates associated with the
transmitted signals are approximately equal. In this way, throughput is not dictated by

the SNR of the worst-case transmitted signal.



adaptive processing can be applied to a single-carrier MM systemor a
multi-carrier based M MO system(e.g., a MMO systemutilizing OFDV.
[1163] The adjustnment in the coding and/or the selection of the nodul ation
schene at wigwbssnsm tter system may be achi eved based ORcHuRRIQSS

techni ques, one of which is describedoin the aforenentioned U S Patent
Application Serial No. 09/776,975. M MO System Qaerati n2 Schenes [ 1164]
Vari ous operating schemes may be inplenmented for a M MO systemt hat

enpl oys adagii6éng trAsMtahile, ROMRG®RS 8147004 MINIC Systetn WRR 2RFAA5It 9 4 RReive

avai l abl e CSI% and successive cancel | ation receiver processing techniques
descri bed héplepmas auhemployingethe swssessiyei ¢rgcalleemgaceiyes preesssingdechniqueur t her
detail belo : n - ' RWF t e - j on
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can provide i hprove er f or panc n used,|i opbination W t. he
successi ve é%lﬁgglnf ﬁegﬁlg?lglcg%\fglr%c‘ﬁ&g% i%%}ll& P%glﬁ{%e&{}g thgga%sggg?ci HEReli n
further det ahlinp6ldBVENRVIERinghEe @fdratiod Siv@tindrablRal, eich tRekMR afitenidWould

wor st - case and_best-case transm ssion channels (i.e., transnmt-receive
antenna paicMPHYsH codingratefi3fhandiQP e madpistion &iVing # frtplJaegudation efficisneit
redundancy tpedfofifitiol DitsSRAREGIVE' 1.5 Mﬁéxﬁfﬂi&&bﬁs‘?ﬁﬂiﬁ%ﬂtﬁﬂ%ﬁﬁ@é& Gidapl data
stream For exanple, the worst transmt antenna nay have asSociated with
it a poor SKR6S thWitheCHl yailablas thet trampmister gnayasedect dhe ollaydng eedingrand FEC)
code is the 0, > 0 . nbol s
transmtted rﬁ?or%glr%%? %g&ﬁkggfo?éges@ﬁ{ {rgﬂﬁ?%&%%%%fl fesharlsZSh{)‘gw I¥e'ilg%(??'ect ly received
at the receiver system In practice, inproved error correction capability
conmes at the price of increased redundatpgye2Which inplies a sacrifice in
overall throughput—Thus there is a tradeoff in terns of reduced

t hroughput for i ncr eaSKR r edyindZoding Ragsi ng AMEduladeh ng. # pfldfobgativihen t he
transmtter is provi dﬁﬂi)with t he SNR per| r ecsywmoied t|r aBRamSynibed |signal, a
di fferent codi ng fareor—reduiat+en—secherp—ray—be—usgd—+er—each—tfransmtted
signal . For exanple, adspeciiic cd#i ng ahd nB®Kati dn schkhe may be

sel ected for each trgpnmtted sigpal based;gpangs $NR sopshat the error
rates associ at ed pwrth—the—ttansnrtted—srognats—are—gpproximatety equal . In
this way, throughput IS not d¢ictal/®¥ by | thé+SRM of jthe wbtst-case
transmtted signal. W.92/ 098784 Bfgl/ USOR/ 14b2M 49 {[ 11675 As an exanpl e,
consider a 4 x 4 MMOSYySteEmM W tiT 2 tTansm t and 4 T Eecerve

By adjusting the coding and modulation scheme at the transmitter based on the available
CSI, the effective modulation efficiency achieved is more than doubled to 12.5
" bits/symbol versus 6 bits/symbol without CSI. The decoded error rate for each of the
transmitted signals will be approximately equal since the coding and modulation
scheme was selected to achieve this level of performance.
[1169]  With adaptive processing at the transmitter system based on the available
CSI, the successive cancellation receiver processing technique may be altered to take
advantage of the fact that the bit error rates for the transmitted signals are approximately
equal. If the coding and modulation scheme used on each transmitted signal provides
an equivalent decoded error rate, then the ranking procedure (i.e., highest to lower SNR)
may be omitted from the receiver processing, which may simplify the processing. In
practical implementation, there may be slight differences in the decoded error rates for
the transmitted signals. In this case, the SNR for the transmitted signals (after the linear
or non-linear processing) may be ranked and the best post-processed SNR selected for

detection (i.e., demodulation and decoding) first, as described above.



antennas and enpl oying the successive cancell ation receiver processing
techni que described herein. For this exanple, the SNR for the four
transmtted signals are 5 dB, 8.5 dB, 13 dB, and 17.5 dB. If the sane

codi ng andwipshwostisy on schene is used for all four transmppig@oHigsal . the
sel ected schenme woul d be dictated by the transmtted signal having 5 dB

SNR. Using the information given in Table 1, each transmt antenna woul d
enploy a coding rate of 3/4 and QPSK nodul ation, giving a total nodul ation

efficiency [01708 | MVathrEsTiaQRilddid /the/tidehitte® thrbughpul { Mo Bhe Rictated by the.
bits/synbol/transmtted st‘légnal . [1168] Wth CSI "avail able, the transmtter

may sel ect tWISHGEPe BopsAutieHgna) slael themeding 2 srodidationwehemss areeelgcing to

t itted i Q! i T, i | ation
4 of It or mdy e { B EgaEPlb ORI g G Fubofa RRRERE £l S RANRM
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h t the transmtter, based. on the avail abl Csl, .t effective

rodul at on. Shpinel BREFYEve R TRinERim ABoYHE ritmmed Teapined To Ree e Weghbol
versus 6 bi e/esyofbpérformaheritis GSed, dide tFesdgad i€ maimized.e Tag fcet he
transmtted sj %n ls will Dbe, apg_r oximately egual since the codi nlﬁgﬁgag\d

modul ati on 26¥ : wgth saQF@b“.Lee apgiteh peipessing basedven ©FI fees of
[1169] Wt h saskapieV@unbeiRG6s $idafef brobdiSink HAAR Thitld?'a AUSEAPDRSERL ealeﬁ.@e

available CSI, the successive cancell g ion receiver processing technique
may be al t elwhereby fudicharagteviantionge avilabladorf each tramsmit-raceive antewsta piir) nadess f or
the transm tcéﬁﬁn%b&%{ co%ﬁioﬂﬁ%gﬁéﬁcﬂﬁé@b%gﬂ%%&%iﬂ bblby! N€ codi ng and

nodul ati on scheme™ used on eac ransm ttéd signal provides an equival ent
decoded err ¢t1H4t e, Intdnethet bperntinpk schgmpy the edngmittér itenot providedswith chel SMRr SNR)
may be omtted fromthe receiver processing, which may si.nplify the
processi ng. 2FHeVeSr Eﬁét%ﬁ%lf‘“ﬁ“ﬁﬁl’*@ﬁ%rﬁ“&?‘}e nt,’ut'.tIH%Y (?%ﬁ?%éd Sk HtS“él? alences

i n the decoggdicAive 06f KR} QSerb® SNRIEof AN GEhdmiSsors iclidleR, drNpddiiby Game, the
SNR for the transmitted signals (after the linear or non-I|inear

