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A MIMO system employs multiple (N7) transmit antennas and multiple (Ng) receive
antennas for data transmission and is denoted as an (N7 , Ng) system. A MIMO channel
formed by the Nr transmit and Ny receive antennas may be decomposed into Ns spatial

channels, where Ny <min {N;, N.}. The MIMO system can provide increased transmission

capacity if the Ny spatial channels created by the multiple transmit and receive antennas are
used for data transmission.

A major challenge in a MIMO system is selecting a suitable rate for data transmission
based on channel] conditions. A “rate” may indicate a particular data rate or information bit
rate, a particular coding scheme, a particular modulation scheme, a particular data packet size,
and so on. The goal of the rate selection is to maximize throughput on the N spatial channels
while meeting certain quality objectives, which may be quantified by a particular packet error
rate (e.g., 1% PER).

The transmission capacity of a MIMO channel is dependent on the signal-to-noise-and-
interference ratios (SNRs) achieved by the N spatial channels. The SNRs are in turn

dependent on the channel conditions. In one conventional MIMO system, a transmitter
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SUMMARY
Techniques are provided herein for performing incremental redundancy (IR) transmission
in a MIMO system. Initially, a receiver or a transmitter in the MIMO system estimates a
MIMO channel and selects a suitable rate for data transmission on the MIMO channel. The

transmutter is provided with the selected rate if the receiver performs the rate selection.
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The receiver may also recover the data packet using an iterative detection and decoding
(IDD) scheme. For the IDD scheme, whenever a new received symbol block is obtained for
the data packet, detection and decoding are iteratively performed multiple (N4;) times on all
received symbol blocks to obtain the decoded packet. A detector performs detection on all
received symbol blocks and provides detected symbol blocks. A decoder performs decoding
on all detected symbol blocks and provides decoder a priori information, which is used by the
detector in a subsequent iteration. The decoded packet is generated based on decoder output

for the last iteration.
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FIG. 9A shows a receiver that implements iterative detection and decoding; and

FIG. 9B shows a Turbo decoder.

DETAILED DESCRIPTION

The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.” Any embodiment or design described herein as “exemplary” is not necessarily
to be construed as preferred or advantageous over other embodiments or designs.

For a MIMO system with Ng spatial channels, Np data packets may be transmitted
simultaneously from the N7 transmit antennas, where 1< N, < N,. A single rate may be used
for all data packets transmitted simultaneously, regardless of the value for Np. The use of a
single rate can simplify the processing at both the transmitter and the receiver in the MIMO

system.
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to a receiver unit (RCVR) 154. Receiver unit 154 conditions, digitizes, and pre-processes
each receive signal to obtain a sequence of received symbols for each slot. Receiver unit 154
provides Ng received symbol sequences (for data) to an RX spatial processor 160 and received
pilot symbols (for pilot) to a channel estimator 172. RX spatial processor 160 processes (e.g.,

detects and multiplexes) the Ny received symbol sequences for each slot to obtain a detected
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FIG. 2 shows a flow diagram of a process 200 for sending and receiving an IR
transmission in the MIMO system. Initially, the receiver estimates the MIMO channel based
on pilot and/or data symbols received from the transmitter (step 210). The receiver selects a
single rate for data transmission on the MIMO channel based on the channel estimates and

sends the selected rate to the transmitter (step 212). The transmitter receives the selected rate
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FIG. 3 illustrates IR transmission in the MIMO system. The receiver estimates the
MIMO channel, selects a rate ry, and sends the selected rate to the transmitter in slot 0. The
transmitter receives the selected rate from the receiver, processes a data packet (Packet 1) in

accordance with the selected rate, and transmits the first data symbol block (Block 1) for the



time division duplex (TDD) systenms. For an FDD system
the forward M MO channel and the feedback channel use
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v1a@1le‘Mﬁ\/I®b&har¥ne5}md transmts data synbol block N, x for
Packet 1 in slot m where Nx is |less than or equal to

F¢JrethtecﬂrwodnmnMe$hown ibFBEe k3 there iPacHelhy Df ohkeslotefoeithie ACK/NAK
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d 0| t
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maysalstoisd intdrlacéd MxheaACKYNAK deddyeis 1éder tHaamaekesi on of
Packet 1. The transmtter also processes the next
da acket (Packet 2) in accordance with the sel ected
ratﬁ—‘&s L ransnits the first data symbol bl ock

éBI ock 1) for Packet 2 in slot m+ 2. The processing
16+ A showissanblackr diagramy elcen wabodisrant o eEX i data peocessAe 120 within

tran§TRHEE 16.O'T‘Xecﬁl?ahpg@és@o%%e&&%?ﬂack&@ processes each packet based on

its selected rate, and provides Np data symbol blocks for the packet. FIG. 5 illustrates the

processing of one data packet by TX data processor 120.

