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achieve higher overall throughput and/or greater reliability.

[004] The transmitter may encode and transmit M data streams in parallel via the T
transmit antennas. The receiver obtains R received symbol streams via the R receive
antennas, performs MIMO detection to separate out the M data streams, and performs
decoding on the detected symbol streams to recover the transmitted data streams. To
achieve optimal performance, the receiver would need to evaluate many hypotheses for
all possible sequences of data bits that might have been transmitted based on all of the
information available at the receiver. Such an exhaustive search is computationally
intensive and is prohibitive for many applications.

[005] There is therefore a need in the art for techniques to perform detection and

decoding with reduced complexity while achieving good performance.
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Thieg]eV gfr:]ttecl:tgorr]l \s/\(lzlhleinesb en%gyn%e useg fa P Q?)r a smgle -pass receiver that performs
detection and decoding once and (2) an iterative receiver that performs detection and
decoding iteratively. These and other detection schemes are described in detail below.
[009] Various aspects and embodiments of the invention are also described in

further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

1010] The features and nature of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout.

[011] FIG. 1 shows a block diagram of a transmitter and a receiver.
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subbands, a Code Division Multiple Access (CDMA) system, a Frequency Division
Multiple Access (FDMA) system, a Time Division Multiple Access (TDMA) system,
and so on. Multiple subbands may be obtained with orthogonal frequency division
multiplexing (OFDM), single-carrier frequency division multiple access (SC-FDMA),
or some other modulation technique. OFDM and SC-FDMA partition the overall
system bandwidth into multiple (L) orthogonal subbands, which are also called
subcarriers, tones, bins, and so on. Each subband is associated with a subcarrier that
may be independently modulated with data. In general, modulation symbols are sent in
the frequency domain with OFDM and in the time domain with SC-FDMA.. For clarity,
much of the description below is for a MIMO system that utilizes OFDM.
[022] FIG. 1 shows a block diagram of an embodiment of a transmitter 110 and a

receiver 150 in a MIMO system 100. Transmitter 110 is equipped with multiple (T)
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prov1des received symbols for pilot to a channel processor 194. Channel processor 194
estimates the response of the MIMO channel from transmitter 110 to receiver 150 based
on the received symbols for pilot (and possibly the received symbols for traffic data)
and provides channel estimates to RX spatial processor 160. RX spatial processor 160
performs detection on the received symbols for traffic data with the channel estimates
and provides soft decisions, which may be represented by LLRs as described below. An
RX data processor 170 further processes (e.g., deinterleaves and decodes) the soft

decisions and provides decoded data to a data sink 172. The detection and decoding
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modulation scheme may be used for each data stream. For clarity, the following
description assumes that M data streams are sent on M spatial channels.

[029] Within TX data processor 120, an encoder 220 encodes traffic data in
accordance with a coding scheme and generates code bits. The coding scheme may
include a convolutional code, a Turbo code, a low density parity check (LDPC) code, a
cyclic redundancy check (CRC) code, a block code, and so on, or a combination thereof.
A demultiplexer (Demux) 222 demultiplexes (or parses) the code bits into M streams

and provides the M code bit streams to M sets of processing units. Each set includes a
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multiplier 232 multiplies the data and/or pilot symbols for each subband I with a spatial
mapping matrix P(/) and provides transmit symbols for that subband. Different spatial

mapping matrices may be used for different transmission modes, and different spatial
mapping matrices may be used for different subbands for some transmission modes, as
described below.

[032] FIG. 2 shows an embodiment in which a common coding scheme and
separate code rates and modulation schemes may be used for the M data streams.
Different code rates may be achieved for the M data streams by using different puncture

patterns for these streams. In another embodiment, a common coding scheme and a
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embodhasht<be §h data gesamyaredeiatly cpended 6p dvat apoml packes may be sent
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are) seldpémgient] 1 endddddtsa thatr eahpaclit fif eere i aedgpatialt émnnaly In yet

be achieved for the Mdata streans, by usjing different
g EUPEIRET TS (81 SRe 8t LA, Spspoafiopils remaining data
sti8 A9 Sie Rdtpen@nf9 BABME0di Ng scheme and aconmon code
rate are used for all data streans, and separate '
[03Hdul aFeioHadiyhdadellomingisesaipsign fesumeh shaviodea datastreaans sent on
n . .anot her oqdj nent.,_a commn_codi ng. schene,...a
ea%:}b ns:égttrllalc%haa e nfglat gﬂ)ﬁage 3 cg%ﬁoﬁreﬁ@duﬁ% i Sﬂg%ai heHB gy gare thus

intefobendeabledbl mivtitat the skes@pin bEldws ITHe nuier an@4tA8freams may be
enbodj ment, each data stream.is processed based on a

CopBaTARle 4Re MRy g1 salereA basatkorechaand cpaditipey andiertothritfactors. For
clazitg,e@l@]fofl@wﬁ’x%ncﬁarsajipti(;nhgsfs?ﬂg? ¢ M ataegt?egﬁscé;% g&%h%n M spatial

enes, the~“sane or different code rates,
cheameds. or di fferent nodul ati on schenes may be used for

e M a,sirea urthermore, the sanme or different
103331 gt L RSV § RiockHREIEH ) 1Rk SR Gtecerak 0% g o RX
datahBrozad®Br Q1704 ithf @r ﬁﬁélegﬁgé“ré&iv@ﬂ SIERE88Ss "BY0abE 396 are an

across the subbands. [033] Transmtter 110 typically

enghodyaras ok prskesaskld0 anddap aneepogtivaly, aameceiver 150 in FIG. 1. For this
embodiment, processors 160a and 170a perform detection and decoding with a single

pass through each of processors 160a and 170a.

[036] Within RX spatial processor 160a, a spatial filter matrix computation unit
308 receives the channel estimates from channel processor 194 and derives spatial filter
matrices based on the channel estimates and the spatial mapping matrices used by
transmitter 110, as described below. A MIMO detector 310 obtains the received
symbols from R receiver units 154a through 154r, the channel estimates from channel
processor 194, and the spatial filter matrices from unit 308. MIMO detector 310
performs detection as described below and provides K soft decisions for K code bits of

M data symbols sent on each subband in each symbol period used for data transmission.



enbodi nent, the Mdata streans are jointly encoded so
that a single packet may be sent on nultiple (e.g.,
w@bkdo7my20gpat i al channel s. I n anot her enbodi meneCT/UR®ON45031
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and Jmy be sel ected based on channel conditions and/ or
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atial processor a an a processor

[037r a Withgh ®3pdss pi@esioy €70a, Bhates sieinterb@Oas 3N6a Ihfddh 316m
are an enbodi nent of processors 160 and 170,

reGeRSp et RN LRs foe dhe B datgostieqmsy dach, chappelt geirgerleaver 316
deRIRAVEE e RHASEIIAUS f&ff%@ 5888 1%0@ &ﬁ&ép %ﬁﬁggh%ﬂaw Yo the

and decoding wth a single pass through eac
intprlervirsss perorired byashandel GaterlfHDB6 R26Nfohihat B¥¢agpathi mhiltiplexer 318

.ocessor 160 spat.ial, filt trix, conputation
55 5 Rl PR e L R S S LBl BB 3160
thiBL @ 836:Ar A UdcRel 398 UbMRISs BRAddiRterIédvil SILRBIIJ $8%ides decoded

based on the channel estimtes and the spatial” mappi ng

datgglhedetectigr andfecpdiag arf desenibetiio detdl bebaysr i bed bel ow.
M MGy ¥\ i.ved nbol.sf
[O%]r ecel g(gfr gﬁﬁﬁ%g’%%ﬁgq%%?%ﬁgﬂwf‘éﬂ?%%ﬁﬁ p(r:iéaéﬁsr? gll%Ob‘ral%qan RX

dasprooeskers 170tofor cnair et vepreo€iess OProk8skorsargbbt &l $TOM hrdl another
filter trices fromunit 308. MeEvl Q detector 310 )
TP ETHEOId BTASETPEN 184 s EFT. bisaPasENels ahdepneyi dely KFor this
C
o s e Da0108 plibiin Bl AR RYRARE oM.
[039] ans W thio RXAsgtifl probecsisen bOb, 8 wmitrdfl8t derdvies speidali iltehaitrices

i s an_estimte aof transmtted code bit. The soft :
bated L 15 PR el BB bR AT S iegy Ul DY transmiter
110 et MBMOt Rt fore DI dbishL the LiBSeivdd syt BosYRROLSveRBits 154a

'sent on one subband in one synbol "period, then K may

thrgughe dafut e dhansel kesinggns, fromeehangeh pecedser AQAbdre gfatial filter
ma‘fr%’:% fpdnﬁ %lnH%%g, i cg B;igr}li iL%tf?org%n?e%BdJrQﬁO. The a priori LLRs are
denoted as L,(by) and represent a priori information from decoder 420. MIMO detector
410 performs detection as described below and provides K detector LLRs for K code
bits of M data symbols sent on each subband in each symbol period used for data
transmission. The detector LLRs are denoted as L(by). K summers 412a through 412k
subtract the a priori LLRs from the detector LLRs and provide extrinsic LLRs, which
are denoted as Lq(by). The extrinsic LLRs represent extrinsic or new information from
MIMO detector 410 to decoder 420.

[040] Within RX data processor 170b, an M-stream channel deinterleaver 416
deinterleaves the extrinsic LLRs for each stream in a manner complementary to the

interleaving performed by channel interleaver 226 for that stream. Channel
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at| al _mapping matrices used by transmtter 110. A
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4q t 5
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prefdetdrmmeﬂaﬁuimbﬁs of rierationd t(c.408), @n8l @& pior® ﬁllerdl;llo%) f M@rnother
riori LLRs are denoted as La(bk)

miwa%:%gf%eéqz@oré 125‘? and 110l s iomm oo i &tead:@fsclwf@ packet is
deé@&i@oﬁ@&tffﬁrﬁflo i+Q RESdePFTBL S ﬁfé{ﬁcoﬂ sﬂ% "‘2%‘3@%@? gn% ]perform

bel ow and “provi es K det ect or LRs for
' anptheaiteraggmiioths pediret indecederhinsarxiyanrdf rthre éanohersryhmﬁlity metric is

eriod us for data ans I Q det ect L
ol ShEmt dten b b RICHE 3G 2aihrutigHger tetection
co8dIbPERSEsokNE6GH Rid PTAb klhﬁh\fsrﬁﬂ&ﬁea %&E@%ﬁ%ex‘—éﬁﬁexﬁﬂ%s or a
provide extrinsic LLRs, which are denoted as

varfgide aumppief igerptigus upeteré@é ApaxaspR manleergyt lﬁﬁeamons TExe iterative

' gm(i[gﬁlﬁl 410 to decoder 420.
deiegél(gi 5%#6}%?%& ata egrlg?étggg)?’foﬁ% an M stream

[042]anneThdleicaitved kyabls aték&&mb@llso efdyeR\exprdsked] 8xt ri nsi c
LLRs for each streamin a manner conplenentary to the

YO =Hy, (D) PO s()+n)=H)-s()+n{) , forl=1..,L, Eq (1)

where s(/) is an M x1 vector with M data symbols sent on subband [;
P(l) isa TxM spatial mapping matrix used by transmitter 110 for subband [;
H, (1) is an RxT MIMO channel response matrix for subband /;
H(D)=H_(@)-P() is an RxM effective MIMO channel response matrix for
subband [;

X(l) is an R %1 vector with R received symbols for subband I; and

n(l) is an R x1 vector of noise for subband I.



i nterleaving perfornmed by channel interleaver 226 for
that stream Channel deinterl eaver 416 may include M
we b@nnedozdei nt er| eavers 316a t hrough 316m shownCT/HSIDEA45031
3. Anmultiplexer 418 serializes the deinterleaved
LLRs, which are denoted as L (Bk ) . A decoder 420
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trapemiteath0.st ream i n the sams manner perfornmed by

| hat |
O} or s S SBIER ArAPUGL S Eha Rt YUNC feder 310 or 410)
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426 provides the interleaved a priori LLRs for the
chyanel eptiraptgt fos rthatosubbradoarrbt ié civeitable, Othe [0 #1ipriRKLBpdoi e data

o BROREERCl: 18001, APLARERRL YONE) BSLLE hroms
defbeﬁdm et y10 mnaplfe@nh’mza;dpr Adnmcaﬂem (8gd deusdre320for 420) performs
elqtfgratlons nor e |terat|ons) I n