processi ng) IHfaymasionipgicasipearich wanspiiantegaas to b yeakios datapnssaipsien. ¢l thigr
detection (lsefeme, $ AN R4rORaPBAPIS AR SAEE chdihg lind FFodESiGh 'sPRMLAHP UG-
transmit antennas used for data transmission, which may be a subset of the Ny available
transmit antennas. When the same coding and modulation scheme is used on all
transmit antennas, performance may be compromised. This is because the overall
- performance of the successive cancellation receiver processing technique is dependent
. on the ability to decode each transmitted signal error free. This correct detection is
important to effectively cancel the interference due to the recovered transmitted signal.
[1172] By using same coding and modulation scheme for all transmitted signals, the
recovered transmitted signal with the worst SNR: will have the highest decoded error
rate. This ultimately limits the performance of the MIMO system since the coding and
modulation scheme is selected so that the error rate, associated with the worst-case
transmitted signal meets the overall error rate requirements. To improve efficiency,
additional receive antennas may be used to provide improved error rate performance on
the first recovered transmitted signal. By employ more receive antennas than transmit
antennas, the error rate performance of the first recovered transmitted signal has a
diversity order of (Ng-Nr+1) and reliability is increased.
[1173] In yet another operating scheme, the transmitted data streams are “cycled”
across all available transmit antennas. This scheme improves the SNR statistics for

each of the recovered transmitted signals since the transmitted data is not subjected to



WD 02/ 093784 PCT/ US02/ 14526 50 [1170] Wth CSI available at the
transmtter, throughput is no |longer dictated by the worst-case
transmtted signal since the coding and nodul ati on schenmes are selected to
provi de a paraoosmsar | evel of performance (e.g., a particetaus®Edcon each
transm ssion channel based on the channel's SNR Since FEC coding is
applied to each transm ssion channel independently, the m ni num anount of
redundancy required to neet the target |evel of perfornmance is used, and
t hr oughput itke reotbtroagee drandthidsipgr dhanisinbe: imead ey afibjectddt to all aphrisiession

transmtter processjng based on CS] (e.g., .SNR) and sucgessive

cancel | at i or?g?rgl‘?g'r vtl?e {8 %rsaéﬁqggatﬂ V&h ¢ Stpﬁ%igc &%\taastqeaw 13 e%rwt}yﬂyc%rﬁ%qn#g
scheme  (wheyigP¥softldebisfdnar Bfat Blci répredcAtitive oPRI dvakiise abRks ARBBssible pairs of
transmt-receive antenna pair) under certain operating conditions, as

descri bed i Arapgmitiieoeivgetrdgnnape| Bs oparating s¢hemenist drseribadeinafurthgr detadnid, t he

transmtter g | d L Lt -SNRyy..aChé or e %&l ON
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SNR for al |l COMMUNIADIONS aSi8TEM dIANOSGi M ySRPAGE-TIME oARGHITECTURECat i ng
whi ch transm d. f r LSS ' hene,
the tranom tRaREoR GG Bt BN RbERas IR il TRAbRMITHER!
transmt antapRECHVER, Oinddaédpdrhd héfemHydefersdde Ch may be a subset of the
NT available transmt antennas. \Wen the same codi ng and npdul ati on _schene
i s used on a&M74]y aFhensuccessive caresliatinny feerivg Rracassiys irehpighp rlows adMIMRi s i s
because the 1 ; ' ' Lver

Pt 0c6ssi ng Bh g RS AUFRART diher e SRR IR, BB RSP o! SbIR, SAShi
transm tt ed 28d geesive@nteonasi whigh iThimninc advartage fhsteoplayinmg MIMQ. nBepending ono

effectively t ' rf C the recavened.transmtted

si gnal . [11%%%@5@?%%%@%@@@ i.cﬁlag%ﬁ’aé it u|58?‘lagﬁq‘é%‘ﬁg‘}9é‘ Elligye €.
transm tt ed COMhat MMSEP or raespassting equaization teebniqud (Bg., MMBELIE; DFH,Sdr SNR
wi |l have t Lghest. decoded error  rate. This ultimately limts_ the
per f or mance hiay) hevesedy O BiRFess B Tearyed VTR adde SHEReYR FeelatioBne i s

sel ected so réd3fler bRe@MpbcHd R, FREPEdelif dombindtibd FithAheS hddpAvSirarfshfgm tt ed
signal neets the overall” error rate requirenents. To inprove efficiency,
addi tional PEesessing based vathenaypilihde (Sddmey ablowyihgesameprumen ofrmegulatione
per f or MaNce saipolk RPod irdinid48Y Glch fuel R 983 d: 5 MTMOIY e uB BERUPYSITO" ©
receive antennas than transmt ~—antennas, e error-rate performance of the
first recovdl®])t r aOther linead asd goralindaaseceiverdproenssing yechnidees miy {1bRbd\dsedl) and
[ reglngm lt It ;é irlagfnly'lq)gc{u'%g;\ﬁjgi Q{%&‘Z@e&%ﬁlﬂg 8Xnec%ll§{2>%trgceerive?pper(r)c%tssliri?gg te%ﬁrrx}cellrxge imdt tr}x%
adaptive transmitter processing technique, and this is within the scope of the invention.

Analogously, FIGS. 6A through 6C represent embodiments of three receiver processing
technique capable of processing a MIMO transmission and determining the
characteristics of the transmission channels (i.e., the SNR). Other receiver designs
based on the techniques presented herein and other receiver processing techni(jues can
be contemplated and are within the scope of the invention.

[1176] The linear and non-linear receiver processing techniques (e.g., CCMI,
MMSE, MMSE-LE, DFE, MLSE, and other techniques) may also be used in a
straightforward manner without adaptive processing at the transmitter when only the
overall received signal SNR or the attainable overall throughput estimated based on
such SNR is feed back. In one implementation, a modulation format is determined
based on the received SNR estimate or the estimated throughput, and the same

modulation format is used for all transmission channels. This method may reduce the



across all available transmt antennas. This schenme inproves the SNR
statistics for each of the recovered transmtted signals since the
transmtted data is not subjected to WD 02/ 093784 PCT/ US02/ 14526 51 the
wor st - casewlgr)aesmessi on channel, but instead is subjectedptpusdaliass

transm ssion channels. The decoder associated with a specific data stream
is effectively presented wth "soft decisions” that are representative of
the average across all possible pairs of transmt-receive antennas. This
operating segh&ae s%'s‘ierﬂ Qﬁx@h%l’gﬂﬂ bit"mhy ilkd efeadPtatiute the anfduhoBemforiiatientent
Application Seria 2692.1, entitled "WRELESS COVMUNI CATI ONS
SYSTEM HAVI keskeovepikereversgginkRCHI TECTURE  EMPLOYI NG MULTI - ELEMENT ANTENNAS
AT BOTH THE TRANSM TTER AND RECEI VER, " and i ncorporated herein by
reference. [1174] The successive cancell ation receiver processing techni que
allows a MMO systemto utili ze Mmm di rensi onalities created by

the use of pl ransm ive anten whi.ch. a nmai

advant age fghébrp ﬁlmpﬁ‘bvemeﬁ‘i)‘ ﬁleqeg rﬁca'rrgﬂ e c?hfgf‘uéz@fle‘?“iﬂéﬁi ec%seo(ftnﬁhﬁe M MO
channel, a kidtesives p@icbﬂdnoﬁqteaéwerapﬂoe@smgcdamrqm afd Ghe ad@ﬂVb eansiddieE) or a
space- t| me equal i zati on techni