Within TX data processor 120, a cyclic redundancy check (CRC) generator 412 receives a
data packet, generates a CRC value for the data packet, and appends the CRC value to the end
of the data packet to form a formatted packet. The CRC value is used by the receiver to check



via the M MO channel. For the enbodi nent shown in FIG

3, there is a delay of one slot for the ACK/ NAK
woespmska7from the receiver for each bl ock PCT/US2004/029648

transm ssion. To inprove channel wutilization,
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two Gecueli AR Rienitie Qroﬁkthtﬁént%ﬁé‘sa'ﬁvﬁﬂ bhed reﬁ@éq(‘ﬁoky Bﬂcpﬂ? | respectively, where
encoder (or Turbo encoder) 4l14a, which nay be used

Ry nfayror My =0t bo ¢analdo £2j MlﬂtlﬁeX@rA@56denws @nd @déﬁplewae data bits and

the %a%y ﬁlgsz%o}nwgnscr gg’r%t ﬁ%lue qders 4&23 %ggiﬁ)é}ﬁ rgv ﬁrers:]oég(chacket of code
bits (ddaKled 4bGc} COMRe dodke hhaay Biclhidiod tHetia®d higalBs vihieh Satako referred to
bits in the formatted packet (denoted as {d }) in

as sygternatitabite and dbnated ade{c], N} efdlleady theh@separity bits {c,,}, and then
Consti tuent encoder 452a receives and encodes the

follaheetdebytthe secohd pasityfbitss{c,,gonsti tuent code and provides
first parity bits (denoted as {cP1} ). Simlarly,
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mtog\/g ﬁ!ﬁf gﬁ)ﬁgqlgdefash g\wglreglés{@fg{ag$a%gg%ﬁegé§{ tlhgas\e/]segteéllr ?&ﬁe and Pndlcated by a
partitioning control from controller 140. The first coded subpacket typically contains all of
the systematic bits and zero or more parity bits. This allows the receiver to recover the data
packet with just the first coded subpacket under favorable channel conditions. The other

Ny —1 coded subpackets contain the remaining first and second parity bits. Each of these
N —1 coded subpackets typically contains some first parity bits and some second parity bits,
with the parity bits being taken across the entire data packet. For example, if N, =8 and the

remaining first and second parity bits are given indices starting with 0, then the second coded

subpacket may contain bits 0, 7, 14, ... of the remaining first and second parity bits, the third



second parity bits (denoted as {cp2}). Constituent
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R2, respectively, where R, nmay or nay not be equal to
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blockaf@A6aRAUDEN Rist. S Millaflekér 421 WEviROhO a8 likterleaved subpacket if a
PCT/ US2004/ 029648 10 coded subpacket. may contain bits

NAK is geeeived for the gfata prskete nAllVmbloek inferleaverss@e riiropgh i429nb can be

' . he eighth and | ast coded
ngé%‘é’?&i‘%? grﬁ%‘&@%n?geﬁge Yits 6, 13, 20, ... of the

Aaymbol m@pfihg shitand reep@idhdiitérdesved Sbpadltely B¥@Cthannel interleaver
decodi ng. performance may be achi eved by spreadin% t he
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an IR transm ssion control fromcontroller 14
subpgglet asighawn indfiQ.i51 exer 424 provides the interleaved
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inter
collectively include Ngyy data symbols and can be denoted as {s}=[s, s, ... Sngy 1+ Each

data symbol s; where i=1...Ng,, , is obtained by mapping B code bits as follows:
s; =map (b;) where b, =[b,, b, ... b,].

The IR transmission techniques described herein may be implemented in a single-carrier

MIMO system that utilizes one carrier for data transmission and a multi-carrier MIMO system



subpacket from bl ock interleaver 422b next, and so on,
and the interl eaved subpacket from block interleaver
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Transmdten vaitl 1324 ingludes dauEKyRBnohitet6SRh éhroogle 662t for the Ny transmit
anten%g.t | Ezlac% i rliPeﬁgit B2 }Jescglqleg %Elddcac}n it}orngnas rrrcies?)gcit{)vg' tre?r(l)snrr?it symbol
sequence from TX spatial processor 130a to generate a modulated signal. N; modulated
signals from TX RF units 652a through 652t are transmitted from Ny transmit antennas 672a
through 672t, respectively.

FIG. 6B shows a block diagram of a TX spatial processor 130b and transmitter unit 132a,
which may be used for IR transmission of multiple packets simultaneously in a single-carrier
MIMO system. TX spatial processor 130b includes a matrix multiplication unit 620 that

receives Np data symbol blocks for transmission in one slot, where 1< N, < N,. Unit 620



exenpl ary designs for these two units are descri bed

bel ow. For sinplicity, the follow ng description
wagzeisvesita full rank M MO channel with Ns = NTPET/USEV04/029648

In this case, one nodulation synbol nmay be
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each subband in each synbol ferl od. FIG 6A shows a

bl ock di agram of a TX spati al processor 130a and a

transmitter unit 132a, which may be used for IR
perfermpnEairss mytinfcatere obﬁ@,(@ata sympoksj ingthe dVmblocks with a transmit basis

a gtem TX spatial processor 130a
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The espect incdudes drsnites Symthe V7 tweswErotenhan with}dVs gritieabeing set to

rocessor 130a to generate a nodul ated signal. NT
Np d%mw@o&ﬁromit@méfrb ockpndite RaipingsV 65N eFieURmnSS2 o zero. The
are transm tted fromNT transmt ante(ﬂnas 672a
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synbol_ bl ocks for transm ssion_ in_one slot, whe 1<