RGP TorsEi et LLB.S Seoa FuFEet BbishamaY browingeitisgr gn one or
m@BfleishSlAkL . opor ctlﬁ‘i—"i? SBB&H ihfied] i %ﬁ‘lﬂ%q inthd RARAGH: descnptlon
correctly and a decoder relrability netric
[0%4Jf fi cA&ﬁtﬂth nhﬁydhi paatiidonsd ririto nmulanlotbﬂxmks,l With aztahdﬂoqkfcontammg

o BES The 5 apde B Eor et Sk By bt isiped£6 &R Shig,svpbols. as

fola@,hg eved with a CRC and/ or sone other error detection
code. Processors 160b and 170b may thus perform a
fixed nunber of iterations or a variabl e nunber of
i t ersat M8ASLUp to some maxi mum nunmber of iterations. Eq(2)
The iterative detection and decoding is described in
det ai | . bel ow. The recel ved synmbol s at receiver

WhEES §rra[;f f?e éml)iseas tpryuth Mdiatasygl )( -P(0 -s(0 + Q2)
= H Z z=l L | _
s(/§ b ?Zler ‘;thlfvlb@la;ab ) ‘]Jgﬁvﬂ‘g{ﬁ is a
I S akb

subband Z, P(Z) X M agpati al mmpl ng matrix used
by transmtter. r bband . Z; Hch (Z an RxT
VEVI O chafriel Wfté&?@&@i?rm@ b cubband 2 S0 19
gg r_l%',,sl(sf%)o Vre'cﬁ)r %th%mwlc&ief lﬁﬁtlfsé/c?tol\ﬁg%) dﬁ&%@ﬁl%lol .Emeﬁ)l? Mt m;

bug, for m=1,..,M and ¢g=1,...,Q,,, is the g-th code bit in vector b, ; and

by, for k=1,...,K, is the k-th code bit in vector b.

There is a one-to-one mapping between a given bit vector b and a corresponding data

vector 8. In general, Q may be the same or different for the M data symbols sent on a

given subband, and K may be the same or different for the L subbands.

[045] An optimal receiver for the transmission scheme shown in equation (1) is a
maximum likelihood (ML) sequence receiver that performs detection and decoding
jointly for an entire packet. This optimal receiver would make joint decisions on all

data bits in the packet using knowledge of the correlation introduced by the coding



subband Z; y(Z) is an Rxl vector with R received

synbol s for subband Z; and n(Z) is an R x | vector of
wmoiogmeeXoor subband Z. The noi se may be assuned POT/082006/045031

addi tive white Gaussian noise (AWGN) with a zero nean

vector and a covariance matrixllof | , where is the

solliid BRPEPr Dl et Eufintnd PEDML Agebel 25t itk ibks “Tigeoptimal
rec@®ied aouMBYE LN an trhaustisp @BSEh 3o A hodle (sBGueRBAL bBdiata bits

mappi ng matrix P(Z) used by transmtter 110. [043] In
thag ynighlryierhsen trapsinetod dordibe @eekst tq Eng the svEMDcddbasds orost likely

. f tecti. r.at el.y, f.or,_ each
to Bl en el b o ROy AR oo bRy R
[046]t i maAeaeddiver timapesutixadde@iod and Hecodnid @dth@veld, 8. 8as shown in
riori LLRs for the data synbols sent on that subband.

Flipn (18 2AF Ve RS @ HEWE PefoTBiapeMy th M e compiesi®orlg detector and
skt il SR o bl 8 Byl SRR aion n o
itegatiyn emrme e whidbRecrieases shepbiktaitity oftthe bofirdscidiens with the number of

. transm tted .on_on | tiple.,subbands. For clarity, )
il SRR R TP T SO (elsstof i eCod Bty fgh be nplethonted in
vaflesChhmiekon. [ 044] A packet may be partitioned into

mul ti pl e bl ocks, wth each bl ock containing K code
[04f]t s. Ihankembediment.s theoMBARH dplediok iy bexivepped pesteriori

0 ; B 2) er ‘
8 OB 340h Fsy %Bh  AhEGR e
probdestn @ft decisid] foredch code bit. ITheMAPVdReIcoT prbtitlesksoftait@isions in
r one block; bmis vector with Q7 code bits
X

bits f a h
the, 0 Pl g RTAH EEOBBRAS CREEY hag ereealiFThexmRssed a8 drLhRs The
defectbr LLR: for BRM ,L{(bk), ma-y’be@{gresse'dsas; he g-th code bit
in vector bm and bk, for k -1, ..., K, is the k-th
code bit in {éectorl }b . There is a one-to-one nmapping
bet 8 gftver Hdij¥} vector b angl a correspondi ng data
vec}lﬁa S .nfl; genecal, Q may HektHe-shme or different Ba(®
for the M a{t%’a s?i’ggl s sent on a given subband, and K
may be the same or different for the L subbands. [045]
whfe 3 1-TR] | g'_r} ?g)ﬁieﬁg{)%sz%tyto@ Codd ANB Bt giszgll? ELE Ve QW or y; and

in eqdatio
P{b, =~1|y} is the probability of code bit b; being ~1 given received vector y,

[048] The detector LLR may be separated into two patts, as follows:
Lb)=L,(b)+ L, (D) . | Eq (4)

where L,(by) is the a priori LLR for code bit by provided by the decoder or possibly
other sources to the MIMO detector and L.(b;) is the extrinsic LLR for code bit by
provided by the MIMO detector to the decoder. The a priori LLR for code bit &; may

be expressed as:

P{b, = +1}

La(bk) =In P{bk =—1} H

Eq (5)

where P{b, =+1} is the probability of code bit b being +1; and
P{b, =—1} is the probability of code bit b, being —1.



maxi mum | i kel i hood (M.) sequence receiver that

perforns detection and decoding jointly for an entire
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decisions on all data bits in the packet using

know edge of the correlation il roduced by the
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sequences of data bits that m ght have been

is gallad arpg-MEAP LR, n1a% bpgerptted@st i nd t he sequence t hat
is nost likely to have been transmitted. This optinal
recei ver woul d be prohibitively g | ex 046] A
recei ver thaﬁgpe % —det2H e [ ng qquélng
|ter & ;{el peug20,as” shovvn I n achi eve
near- ifci il erfaqr rrance wth o LTcorrpIEm ty. The

Eq (6)

det ect or and et [2odbs & s8Pt - Becilzions on the
code bits aAd=exéhange this info fation ih an
iterative manner, which increases the reliability of
t he soft ~deci si ons iterations

th, the, nu

wisl® 15 3hd S BRI il a0 nie it R Rt e

enbai naay Cetpluttfin ok ARG w@o (ol P e pie
t b of.th m ni m zes

Phe Lorindp = MPOBRBIT Py or oL Kb SLGa8E B Mabie pr ovi des a
soft degj sion for each code bit. The MAP detector
pr odll_déﬁ -$Jf wertesensiadinelidean ¢iatapes GAsHRNGLSREr i o |
probahi]ities % PPs) that are often expressed as LLRs.
The det®6B?I6: 2 ElﬁP code bit bk, L(pk) may be

expressed as: ( where P{bk =
[03p11y }Eﬂ‘éat]PHéG)pihGWé@PP .ewre&aaora:ffaghwsmwem omgthe log-MAP

BRI E AR LO0L o MRl b L e
typi@8kyOderwes HO4Rich e ag %Et%ﬁﬁt@roﬂ—ihg TR DE NBRIPG ﬁﬁjel response
into two parts as follows: L(bk ) La(bk)+Le(bk ,

malask () ahedes Fah e LIR bhifutiidhl Hok sfnlrprﬁcftg the & 'tlt)n herein

bk provi ded By the decoder or possibly other sour

ass‘hﬁlers,lﬂ%chﬂYQlQﬁlh?a%()ﬁ%rr@f‘golﬁﬁa@%): s the extrinsic LLR
for code bit bk providéd by the ‘N/EVIO detector to the

[054§COd€eEqualio (6) RrdvakibteH LB B Ssebibint thEKraRBMitRE bit vector b.
expressed as: where P{bk =+1} is the probability of -

Focest® dude Bakpbet ngpotissiaditidekors by For Al5 gbsﬂﬁ)le sequences of code
probability of code bit bk being -1.[049] The P

bitgldbect dx} faryalbposaibleogpriviiPatiietsexftande bat vaues) tgt Might have been

det ect (% or K1
transmitted for vector b are considered. 2% hypothesized bit vectors b have b, =+1,

and the other 27 hypothesized bit vectors b have b, =—1. Each hypothesized bit
vector b has a corresponding hypothesized data vector §. The expression within the
summation is computed for each hypothesized bit vector b to obtain a result for that bit
vector. The results for the 2™ hypothesized bit vectors b with b, =+1 are summed to

obtain a total result for the numerator. The results for the 25 hypothesized bit vectors
b with b, =—1 are summed to obtain a total result for the denominator. The log-MAP

LLR for code bit b is equal to the natural logarithm (In) of the total result for the

numerator divided by the total result for the denominator.
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froma | og- MAP detector, which is called a | og- VAP
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transpose. [050] Equation (6) shows one expression for
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the descrwpf fy agBGiEs+ng ngjn estimation
error, so that=H H » [051] Equation (6) is eval uated
for each code bit in the transmtted bit vector b .
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frOEny psmg gbké m logiMARB cﬂppmuhatimu e Olﬂher =pproxamatidrierf ahd ésg-MAP

é@ Si ze C?ctors b have bk =- | . Each

N Hlﬁyt &”8? b has a corresponding

[0515]p0t hesd 2@dMIa Aot & chudtion (0)CanRxdkenst-Hy- WA iector in
the summation is conputed for each hypothesi zed bit

equasiondy/) ke jobit alesisians esuihe récoivethvymbivis invextary dhidecompute
results for the 2K 1 hypothesized bit vectors b with
extiasie LRy éorsihimpede bs etrogiatedavitbttiagse rreenivad fyorbolsheln order to

cof YRk i hSLbid . a0 MAF 0¥t BFROER o shausiive
sedr€ls bvdr dlofostible chedtandtidas of datﬂ' Bembeg-thFhikhihdve be&Oghsmitted

bit bk is equal to the natural logarithm (In) of the
fory yeeipr resuflhist exhappiaven sepsehativ reomipritationally infeasivotaad may be

BTy AT Y G AT T
ﬁgﬁfénﬁﬁlcﬁﬂ' tHE HuRMbEB ﬂlﬁgﬁKy\E the-Ran@isk @ Ib&tq}%tor éq £l ot :E]H:e log-

| og- MAP approxi nati on in equation aces
MAR niH&hhaﬁnlS)glMAPqiéﬁictcﬁm Inartiédldy, 0B Xypdtheiee bt dodki8ered by both

M@gséqt?gtgrgalfgr eac %r 2(9(% ‘bit I. " %I)l?sr r(rigtne((::t?og %gflle?elsl ¥v1th reduced
complexity are described below.