SE,
used to proPESEssingeterinigye, Based %QntQF §Va"%tﬂ$ §§Ec<¥§l§|%yéte@aﬁh&tagb%&t %‘?‘P &icel ver

processi ng &aBaikdaR be \A’Gﬁgut’dé &t édinpariitisBbd tﬁ@ th\fbﬁéﬂpﬁth@itlﬁfiﬁimlsmsedback
transmtter processin on the available CSI, "may allow the sanme

nunber of nﬂ“dgﬁﬁttdrmﬂlmmbtﬂagb@deﬂmﬂdtaﬁansmtted for each time slot as for a
M MO systemutilizing full CSI. [1175] Qher linear and non-linear

recei ver processing ch |qu s may al so be used in conjunctj ith the
successi ve canceld 3 g‘?ﬂ ]ec7é ver processing technique and thgq(%1 aptive
transmtter processi hg technique, and this is within the scope of the

i nvention. Anal ogou 6A t hrou 6C re S di nent s three
recei ver pr 6‘8’8&%%6 ﬁ? ggﬁ?é??é?hé“éfﬁh‘ﬁfjén laﬂpBéélg‘éﬁneﬂ!f %ﬁ ?%?ﬁ §| on
and determ Jeansni ssion channels (i.e.,
the SNR). cgg’e}é%g?s\g/@ ﬁééssatré %ﬂ %P%e t echni ques present et(zl her ei n
and ot her r@l:ﬁiS}'er mﬂoc%sshngfstibemmpnmmann SR c fort & rdpdda MV Qunchanmed
within the scope of the inventio The | i near andnnllneatr

recei ver pr&@ ™ 'é%%qmﬁlg’c?séwﬁ ca“?f@]ﬂ/r‘o“ TRREE" PRAGRENEE, CBE@JC MEE,  and

ot her t echnik@uURS JardTBbtafled Frdift &6GHputet ﬁmulr?ahbﬁl gmt ﬁ@rmmuamrmerfomwlhgut
adaptive processing at the transmtter the overall recejved

si gnal SNR @FSUMPHOBY frs AAE: e(lb\?@eamde@%kalg‘ﬁbtfﬁg@étqhﬁlﬁteb?d bei ey respiver-

transmit antenna pairs (i.e., no array correlation), (2) total interference cancellation (i.e.,

no decision errors are made in the decoding process and accurate channel estimates are
available at the receiver). In practical implementation, channel estimates are not totally
accurate, and a back-off factor may be used in the modulation scheme selected for each
transmitted data stream. In addition, some decision errors are likely to occur in the
detection of each transmitted data stream. This probability can be reduced if
independently transmitted data streams are individually coded, which would then allow
the receiver to decode the data streams independently, which may then reduce the
probability of decision errors. In this case, the decoded data is re-encoded to construct
the interference estimate used in the successive interference cancellation.

[1179] As shown in FIG. 9A, the first recovered transmitted signal has the poorest
SNR distribution. Each subsequent recovered transmitted signal has improved SNR
distributions, with the final recovered transmitted signal (i.e., the fourth one in this
example) having the best overall SNR distribution. The distribution of the average SNR
formed by summing the SNRs for the individual transmitted signals and dividing by

four is also shown. The SNR distribution achieved without successive spatial



such SNR is feed back. In one inplenentation, a nodulation format is
determ ned based on the received SNR estimate or the estimated throughput,
and the same nodulation format is used for all transm ssion channels. This
met hod maywoadusezssi he WO 02/ 093784 PCT/ US02/ 14526 52 overet/us®@yigsxm

t hroughput but may al so greatly reducesthe anmount of information sent back
over the reverse |link. System Performance [1177] |nprovenent in system
performance may be realized with the use of the successive cancellation
recei ver preqedzatigh irelinterfgrencacahcéltondngivery by theaSMNRidistributiop faras Sirsng
techni que based on the availahle CSI. The system throughput wth CSI

f oedback calBLerEd ABTRHSA HE o soraerig e SR R P OB dgh D6 O SR Co
feedback.  HaRsmined afBnah b et BvdrageaONREdig@bLGH] i8%an W deer that! B spatial + V. )
, Eq (54) where y, is the SNR of  each received nodul ati on synbol. The SNR
for some of efpplizafienc@d iaterferpnes eanselipgion dechniqye spraves the aifestive SR pothe .
[1178] FIG QAshows the inproverment in SNR for a 4x4 M MO channel
configuration using the successive cancellation -receiver processing

t echni que. THi80] r ekl 9Bashews ltheaaveeage fthroagleput dorpal hemberi ofurkativeoprocdssing he
simul ation, the followr sunptions are made: . i.ndependent  Rayl ei gh
Fadi ng. chaniengiane ek o8 T e Sfal Habatlahg isTiahe ORONE S et
correl ati onkandeRBatidnyt @) theétiblesRakstion Aae intadérente (dantellation cRdGhd 200
errors are nade in the decoding process and accurate channel estimtes are
avai | abl e at®)xthe fylkbel trehyiqua. nFoseach plcthpse; sehgrasse hedtanginiticr kapipfedwith nat es
are not tot et fufl G Yarla® CSATGr A1 RASKHALD sibAS, Und TRY dRS roS6-h i nbdfted

modul ation schene selected for each transm ttedddat a stream_1In addition,
some deci si éignalris ercoded and madilsted based enytheiSINR. hEor tapeplets shawn if FIGagh, the
transmtted 'y I r | 41 . ed. if i pendent |y
transmtted ng%[gan?[hﬁglgﬂ%tegﬂrﬁé&t}eg | &?odu{fr Fﬁyé l@ggresgsnd\’}ﬁlg%&/ﬂ\bdu t%ic}ltnﬂqglg' al | ow
t he recei ve[1181] decKite 9Bhshowstte théoretivabcapacian@id 920) achiewkd whemmaging fidha
reduce the obabi I,it% of, de is‘i on errors.. |n_thi éase .the decoded data
i's re-encod 1 proqesiieg pesee on; fhe efﬂ'%ﬁ’qsg‘r"én‘lfeth%@fl t a’_ﬂf?%d“tf’r?%qi‘@w es.
successi ve FGEIH RirBRE ShowaRAR! ththiughptd fof Dbt e mewﬁiq:de@plomé)taﬂe first
ac

recovered transmtted signal has the poorest SNR distribution.

subsequent MM8Edeeaique Aploh?32) avithnaghindiCSh Ryt Wirpeus jnterfesegre cancellation have
lower throughput than the capacity bound (plot 920).