The gatix Mialso gjews tedulhprwenb.0953ach tiepsmit antenna to be utilized for data
PCT/ US2004/ 029648 perforns matrix mul tiglication of

tranirﬁﬁs@ﬁ‘t aThY ks M hhe dipadiRakss wit Uangiere U is a Walsh-

basis matri'x and a diagonal matrix as.hglTows: s =

MAs , where s is an {NT xl} data vector; SIS an {NT

x|} preconditioned. d a vec or 3

Hadjpiph A hasi e HaitA 3 be Helifed B V afpere Vis a
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discrete Fourier transform (DFT) matrix with the (k,7)-th entry defined as v,,, =e N

where m is a row index and 7 is a column index for the matrix V, with m=1 ... N, and
n=1 ... N,. The diagonal matrix A may be used to allocate different transmit powers to the

Np data symbol blocks while conforming to the total transmit power constraint of P, for each

tot

transmit antenna. The “effective” channel response observed by the receiver is then

H, =HM. This transmission scheme is described in further detail in commonly assigned

U.S. Patent Application Serial No. 10/367,234, entitled “Rate Adaptive Transmission Scheme
for MIMO Systems,” filed February 14, 2003.
A multiplexer 622 receives the preconditioned symbols from matrix multiplication unit

620, multiplexes in pilot symbols, and provides Nr transmit symbol sequences for the Nr



Ais an {NT x NT } diagonal matrix. Eq (1) The vector
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entitled "Rate Adaptive Transm ssion Schene for
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the NT 2005/ 025117 PCT/'US2004/ 029648 13 transmt

correspording OFDivlaysthiol that contains 1824 M, e ckipy.e Thamepeated portion is referred
conditions the. NT transmt synbol sequences and
to agye pralistpeefiNBEndd\dp indieatesshe nainber ¢ @ps%l@mmatw bTb@ kyclic prefix

di agr spat i al roces
ensufi bl DD SRl By 15 SR8 b PRn e dp e fEnst B motsparn
delapBpreR@EMBEd BY fRequbdty delecAvdVialia(rPMaSHRueidy response that is not flat).
Cyclic prefix generator 664 provides a sequence of OFDM symbols for the sequence of

transmit symbols, which is further conditioned by an associated TX RF unit 666 to generate a
modulated signal.

FIG. 7A shows the demultiplexing of a data symbol block for an exemplary MIMO-
OFDM system with four transmit antennas (N, =4) and 16 subbands (N, =16). The data

symbol block may be denoted as {s}=[s, s, ... Sy, 1- For the embodiment shown in FIG.

7A, the demultiplexing is performed such that the first four data symbols s, through s, in the
block are sent on subband 1 of transmit antennas 1 through 4, respectively, the next four data
symbols ss through s are sent on subband 2 of transmit antennas 1 through 4, respectively,
and so on.

FIG. 6D shows a block diagram of a TX spatial processor 130c and transmitter unit 132b,

which may be used for IR transmission of multiple packets simultaneously in a MIMO-



Wthin TX spatial processor 130a,
mul ti pl exer/denul ti pl exer 610 recei ves and
wdemslesipl exes the data synbols, nultipl exes PaTiSkmi/029648
synbol s, and provides NT transmt synbol sequences
for the NT transmt antennas. Transmtter unit 132b
i ncl udes NT OFDM nodul ators Oa through 660t and NT
TX RF units 666a through 66 for the NT transmt
ant ennas.__Each OFDM nodul at or 660 i ncludes an inverse
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respfETie By (e SERE Sl ol LS Fupfa Smbols g 522 525 and

52,4 G0MRRHhRIed B84ubbaidk deg ﬁaﬁem,%gp*eeucélm%(af%mmwnﬁm 4,1 and 2,
t he sequence of transmt synbols ichis further

1eSPEGFHE i Xbipug data§§@@phtsw ST SRFngr#.¢ WeEsarpand and are transmitted

r g 0
on SRS SRR PO Gl 145 ME 2, . For
the émmlnmuuowsmmwm tlfeom of mrfﬁdquéno@zmma&aluw fot ehth transmit
and 16 subbands (NF =16 ). The data nbol bl ock nmay
antegpa A f3eh éylggol{ gqnod 1Pg]|ud@transm1tsﬂgnm i orpsgine gjbbands and zeros for
ghadhaent shown in FIG 7A, the denultiplexing is
Othegerf oirl%d such that the first four data synbol s sl
¥l Glgshosvd the tihemiskibo ok two damesyibohbukdbsintiltinafusly across the Nr

transmt antennas, 1l through 4, res |ve t he t
sublagah S Vg TROSRGALTES 1 B Seishils BTAREbE ! e SUBB gk may be
tran&hitfedl %ﬂﬁﬁhine@ﬁstl? RBRSs thd MUbHAN: dnd EESREE ahieRhYs. FBPExample, one,
so on. FIG 6D shows a block diagramof a TX spati al

tWOptm@fes@ofouxsdma apeibol dlesks tmast baniranswdtsl sinwHiapeoustyy in FIG. 7B.

Hov&pe% n{]%‘? I}]Ué’lg[ﬂe& d%lﬁ%lasgrslﬁpﬁ%l % 'S‘Bb%i‘%é%%‘il? %akns}mtted at the same time

is d@@ﬁﬂéﬂﬁBﬁ% %ﬁ@)ﬁ&qelﬂﬁﬁ@bﬂlﬁm& ethaVRhould ke d0atthal or equal to Ns.

processor 130c, a nulti % exer/demnul ti pl exer 630
The {tgggamigaign scheme shown in FIG. 7B allows for easy adaptation of the transmission of

different numbers of data symbol blocks simultaneously based on the rank of the MIMO
channel.