[054] To reduce computational complexity, the receiver may perform receiver
spatial processing (or spatial matched filtering) on the received symbols to obtain
detected symbols and may then perform LLR computation independently for each
detected symbol. The detected symbols are estimates of the data symbols transmitted
by the transmitter. The receiver may (perform receiver spatial processing based on a
zero-forcing (ZF) technique, a minimum mean square error (MMSE) technique, a

maximal ratio combining (MRC) technique, or some other technique. A spatial filter

matrix may be derived based on the ZF, MMSE, or MRC technique, as follows:

M, =[H"-H"-H", Eq (8)



fromusing the max-|og- MAP approxi mation. O her
approxi mations of the | og-MAP LLR in equation (6) may

wa@bk®o/ot2used. [ 053] The | og- MAP det ector in ePCEHUSING/045031
(6) and the max-1|og- MAP detector in equation (7) nake
joint decisions on the receiveth synmbols in vector y
and conpute extrjnsic |LRs fgr the code bits
ass Miat EDmi.t Bt hBseoy ddeilled synbols. In order to Eq(9)
conpute the extrinsic LLRs optinally, each MAP
detectorgﬁerfogns an exhaustive search over al
posMal.eRBantllnat i ons of data symbols that might have Eq(10)
been transmtted for vector s . This exhaustive search
i s conputationally intensive and may be prohibitive

whesr Daany= digpl IEat - IThddcolgl exity of the LLR
conputation is exponential in the nunber of bits (K)
in tDe, tdiapd Wt 48 bit vector b for both the | og- MAP
and max-| og- MAP detectors. In particular, 2K
hy pdeMs,.ared Mns i ake My Roypasiet filtampatdieeseior tresZF,0MMSE, and
each code bit bk- Various detection schemes with
reduced A8RpItestinigpegrespgetdvaly;ied bel ow. [054] To
reduw&cﬁggggg%ghﬁ@%%tﬁﬁ Lexity, the receiver may

performrecerver t'ial” processing (or spatial

tch I lt.ering). .on the received s ols to obtain
1055, ect ot e5HEH ST ree) ok 8RS SEERRBHRR conput at i on
i ndependently for each detected synbol. The detected
synmseiM-3r e estimates of the data synbols transmttedgq (1)
by the transmtter. The receiver nay performreceiver
spatial processing based on a zero-forcing (ZF)
wHee [Vl e be aqunl i Mim MEaN GOMEI € agdror ( MVBE)

t echni que, a maxi mal rati o conbi ning (MRC) technique,

or  SoiRn Vel vdcesiividateeed AyHPalk iadd isfdnl dsBiafBifTdath VEBYr 5.
be derived based on the ZF, MVBE, or MRC techni que, as

| | owsy = ' q o — H + sl
046! OELR bty BRI G R i v
symibalg{Tht exdrisis MIRsImbdy He Jcomphited foi @@ D colid bitd of eMh detected
N@FAG anﬁl ntrc are MKR spatial filter matrices for the
SyBpOl g g the1gax-log-MAP detector, as follows:

1 1 . . 2 T
Le (bm,q) = EEIIl}a):(“{— ? ) ' Si " S l +hm,[q] : La,m,[a]}
Eq (12)
1 1 ~ ~ 12 T
- _2—53,:1}%):(“1 - ?‘ I Sm - sm I +Dm,[q] : La,m,[q]

A

where § 1is the m-th element of §;
§,, is a hypothesized data symbol for transmitted data symbol s,,;

b is a vector with all code bits for data symbol s,, except for code bit b

Donlql m.qs
L, ,.i 18 @ vector with a priori LLRs for all code bits in Em,[ g and
L,(b,,) is the extrinsic LLR for code bit by, q.
[057] Equation (12) is evaluated for each code bit in each transmitted bit vector

b, , for m=1,..,M. Por each code bit b,, in bit vector b, , 2% hypothesized bit

vectors b,, for all possible sequences of code bits {Bp; ... b0, } that might have been



MRC t echni ques, respectively; and " H' denotes a

conj ugate transpose. [055] The receiver spati al
w@e@cese®eng nmay be expressed as: s M-y , Eq (pCh/usives/ess5031

M may be equal to Mef , Mmse or Mirc ; and s is an

Mkl vector of detected synbolslfand is an estinate of

data vector s . [056] LLR conputation nmay be perfor [Ied

transigEisd HQE YEFtoT Ry aéea]éﬂn%‘é@cr%‘%t &FCBMQFhCSﬁF% bétqut(?fs bg has a
f pde bits of
coenlRY RimeRBrRA viih DAbeR oo offinebirstilt wiRR e max()

| enment -of

op%g%béﬁﬁséera“ﬂ%rﬂﬁgw bagf mpth%%?q PARERPE dha t%l%‘?tﬁmz? it for that
. . t
Veétoﬁb i rseﬁl%lg @E%‘[ Vﬁ 01@8)%661'2?(5 b%ve&e}g%,q]%vqhgg,@ Vél'ztaaer used in

o bieh e %’é'msng fe%é% S TpRoF ORI 08 B, with
p EQua h s ev & d for. each code bit in each
Poga aﬁ]tsﬁrleuts ?Seﬂﬂgg ﬁqOPFff‘nt ,M . For each

ogce 0?2"%%@6*% b dErrt S8 @ﬁé”s&?{ POt T8 fumber o

dat{abstn&ams (Mindl id hattdepbgltht bavie deenicomtstibh @tel Womputing the
vect bm are consi dered. Each hypothesized bit vector

xRN RS ‘Eb%?%s%@ﬁ‘&uh‘?@wﬁ?ﬁb&?%@éunﬂweﬁ%ﬁ hypefhiepasi o yavate from
M] ed
2 T:ht% l\q)ﬁprﬁﬁﬁgfg@ tffﬁtttﬂé %n%eh?m&ﬁé 01} squgﬁaxr s%? fJ)IS alfma% eams.

for each hesi ze vec ain
TthrerMneHm TER oomputhigor eyl sﬁlﬁstﬁﬁialltyhedli’ce coniputatmnal complex1ty
buf%l pot hesi. zed bit vectors Sn, wt + are used

ay frSuliin Rig ?fé%?{fo}(mé‘ﬁf@rd&ﬂagﬁtlonﬂl?én Fl%%li?fit s for the 2
[0391hY POfuh e8| ApeL(Pitle Y@&ﬁ\%’is?é?fﬁﬂ?fstféc 04 3 ﬁ%at g%?ceé)%ﬁﬁg on the

in the second max{ operati on
reqgfvetsgmbels ¢¢ v’@uamstmcncﬂ syprtmde gsnfmgnﬂ ISLR computation ifependently

f. dat nd_.is endent on
ol PR et SAMEp e it B oG R P
ML-LBSrefRifnPastesibd SHRbOIS Whele SIS 85> | hernaun s @fiected symbols
hy ot heses to evaluate from2M) to M2Q assum ng that

&@e%@ataa%tre@mswmﬁhe ihishgsietNRertha| D dwtadstreaums W1th the
S D AT BB RN B e, o
Th[médnon RclitinghBrefeecd ao A aGedutediadatsianlity @l @iai stidne and
may be used for the single-pass receiver shown in FIG. 3 and the iterative receiver
shown in FIG. 4.

[060] The receiver may perform receiver spatial processing on the R received

symbols to obtain the D best detected symbols (instead of all M detected symbols). A
reduced spatial filter matrix M, of dimension DXR may be derived based on a
reduced channel response matrix H,. Matrix H, has dimension of RxD and
includes D columns of H corresponding to the D best detected symbols. The receiver
spatial processing for the D best detected symbols is less computationally complex.

[061] The receiver may perform LLR computation independently for each of the D
best detected symbols, e.g., based on the max-log-MAP detector shown in equation (12)

or some other type of detector. The receiver may perform joint LLR computation for

the M ~D remaining detected symbols in various manners.



[059] In an aspect, the receiver perforns receiver

spatial processing on the received synbols to obtain
wa@ledoeoemell synbol s, perfornms LLR conputation  PCT/US2006/045031

i ndependently for each of D best detected synbols, and

performs LLR conputation jointley for the M D remaining

tectged e M>D>1. The st detecte
06, 001 B ol BpBodinenl TS soaies reriPimmibigh Lhks s B for the
rerSiRmg aa@ctéa @hiBol1S thye 8 ¥R driinl ﬂh@%%@d h&é&te@‘s'?mbols For this
variation, the D data streans with t nost robust

embeginegt, hardidesisiens, arT Hlade gattbe D st éfztemrbsyr@ql@f Arhagdi decision
R VAL s e i
6
?ﬁ%ﬂ‘ﬁa&é@%@r FicRLiaKEn (gAS0N b Ao ahal Dbl ity 5. 1

receiVet MBerRcéBpREY BRtRYIEO! Rs 6r %t &ldd Elﬂefopt éa'% r[%mm detected
det ected synbols (instead of all Mdetecte §3

symbeledugebiasspan it mﬁX-IlQ&MArBlﬂﬁneRtONEhmn i aqeatmm(ﬂ) Dx Bome other

b v a_reduced ch r,espo
ot Al \aer R P RE OO R SRRERRCPaels e
col3tratlednsis figéd Ith abs masp Ql@éibﬂ@ﬂs tdetdrienel fpsthesdeti@géted symbols.
symbol s. The receiver spatial processing for the D

EB RS SRR SRR PR Yo P iming
thak ﬂ@ap@ea@etewd%ymb@@ﬁﬂv@ﬁth&@ oPrbest —@ef gct @f synbol s,

e.g., based on the max-1og- MAP detector shown in
[0634uat i loranpthe)y erobodimmat, dichveceivymerivfmsl gtiedildR cohetation for the

o s BB S Pl OB R0t VR s

r Mg | @i nt
e SR e s SEELISABROTT | 110 oy ot

red%%k? Aekk n@: ¢ pe DTf?@SrEdl%%ﬁe%c?&s Ségfﬁb ?Aa?x% 19% %ebio?xly elements

i ment, hard decisions are nm

coﬂﬂ@tpeﬁdlﬁgi t(ﬁﬁh@’@@h&lmr@ déﬂ{cdaddsgﬁib%ﬂso NTHO B &ived tREV&Mputes extrinsic
detected synbol smis a nodul ati on synbol that i's

LLRs depthe cqofe Bitsfosteremsining [desaied symyolal ¢. g?bmﬂam thp max-log-
MAY HRPcior! B %Hemgé%&?&es@nﬁt g&ﬂl@tdtlﬁeﬁl Fﬁgﬁ e%f dg{? Lo d']éhe re%uced

recelver then o rinsric
veddotts sinfl exattih ererveerbion IthtgLIthceﬁtpadltlsy ﬂH@hé‘e., t}fé @mbeP 85 B¢botheses

t | og- MAP d tec or shown in equation (7) or
to SEHHatGHHERe PR SO Gt SRR PORGHS e otk FRUEShpLL At | On,

T e
tradapih betgveen dorrplexity, performance, and/or other considerations. In another
embodiment, D is a configurable value that may be selected based on the selected
transmission mode, the channel conditions (e.g., the SNRs for the data streams) and/or
other factors. D may be adaptive and may be selected per packet, per frame, per
subband, or in some other manner.

[065] The reduced dimensionality detection scheme may provide good
performance with less complexity than the exhaustive detection scheme shown in
equations (6) and (7). The reduced dimensionality detection scheme may be well suited
for a data transmission in which some data streams observe high SNRs and/or low

frequency selectivity and the remaining data streams observe lower SNRs and/or greater

frequency selectivity. Frequency selectivity refers to variation in channel gains across



Hence, the nunber of hypotheses to evaluate is reduced
from2""1 ' to 2 "= 1" , assumng that the D best
waledogoemell synbol s have indices of me MD + 1, PCT/PR2006/045031
[063] In another enbodi nent, the receiver perforns
joint LLR conputation for the ¥emaining detected
hout . consi i ng .t D best detected

synbol s w 1e
fre@é?ﬁ%’ i SWWE r THE  EhbdtiRne ,E?rh 21 2ei HFGPeRr np The reduced
dithesbisiedty eietedfién fRherle , takesl ali¥dntaiRd ob[tht Bsh WoNRs 8ndor low
reduced matrix for H. The reduced vectors and matri X

fregpenciycelestivipy &vtethe A et slatdesfropyi tagedusetdomputationai enguplexity.