[1182] Since capacity is proportional to SNR, as shown in equation (20), and SNR
improves with the use of successive interference cancellation, capacity on average
improves using the spatial equalization and interference cancellation technique. Using
spatial equalization (with CCMI) and interference cancellation technique and partial-
CS], the throughput (plot 926) is improved over the spatial equalization only schemes
(plots 922 and 924), with performance improving more as SNR increases. Using spatial
equalization (with MMSE) and interference cancellation technique and partial-CSI, the
throughput (plot 928) is identical to the capacity bound (plot 920), which represents
remarkable system performance. Plot 920 assumes perfect channel estimates and no
decision errors. The throughput estimates shown in FIG. 9B for the successive spatial
equalization and interference cancellation technique with partial-CSI processing may
degrade under practical implementations due to imperfect interference cancellation and
detection etrors.

[1183] FIG. 9C shows the average throughput for the successive space-time
equalization (with MMSE-LE) and interference cancellation technique with adaptive

transmitter processing based on CSI for a 4x4 MIMO system. The plots are obtained by



distributions, with the final recovered transmtted signal (i.e., the
fourth one in this exanple) having the best overall SNR distribution. The
distribution of the average SNR forned by sunming the SNRs for the

i ndi vi dual wioroapng3med t ed signals and dividing by four is abpspusizawses The SNR
di stribution achieved w thout successse spatial WO 02/093784

PCT/ US02/ 14526 53 equalization and interference cancellation is given by
the SNR distribution for the first recovered transmtted signal. In

conmpari ng t heerggify dvata latpetnuatbef off stathearedlizationsrof aadispeesive dhaamed middele@esi gnal

to the aver SNR di styibution, it can be see hat, t he spati al
equal i zat i oﬁ%gﬁb &ﬂ&e%é?@‘f’éetgﬁé’ﬁﬁa&ty 31‘%“6& (plgE Hﬁé)qﬁﬂéi %’ﬁp‘?%@’é@ar{cﬁe"fetpf’ect i ve
SNR at the pMraSEIIEechhiddd Qlth FhiciferBfteStuavailatibe (FIVEIRY Qnd KiididGhiidtesbie a
nunber of receive processing _techni qéjes including (1) the linear spatial

r

equal i zat i ointerésensepaaceilgion Giet 93%)rkherthraughput peearmanee dor) the (Y]

spati al equdli.zatl ngd sl ; ' ' : t he
UL - Csi o tnb WRBelne ihBBlepcs FREAIERRIE e fioh SBR[ WEkiFics W highe?) 1o
with eitheSNRulvalues. pdihti sroughputf perfamance dors e tIMMSE-GRawegh suecessive dat a

the prots sbRETHerseacBEtn QR b SR PraBe etk Bl e’

| i near spat irepresefis alhighdlbved f p@fommaspée. [ 1181] FI G 9B shows the theoretical
capacity (plot 920) achieved when using full- CSI processi gg,ba\;ed on the
deconposi t i EH881 t Hehenglamenis, g the| transpites AR FisaiES Systepisanay be fmpiemented hows
that the th ighat SMrs ISP inspiSad i boifie fhkeghitel cMURE

t echni que (mﬁgg%?m&m&?ﬁhgasﬁn}aa f)CSI rf)ut W tlﬂigu?t [ ns?ecrlfereeng?:‘ﬁ‘el c(gncel | ation

have | ower (ABKDupriepessoms haererieceswiia ¢prtiollsth racrogamirollers ofield propgammahlace

capacity is o] [ { S ' q 1.0

| nproves w F&%t ﬁ%[ us%méﬁgggéa?f@glei n%\ég:fdgggﬁség&%%nglgét at‘f 3§?Qc§g§8?’ty on
average i npombiastiorsthergof.hSompaf thel fusctioas kudprooessimgdiesaribed henenmay also
cancel latio teﬁ[hni u&. &lg@ S at'{gl equalization (with CCM) and

i nt er f er enc8® UBREBFTAE WO SPRRACATE R PR a&ﬁ?‘fe’ls%ﬂr'- CSl, the throughput (pl ot
926) is inmpIO8SY OVEdrtal&spsRabf bk iRRHA ARy be impREn@e RetiBSconiihaiod. 0922 and

924), with performance inproving nore as SNR i ncreases. Using spati al

equal i zat i ofoftvare aneiNEdwass d Fon examnle, oomputatinesefar 4he symbol astimaiae forthe
partial - CSI k b1 St ' i bound
(bl ot 920y, “nft SR EAUIZAD, bR ke Soiloch MG nd B eI FBRATaRL)
assunes per SR mepdapetfonsed based on pragramw codescixséused en p@recessphécantroerghput
esti mat es S@QWML‘IE}.%S.G 9B for the successive spati al

[1186]  For clarity, the receiver architecture shown in FIG. 5 includes a number of
receiving processing stages, one stage for each data stream to be decoded. In some
implementations, these multiple stages may be implemented with a single hardware unit
or a single software module that is re-executed for each stage. In this manner, the
hardware or software may be time shared to simplify the receiver design.

[1187] Headings are included herein for reference and to aid in the locating certain
sections. These heading are not intended to limit the scope of the concepts described
therein under, and these concepts may. have applicability in other sections throughout
the entire specification.

[1188]  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without

departing from the spirit or scope of the invention. Thus, the present invention is not



equal i zation and interference cancellation technique with partial-CS
processi ng may degrade under practical inplenentations due to inperfect
interference cancellation and detection errors. [1183] FIG 9C shows the
aver age t hywoughpsiiss f or t he successive space-tinme equal i zatr@RoAsich

MVBE- LE) and interference cancell ati osstechni que with adaptive transmtter
processi ng based on CSI for a 4x4 M MO system The plots are obtained by WO
02/ 093784 PCT/ US02/ 14526 54 averagi ng over a |large nunber of static

real i zat i ondntefided tdibs fiefited vethe Bmbodimensdrdwi herein, but Mab A acdotded tGrvilesiws t he

capacity bound (plat 930) and the perfor ce of the A MVBE-LE technique
with interf éF@?’FL"gn@%{ﬁwl}}hﬁF Bﬁm(lblfagﬁn({i?é}’?nﬁg%m\ﬁﬁd’lsﬁmd RefdBessi ve
interference cancellation (plot 932). The throughput performance for the
MVBE- LE wi t hout successive interference cancellation technique (plot 932)
degrades at [K&MHer WIIEIISIGIAIMERS: hr oughput per for mance for the MVSE-LE
Wi th successive interference cancellation technique (plot 934) is close to
channel capacity, which represents a high |evel of perfornmance. [1184]

The el enments of the transmtter and receiver systens may be inpl enented
with one or nore digital signal processors (DSP), application specific
integrated circuits (ASIC), processors, mcroprocessors, controllers,

m crocontrollers, field programmable gate arrays (FPGA), progranmabl e

| ogi c devices, other electronic units, or any conbination thereof. Sone of
the functions and processing described herein may also be inplenented with
software executed on a processor. [1185] 'Certain aspects of the invention
may be inplenmented with a conbi nation. of software and hardware. For
exanpl e, - conputations for the synbol estimates for the |inear spatial
equal i zation, the space-tinme equalization, and the derivation of the
channel SNR nmay be perforned based on program codes executed on a
processor (controllers 540 in FIG 5). [1186] For clarity, the receiver
architecture shown in FIG 5 includes a nunber of receiving processing
stages, one stage. for each data streamto be decoded. In sone

i npl ementations, these nmultiple stages may be inplenented with a single
hardware unit or a single software nodule that is re-executed for each
stage. In this manner, the hardware or software nmay be tine shared to
sinplify the receiver design. [1187] Headi ngs are included herein for
reference and to aid in the locating certain



sections. These heading are not intended to limt the scope of the concepts
described therein under, and these concepts may. have applicability in

ot her sections throughout the entire specification. [1188] The previous
descri pti owood2/0bsm4 di scl osed enbodi nents is provided to epablugoyagy person
skilled in the art to make or use thespresent invention. Various

nodi fications to these enbodinents will be readily apparent to those
skilled in the art, and the generic principles defined herein may be
applied to other enbodi ments w thout CHAXMSI ng fromthe spirit or scope of
the invention. Thus, the present invention is not WO 02/093784