For the embodiment shown in FIG. 7B, each data symbol block is transmitted diagonally
across the Np subbands and from all N7 transmit antennas. This provides both frequency and
spatial diversity for all Np data symbol blocks being transmitted simultaneously, which allows
a single rate to be used for all data packets. However, different rates may also be used for

different data packets transmitted simultaneously. The use of different rates may provide
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illustrated below. Miltiplexer/denmulti pI exer 630 al so

mul tiplexes in pilot synbols and provides NT transmt

synbol sequences for the NT ansmt antennas. FIG 7B
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subbands and NT transmt antennas. In general, any
2. nupleesivef data synbol blocks may be transmtted
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ans B P, LSRR PR 08 LB, e,

eachdﬁXéRBNer&lZ Plooiaks h Strédna 08 §yrhb@ e dieagabalbipecied &&ﬁultlplexer 816.
t he NF subbands and fromall NT transnit antennas.
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its stiem af ¢hipkalhya( 1[) m‘rk@\hﬁg thdawelie prefidiih fem}enetem@d GFDMyymbol to obtain

be used for _different _data packets transmtte
a recgwﬁ&tfaaﬁfgaagd symbg} @nd, £2) tGamsiprrying each TpeR el s %ms@ |sw@b01 to the

frequency domain with a fast Fourier transform (FFT) to obtain Ny received symbols for the
Nr subbands. For both systems, demultiplexers 816a through 816r receive N symbol streams
from RX RF units 812 or OFDM demodulators 814, provide Ny sequences of received
symbols (for data) for each slot to RX spatial processor 160a, and provide received pilot

symbols to channel estimator 172.
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transm ssion of nmultiple data packets with different
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“The pccumegsio)r is18Qmmedaochape @wiodecareae] ¥ edvapiahat matrix of A, = oI, where

o is the variance of the noise and I is the identity matrix with ones along the diagonal and
zeros everywhere else.

For a MIMO-OFDM system, the receiver performs detection separately for each of the
subbands used for data transmission. The following description is for one subband, and for

simplicity the subband index k is omitted in the mathematical derivation. The following
description is also applicable for a single-carrier MIMO system. For simplicity, the vector s

1s assumed to include Nr data symbols sent from the Ny transmit antennas.
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Det ector 820 perforns spatial or space-tine
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sequences to obtain NT det ec£7ed synbol sequences. Each
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For each slot, detector 820 provides N detected symbol sequences that correspond to the

Nr entries of §. Multiplexer 822 receives the Ny detected symbol sequences from detector

820 and performs processing complementary to that performed by TX spatial processor 130 at
the transmitter. If only one data symbol block is transmitted in each slot, such as for TX
spatial processor 130a in FIGS. 6A and 6C, then multiplexer 822 multiplexes the detected
symbols in the Nr sequences into one detected symbol block. If multiple data symbol blocks
are transmitted in each slot, such as for TX spatial processors 130b and 130c in FIGS. 6B and

6D, respectively, then multiplexer 822 multiplexes and demultiplexes the detected symbols in
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expressed as: Snrc Wircr Egq (3) where Wnrc is the

response of the MRC detector, which is Wnrc = H Snrc

is an {NT x1} vector of deteﬁéed synbols for the MRC

detector; and "H' denotes t conj ugat e transpose H

The detected ynbol for transmit antenna
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a zero-forcing det ector nay be expresged as:

resp&ibe (@Atridh @k RleWribed 4okl Hid prdvidestile detcforf ﬁﬁfdn@él fo detector 820.
detector. .The zero-forcing detector response for

Detectaarfefinre-anliéplies the Negtobe @xpredesieynawlivith the détetor response W

-'. For each slot, detector 820 provides NT detected
to Ogaa%éte wstieh B sdafeeind eoRbals pRe sdeatore 17Nfwhishris dmplgmented by

9. I 822 t he NT_detected. s
conlis KR 68 FF Bieetir supaRmapbe ol pER T oy 58 0p fglction based
on tEEMhATRBERANKS IR debdtbeR®elody. anoch&uIIT HbRP tU”Pﬂ 184 stores a set of rates
processor 130 at the transmtter y one data

suppoyiae by the WENMQ systemmadiatseieef P&lialé@t@h\’%iuwt assegietpd sdthfegeh rate (e.g.,

the cirat% {af'eo ?eé(%lrt ]%é ZC%%IQ‘ng?srch%Igg glé c c}e ral ?{no%ﬁa doﬁi ﬁé‘,[t}‘te] ht?cp 1's0 on for each

rate}t ﬂ%até\ﬂélmtl@ﬂ(ae&sbmww ne4 ﬁﬁ{lﬁfbh@dn@yﬁ@dﬁmbﬂat&délechfm
nultl | e data s %nbol blocks are transmtted in each