21 € | s. [ t Lo '
NP EARUIRG. el Eut £ GF el IR SEIPHL SRS O s
andfpiigedaser feeq@encibadedivin tb heprox-peafprmMiR 6ok ecd@éction scheme

sho in equatiqgn (7) or sone ofher type of detector.
that Reri PEAREPIGHBL SR cumRptAfifnT oL 2lA M dgfa 8HeHBT the LLR
[066PUt R G Of shmgmcésg Soh ¢ O%ﬁr%y%?iclﬁ%ﬁ %ﬁd HQcodinrg based on
0 r eac

eval uate and the nputati o ypot hesi's are
theprstihcadedimeesi on 1% 4¢tedtivnaschenbo Rieomndr, spRial precebdixgid performed

val ue .t ha be,sel ected based on t radeof f_ bet we
ondiened sy polSits Pl i SEmtur Sorten oS oo 9 i @ MMSE
techBiqaBpt taelobesi odktEmey . sybols aAbfRRf 53y, ablreiacaib € id NRkformed

. may be selected based on the sel ected transm ssion
indeperdently doictash 9E Rt lewsh @ne flajastream ¢o obtpingsofiNdRsisfons fartbe stream

t K : s f . dapt i .
e 5 AL A i AR B 5 5P s
desisibha fict, these streaswntblook 5¢6). rTEha 8oft debBivhs Tﬂg., Eaﬁﬁﬂiah@i&iLRs) for

[ sional ity detection schene may provi de goo
cafLTBF HRlRes W CHEIBE4m STy 5 P enonval k Risgg gpithe detected
sy8b8Ghil A RS NRIBHRBNL. %‘2?2’2""’%119@@ i) txmgscégér;mglzpﬁ for that

reduced di nensionality tion schene ma

streayint dtie folt dacisianafar thmemassng data streding nag beeledaddjointly based

reans observe high SNRs .and/or.|ow freguenc .
on 3 B3R o R PPREHE o 8 v gt i e G depisions for the
mul@pierdafNREcagRhey bgldeeddt throbeie ICyrise lifethMidnyfor the detector
Frequency selectivity refers to variation in channel

(blggl k¥)acr ossfrequency, which results in SNR variation
r oSSy f e l.ensional ity detection

e e e A R
detectiguend yesading t(blotk \52D0r THee afdvwee Sfor dddok 5107 @arNoT @fter one
.. reduce co uiational.conplexit%. Near optimal ) )
HEEPRCIOT oh SIS A GPTRT otk e b8 mAYhi 195 Watteravs aegeiver if a
teriMitdfioh QORI eNRS et RFeddr B 3hE Indle? G ENGY r&i8h16GE 5%(5 ¥en the a

to inprove performance over a detection schene that
prigeripiormetigers-used Emdeleciontpe nattiipnatioar(bmkk 5R2)atdthe process
retﬁllnrs et%ngl'ock 514. Otherwise, the soft decisions from the detector are further
processed to obtain decoded data (block 524). The soft decisions may also be decoded
prior to block 520, and the result of the decoding may be used in block 520 to determine
whether or not to perform another iteration.
[068] A packet may be encoded and demultiplexed into multiple subpackets that
may be sent on the multiple data streams. A CRC may be used for each subpacket or
each data stream. In this case, the CRC for each detected data stream may be checked
after block 514, and the subsequent processing may be terminated if the CRC fails for

any of the data stream(s) detected in block 514.



[066] FIG 5 shows a process 500 for performng
detecti on and decodi ng based on the reduced
walrewenelioonal ity detection schene. Receiver spaP@CHIUS2006/045031
processing is perforned on received synbols for
mul tiple data streans (e.g., bEsed on the zero-forcing

or MVBE technique) to obtain detected synbols (bl ock
[069]2) . Pz shayys ansanperatys GRdfor Hﬁ‘gﬁ%%ﬁftwwdé%eﬁh% based
I ] Str ; in bSil f
g 00 AL B4 (SRR PR, P3P f PO A s

pefforming @edetranispatisd poakessing oresosivedsyhbas forsobltiple data streams to
deci si ons foy these eans (bl ock 516).. The soft

objgap fletegiRd syabgls ?blé?ﬁlf AENGHEE Y }’61%%1?% grtegorn {gepgndently for

ea{:)l? 3shit A0St G Badl iRam FRYLtRE Per BatesorsNibe ABOE@EHh Yblock 614),

ased on the detected synbols and a priori infornmation
méeas ot perfpmiing idetecen jdindynforhdedemadéng dith siipgns ftorobtain soft

that stream .The soft i sions f r LRI NG
aoPRba T BRI S0P shEl e SRR or
mSYipRasa afdnishe obtddh kQriori ME@nEbLL block 6180 yheardhfor pefforming

decisions for the nultiple data streans may be decoded |
ant gdsenal ritezatiowi of ideteatit Aad idsroding. ¥ rAPPiettiet Biing B @kprior
_ ' o At . )
Rk Blsol REEL, SRR RpAS TR, TOBCAGAIG ko s
datb(bbzk R2D). The answer for block 520 is 'No' after

08RG, 55 Pl oL DRSS B L I by

re@@adi gyl g&fdrﬁnﬁfg QO4REA! RE -cahdidith &ypOHBYRS 1isng Hﬁss'é)hfﬂ@r detection
bl ock 520, then the a priori information is used for ]

(L&D ewhich s alpo refierrevkiotasisplare deendingy prfekicalderodiggqndise on. List

rocess.returns, to_b . W he. SOft ~
RS R, P LG BB o B 15 g0RuERllp dgecor i
eqbli@i (6)derosiad- 16aMAR lercior 52 4guatibhe(73,04rd otkei sipensf detector.
may al so be decoded prior, to block 520, and the result

Ligk Spheie detectiam sepkndg resticn dscsepich spaseiot spp deigcigebr fispaiding less
. . ano ' tl OGS loe-
Rt PRk R RN ARG T heag ot MR hndipaxclog
MFhdeaaket mayhrahsideyorhe hgmhesenthbhsatisfyl the fillovwdiag eondition:

streans. A CRC may be used for each subpacket or each

data stream, In this case, the CRC for each detected

dat a||_$rll‘é'aﬁﬂ fdy be checked after block 514, and the Eq (13)

subsequent processing may be terminated if the CRC

fails for _any of the data stregn(s) detected in bl ock
wharg [Y08B- Sl Gs the prbBNCARN ABPF of (PsSPBETY Teeius 96 thissheld ysed to

det ection_and decodi ng based on the reduced
regfipandiperd Ny Rapherss HOPI GRSILeREAR. Appar atus 600

[dﬂf' Ud%e%ﬁrfﬁn&ﬂ)rn in equation (13) may be expanded, as follows:
J(3) =|y-H-3|°=|H-s+n-H-3|*=|H-(s-5) +n]|*

Eq (14)

where R is an upper-triangular matrix obtained from QR decomposition of H ; and

C is a constant, which may be omitted since it is not a function of § .



performng receiver spatial processing on received
synbols for nmultiple data streans to obtain detected

W@ 0006221 bl ock 612), neans for perform ng detBCL/US006/045031
i ndependently for each of at |east one data streamto
obtain soft decisions for the ﬁirean1(b|ock 614),

0P e nefg B TiolameS: B abiarhil g MetheBRoMIO chanmel
resI B&ematixCH® ¢Hthiach SHhorRaAS:% A gﬁcgldhlgt%rtﬂqg,gmfrgnmx

eci si ons Tbr the nultiple data streans to

REGH 9 O0KOLTE 0 LIE RIS ARl i i

beRMPIHeGARA QliagdghIn gl“ﬁé"'Fouﬁhquh&ﬁtkl 1h 3 sztﬁﬁt('lgﬁ glb%%tamed based
620), and neans for processing t soft decl Si ons

onammlmw@%cqn%m{dﬂ@ KP - @R 622) . Qf 0@OR TReE myrrber of
hypot heses to conSider in the jaint”LLR conputati on
[OTﬁiy beForetieiced fimyctiparih ernativg @4) et dhediad syabals dalyebe used as

B PR ETordhe e bR BukBur AR pherpibied o5

decodi ng, and so on. List sphere detection may be used
tor capcegpkepd ty for the Iog-MAP detector in
equa}ta(anﬂ(’B? 2@3 max- | og- MAP det ector in equation Eq{15)
l’&g% and, ot her types of detector. List sphere
whikt SJPibhe SRialredifiom equation: (1L) bassd OB a@pﬁ&é@lw sppféal processing

t | S I K hypot heses bas
tec%ﬁﬂgglg @ %u%é{odfo’?&ﬂég) AAMSI The g(%s% éur?/cg 8n NASIEAEPT Fl%) may be
cofutell for 2MAR poglesicED Uﬁtarméétd%é)@ltﬂﬁr m&H Yhaky F?)@Ellﬂ Qf%tﬁ§mltted for
that satisfy the follow ng condition:” Hy-HI r2 ,
vediqr (s18) obdasr 2% copt yalhe§ fdr| thasei 3 hiypothess. ffDlﬁH:hyptnhéhﬁBéd data

r2 is a sphere radius or threshold used to retain or
VCthﬁcmtld cosy patiee sles aie boss clomsordeyual ioon’ nf) 71 caaleesisfor LLR

' 1 b ded, foll ;
conpRghoRE 4, oidifongd pick T BF1 T T an e () e n T
[0774]— [ Hrne §rd$)uré' of‘}he {lﬁké %nglgRla?%nﬁ% (li'z% x‘/ﬁe e)(pligﬁed to reduce

S- S ere

thwmnﬁlﬁertdflhgp@hém f@iHWhich t0 kbR cthé EOMFEIR tHAC FRAGLA I(IH) may
and Cis a constant, which nay be omtted since
beFNWW§“ﬁ€%0§0W§nctlon of J .[072] QR deconposition may
be perforned on the effective M MO channel

2

e T2 o hwm || (§—5)
J= O ’%2 GM _ $,-5,) . Eq (16)
. 0 o - Y8y (§M"'EM)

[075] For M =4, equation (16) may be expressed as:

J=T+T,+T,+T, , Eq (17)
where Tl=l"1,1'(§1_§1)+7i,2'(§z—52)+7i,3'(53—53)+ﬁ,4'(§4"§4)|2 s

T, zlrz,z (8, —5) + 1,5 (5 —5)+n, (5, “54)12 »

T, =l"3,3 (8, ~85)+rn, (8, -5,) |2 , an

T, =I’Z,4'(§4_§4)l2



response matrix Hto obtain an orthonormal matrix Q

and an upper triangular matrix R, or H= QR where (H
WO 0)02/062021 The upper triangular matri x R cont ai PGI/E82006045031

bel ow t he mai n di agonal. The fourth equality in

equation (14) nmay be obtai ned 28ased on the fol | ow n%

-H = R -0O0-R=R - = R-R. 73 or the

07835+ FEOD S TP B e e e or aphae s PEME aa a0l <

may be used as the center point for the search. The

cost_fuynction nay then be expressed as: (S) IIR(S-1L)

11 b= %7( 15) where s may be obtained fromequation Eq(18)

(11) b&lded on any receiver spatial processing

technique (e.g., zero-forcing or MMSE). The cost
functi onein equation (15) may be conputed for 2K
Whhgepdﬁh%iz,gdeas aLvectors J : that m ght have been Eq (19)
transmitted for vector s to obtain 2 cost val ues for

these 2 hypot heses. The hypot hesi zed data vectors with

[0Z7st vAk desvit ieéquatiend @383 ahdd @ID) Otlhe eq&tr’ﬂln&tﬁmfrﬁaﬁﬁy d@&)mposed
LLR conputatio ., i n equation (

lmg r%n%%j of Mgf?;ﬂ% Thihraygh, urT@anTm qﬁ@nbp%@en@fmt @ﬁglﬂe&fed)symbol
sMn"R;r HIBMBt e ex@'dg én%gnttc% (fsWolP nb% d for streams
St R ¥he

hypot eses’ o0 conp e “cost

Mﬁqwmoands@n Hﬁd/te?xﬁ mpaépé%@erﬁ%nfde{ekfea@ymb&ﬁ, tﬁ%ﬁgMM for

4, equation (16) may be expressed
allMEtrea’.%ns“A ) Eq (17) vvhere TLr 2 - s2 - 52)+r13 (s3 -
- S2) +r2 3 S3 - . S3) +r2A ( 4
[07%:? 4) 1'§he cept §unc§1c2m a2y lge3com?g§§a { m}cgque%%qlly 1naMZjle\fqis -qn(e term T;

for'héh 'kfvgfl start%@ wit® thd ﬁZ@derrE—%& e f(x%t7 ]?evé[ayfﬂ?@ls dlcateq_ by the

general i ‘zed for any value of M as
reversersummatlonE@r ¢ mggquat:;On (187, 7y hidls swttowithi in= BEu &bt earh level, T; is

cox%%l?t)ed? 11( yp))thegergeapglo catblef %é?t tat i)evelrml I\{d t % ngccfgr@tlon 1S updated.

[079] The cost function may be computed by considering one additional symbol at
a time, starting with §, and ending with §,. To improve search performance, the
streams may be sorted such that §,, corresponds to the best stream (e.g., with the
highest SNR) and §, corresponds to the worst stream (e.g., with the lowest SNR). The

received vector y and the channel response matrix H may be reordered to achieve the

desired ordering for the detected vector §.

[080] The LSD search may be performed in various manners. In a first
embodiment, all hypotheses with cost values equal to or less than r* are retained, and
all other hypotheses are discarded. In a second embodiment, only B best hypotheses are
retained at each level, and all other hypotheses are discarded. For both embodiments,
the total number of hypotheses to consider is reduced by discarding hypotheses with
high cost values.