PCT/ US02/ 14526 55 intended to be limted to the enbodi nents shown herein

but is to be accqrded j he . w dest_ scaope nsj stent. with the pri.nciples and
novel feat uree.dise odbd SERR proSSERE GRAY Febliatiny MoR $diB% 805700
PCUUS02/ 245 Zhultiple-dutph RINIO) LomBiuhioatidnystpimocsaprisivg: dat a at a receiver unit
ina mltiple-input 2 mul t{i‘ghe-o t put ( NNVAQ) pom"runi%ﬁti on system
conprising: procdSqesiing agplprality; of nppt is‘(g_BﬁlF Havipg aingluded, thegein 08¢ 8O ®ner ei n
one or nare syAub§N£f¥é@lns%bﬁ€%ﬁdiﬁ$"t6 886N HoRDddt® sPHensato proVife kS dRY de@™ t O
provi de a decoded data streamfor one of the one or nore synbol streans;
deriving a plresaferopeof thesue OF B@resiygbal sregmsed on the i nput signals and
havi ng onponentg_.due t e (3 |\ ar ed; 8
per form ﬁg t he prdggglggiangugaﬂﬁl g@@ﬁ%@? %g%%z}% orm ﬁg%ﬁ‘g sg%rraﬁv%ﬁggﬁ% each
of one or mompondnts due to e, deoodedidnarstream approxinedsinretatvad;st r eam t o be
decoded, ,and wherein the 10 input si | s for each iterat.ion subs ent to
S rret Prorati oRHPRDE e RrarRDR O QR Ll pefiiiing B GRGE PLRER Un.  and
12 det er m niohg of e itdratsdnd] ¢helifefaBioABér eath (46Shtrean @i HealetddRd ind wherein the

char act %I‘i stics of a | MO channel used for transmtti ng{hthe dat a st eans,
wher ei n 1Phe 0K #ignals dangach,iteration syhseguensde ¢ fystoterationyargthe,modified signalsy  uni t

based in pargoR ptdsdifiSliteratith; and The method of claim 1, wherein the deriving

is omtted for alast ~2 iteration.
12 determining channel state information (CSI) indicative of characteristics of a

MIMO channel used for transmitting the data steams, wherein the data streams are

14  adaptively processed at a transmitter unit based in part on the CSL

15
2. The method of claim 1, wherein the deriving is omitted for a last
2  iteration.
3. The method of claim 1, wherein the processing includes
2 processing the input signals in accordance with a particular receive processing

scheme to provide the one or more symbol streams, and

4 processing a selected one of the one or more symbol streams to provide the
decoded data stream.
4, The method of claim 3, further comprising:
2 for each iteration,

estimating a quality of each of one or more unprocessed symbol streams
4 included in the input signals; and
selecting one unprocessed symbol stream for processing based on

6 estimated qualities for the one or more unprocessed symbo] streams.



3. The method of claim 1, wherein the processing includes 2 processing the
i nput signals in accordance with a particular receive processing schene to
provi de the one or nore synmbol streans, and 4 processing a sel ected one of
t he one or wooemesgebol streans to provide the decoded daverasizasns 4. The
met hod of claim3, further conprisings? 2 for each iteration, estimating a
quality of each of one or nore unprocessed synbol streanms 4 included in
the input signals; and sel ecting one unprocessed synbol stream for

processi ng based 5on @hesicthelt afdlamad, ivtherdn the qualitg o6 nsechampneessed spmbalessed

nmbol . VWO 02/093784 PCT/ USD2/ 1452 5 . Th f | ai 4,
ohapol e ARam R estimpted DA gn & samab G ey lerBrent BB S8R O ot S Mhased

on a signal -to-noise-plus-interference-ratio (SNR). 6. The nmethod of claim
4, wherein the unprocessed synbol streamhaving 2 the best estinmated
quality is sel ectted fdmeppedasksafiiym 4 whesen thet WnpRocsssed sumpelBtredmdaing t he

receive pro i : r: N i r spatial processing on the

i nput si gnaﬁ?ﬁéﬁ?&?ﬁg“%@@ Iégigkgifrgﬁer?&ﬁggei n the receive processing
scheme 2 inplenents a channel correlation matrix inversion (CCM)
technique. 9. The nethod of, claim. 7, erekn the receive ocessi.ng schene
2" Aot ement s o m nith mesa o siim 3 wIPEGF? ikl P& R TR RS Bt et hog
of cl ai m27, liNearsphtial phessprinvie pipacegmlsng scheme 2 inplements a full-CSl
processi ng technique 11. The nethod of claim 3, wherein the receive
processi ng schenme perfornms 2 space-tine processing on the input signals.
12. The nethod ofg, cl aiie 1hethdBebeichifhe, MRKkedéid Cthel REEiNe | PBc&Sing MEcherhe

i npl ements a m ni rum nean-square error [inear space-tinme equalizer

( MVSE- LER. 1mplemeatsipahpne] egrredationmatrx inyaesion; (R techmigWese processi ng
schene 2 inplenents a decision feedback space-tinme equalizer (DFE). 14.
The nmethod of claim 11, wherein the receive processing schene 2 inplenents
a maxi mum|ikel i §ood Fhqumethedest ickemnor7, (WheBth . the receive processing scheme

2 _ implements a minimum mean square error (MMSE) technique

10. The method of claim 7, wherein the receive processing scheme

2 implements a full-CSI processing technique

11.  The method of claim 3, wherein the receive processing scheme performs

2  space-time processing on the input signals.

12. The method of claim 11, wherein the receive processing scheme

2 implements a minimum mean-square error linear space-time equalizer (MMSE-LE).

13. The method of claim 11, wherein the receive processing scheme

2 implements a decision feedback space-time equalizer (DFE).

14,  The method of claim 11, wherein the receive processing scheme

2 implements a maximum-likelihood sequence estimator (MLSE).