KiGyi8 %tmt aloglp diagsany ghan B ¢iepwsewsps 1 1050 whighds paeembodiment
of R}@dgtlacﬁoce@ﬁ)ra% in FIGS. 1 and 8A. Within RX data processor 170a, a symbol
p Yy

demapping unit 830 receives detected symbols blocks from RX spatial processor 160a, one

block at a time. For each detected symbol block, symbol demapping unit 830 demodulates the
detected symbols in accordance with the modulation scheme used for that block (as indicated
by a demodulation control from controller 180) and provides a demodulated data block to a
channel deinterleaver 840. Channel deinterleaver 840 includes a demultiplexer 842 and Np
block deinterleavers 844a through 844nb. Prior to receiving a new data packet, block
deinterleavers 844a through 844nb are initialized with erasures. An erasure is a value that
substitutes for a missing code bit (i.e., one not yet received) and is given appropriate weight in
the decoding process. Multiplexer 842 receives demodulated data blocks from symbol
demapping unit 830 and provides each demodulated data block to the proper block
deinterleaver 844. Each block deinterleaver 844 deinterleaves the demodulated data in its
block in a manner complementary to the interleaving performed at the transmitter for that
block. If the interleaving is dependent on the selected rate, then controller 180 provides a
deinterleaving control to block deinterleavers 844, as indicated by the dashed line.

Whenever a new data symbol block is reeeived from the transmitter for a data packet, the

decoding is performed anew on all blocks received for that packet. A re-assembly unit 848
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synbol bl ocks (not shown in FIG 8A). In any case,
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paﬂﬁhgl cat’ d%bsgg% em)dur{at |”6n control fromcontroller
ﬂ@c@ve@ry%ﬂ QM §LR S @e@@t@?@gb aa‘h@dandPE@ B8 950 Bat gerform jterative

channel deinterleaver 840. Channel deil nterl eaver
deteciiar ardledecadidgionithé pdceived sgubolafior MNata phdesik to obtain a decoded packet.

rl eavers. 844a t hrough .844nb.. .Prior rLece
The L e FURKE e BT e R P aiya Y W RFRIeaR to provide
impRALa l@eﬂélﬁldnﬂé t T85! iZ @Bhiehdd b lteativa$ padimes WMFﬁmf&nﬁtmn between
val ue that substitutes for a missing code bit (i.

deteotoe 970 end/BEC decwley 88) femid iitsrajpnse tha{:ﬁpNprPllaﬂ%d%éﬁ@fM below. The
in the decodin age process. Miltiplexer 842 receives
a pripaiisdermatien infieatesttho Hkalitopd of Sprimermitisdispi ng uni t

%g’%b\%? qulg %, %&aﬁx %ﬁ\%ﬁﬂ%ﬁ%@%ﬁl@%@%@ Qﬁﬁcﬁa[ahﬁrocessor 170b.

Withigi RIX ephted \pesceSsbd 160bnd bnffaa&BSrebheesjam)stufmtthd Ngtateeived symbol

inits hlock in a manner conplenmentary to
Seqqeﬁ?eérnr%\as?%y frepiver il 1at fanfach slah hhelete? agieo dasg symbol block s

received from the transmitter for a data packet, the iterative detection and decoding is

performed anew (i.e., from the start) on the received symbols for all blocks received for that
packet. Detector 920 performs spatial processing or detection on the N received symbol
sequences for each received block and provides Ny detected symbol sequences for that block.

Detector 920 may implement an MRC detector, a zero-forcing detector, an MMSE detector,



block. If the interleaving is dependent on the
sel ected rate, then controller 180 provides a
wdeoosteesiieavi ng control to bl ock dei nterl eaver BC84%200a929648
i ndi cated by the dashed |Iine. Wenever a new data
synbol block is received fromthe transmtter for a
data packet, the decoding ié perfornmed anew on all
bl ocks received for that pac Qt. A re-assenbl y unit
848 WD 2005/ 025117 PCT/ US2004/ 029648 19 forns_a_ packet i
or sgype gtfier detertarcanilige aFargiardypdedentiontwidbt i MGE defgetor is described
belodgi nterl eaved data packet contains (1) deinterleaved
data bl ocks for all data synbol bl ocks received for
FdreanCMIM S0 teteac keth igunative2detetion uhe Sed@ling) ahadaystedkymbol §, for
bl ocks not received for the current packet. Re-
transisié entohna imay bB8S@repsed:or ns re-assenbly in a
conpl ementary manner to the partitioning performed by
. the transmtter, as indicated by a re-assenbly control
5, =.obTepnt fBli=k 186, An FEC decoder 850 de@éb%é t he
dei nterl eaved data packet in a nmanner conplenentary to
the FEC encodi ng performed at the transmtter, as
where ¥ @ael dig apRdesivad Sawding IV cirteden. eueh ¢a heesxpigseed as:
For exanple, a Turbo decoder or a Viterbi decoder may