[081] The LSD search may be performed as follows. For the first level, a list Py is

formed with 2% hypothesized data symbols 5y that might have been transmitted for
data symbol s, . Ty is computed for the 2% hypothesized data symbols 5, in list Py

as shown in equation (19) to obtain 2% cost values. For the first embodiment, all



into a sumof Mterns 1 through Tu- Term TMis only
dependent on detected synbol su for streamMterm M1

w0 g0odegepdent on detected synbols sM_ and sM fRET/US2006/045031
streans M|l and M and so on, and term 1l is dependent
on detected symbols S1 through?kM for all M streans.

078]. The cost function may be copputed increpgentall
hypiPRl 1S SyBhet e Vﬁfﬂﬁs Jess ﬁ%%?ﬁlﬁ@ tt%rrtg}e% Tojpd and
stdré&®irl @2hndi@4tBNikH C{ O FdrhBe bédodill eh®é@ImentiP td B hypothesized data

i ndi cated by the reverse summation for J in equation

syfb8ls, witthiheiosesacos valuehthat aiMsmaHer themoheque el 7> Tie retined and

GSTRLSSL IR0 b, MBSt Reoes GPELACERLS, | Shd okl 815
: c

BB NCTEIE SOTRULGE O o8 GEEI0R00R A0 Ptles

nof embnptheve Ieeat cbst panéorfanoth ethbelisknts gaibotheyhypethesized data
sorted such that sMcorresponds to the best stream

syp@oly are giseardechovielyhssthe sfirgt ol paurans abh hypatheyierst dagn veseors 8
rst stream{e.qg., with the | owest SNR). The received

CO{V}\%&I%%% dgsr?ar({eﬁég@R%Iﬁ'nel response nat r|2< H may be

[og20r defgdeOsa6HM @é&f[%%jts% j‘astd?ﬁllfﬁ GoRRAER;ifRY 2‘3@; éltyB&hesized data

det ected vector The LSD search may

sypbolsof,ne that miglarhiase bearetravaemsttedl for dathisysmbokspodiThmris computed
all hypotheses with cost values equal to or |ess than

forr 2l ypled pepoihertned sambohpairsotHer Sy pod hesmed arith T to obtain cost

i scarded. In second odi nment, only. B best )
vafish goh a5t tpetieSeey bk Dui n e ke BrRpay7eg watbol pairs
ind WROHNESEH1AE Sinblh 86 € dachFQ RO Ilc SERAR 11 @éfwng I%Ecyh symbol

total nunber of hypotheses to consider is reduce
in dissBan diTig Updpet vestewmlwdstthathbeg hompsted wal tgs .= 1,084 T, Thior the
LSD search may be perfornmed as follows. For the first
firstespehodigent; ail hpppthesized sypiolpairs widviepsipetuse smaber than ar equal
synbol s .Mt hat mght have en transmijited for data
to 3 pcretainid S e BLa BT B e Dbt FsobREapSudent, up o
B Hﬁ@h@m@zﬁm@umg Witls theFMas: RBoWudsnh&d#aknaled th or equal
to obtain 2QVi cost values. For the first enbodi nent,

to af’ | 4vg pethined iand dtaded & sandixbikeslisti €a.1.c &t botl erebodimssts, all other
than.or. equal t.o r2 are.retained and stored in a

hyggﬁaﬁlgg[sg%rlﬁoipmwe E’é?ar{i?fg second enbodi ment, up to B

[08B]POt hBgdZ&the pdndai GMERALE iy B dVaRiatdW¥B $imitRShanYiad. U Sist P, is
that are smaller than or equal to r2 are retained and

forsneg withi 2° claypoittsized Idhtatsy@MolsF§y thahenigkecioave been transmitted for
enbodi nent, hypot hesi zed data synbols with cost val ues

dagngyinibtel st h&inis gompgted|fot all validmhypdsbesitiescyndbet sétf (Fhess, ) and
cost val ues are

summed with T3, through T to obtain cost values for these hypothesized symbol sets.

The valid hypothesized symbol sets include all possible combinations of each

hypothesis in candidate list C;;; with each symbol in list P;. The updated cost values

may be computed as: J,=T;+...+7T,. For the first embodiment, all hypothesized

symbol sets with cost values smaller than or equal to r*> are retained and stored in a
candidate list C;. For the second embodiment, up to B hypothesized symbol sets with
the lowest cost values that are smaller than or equal to r* are retained and stored in

candidate list C;. For both embodiments, all other hypothesized symbol sets are

discarded.



not anong the B | owest cost val ues. For both

enbodi nents, all other hypothesized data synbols are
wale@casmed, which has the effect of pruning alPCT/US2006/045031

hypot hesi zed data vectors sf containing the discarded

synmbol s. [082] For the second 2%2vel, a list PM1 is

o e D S RS A T3 2R A o Pt o

alll lypoDegudisested o cardida@listdCNEROIBACS & theShak! ‘PJ)g—NﬁﬁtP‘ etbctor, as
Mj , sM and summed with Mto obtain cost val ues

follg¥St hese hypot hesi zed symbol pairs. The valid
hypot hesi zed synbol palrs i nclude all possible
conbi nati ong of ymbol in candidate list CMw th
each65nbat -T2 f ﬁ@rJi.ﬂm demachost val ues may
be conput ed ass "—Tu _ +Tu . For the first
enmbodi ment , . al | yp?t hesi zed synbol pajirs with cost Eq (20)
val ues snangmaX% o] eQQaiZLg%tha[F retai ned and
stored in a2cafdidake Tist "< F&f'ft he second
enbodi nent, up to B hypot hesi zed synbol pairs with the
| owest cost val ues that are snaller than or equal to
whege o jeisratubieted camtldat tiste@, dnd coandtisdepethesatfoVhich- b, = +1; and
For both enbodi nents, all other hypothesized synbol
pai rG; asrzesubsaeﬁlcdmﬁdat{: 0837, ndcbninstiypothesaifo: Which b, =-1.
| evel s may be evaluated in simlar manner. A list P s

[0§5§r MedTid &g mg%a%ﬁ e%: gﬁ@w&%ﬁ%@&h gn the ].Bg—itl\élﬂb%{ector or

have been transmitt
somonpbereypé orf ddtéctuial iThehypsdivhiess Zihfeladsw Uﬂﬁbuﬁétiﬁr (thes candidate

- d dwith T+ 1.t T to obt
hypflgees Spbbeibed {heoamis Denadidut Aot Beesypestes. For
clavigy, itk HspRbH@SIFRE By RSt e ésdl e 1&@§fcﬁl'dlff8‘a§§1b@él%+ A single

conbi nations of each hypothesis in candidate |1 st
cangfidHe Betdpmpy fasotsed for|alldM lgvels andtheayupdatdettdao stchvavalies

y b g =0 4+ .. +Tu .. For the fi.rst .
(ST oo ol s B pstmlam sattyins Pt dis S%nd RRebLSh, which
retmals tiess BSraat h?[bothéba@ aDeachléddl. tRorf Risdb@niped avned | 3 terms Ty

staored in a candidate list C-. For the second

thrapgly, di r?«éﬁncomebtetio %—ﬁywﬂﬁé@%@d@yr&w C sontaing up te Hwo best

A5 8 R LA G G
hyﬁﬁh&e?@aodp“g)ﬁgﬁbleadalta 9}‘1}'1‘[%1 eS| %db%ngﬁlsnﬁﬁédsfor data

are discard 084] After vel s have been

symball yatwddch axd ﬂemed: ak LFel) F@AYOL@h caaPyt ed H@r 7al The two best
hypot heses stored in candi date 1i st Cl, e.g., based on
hypatbesapn rre Qj@wmwltljé:ﬂ@cdq falted mgles. For the second level with i=3, Tz is

computed for B-2% hypotheses for B-2% possible symbol pairs that might have been
transmitted for data symbols s3 and s4. The two best hypotheses are shown with black
filled nodes. For the third level with i=2, T is computed for B-2% hypotheses for
B-2% possible symbol sets that might have been transmitted for data symbols s, s3 and
ss. The two best hypotheses are shown with black filled nodes. For the last level with
i=1, Ty is computed for B-2% hypotheses for B-2% possible symbol sets that might
have been transmitted for data symbols sy, sp, s3 and s4. The two best hypotheses are
shown with black filled nodes. The set of symbols that yields the lowest cost value is

shown by the heavy line.



follows: Le(bk) where C+k is a subset of candi date

list Cl and contai ns hypot heses for which bk = +1; and
w@oormem2subset of candidate |ist ClL and cont aP@EUS2006/045031

hypot heses for which bk =-1 . [085] The extrinsic LLRs

may al so be conputed based on 2he | og- MAP detector or

sone ot her t%/pe of detector. The _ cost val ues alread

(08 Dmput bt GOk Hif RHERGET 0§ RIS byRDe SR I e I gist C is a
fi)%?r%}l}eethgpﬁlg§ Et,réefh%téa basEB$ oh A tr&&b%?ﬁbéi%‘r?éﬁ RERESon F%%ormance,

arity, t scription above uses diffterent
coompihakiityadrel/dr she doosideliafibe: €litis fizedkiaue M yinaygbe for each level, as

de%cgﬂ%hgg{)gedl | S'1ts gg&ﬂ%%@g glpaglsa[?sg)g%ﬂo{o&%%h %%%g%gslgélpnfjevg? ¥ which
ca?é(eéw My hl'zﬁ)%&%gest 51%; cgrﬁade}é}ie péxe %U%g e{ﬁg\%@tﬂﬁngmb?@}rﬂséﬂt, the

retains t est pot heses "at each . For
nuentenpf eandillate Aypothedss it eomfsgufable hndugly Hedsaleaed based on signal
conputed, B.= 2 , and th catndi date list Cc nt.fni ns 41p
copgelapnpdat HgfishnBuBbera(eEaliqn Pelimantt ORI, gpd/or other
con§¥&hidst hedr edmplé B S WA FRRHEROf SighalYRRENEESS sikOko that
2Q possi bl e data synbol s that m ght have been

mereaasdiilate duipdthesesl ateesterperiber lager sibnad lsorgtellaions taeensrs sufficient

SA(1) ..t hr sS4 ') g0 F . . e
scRyact HE I soaiot #hmat e b FARARLEEN eyl g g targer
th&€ a8 rlifivRim WalkuB 2(%5: B, =29, Gampumerek @hatBit 28st By, candidate

hypot heses for B poSsi bl'e synbol pairs that m ght

hyipathesdseenstoredns eachtlexklf or data synbols 3 and 4. The

N
ded&ibedapeIeBRSc ok Odonth R EAonRASEAIRY Be potFdIfled 38 bhek RAhners.

m ght have been transmtted for data synbols 2, 3 and
[083] Théist wohdse Sletasiipotih@se seaele tehpigye vior Hedicikthe number of

fill 0 . I evel W | . Lo i
e A8 Bl S bR oM Befr Thyigho e st o
re@iydEbok mgiter tdfatypailghds foaVie b eemputadbs . Int sbthicarerlddddment, a
synbols 1, S2, 3 and 4. The two best hypot heses_ are .
MaHowrehging Moplede®lq (YCRChisadaueriiersse o Fnayiisolie Afpapdidate
[ t : I ' .
LR L 6 MU et Shpfodd SDIBIR ER e i

seQ¥aRahBesSer! & afila@isnieypbhbsiEfdreadh blexRet, wad Ugcibidkough these
nay be sel ected based on a tradeoff between detection

Misderhanisrancmitiple aisrasiens.y Thehist sphero Hifertieomsi MEME iteshsiques are
kn-tlﬂ-)gvisniiﬁﬂi%e)e(%ggv%‘%eésﬂ‘%?% [ g)(tgsgpaf\?g Su:aﬁgyl :?/glo’ bzsf or each

[0poDe ofin an@hareBpdaemBt redetvenpér€dims LLR computation independently for
each of D best detected symbols, performs LLR computation jointly for the M —D
remaining detected symbols, and reduces the number of hypotheses to consider for the
joint LLR computation by performing a search using LSD, MCMC, or some other
search technique. This detection scheme is referred to as a reduced order detection
scheme and may be used for the single-pass receiver shown in FIG. 3 and the iterative
Leceiver shown in FIG. 4. For the reduced order detection scheme, dimensionality is

reduced from M to M —D by performing per-stream LLR computation for the D best

streams, and the number of hypotheses to consider for the M —~D remaining streams

M-D

. ZQ"
may be reduced from an upper bound of 2 by performing a search. D may be



case BM' 2Q hypotheses are considered per level. In

anot her enbodi nent, the nunber of candi date hypot heses
w0 goocoedoegur abl e and may be sel ect ed based on BCTHS1006/045031

constellation size, iteration nunber, detection

performance, conplexity, and/ o4 other considerations.