15.  The method of claim 1, wherein the deriving includes

2 generating a remodulated symbol stream based on the decoded data stream;



15. The method of claim1, wherein the deriving includes 2 generating a
renodul at ed synbol stream based on the decoded data stream WO 02/ 093784
PCT/ US02/ 14526 58 forming a plurality of interference signals based on the
renmodul at ewosovoosis4 4 streany and renoving the interfereneeraisgmabs from
the input signals to derive the nodifis¢d 6 signals that serve as input
signals for a succeeding iteration. 16. The nethod of claim15, wherein the
interference signals are formed 2 based on a channel coefficient matrix H
i ndi cative of chdomdbgmri gtratity of irtéréerdrckRignalsabased on ke rdthedulaédovinbdél cl ai m
1, furthﬁr csﬁn%):{]jasi ng: 2 transmtting the CSI fromthe receiver unit to the
transnitter SURE nf8. The nmethod of claim1l, wherein the CSI conprises

si gnal - t 0- noi se- péidving tHelhRifbRhENGigndlatrom thShidut Sighdls®s &rivene aralTical one
or nore transm ssion channels that conpose the ME channel . 19. The

met hod of cISiEnAls that igrye as mptsignelsforasuseeeding itelioact er i zati ons for 2 one

or nore transm ssion channels that conpose the M MO channel. 20. The net hod
of claim1, wherein the CSI conprises an indication of a 2 particular data
rate supported bybeacHhefmehas of clain d 5t mharin gei interfetenne elgpals swel foroed dat a

i cat 1 an_ QP on, B Balie IRl R bt bR b RO RIS, o

or nore trarhmmesi on channels. 22. The nethod of claiml1l, wherein the CS|
conprises signal nmeasurenents and noise plus interference neasurenments for
one or nore transm ssion channels. 23. The nethod of claim1l, wherein the

CSI conprises signal mResifiRERAERIM 1 XuftRéSAmpRaapr ement s, and interference
measurenents for one or nore transm ssion channels. WO 02/ 093784

PCT/ US02£14526 trensmittinpihe it fion th reeqisgrnit to (e diepsmpitteanicsS| conpri ses
signal to noise ratio 2 and interference nmeasurenments for one or nore
transm ssion channels. 25. The nethod of claim1l, wherein the CSI conprises
si gnal conponent 48.  The method of claim 1, wherein the CSI comprises signal-to-noise-plus-

2  interference-ratio (SNR) estimates for each of one or more transmission channels that

compose the MIMO channel.

19.  The method of claim 1, wherein the CSI comprises characterizations for

2  one or more transmission channels that compose the MIMO channel.

20.  The method of claim 1, wherein the CSI comprises an indication of a
2  particular data rate supported by each of one or more transmission channels used for

data transmission.

21.  The method of claim 1, wherein the CSI comprises an indication of a

2  particular processing scheme to be used for each of one or more transmission channels.

22. The method of claim 1, wherein the CSI comprises signal measurements

- 2 and noise plus interference measurements for one or more transmission channels.

23.  The method of claim 1, wherein the CSI comprises signal measurements,
2 noise measurements, and interference measurements for one or more transmission

channels.



2 and noise plus interference conponents for one or nore transm ssion
channels. 26. The nethod of claim1l, wherein the CSI conprises indications
of 2 changes in the characteristics of one or nore transm ssion channels.
27. The nmewwmeb/oos7sel aim 1, wherein the CSI is deternined gtTiRe/1488%C1 ver 2
unit and reported to the transmtter dmit. 28. The nethod of claim1,
wherein the CSI is determined at the transmtter 2 unit based on one or
nore signals transmtted by the receiver unit. 29. The nethod of claim1,
wher ei n each dat @4st r &ammethabofedaiat 1,twieerei ther @coniprizes sighdl td hoide gatodance
wi th a cqding,schene sel ect ed baied on the CSI for tBe ]transm' ssion
channel &sed™f JPYERRGEReASYEMGLs Torang On MOTeIFANSKUSSIOR CAWAISof ¢l ai m 29,
wherein each data streamis independently 2 coded in accordance with a
codi ng schene sel ected based on the CSI for the _transm ssion channel used
to transnit the data Jieaeathodaef chaime 1nwherstn be Gllgomprises signal ébmpenests dat a
streamig f : i C i I schene

sel ect edﬁbag‘ég lﬂgfﬁe ?ﬁg“@%&%ﬁe ?Cto hlgoﬁgsﬁ@ﬂl&ghsﬁ%# b Ek ﬁ%r?ﬁggﬂu@ghgﬁ% transmt
the data stream 32. The nmethod of claim 31, wherein the coding and

nmodul ati on sche ar 2 sel ected at the transm r uni.t based.on the
CSl. 33. The net K3y Oﬁ?hglngtﬁ]o§£f aﬂ’é'i dr n‘sqeﬁﬂnc%ﬁié%leﬁmlp%ﬁdf@lfg ssﬁemes
are 2 i@di chhm@s biytht bRarfdttristidbohe @9 SbSedtriiShiddoddhifteB6 60 34. The net hod
of claim3, wherein the processing of the selected synbol 2 stream

i ncl udes denodul ati ng the synbol streamto provide denodul ated synbols, and
4 decodi ng the deypduligh eeksod™bokIgint @, Wherindle ! ¢ SERARRA A} eStebGHP 5
35. The nethod of claim 34, wherein the processing of the selected synbol

2 st ream?f uranitand repetteditosthel srrsmittéramiti ng t he denodul ated synbol s, wherein
the decoding is perfornmed on 4 the deinterleaved synbols to provide the
decoded data stream 5 36. The nethod of claim 1, wherein the M MO system

i npl enent s 28. The method of claim 1, wherein the CSI is determined at the transmitter

2  unit based on one or more signals transmitted by the receiver unit.

29.  The method of claim 1, wherein each data stream is coded at the
2  transmitter unit in accordance with a coding scheme selected based on the CSI for the

transmission channel used to transmit the data stream.

30.  The method of claim 29, wherein each data stream is independently
2 coded in accordance with a coding scheme selected based on the CSI for the

transmission channel used to transmit the data stream.

31. The method of claim 29, wherein each data stream is further modulated
2 in accordance with a modulation scheme selected based on the CSI for the transmission

channel used to transmit the data stream.

32.  The method of claim 31, wherein the coding and modulation schemes are

2 selected at the transmitter unit based on the CSL

33. The method of claim 32, wherein the coding and modulation schemes are
2 indicated by the CSL



2 orthogonal frequency division nodulation (OFDM. 37. The method of claim
36, wherein the processing at the receiver unit is 2 independently
performed for each of a plurality of frequency subchannels. 38. A nethod
for proceswiow/daBa at a receiver unit in a multiple-inpuectso2/14526

mul ti pl e-out put (MLMO) commruni cati on system conprising: receiving a
plurality of signals via a plurality of received antennas; 4 processing the
received signals in accordance with a particular receive processing schene
to provide a plurdlitThefmeahobof clsim 8awhereinr the ppozashinpgoft the aelptiad aymbyt 6 of
transmtt,ed gata.sir ans; processing a selected one of the synbol streans
to provi e 2 GEB Y data 8 stream forni ng a plurality of interference

signal s based on dehedaleeRRd spabal stédn® &prowide BahodtlNE Synfioly, aad ty of
nodi fied signals based on the received signals and the interference

si gnal s; 412 per f skeRdiRE the deppdiaed syrrpaby toprayidedhe decoded dajpsireamand t he

sel ectedgsynbol stream and sel ectively performng the form ng and deriving
for one or nore iterations, 14 one iteration each transmtted data stream
to be decoded, w3ér ei Tha nidthesk ofi dlaimal4, ovheredn thergroressing ofthietselected symbal
signal s gnd g_ach 'irt}léese"% ent iteration is performed on the 16 nodified
signal s Ay frhey 5‘|§eration; and WO 02/ 093784 PCT/ US02/ 14526 61