be used for Fl decoder 850 if Turbo or caonvgl utional
(-W-idbbﬂfﬁ}j})l?[g%ﬁéi% vely, is perfornmed at the %rqa&grritter.
FEC decoder 850 provides a decoded packet for the
current packet. A CRC checker 852 checks the decoded
The palokiets tbdhaleptemizhtien prvobleheposed & qpetiet (1) sanlbe expdssed as:
correctly or in error and provides the status of the
decoded cket. FIG 9A shows a bl ock di agram of a
W, T *e‘@ﬂéf’gi)s > W ch is another enbodi ment (8
receiver 150 in FIG 1. Receiver 150b inplenents an
itgrative detection and decoding (1DD) schene. For
u; =WaZity, the I1DD schene is described bel owEF@ the
codi ng schene shown in FIGS. 4B and 5, which codes a ¢
data packet ipto three parts - systematic bits {cdata !
|, viithr st plchfy. bits {cpl I, and second parity bits Eq.(10)
{cp2 } . Receiver 150b includes a detector 920 and an
FEC dggod _thatyper [ ative detection and
decodgng_gfr’i[lfg[gg r}g[g‘g? "ed%%ygf% a data paclj-_fqt ltl?
obtain a_gg gippcket.  The IDD’scIcwlerre expl oi t's ghe
error correéction Cdpabilities of the channel code to
provide inproved performance. This is achieved by
z=H.EBjsglt | vel y passing a priori information b&g¥den
detector 920 and FEC decoder 950 for Ndd iterations,
where Ndd > 1, as described below. The a priori
wherenfhy rigrtiieiidi colvginefits chanael responsevoaidixol ;t he .
transmtted bits. Receiver 150b includes an RX spati al
H, isegudde dl withohe HucRmREeHQZ8'%r ocessor 170b. W t hin

i al 1 ff 1 [
s, 1o TR, RS Pt S e P L RSl oo and
Efa] is the expected values of the entries of vector a ; and

H . . .
VAR[aa" ] is a covariance matrix of vector a.

The matrix P is the outer product of the channel response vector h; for transmit antenna i.
The matrix Q is the covariance matrix of the interference to transmit antenna i. The vector z

is the expected value of the interference to transmit antenna i.

Equation (6) can be simplified as:



sequences provided by receiver unit 154 for each slot.
Whenever a new data synbol block is received fromthe
wonensgnstiter for a data packet, the iterative HETASRI081029648
and decoding is perforned anew (i.e., fromthe start)
on the received synbols for all blocks received for
that packet. Detector 920 p§£forns spatial processing
or detection on the NR recei ¥ed synbol sequences for
each received bl ock and provides NT detected synbo
5; =geqdenceborfiorl thdk .bl ock. Detector 920 nmayEd @EP) ement
an MRC detector, a zero-forcing detector, an MVSE
detector, WO 2005/ 025117 PCT/ US2004/ 029648 20 or some
whemt fogr= wifhecindr f7esia GressianFaoise| samipley withe terot inoan \aind hvariance of
an MVBE detector is described below For an MVSE
v, =tef Rct ow i Ph TThe Gauksign defsechingle ndssieegdthmgihetin@rference from

det ect ed syrrbol s; for transmt antenna i may be
othee irpnsasis etenitds isGausaian rafter the MMISH detector. . . NT, Eq (6)
are derived bas d on

%hﬁ‘? &]WB‘H UEHU% ﬁhﬂosgpg%mggg OLes | the( w'\ﬂvgqt?ctlomqqg?qmg iteration

and fhe sub8dript: 2 dén\MesUché 6 dafd sybSo1 Tk %ed Rr tt}h';ecurrent packet being
optim zation problem posed in equation (7) can

recoeeapdes]&gdhgﬁrstvﬁerai(qn ., U2=I1) -théy detectacmhsﬂ@gs@@)solgly en Wike received

syméflglsn}%ja (}gfo]c]z ﬁrzorz 1nf9I (1n ﬁ%ﬁﬂﬁﬁ' (f%’é%‘ Qhe 1;]?1(& Ff}éao ence, bits with

equal ﬁi’blﬁ[)ﬂitﬂ/ of bé&flg 12)orWresre aksunded. T ehié cztsB &}ﬁlatiml(fgfredd&@s to a linear
annel response matrix H; H 1is equal to Hwith the

MMSSEt Hetectbrjnwhivht c4no bz egioen as w, =(HH” +6*I)7'h,. For each subsequent
iteration (i.e., n>1), the a priori information provided by the FEC decoder is used by the
detector. As the number of iterations increases, the interference reduces and the detector
converges to the MRC detector that achieves full diversity. “

For each data symbol block received for the current packet, deteétor 920 in FIG. 9A
" performs detection on Ny received symbol sequences for that block and provides Ny detected
symbol sequences. A multiplexer 922 multiplexes the detected symbols in the Ny sequences
to obtain a detected symbol block, which is provided to RX data processor 170b. The
detected symbol block obtained in the n-th detection/decoding iteration for the m-th data
symbol block is denoted as {5, }.

Within RX data processor 170b, a log-likelihood ratio (LLR) computation unit 930
receives the detected symbols from RX spatial processor 160b and computes the LLRs of the

B code bits for each detected symbol. Each detected symbol §, is an estimate of the data
symbol s;, which is obtained by mapping B code bits b, =[b,, b,, ... b,;] to a point in a

N

signal constellation. The LLR for the j-th bit of detected symbol §, may be expressed as:

Pr(s5.|b .=1
x;,; =log rEs,[ =D ; Eq (14)
’ Pr (5, |b,; =-1)

where b, ; is the j-th bit for detected symbol 5, ;