F le,, B f ti f .si I
oIBR8 Te B 5THE Skt factors
TherSNE igfofiflatf A mh @b & edadfly OBRIncaTRSHH Phd RELOBSsPaBalgRSHsEing that

sufficient accuracy in the LLR conputation. "B may al so

proyddesghe detastad symlbplpaseddantheconter poiat ofean I3 seascne

jni mu € = i ch _ensures.t hat
098", ST ol fhosed SRS hiBmbie R iPa ARG deiigisca on
thd sdeted §rd8Bdetdonionantxans. "BBESvdr®hatd Rodesiifg ¢OpdifdrRkd on a set
list sphere detection have been descri bed above. The

of gerstved smpuektE-8n VAEYT X140 obwipe petef Setgcied symbels (e.g., vector §)
manners. [089] List sphere detection is one search
for @ sttraf glate SysOke@iei Yegtar o tramsipittedofia ayiBYiRechesnal dblock 812). -

B fERg altera TP PHETN b ercbe! gt Aas duarymbol based
onld Rrfeapitdiat dddbted B LhEL FIHPOLI RENE an}g RN KRVAE D@ Tblock

Monte Carlo (MCMC) ‘techniqué is used to generate a
811). s list ofceandiddisthephihpesshe g@ammh@fqmmem@ﬁng date symbols, e.g.,
' I tag~h A~ dat t or in
oy SEAREARES e Mo AN B S e g, mach

caedidare hypothstt @yek@ds s 0 differéhesmbiatibr B BrEbdI®hypothesized to
mul t il{)l e iterations. The list sphere detection and

haygfecr deasmgises oar Be kisBwning dafe supbolandEgkissici befsiare then
coﬂlgﬁi.egljéinﬂ B6f fhe ER3Rnd @atglgglggglrs J@ﬁpﬁl%tl%'st Lf %aﬂcﬁ&agt% Yl%gotheses

perfornms LLR conputation | ndependent or eac
(bloels 818t &bt extrinyinddLRy foyerlf datasyinb&lscoapataled an obtain a priori

j0i nt for t emai ni ng detected synbol s, and
LLI@&@EQ% dFWStoﬁﬂﬁ'B&%)' hypot heses to consider for the
[09@ iDnt ALRete@RAtiGH iOmhdY nR@E f WRIh&AI A peRBik Trhrﬁégieil Gteration of

D, MCMC, or sone other search techni que. o
deigetien endeendinantbloak B&Der ekl oswe ia ‘Nesfudesh opdiori LLRs are

t] d e us f.or the single:pass
cofShE8L0L90 AERTEL ALY, U558 DGO, BELT B35S0 ciock
824N the phdcess dturhotto bhekr&ducethepwide! thdaix@eisi®ON] Rs from the
schene, dinensiopality is reduced fromMto MD by

detseloF afertpgSErario shtaundicotisd dasniiledt 328 for the D best
[093] FIG. 9 shows an apparatus 900 for performing detection and decoding based

on the reduced order detection scheme. Apparatus 900 includes means for performing
receiver spatial processing on a set of received symbols to obtain a set of detected
symbols for a set of data symbols transmitted via a MIMO channel (block 912), means
for computing extrinsic LLRs independently for each of at least one data symbol based
on a corresponding detected symbol and a priori LLRs, if any, from the decoder (block
914), means for determining a list of candidate hypotheses for the remaining data
symbols by performing a search (block 916), means for computing extrinsic LLRs
jointly for the remaining data symbols with the list of candidate hypotheses (block 918),
means for decoding the extrinsic LLRs for all data symbols to obtain a priori LLRs

(block 920), means for performing an additional iteration of LLR computation and



streans, and the nunber of hypotheses to consider for

the MD remaining streans M D may be reduced from an
wappanedoound of 2 =1 by perform ng a search. DPOEYS2006/045031

beadapti vely sel ected based on channel conditions

(e.g., SNRs) and/or some other2¥actors. The SNR
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based on a corresponding detected s a priori
hypotReses j deteamjmed imothet fisst dtecatider b hoatke:8 ddhpoditeht, she @arch is

ndi dat e ot heses i s determ ned.for the repaini
pef P Py PG Ty b Bl R il N etseh y Prdpmed or
ead¥iOzation us@IN® tedinhiRioh @6NALGN B diebeskred@16his EaGhhation condition
candi dat e hypot hesis corresponds to a different

mEyReIrEEe £ Hf aftsy gipstdstempinsdmagber af iteratiensdapbeen completed, if
LEL: I I B ol.s. Extrij.nsic. ..

AR b A BAILOP SRR AR e R Bl Gions

angysoboh.s ¥ot ithet bmbbdistensf inc amdlihd dee sduy¢to tih @sg6rnidal @cﬁkmultiple

RS SHAT T She  S LIS T e
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whether to perform anothér iteration of detection a
prigedaiirmgti¢hitepithgdepden f the answer is 'Yes', then a

ioriaL are computed to be us far LLR ) )
0 o S e BT TRoR ot 35 it gopptecty relaive
to (el @imAA63-MARD: ek -REMAPSdiot RdepndehP 6k tRléomplexity of
O herwise, the extrinsic LLRs fromthe detector are

theptegchs it anol-oB tsairah.dbe ceiapleyiiy & deirorike@bpyhe [WOBYr of nodes
- - : 900, f rformng . detection
i B 004 B SR RO RA ATV DR TS e
numbkresichypafrassatbssor® @0cdch déwell és g el deofor BY) the lsphdr@ radius 77,
recei ver spatial processi ng on a set of received
thesprEHF shinnehpepense aget Horthe)dNBe prdisasgibol s for a set

05 o)~ FRERE s TRRP e T PP TP MR epatraeior s (1)
peif @feagBLNRWongiutdtivasor ANRI SddadasSiorR! fikafeMtion and (2) joint LLR
computation for the M —D worst streams or all M streams for a subsequent iteration, if
needed, e.g., if the packet is decoded in error.

[097] For the iterative receiver, the channel estimates may be updated during the
iterative detection and decoding process to obtain improved channel estimates. For
example, if pilot symbols are received and monitored multiple times during the iterative
process, then the effective SNR of the channel estimates may be improved over time by
performing averaging and/or other processing. The improved channel estimates may be

used for receiver spatial processing, e.g., as shown in equations (8) through (10), for



on a correspondi ng detected synbol and a priori LLRs,

if any, fromthe decoder (block 914), neans for
waledogoedoni ng a |i st of candi date hypot heses f oPCT/ki82006/045031

remai ni ng data synbols by perform ng a search (bl ock

916) means for conputing extrdtnsic LLRs jointly for
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may also be called a basic MIMO mode. The spatial spreading mode may also be called

a pseudo-random transmit steering mode, a spatial expansion mode, and so on,



per-stream LLR conputation for all Mstreans for the
first iteration and (2) joint LLR conputation for the
worD7Mmea08t streans or all Mstreans for a subsPCIES1006/045031
iteration, if needed, e.g., if the packet is decoded
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etection and decodi ng process to obtain inproved
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recei ved and nonitored nul tiphgetti mes.during the
iterative process, then the effective SNR of the

T T o T D TP e T ™ e

per eraging and/aor othe

t%?V ed, chann] dVIuqule @b SiSeamRyarb Babks@ted 65 8§k ‘éﬁﬁogonal
S pa roces Sdpﬁﬁal cBlaghels @8 eﬁg@ﬂ’ﬁ@désﬁ‘ of4l NﬁM@ RRarn8).

Aanut it faYal C‘ O\AN I D

égh;{iféégk’é) I UH@?@@M 1t§a?ﬂslfa§élfr@m1ttc®mpmuzmlo spafiok
a_search of cgriirdeale (g ploohesdtpledtagsmitasteshasin in
equations (18) g ﬂ%ﬂeé%; h@gﬁﬁg%arlo iﬂggg ced g&heqmud

o) 4 tle
Opape Setdngle %&%48 BT piale o g

to consider for the LLR conputatlon whi | e achleV|ng
ose to the

ORRTT orRce S RE BREF faf JUeeu GPabiBsom becsdsmenz0 The
stebﬁdﬁh@e 8pmaly (iﬁ@\ﬂd@ b9 peffofthdace Aoum?é’qﬁ%s sgﬁ aﬁﬁ%?gng at

i n various manners depending on the coding s
traggRifent 1G sghsesiverelS01 fHhe usiceredrmadeoreqeicesi noespatigfrocessing at

tra?%x‘ri'ttéll g/{g df‘t%%“é}&%m? i{%ﬁ&ﬁ%‘%} £to %1%{/ tt1r d%ﬁt%@ﬁ{éﬁ%ﬁ Sttl%fll?lzfr%’{l each

trapdngio antetun. (B/épatide gmdating fnoae cenvaitdM analstefde with different
d at. transmtter 110, a Turbo decoder if a parallel

SP%W? SEPPIRE RYHESS: hiak fesedplg Sisamsobseivean eapemile ofeffective
d d d
ch4RERUIBII A4 VERYinkBy Ebe}{’ghﬁﬁr{%b ?\bgﬂgfgéeggr nﬁg‘{é) qﬁ&l% glay be

for a convol uti onal a Tu or a‘lurb
Sele@erbbmdd)nsrdie o ailghi lyr dfochdend deate efpribaion, MPcaablites of the
tran Etr r%i LI | enent a BCJR soft-i nput soft-output NMAP
al'gori Thiv st 6w conpl exity derivative. These

[OI\OGII OWbrithP8feid MBE8QURE. 7 BakMAWEd Il d% Mtelf,ﬁﬂgxodes of the
described in various literatures. For exanple,

MIky shareb qetich maydscatitaieetl by dipgomdigingatbe rMEﬂOadhanm r@sponse
terb 0 hmw th
m cfiis.@%%&t‘put %ﬁsn COPBBSA%? BL B g bonvbigeeeppmeniiog of o

cof§ifn BBy i b s ST PPpecader Lo descri bed

ma%,gg%lgggegfas_u near Codes for Mnimzing Synbol Error
" I EEE Transaction on I nformation

A=H"-H=E-A-E", Bq (1)

where E isa TxT unitary matrix of eigenvectors of A ; and

A isa TxT diagonal matrix of eigenvalues of A .

Transmitter 110 may perform spatial processing with the eigenvectors in E to transmit
data on the M eigenmodes of H. The diagonal matrix A contains possible non-
negative real values along the diagonal and zeros elsewhere. These diagonal entries are

referred to as eigenvalues of A and represent the power gains for the M ei genmodes.