det er m ni ng chanmieintesleatifg ithef denvauiaced symbbls, whstbiaahé decodingGhpérbsihRaiont i €S
of a 18 I\/II\/E&han el 6bjsed for transm’tting t he data steans, wherein the
data st r8anmthedentedeaysd sxrabg)s iomspude g degodsd data s88aM-t er unit based in part
on the Cgl. 20 39. A nethod for communicating data froma transmtter unit
to a receiver 2 unit in a nultiple-input multiple-output (MM

comuni cati on sySfem Télénﬁlﬁihgﬂn@f? claimt He Whesein vide YHMO sysieac dinplemgnts

plurality OfortEFQ&‘Qi ﬁeﬁ“&? st hd duYath (éfﬁgiave antennas, wherein each,

recei ved signhal~conpr a conbination o e or nore signals 6
transmtted fromthe transmtter unit, processing the received signals in

it h . |t . i .
accordance with 3;SuCqgesie o GANCR! SHASR . oGSLEShg R SSRRLNG Ll ave
2  independently performed for each of a plurality of frequency subchannels.

38. A method for processing data at a receiver unit in a multiple-input
2  multiple-output (MIMO) communication system, comprising:
receiving a plurality of signals via a plurality of received antennas;
4 processing the received signals in accordance with a particular receive
processing scheme to provide a plurality of symbol streams corresponding to a plurality
6  of transmitted data streams;
processing a selected one of the symbol streams to provide a decoded data
8 stream;
forming a plurality of interference signals based on the decoded data stream;
10 deriving a plurality of modified signals based on the received signals and the
interference signals;
12 performing the processing of the received signals and the selected symbol
stream and selectively performing the forming and deriving for one or more iterations,
14  one iteration each transmitted data stream to be decoded, wherein a first iteration is
performed on the received signals and each subsequent iteration is performed on the

16  modified signals from a preceding iteration; and



streans transmtted fromthe transmtter unit, 10 determ ning channel state
information (CSI) indicative of characteristics of a M MO channel used to
transmt the data steans, and 12 transmitting the CSI back to the

transm ttewaquordei7sand at the transmitter unit, 14 adapti pelsiR§RSSI N9
each data streamprior to transm ssiomstover the M MO channel in accordance
with the received CSI. 40. The nethod of claim 39, wherein the successive
cancel l ation receiver 2 processing schene perforns a plurality of

iterations to pr aktetinifnge chimneidaste dafopmatinl @SIP indifalve bE CAAh@Eidies oeach
decoded %gt tre&m zil. J e nmet hod of claim 40, wherein each iteration

i ncl uded mgs anpel usee Jpm franspitting  they datasstepmsy avhereim sheodatastreansd ate a
parti cul ar |ddRiVelyoprocdiSid dt b BARFmIREARESRET {@pPr ovi de one or nore
synbol streamsgl?l 4}géocessi ng a s%l ected oneng)?&?ﬂ}eoegselpor nore synbol

st reans o provide a decoded data stream and 6 deriving a plurality of
nodi fi ed signal s jgase ] i I d having. . conponents .due to
t he decoded dat a3§t reg‘mmaébﬁﬁrﬁggfl pn%%é?li}&%@%od\%teagﬂowgr Sﬁmﬁéﬂﬁﬁfi&trec%v?i gnal s
for a fiBst unitén amuitipledrput heltiphseitpadMIMP)abmnanitatibesysep) compgaag:s for
each subsequent k) eration are the nodified signals froma preceding
iteration. WO 02Rb95TEAEEYMbIS02/ 14526 62 42. The nethod of claim 39,
wher ei n #he CS| conpri&efid & oAt Of NYInSR- vid £|giSaktyt 6f TQRERACHERALL O
(SNR) for each of one or .nf)gr e,?r ans}Irri s.si%on channeﬁatﬁat conpose t ée’ M MO
channel . 43.WheFdn gech gigcived: signah SOmPpries r & qembinatios| ofc ongrars moreasignals
indicatign Qfan@nitdd BBKL the thi¥mi «rate supported by each of one or nore
transm ssi on agha]nnepg tthat coﬂ%i)@let’ the M MO channel. 44. The net hod of

cl ai m 39, wherei n t hep®Bessingnhd geceived isigdale aini @aocapfange Rithant suwobsaive

i . . £.OF .of . 1 SSi h I
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adapti ve pr ctess nmpsmittedifeom thettraasigittet &g, uni t i ncl udes encodi ng a data

stream iR accordance with a particul ar .codi ng schene sel ected
“8 ¢ \Al!ctemunmrg) channel state 1nf%rmat1%n (&SI) indicative of characteristics

of a MIMO channel used to transmit the data steams, and
12 transmitting the CSI back to the transmitter unit; and
at the transmitter unit,
14 adaptively processing each data stream prior to transmission over the

MIMO channel in accordance with the received CSL

40.  The method of claim 39, wherein the successive cancellation receiver
2  processing scheme performs a plurality of iterations to provide the decoded data

streams, one iteration for each decoded data stream.

41.  The method of claim 40, wherein each iteration includes

2 processing a plurality of input signals in accordance with a particular linear or
non-linear processing scheme to provide one or more symbol streams,

4 processing a selected one of the one or more symbol streams to provide a
decoded data stream, and

B deriving a plurality of modified signals based on the input signals and having
components due to the decoded data stream approximately removed, wherein the input

8 signals for a first iteration are the received signals and the input signals for each

subsequent iteration are the modified signals from a preceding iteration.



4 based on the CSI associated wwth the data stream 5 46. The net hod of
claim45, wherein the adaptive processing at the 2 transmtter unit
further includes nodul ating the encoded data streamin accordance with a
particul ar wopebmi9asson 4 schene sel ected based on the CSI pasageiy/akad W th
the data stream 47. A nultiple-input éeultiple-output (MM) comunication
system 2 conprising: a receiver unit conprising 4 a plurality of
front-end processors configured to process a plurality of received signals
to provide a plurality of synbol streans, 6 at | east one receive processor

coupled to the fr d 0C d j dto rocess t he synbol
streans in accord gnce%&ft“%’ }?af’dg?fs‘g ?Q W Eé qgtsfﬁﬂmpﬂ AcBENAEO-PRiskes si ng
schene tQ prplsiderferenbeifatiol (SNFOF f}egREest 8 ar Shére Ahsmifont Chahtiiil NBA:
derive channel state_ information (CSI) indicative of characteristics of a
MM 10 ch&AmerseBeMIMO ehannelnit the data streanms, and WO 02/ 093784

PCT/ US02/ 14526 63 a transmt data processor operatively coupled to the

recei ve processor 12 and configured to process the CSI for transm ssion
back to the tranddi ttdhe method ofiolding 39 rvetresein thedCSIeninpricsngprindicatgn bfaat | east

one denogul ceive.and process ane or, nore, signals from
t he rece?ve?E’uilglr(f}llt%?{ﬂt!‘1 ?agé %@b&(ﬂg ?alc}&ﬂg?ﬁet({ré’borﬁlgimsnﬁwnl%‘aﬁnetlsrtgﬂtsmt dat a
processor coahposertkeMIMaclaphélvel y process data for transmission to the
receiver unit based on the recovered CSI. 48. A receiver unit in a

mul tiple-input nmultiple-output (NII MO 2 conmunication system conprising:
a plurality of fapnt- @ﬁdnefr@e%saa{n%3@%&&%@@1%&@9%@% i {b‘u%%lr&ty of
received 4 signals to provide a plurality of recel ol streans; at

| east on® r Badicylar Hpmgéehee@dpbwsqddommh pf enetoramte p‘ﬂmm@aamls 3
configured tk@t&&n@s@?ﬁﬂ%@ﬁ: LeRgi ved synmbol streams to provide a plurality
of decoded data streans eac recei ve processor including a plurality of
processi ng stages, each stage conflgured 8 to process i nput synbol streans

to provide a respgct ' >f‘ﬁe me ocle dofdc BJ?n , aherem the adaptive processing at the

2 transmitter unit includes

encoding a data stream in accordance with a particular coding scheme selected

4  based on the CSI associated with the data stream.