Pr (8, |b, ; =1) is the probability of detected symbol §; with bit b, ; being 1;



si is an { (NT -1) x 1} vector obtained by renoving
the i-th elenent of s ; E[a] is the expected val ues

wohodasieSkantri es of vector a ; and VAR aaH ]| i SPa1/US2004/029648

covariance matri x of vector a. The matrix P is the
outer product of the channel response vector hi for
transmt antenna i. The mat ﬁx Qis the covariance
matrix of the interference t6“transmt antenna i. The
vector z is the expected value of the interference to
Pr @nld T —Ahde theaprpbabify 2 idetected)syowal e vaibnpik ibf j beingsl G.e., 0);
WO 2005/ 025117 PCT/ US2004/ 029648 21 sl=als,+i/ ,fori=1
. NT,aEa (13) where a; = wH h; and i is a Gaussian
noi. |l e.with zero nean and variance of vi = wH
ﬁw1§ﬁfaaﬁEP??ﬁlﬁfThe Gaussi an noi se sanple i1l assunes
that the interference from other transmt antennas is

The GduRss i{ay) } afepeaserithibe MVpHodeinéartmation Ippotitied belthewlergtor to the FEC

description, the superscript n denotes the n-th

decadlet, @od arrdlsteetaiadgo iab treakteotor LARY. t he subscri pt nz

enotes the mth data synbol bl ock received r. the
B SRR R IS iE R omoRshly De-sich fhat fit Gibits 10F cach detected

e no a priori Information

h&ies afd | b dyafh ' | ed sole
symg(?]l 3{: ﬁagé {é‘fgg éin\(/iglat %@ﬁ‘g%r? ghg?lr?g?ﬁe%%éé} rdsSe?RS€d S y

is available fromthe FEC decoder. Hence, bits with
equdl probability of ,being 71 oy 10" are assumed. In
t hi é§£%§P, oy '“&ué@gﬂ{@ | i near MVBE
s . hbe gi-ven as w (HHH -E42(15)-'h, )

itleratlion (i el it > 1), the a
&ﬁ:l%pi@z';g{/&'@} EC decoder is used
ctor. As the nunber of "#terations
i ncreases, the interference reduces and the detector

wherso$¥ grigeke set of peintsRCthtetigret omstehiatiomwhosajetdh btk kqual to g,

A

iJ

di versity. For each data synbol bl ock received for the

guisr ¢t mpabi@ion denbdt or @@ im the Get 9R ; pbeihgr emluated (ie., the
detection on NR received synbol sequences for that ;

bl ock afibypthesizddssiibalkt ect ed synbol sequences. A

mul tj pl exer 922 nultiplexes the detected synmbols in

Ehis thir =3B Eortimisunt quterdpy Anddefed abRYead synbol bl ock,

I Tl B s
tecti ' it ti f h th dat mbol

BT 1 BGERR S e B Aol o ata pr ocessor

81015 BeaG VARG Bbor s 1 om R spat i a

r t - -
B PEERRCEL EERE AREODA 8 e o B 0B 08 B8 typoesica
i's an esymps@itse of the data

L.,(j) is equal to L, with the decoder LLR for the j-th bit removed (i.e.,
L(D=[Ays o s A s A s e A4 51); and

2/, -1

“T» denotes the transpose.

The decoder LLR for the (i, j) -th bit can be expressed as:

—log| 22 =D Eq (16
=log Pr (4, = 1) ) q (16)

where Pr (b, ; =1) is the probability of bit b, ; being 1; and



synmbol si , which is obtained by mapping B code bits

b; =1[bl,I b;,2 ... bi B] to a point in a signa
woaonsteesiiat i on. The LLR for the j-th bit of depeTiseno4/029648

synbol s; may be expressed as: Pr (s; | b;,j =1) xi,J

=log Pr (s; jb; ] -1) Eq (14) where bi i is the j-th

bit for detected symbol s; f (s; 1 bt j =1) is the

probability of detected synb% s, with bit b; i being

1, WO 2005/ 025117 PCT/ US2004/ 029648 22 Pr (si | bi i =

P&§bﬁ-ih@tb@mgblﬂltmfmbgéleméd symbol si- with bit

b; i being -1 (i.e., "0"); and xi, is the LLR of bit

For Hlegﬂrsﬂ_%ralﬁlaﬁs( AX1) 'agl} 8f B2 &ﬁxgékt of Ile f} Bfe ﬁ:rt tp zeros to denote equal

i nformation provid y the etecrd tot

probabitiodef cachbit bairgy BbSOL,sREEh6 @Gricd: @SorhtiEiof & B&LIMW]e for the bit. For
LLRs. For sinplicity, the interleaving is assuned to

eachpbseguANt itRsptiarh dheisries of &r,(Pavh cdetpaEtdebnsed pniibs “sp,ft” values for
i on 14 hen be expressed
the 3l hragy R Gt LR ' cGmpbit b U1k 930 ovides gy o the code bits of

cachEde}e]lzted &yné\é,l re:%eﬁ?éﬂ fﬁm?- R spatlﬁ' p?a%%?(gxlg%)}aléﬁilgsbﬁé%(ldf LLRs obtained

in thefu-th mlemttson/dc?dohmgategxtain fomhs tmatH @dth Oyl d8ekiis Bénddéd as {x"}.
Is equal to g, s is the nodul ation synbol or point in
Awbanysl deifertpabei MY weeeivesatmll d¢1nteeleavetsh®ch block of LLRs from LLR

comp BRI 31 SRR b e Sl B35y nc s

fornfsaal St GYOLSRsSHAP|cBntaifls ﬂ?rblgﬁise&' REintetHA0dd -iLst fiBin channel
is the set of B bits for the hypothesized synbol s;

deinfeflpavey P49 Sorafl dptar syniol locks reeivid fienbile transptéad;and (2) blocks of
zero-value LLRs for data symbol blocks not received. The packet of LLRs for the n-th

detection/decoding iteration is denoted as {x"}. FEC decoder 950 receives and decodes the

packet of LLRs from re-assembly unit 948, as described below.