Theory, March 1974, vol. 20, pp. 284-287. [0100] The
detecti on and decodi ng techni ques descri bed herein may
wheooawex2f or vari ous M MO transm ssi on schenmesPCTHIBNG6/045031
may al so be referred to as transm ssion nodes, spati al

nodes, and so on. Table 1 |ist23 sone exenpl ary

n.nmod nd their rt descriptjons. The . .
044407 L GRS e BR0uhEL e’ RraseSie FRith e & Amspission
mdieg aﬂk}?ﬂﬁ%fﬂeétgvdlﬂﬂﬁo chalvhdfiedpodee Mhdix fﬁ?@d&ﬁ@famrﬂ&smﬁ'ﬁ%de In
so on. The unsteered node may al so be called a basic

Tapis\A- @%%@ﬂptﬁe”ﬁa@uearhemﬁge tro gégensigeringd.d use denotes the
cal 7 t g node, a
g R RSP SeAREE e RRaTplesth BRI Toore 1
[0102] Each transm ssion node has different
capabilities and requirenent%abldle steered node
typically provides better perfornance but requi res

R L I T

Tratsntittan$m tt e, 2H0s For exanpl eg, &gansmi t{ er 11?935 oaey. s

—€S
Aot t nﬁr\h tr
Aaa o ot vy o~ ancm t ﬂhfn_nrﬁ_a;

t_l’ﬁinlblll UTTc— Udata-—Strcaoa Heomeaech—H
Effsetixpal i al ypprepdipg node tragsnigs M dafa stxea
Ghankheldi { f er enf Sp cétlldjal nmappi ng@‘t‘rﬁtgf‘lces o) thaﬁ‘“t I*rrﬁeee-—

data streans ﬂ)serve an ensenbl e of effective chanmets

and achieve siml|ar performance. A suitable
[03054ns nffe's ko MIMSA es ysteyn b‘@ltls etaltipdel dodbadisprihd heansmitter spatial

i L f
B e DIRRP b S Bl Pt g i ),
P(ON= Etl@k@ﬁﬂheﬁ%leuhﬁo@é g7 edl Tedge Wiakaeh $ndded Wﬁ)eﬂva) for

on up to M ei gennpdes of the MBvl O channe
thebgpadblt girerithgonodd.agomnlis ai Tt Bﬁati\@\iha?pﬁigaﬁﬂt@ﬂx used for spatial
response matrix H via singular value deconposition of
sprepding endjeny able@n@tetedrtps@ ¢on eMadhmardomeirial affooremmbtrixX and so
of H, whichis A= HH. The eigenval ue deconposition
of A may be expressed as: A= H-H=EA-E, Eq (21)
[0M6er e Tori 5 VEMO X¥steiii wah Mn@[ﬁ?fe' bBhnRl %nwp&tgeﬁv%l&fs Or each
;and L is a TxT di agonal rix of eigenval tes of .

subhep § maytherordered iﬁt@;n b&ebemllsqusu ab thot dheesi gérmapdak oh H(l) are
in Eto transnit data on the M

I genvec
renls P GRS BENR (o TG Ry o RARCHREE Fleenmogiarnbe formed with
thePRSA M RnABPREI&ch VST the L subbands. The principal wideband eigenmode

on

(with m=1) is associated with the largest eigenvalues for all L subbands, the second
wideband eigenmode (with m =2) is associated with the second largest eigenvalues for
all L subbands, and so on. M data streams may be sent on the M wideband eigenmodes.
[0107] The principal wideband eigenmode has the highest average SNR and
typically also has less SNR variability across time and frequency. Conversely, the
weakest wideband eigenmode has the lowest average SNR and typically has more SNR
variability. The techniques described herein may be used for data transmission on the
M wideband eigenmodes. In an embodiment, the receiver may perform per-stream LLR
computation for one or more of the strongest wideband eigenmodes and joint LLR
computation for the remaining wideband eigenmodes. The number of hypotheses to
consider for the joint LLR computation may be reduced by performing a search using

LSD, MCMC, or some other search technique.




real values along the diagonal and zeros el sewhere.

These diagonal entries are referred to as ei genval ues
w@Boooeaoeh r epr esent the power gains for the MPCT/US2006/045031

ei gennodes. [ 0104] Table 2 shows the transmitter

spatial processing for the thr#e transn ssion nodes

th effectlve nnel_response g x. for

QU R T S e T jucy hgesgu[a%fl:rhﬁﬁm ggey be
1m@%lﬁ€&n%1 Byearflu€ Sicafls. NBse:xa il 'tlﬂ%@%cﬁﬁlfqh%a bé‘?mplemented in

denot es_the unsteered node, and "ss denotes th
haedyenre, o | firgpy asedi segwatsd e or Tab|cenrb1qa@m5]thdrmf a I‘Hok/oa hardware

t tt
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implelizacd Withihone gt ﬁiord)ﬂipp(hlétlorﬂ(péhfrc 1ﬁégx)atd‘dQﬁrcbﬂ§(ASICs) digital

steered nod ﬁé for the unsteered node, and P(2)
Slg_nak/pgaceﬁafs EIH%P pgltgitéll sigpaleBi@reR§InEDeRYicoy( (DSPDS).aprpRTRmmable
o825 e L0 TR B80SO, S
m1qm¢qnx1;ollalmdnscropmces[sm061}ectl?@nc e, Otlsy slezpromict 1hnts des1gned

mul.t i b M I f h bband

o B DR PR B T PBH g et A S TSaRIBaheSah t hat the
[0E9gennBeles @imwird) and/® WS 1ﬁfp§€ﬂ1§?ﬂtz§ﬁﬁskhesmhﬁﬂues may be

| owest SNR. W deband ei gennode m nay formed w't
implegneptedhwith qeertrdese(cfr Progediires, fuhceuoms,smbsmos) tHlh @erform the
[
FoR OB R IR PleSSOTREE ot LB sty o pemory e,
mesndrpdAdsn FiGiel )aad ereturiddsbapeeisge @masotassdr1 90N Thememory

ass ciate th the second | argest eigenval ues for
e et dut Bocenor Mcailsr feanibeny. be. sent

(00w t herd ﬁ‘ﬂe@f«‘)ﬁ§ﬂgscﬁ @%\1SCL 49 Lhnddifhehts! m&ﬁi d to enable
wi deband elgennode as the hi ghest average S d
any ylpﬁrm Iskillgisim Maes altess BMR oar isbithe t;yesamr as@ntibme  Various
s e nver sel t he akest w deband. X
mgalBaE T eRE Y BRRS Y e ERR b BT ion Wtk at
anm BBk yahdiplel bbfined hERGn heSHY £piBed A8 SHE QﬁﬁodﬂﬁEﬁk vithout

e used for data transm ssion on the Mw d
%&Fﬁﬁ’&éﬁw PHitan seopsoefi 'i]iiénthCnttlﬁe ridwei the praseyt 1pe¢ﬂtmnns not
ne .or, re,of th )
B A IS P P

scaperpudistentomith the phlﬂélpf@@ﬁﬁd AoV fwt@heb andosidgrmrdes. The
nunber of hypotheses to consider for the joint LLR
conmput ati on may be reduced by perform ng a search

[qgﬁﬂng-“ﬁgyTM§ﬁ§(waﬁpgp ot her search technique.[0108]

The detection and decodi ng techni ques descri bed herein
may be



I mpl ement ed by various neans. For exanple, these
techni ques nay be inplenented in hardware, firmare,
wa@odormeaoe; or a conbi nation thereof. For a harP@EDS2006/045031
i npl enentation, the processing units used to perform
det ecti on and decodi ng may be 3thpl enented within one
or nore application specié]gé @segr ated circuits
(ASICs), digital signal /! rs (DSPs), digital
signal processing devices (DSPDs), progranmable |ogic
devices (PLDs), field programmabl e gate arrays
( FPGAs) , Aor apassoy ompeeitgt ol | ers, mcro-controllers,
mcr Ofér ocessors, electronic devices, other electronic

uni 25CAUanGREerespr sepigied torerfosmcdstestion dedspendsaty for each of
at i [ [ t r

B R e S RG] Iyl 3t R, and to perform
deteetgdmjoquiysonmaieing dpk etreaheamong the nndtiple slatastigams; and

procedur es, fq&ﬁ%igﬁs and so on%;that performthe

f unéETBREY FOURIFT futhe Ahleast e PIECSSFt war e codes may be

stored in a nenory (e.g., nenory 192 in FIG 1) and

executed by a processor (e.g., processor 190). The
mengry meyebePnapphemineladn wi.t Whareihethpr gc dmstoonerprocessor is

‘ P o) 1 he evi.ous

cof SB00 ) o604 SRR AR RS YL e g
str¢amn, @nd iy deraveysofitedesdions foihtletbrithie teheirdhg dite sthedg. or use

the present invention. Various nodifications to these

enbodi ments will be readily apparent to those skilled

in ghe amhe 4t Fegih C1 PLHHBRIP! GS %eiéapce And'&hELdsor s

may be applied to other enbodi nents w thout departing
corftaypack tepeioum recsives spgsial pfocebmng fiwrethei arieasTlous datahgream to

esent..invent i is.not intenged to be |imted to the
oo 908 ek B Bl et an T gepe é%fJE grddans fdependently
forwhaclest the aplastoaB SkstedtymbdlRtthg, princi pl es and novel
features disclosed herein. [0111] WHAT IS CLAI MED

| S: CLAIM5 1. An apparatus conprising: at |east one
pr ogesso onf i ed.tq perfo detectign .
4! Th& @Jﬂﬁ%ﬁs %f 8ai 1{, Fv'ﬁ%:re%n gﬁ% ag a{e&stspnee ypeessor is

i ndependent | each of  a eas
corfiguexct ¢al ferfommanmaeiyemyphiigll prodadstng hag@Men aNgkréPorcing (ZF)

erformdetection jointly for remai ning data streans
tec H%OQ%QIWWE’F@{WW%$EH§@%Q%WW coupl ed
to the at | east one processor. 2. The apparatus of
claim1, wherein the at |east one processor is
confi gur &he tappdestisv of sdddim decivbemits thevde peadeotd yproé@esor is

con%&ﬁtedotg c%pn%u%t lolg-q&%ﬁho%%era&%t &LRS) for code bits for each of the at least
one data stream independent of other data streams, and to compute LLRs for code bits

for the remaining data streams jointly.

6. The apparatus of claim 5, wherein the at least one processor is
configured to compute the LLRs based on a maximum a posteriori probability (MAP)

detector.

7. The apparatus of claim 2, wherein the at least one processor is

configured to decode the soft decisions for the multiple data streams to obtain g priori



stream and to derive soft decisions jointly for the

remai ni ng data streans. 3. The apparatus of claim1,
wob@reea2t he at | east one processor i s confi guP€rUS®06/045031

performreceiver spatial processing for the at |east

one data streamto obtain at |I¥ast one detected synbol

erive soft _ deci si ndependent |y for
inBYRRT ofido aferfiEin, fogtn it at LTI SicRedige Jhe @ priori
inﬂ-;hﬁatampar atus of claim3, wherein the at |east one

processor is configured to performreceiver spati al
processing based on a zero-forcing (ZF) techni que or a

L
oo at ua gy ot fe & CRlm XN AR Bl Feagh ond rocessor i

coplipres 30 rdelcsdec alnf isgftr éctidicnsChagedt 6n l20goft-oli®hut MORSLI algorithm
@%Iosoﬁ for code bits for each of the at | east

(SQNE) 554k pF LIRS aarPrigroRabHEY (M) dseedeans, and
to conpute LLRs for code bits for the remaining data
streanms jointly. 6. The apparatus of claim5, wherein
t he9at Ié"astapmeatm ofeskon 1.5 wherdi ghe emt ﬂecasicmﬁpupxacessor is

se mum ost erl pro abi .
CO?% (iZhS% S?Ch ({}: tﬁ%-n’gl %3685? ailtg §trgam é E\Rﬁlgie aetecuon
andl o p@forhe @G bctdMEoRItBCRS MR rehiikRN fhd léfr@Qn;‘; ‘H” t‘ﬁ@ &P %%Stt &R data
soft decisions for the nultiple data streans to obtain

Streanh PRsses thaEltclat i on, and to perform detection for an
additional iteration using the a priori information.
8. The apparatus of claim 2, wherein the at |east one
pr od8ssofiThe sproathi gficlein Ilpwhtﬁelﬁdbe fitheass Gﬁd dad@ @ﬂréd@ﬂzﬁs highest
on soft out put Viterbi algorithm (
SlgaaetBJ%é’ﬂse&n ANFERTRG ™ 2P0 SPBRb AmOpE o BB fqryth@w}uple data
strélggoder. 9. The apparatus of claim1l, wherein the at
| east one processor is configured to check each of the
at | east one data stream after the independent

detectio d.to performdetection jointly for the
rerrgi?nl nggragt?lgdg??lggﬂg Sif the at |east one data stream .

pas pasorirlify afrecton ihBepehBontRPBAEAHWT @ featt éﬂe”@la%a stream selected
wherein the at | east one data stream has hi ghest

frog) ypens multipls dpga sirramishensk f er ence ratios (SNRs) anong
SNRﬁexff&}hnﬁggetQ& dnl JBln?ly%It %n?aﬁrhﬁgﬁgta streams among the multiple data

streams.

12. The method of claim 11, wherein the performing detection independently
comprises deriving soft decisions independently for each of the at least one data stream,
and wherein the performing detection jointly comprises deriving soft decisions jointly

for the remaining data streams.

13.  The method of claim 12, further comprising:
decoding the soft decisions for the multiple data streams to obtain a priori
information; and

performing detection for an additional iteration using the a priori information.