46.  The method of claim 45, wherein the adaptive processing at the
2  transmitter unit further includes
modulating the encoded data stream in accordance with a particular modulation

4  scheme selected based on the CSI associated with the data stream.

47. A multiple-input multiple-output (MIMO) communication system,
2  comprising:
a receiver unit comprising
4 a plurality of front-end processors configured to process a plurality of
received signals to provide a plurality of symbol streams,
6 at least one receive processor coupled to the front-end processors and
configured to process the symbol streams in accordance with a successive cancellation
8 receiver processing scheme to provide a plurality of decoded data streams, and to
further derive channel state information (CSI) indicative of characteristics of a MIMO

10  channel used to transmit the data streams, and



channel state information (CSI) associated with the decoded data stream
and to 10 selectively provide nodified synbol streans for a succeedi ng
stage, wherein the input synbol streanms for each stage are either the

recei ved sweosstsaeans or the nodified 12 synbol streampchfiidasiy ecedi ng
stage; and a transmt processor configured to receive and process the CS
associated wth 14 the decoded data streans for transm ssion fromthe
receiver unit, wherein the data streans are adaptively processed prior to
transnissi on based i napemsmiirdatzhproc&ssor dfbrativeR ERGRIAVIDN the! Fbdeivef probedbdp 48,
wher ei n,gach processi ng stage except a 2 |ast stage includes a channel
processo C&HEF@H}E@B@%P&F&%&%C% rﬁrﬁmsww%kt%?npé@wmmwmwe a 4
decoded data str gamhsmaRer @bt dddpefsingr ence canceller configured to derive the
nodi fied synbol streans 6 based on the decoded data stream and the i nput
synbol 3freans. 50. Thilepss@ae demodiitor ednfighwdrto 4@ eivatnad pirocessaate @haomel
processor i PCT/ 452 2 an input processor
configured ?@h%irgg%gl\s/@e?%%R?ﬁ%rﬁﬁtog%gggéﬁr%sgﬁ@eq§§Ip%‘€i de a recovered
synbol $6ream and 4 a twasmitpdas qrewmssor wohfiguee dot alaptivge SHodebe dagCyrer ed
synbol streamta & oVi t.he decoded dtﬁta stréﬂgham. The receiver unit of

ci ai m 50, wHEPEMR %‘h@ﬁg?eﬁ’ﬁﬂtverp"r“bt sedfn the, e vRs first processor

configured to process the input synbol streams in accordance wth a |inear
or non-linear receive processing scheme to provide the recovered synbol 4
stream and a chéfmel AquEEEIVEr tif nilt of cRHEPlginmYY menlipleoppue MMEVA)I ty of

the recoyer ghmBnR¥ i dysiehd, E3fpristfz: The receiver unit of claimb5l, wherein
the estimated quality conprises a - 2

si gnal - t o- noi se- piplusalityitof ffopt-emtprocassire coBigRred Brodesea phrality @f ressived of
claim5l, WgﬁﬁéfﬁisR’élg%ngigﬂﬁitygf'%Uifggdsieyﬁrﬁ)b'(gﬁ%eor is 2 further configured to

provi de an 1 fidication 0 ata rd or the recovered synbol’

stream based on ttHeasqomd feteivepiocessdrecoupldd tolihe flort@iMRbeadsrs ardf configihren 51,
wherei n £ he, channel qual.i %ﬁ/g&nti mator is 2 further conéqiggured to provide

an i ndi cat i BhPIGFess thegepeiy ST R Pravdopplugity of decoged data streams,

each receive processor including a plurality of processing stages, each stage configured
8 to process input symbol streams to provide a respective decoded data stream and
channel state information (CSI) associated with the decoded data stream, and to
10  selectively provide modified symbol streams for a succeeding stage, wherein the input
: symbol streams for each stage are either the received symbol streams or the modified

12  symbol streams from a preceding stage; and
a transmit processor configured to receive and process the CSI associated with
14 the decoded data streams for transmission from the receiver unit, wherein the data

streams are adaptively processed prior to transmission based in part on the CSL

49.  The receiver unit of claim 48, wherein each processing stage except a
2  last stage includes

a channel processor configured to process the input symbol streams to provide a
4  decoded data stream, and

an interference canceller configured to derive the modified symbol streams

6  based on the decoded data stream and the input symbol streams.

50.  The receiver unit of claim 49, wherein each channel processor includes



at a transmtter unit for the recovered synbol stream based on the quality
estimate. 55. The receiver unit of claim51, wherein the estimated quality
conprises an 2 error signal indicative of detected noise plus interference
level at tMwoauwpss of the receiver unit. 56. The recei vegTHiRhie8ls Cl ai m
51, wherein the first processor perforws |inear 2 spatial processing on
the i nput synbol streanms. 57. The receiver unit of claimb51, wherein the
first processor performs space- 2 time processing on the input synbol
streans. 2 an input processor configured to process the input symbol streams to provide a

recovered symbol stream, and
4 . adata processor configured to process the recovered symbol stream to provide

the decoded data stream.

51.  The receiver unit of claim 50, wherein each input processor includes
2 a first processor configured to process the input symbol streams in accordance
with a linear or non-linear receive processing scheme to provide the recovered symbol
4  stream, and
a channel quality estimator configured to estimate a quality of the recovered

6  symbol stream.

52.  The receiver unit of claim 51, wherein the estimated quality comprises a

2  signal-to-noise-plus-interference-ratio (SNR).

53.  The receiver unit of claim 51, wherein the channel quality estimator is
2  further configured to provide an indication of a data rate supported for the recovered

symbol stream based on the quality estimate.

54.  The receiver unit of claim 51, wherein the channel quality estimator is
2  further configured to provide an indication of a particular processing scheme to be used

at a transmitter unit for the recovered symbol stream based on the quality estimate.

55.  The receiver unit of claim 51, wherein the estimated quality comprises an
2  error signal indicative of detected noise plus interference level at the output of the

receiver unit.

56.  The receiver unit of claim 51, wherein the first processor performs linear

2  spatial processing on the input symbol streams.

57.  The receiver unit of claim 51, wherein the first processor performs space-

2  time processing on the input symbol streams.