14.  An apparatus comprising:



11. A method conprising: perform ng detection

i ndependently for each of at |east one data stream
wa@edogoemell f rom anong nul tiple data streans; anBCT/US2006/045031

perform ng detection jointly for remaining data

streans anong the mul tiple dat® streans. 12. The

met hod of. cl alfm (ghere {1,‘? erfo mn d tection

i ndPERdRT Py %%‘HB% ECugR Ap Dyt iogeefly Bt least one data

stredifl 8glea6@ rbinYarh & 1Bale 1eodatat hﬁeaﬁfs érﬁﬁst one dat a
stream and wherein t perform ng detection jointly

conprqage Sordparfarming §@ﬁ@t1cuemnstbofm jewiaining dftarstiehms among the

[ a streans. 13. The nethod of claim 12,
m#lﬁ%ﬁ@ira%%g%ﬁ‘}“ sing: decoding the soft decisions for

the nmultiple data streans to obtain a priori

i nformation; and perform ng detection for an
addilPi ondeiapBAARS G clEmnifh ttherein Sh Bepns for derarmiog. detection

S ngp‘lr e
mé]egg %d??flgﬁel gté%e%l ent Ol)r/%feggmggs% Etsd%C% nlgI ég t onelydfOr gach of
thes ot leash ael datd etredinn mndawhﬁgnmhletmfmle fdﬁparf&tm&gnhtecﬁmﬂ jointly
for rfarmn tectlon ntly for repaining
cofRRR ebas i dsfy brSHaon fteilar el Qo trers.
appar atus of cl a| m 14, wherein the neans for

perf orm ng detection independently conprises neans for
derl 19i ng éﬁPP%@@S@fdﬂgnll d@ﬁéﬁd@mmgor each of the

ﬁ§ f&']:%e? 2 SR nlgs e' ng}pﬂ%g%e aPrS?ms to obtain a

per m ng |on jorntly con‘p
prmezrmfarmgtlmfahddem Si ons jointly for the remaining data
- streans. he apparatus of claim15, further

conpiGias ﬁ%r 2 ing geteqiéRth Ty ARtiwY titesriions g theop prior
infoRRatBal tiple data streans to obtain a priori

i nformati on; and neans for perform ng detection for an

additi onal iterati on using the a priori information.

%n apparat u HE)HSl ng: at |east one processor
onfll gur &0 PEPEEIHFITE UG I'i kel i hood ratios (LLRs)

at least one processor configured to compute log-likelihood ratios (LLRs)
independently for each of at least one data symbol in a set of data symbols transmitted
via a multiple-input multiple-output (MIMO) channel, and to compute LLRs jointly for
remaining data symbols in the set of data symbols; and

a memory coupled to the at least one processor.

18.  The apparatus of claim 17, wherein the at least one processor is
configured to compute the LLRs for the remaining data symbols by using fixed values

for the at least one data symbol.

19.  The apparatus of claim 17, wherein the at least one processor is
configured to compute the LLRs for the remaining data symbols by excluding the at

least one data symbol.

20.  The apparatus of claim 17, wherein the at least one processor is
configured to compute the LLRs based on a maximum a posteriori probability (MAP)

detector.



i ndependently for each of at |east one data synbol in

a set of data synbols transmtted via a nultiple-input
worpdoviogdoet out put (M MO) channel, and to conputBCT/URD06/045031

jointly for remaining data synbols in the set of data

synbol s; and a nenory coupled 3 the at |east one

processor. 18. The apparatus of claim 17, wherein the

at | east one processor is configured to conpute the

LLR21f or Thae appei@iidfdclahal syHealis @y b'ts'lé'hgt fdnéeﬂrocessor is
values for the at |east one data synbol. 19

lafp@ﬁﬁ%tméecefle tedilRsifpr thehsst of date lspmbelsite Qbilalrxm 97 iori LLRs, and
LLRs f
elﬁ’ntgyeg | nguté z}tlegﬂgﬁw &d réﬁgl)%%%‘;} T g)gl’{l]\%OéS t agcgiftlo&%lteratmn

usidgtlze ¢ yrbalLLRA0. The apparatus of claim 17, wherein

the at | east one processor is configured to conput e
the LLRs based on a maxi mum a posteriori probability

(MAB), detrggt Yipadlus DRec1ZRP ARt WRer ?Lfn e gfnléast whe dgfog%ssor is

the at |east one processor i$ configured to deco
configued tor perfosmgaeteivdr spatiah psgmimrhgon i) sﬂbxfaemm&dmwmbbls to obtain

ot gt AR eled At A S ahel e e el and Breqgte the LLRs

foru:&bhﬂgfihh%t Eaﬂ@n@ﬂbtebtb&ymgg{ The apparatus of claim
17, wherein the at |east one processor is configured

to performreceiver spatial processing on a set of

recesved gy n%gJaﬁltﬁs Pl A \&ash rr@l eaa 089 processor is

symbol for t st 'one data s
cordigved & tbeve b Rﬂaarﬁrm:i eetamhtedﬁasédl enad chaast rel3pénse Qhﬁﬁkel@r the

Ml%@bﬁl . ﬁs The aratus of claim 17, wherein the a
SBergs L 4 U B PR BT LR (i8nt e eciel cbvgyIbols, o
der®® 4 BRiRI BRSCRHOX BhsED %H@ﬁ‘é cHFRPCAT HalBtS b%(rf&g{ rdcBfer spatial

M MO channel and a spatial nmapping matri x  use
processigndn atshieokwreivéd dymnbols patrol & theospdigali filer anamatto abtain at

bl BBy 80 2005 LIPS et cn et

Symlﬁﬂel ved synbol s based on the spatial filter matrix to
obtain at |east one detected synbol, and to conpute
the LLRs for each the at |east one detected synbol.

24he app Ipﬁwtcusogf Ccllﬁhxmllﬁ’wﬁ’gg&{l g glth?eagtt olng apsrgcessor 18

one processo
configured to compute LLRs separately for each of multiple sets of data symbols

transmitted via the MIMO channel on multiple frequency subbands.

25. A method comprising:

computing log-likelihood ratios (LLRs) independently for each of at least one
data symbol in a set of data symbols transmitted via a multiple-input multiple-output
(MIMO) channel; and

computing LLRs jointly for remaining data symbols in the set of data symbols.

26.  The method of claim 25, further comprising:
decoding the LLRs for the set of data symbols to obtain a priori LLRs; and
jointly computing the LLRs for the remaining data symbols for an additional

iteration using the a priori LLRs.



configured to conpute LLRs separately for each of

multiple sets of data synbols transmtted via the
woRrswkennel on nmultiple frequency subbands.PRBUSA06/045031

met hod conprising: conputing |og-Iikelihood ratios

(LLRs) independently for each 3 at |east one data

sy | inya s f . dat ols transmtted via a

rruIn??pl e”ﬁ%ﬁﬂ%ﬁﬁgﬁﬁcﬂg@%ﬁ%ﬁ “PRPNEEchannel ; and

coneuinpafng LRR sjsOpanitbly thOEach @ BiuliiHe ' i
.the setp ofgdata g{/nboll)ys. 26. The rrlgt ﬁ%ghggﬁﬁgg@?na%@nsmmd
vig the MIMO chapnal on mepltiple fisanengy shzbaniRs for t he set of

data synbols to obtain apriori LLRs; and jointly

conputing the LLRs for the remaining data synbols for

an addi t iAmapardtey @nipeRingsi ng the apriori LLRs.27. The

met hod of. claim?25, further conprising: conputing LLRs

sepHAPSEYr ¢prutngHogfikelihoof spiéossdd R sy indegentest gach of at
leabt GH¥SAH I Vel e | IR

subbands Eﬁg%d'l lﬁﬁtsgtg"pf al\d}agétgu S C %Aﬂsgﬁtﬁéﬁl%@%@u;glﬂbﬁ m‘yltlple'
ouipphdiYIRy chapeliiakél | hood ratios (LLRs) independently

syrBERD. [ SRt R HL5R Aot A B R e Shbols T the et o data
symbiblsi pl eout put (MEVO) channel ; and neans for conputing

LLRs jointly for remaining data synbols in the set of

data synbols. 29. The apparatus of claim 28, further

co I Si R, i the LLRs for the set of

d a{rggsy ol s B?%Q%%E)glélﬁﬂgﬁg,%g%r CERESShd means for :

j oi micays danperoding thael ILRReorfthe sbhef demvdyRibdts AbBtain a priori
LI%%,rrbo s for an additional iteration using the apriori

% 30. The apparatus of claim28, further

COMBehsd R ; ; [ . t

cachor na oot in g G O ok o [SERARE Y phigty, for an
additienalitraation asing theompriotifliRse frequency subbands. 31.

An apparatus conpri si ng: .

(D

30.  The apparatus of claim 28, further comprising:
means for computing LLRs separately for each of multiple sets of data symbols

transmitted via the MIMO channel on multiple frequency subbands.

31. An apparatus comprising:

at least one processor configured to perform detection independently for each of
at least one data stream selected from among multiple data streams, to perform detection
jointly for remaining data streams among the multiple data streams, to perform
decoding for the multiple data streams, and to perform detection independently for each
of the at least one data stream, to perform detection jointly for the remaining data
streams, and to perform decoding for the multiple data streams for at least one
additional iteration; and

a memory coupled to the at least one processor.

32.  An apparatus comprising:
at least one processor configured to compute log-likelihood ratios (LLRs)

independently for each of at least one data symbol in a set of data symbols transmitted



at | east one processor configured to perform detection

i ndependently for each of at |east one data stream
wa@edogoemell from anong nultiple data streans, toOPEEUSING045031

detection jointly for remaining data streans anong the

mul ti ple data streans, to perf3frm decoding for the

.mul tiple . data streans, erfarm detection, ]
vid h rapBrigaRsimro s MO Binndnkh dgsEnas ot of candidate
hypbth€RBYorl RrRf{if © Bih 4eheas irPthe lsot dHidath R
'Bfgat a st?earrs_, 1a‘(’ﬁd toﬁgerf or mecSJIecodiangSfy?fc{)bro‘iSlitjﬁrééi mul tnwpﬂ?%LLRs
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at | east one processor is configured to determ ne the

Carlogechpiqueandi dat e hypot heses using |ist sphere
detection. 34. The apparatus of claim 32, wherein the
at | east one processor is configured to determ ne the

| i sB50f Gaedupigiaudyotlbes e®, ushdginMiekay 164xai sheMVpicBssor s
Carl o technique. 35. The apparatus of claim 32, '
copfagred tp select gpe of i repming drte sWBPols 4t 8 dinng fpucersidesation and,

I : e b0l a, sy a [ f.or..
oSEELIRT SO KA ) 2 XAl L B
hypytibrek fortadl stbtcednemeinidysdatd simbols ieaad onatcestfypatoneses

for all selected remaining data synbols based on a
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37.  The apparatus of claim 35, wherein the selected remaining data symbols
correspond to a plurality of nodes in a search tree, and wherein the list of candidate
hypotheses includes at most B best hypotheses for each of the plurality of nodes, where
B=>1.

38.  The apparatus of claim 36, wherein B is selected based on a modulation

scheme used for the set of data symbols.

39. The apparatus of claim 35, wherein the list of candidate hypotheses
includes at a minimum By, best hypotheses for the selected remaining data symbols,

where Byin = 1.
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determlmng a list of canch ate hypotheses for remaining data symbols in the set
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computing LLRs jointly for the remaining data symbols with the list of

candidate hypotheses.

44, The method of claim 43, wherein the determining the list of candidate
hypotheses comprises
determining the list of candidate hypotheses for the remaining data symbols

using list sphere detection.

45. The method of claim 43, further comprising:

performing receiver spatial processing on a set of received symbols to obtain a
set of detected symbols; and

deriving an upper triangular matrix based on a channe] estimate, and

wherein the determining the list of candidate hypotheses comprises determining
the set of candidate hypotheses based on a cost function of the set of detected symbols

and the upper triangular matrix.
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means for performing receiver spatial processing on a set of received symbols to

obtain a set of detected symbols; and
means for deriving an upper triangular matrix based on a channel estimate, and
wherein the means for determining the list of candidate hypotheses comprises
means for determining the set of candidate hypotheses based on a cost function of the

set of detected symbols and the upper triangular matrix.