FIG. 9B shows a block Adiagram of a Turbo decoder 950a, which may be used for FEC
decoders 950 and 850 in FIGS. 9A and 8B, respectively. Turbo decoder 950a performs
iterative decoding for a parallel concatenated convolutional code, such as the one shown in
FIG. 4B.

Within Turbo decoder 950a, a demultiplexer 952 receives and demultiplexes the packet of

LLRs {x"} from re-assembly unit 948 (which is also denoted as the input LLRs) into data bit
LLRs {x4,}, first parity bit LLRs {x}, and second parity bit LLRs {x,,}. A soft-input
soft-output (SISO) decoder 954a receives the data bit LLRs {x } and the first parity bit
LLRs {x,} from demultiplexer 952 and deinterleaved data bit LLRs {%,,,} from a code

deinterleaver 958. SISO decoder 954a then derives new LLRs for the data and first parity

bits, {X4} and {x)}’

}, based on the first constituent convolutional code. A code interleaver
956 interleaves the data bit LLRs {x,,,} in accordance with the code interleaving scheme
used at the transmitter and provides interleaved data bit LLRs {%X, ,}. Similarly, a SISO
decoder 954b receives the data bit LLRs {x) } and the second parity bit LLRs {x,,} from

demultiplexer 952 and the interleaved data bit LLRs {X,,,} from code interleaver 956. SISO



Li is a set of LLRs obtained fromthe FEC decoder for
the B bits of the hypothesized synbol s; Li (j) is
wequsl2sia7Li with the decoder LLR for the j-throOTius2004/029648
renoved (i.e., Li (1) =1[2i 1, ... ,2i,] , A,J+l
,21,%] ); and " T" denotes the transpose. The decoder
LLR for the (i, j) -th bit can be expressed as: A ,j
=log Pr (bi,j =1) Pr (bi,."=-1) Egq (16) where Pr
(bi i =1) is the probability of bit b, ,j being 1; and
decoger 260051hea G VesREW UBRSO Ody 12 detgmd 3edand(inity bits,-{k),,.i Jsand {x;gl ,
the probability of bit bt j being -1. For the first
basedt @y the senond goestifyens convsfutionel eader iGode deinterlegyer 998 alegdrleaves the

oty FERS Tatuns 1 S ARG PR PrthS iR FIGREInE and provides th
i PR b Cpp) o ToQ SRR GY DR DHOCHS Rafipent o BCIR
SIS ShiEubr s, pehRFoP LB Rt o B Rty dirgives,  soft

outpat Vieds (Soan) etiwriihsy obedmé ether desbdingompbtithapathiel are known in the
processor 160b. The bl ock of LLRs obtained in the
at.-n.th detection/decoding iteration for the m-th data

’?Méﬂaeéodlﬁﬂ a8§ di8odgaeted %ﬁa{ﬁﬁg’ %53? f ﬁ‘%lgféaezbm timﬁs for the current

dei nter ver 940 recelves an nterl eaves eac
detebtiow@ecotliniglittsatianom whdde Komput aAft@ralliVid d8Sstiadtterations have been
provi des deinterleaved LLRs for the block. A
compietal aeohibjnewinutltifiéBer F60rmeeivesphe Kiabl dxta bit RI Rshét, } and the final
contains (1) blocks of deinterleaved LLRs from channel
firstoeiring itlIdaRee{x'P40frdmr SBBIA detetier $3Aubdle ddimeksaved daial data bit LLRs
fromthe transmtter and (2) blocks of zero-value

{xdag%-}R&oﬁpdode dehiEIoabE 93Y, Qfk theftial 5&2AL Ry BieIBacke!'} from SISO
of LLRs for the n-th detection/decoding iteration’is

decc%ﬁ? 9545l @%Ir{b?ﬁ?er/}multiﬁl%]gexd%m@l?ﬁ c&%?ufe@ GRLYRS 1308 {x:}gisfor the next

ecodes the packet of LLRs fromre-assenbly un
coiofSEiedenghgn £ Sy st ek, dRgemetam.
accFOREES G50 *00nEiul BTt SPuigh o, BECERERE L be o prio
o BB G B G Bt 40 S oter o508, a

Aést bl i W), akeedctiOb/decwiieg viesitiamd halebédn pbapletd] kembiner/multiplexer

packet of N
960 computes the final data bit LLRs {x,,,} as follows: {x,,,}={x,% + X s + X402} » Where

{xJ=} is the data bit LLRs provided by LLR computationh unit 930 for the last

detection/decdding iteration. A slicer 962 slices the final data bit LLRs {x,,,} and provides

the decoded packet {dA } for the packet being recovered. A CRC checker 968 checks the
decoded packet and provides the packet status.
Referring back to FIG. 9A, the decoder LLRs {x(",:} from FEC decoder 950 are

interleaved by a channel interleaver 970, and the interleaved decoder LLRs are provided to

Antl
Sﬂ

detector 920. Detector 920 derives new detected symbols {5} based on the received

symbols {r,} and the decoder LLRs {x"}. The decoder LLRs {x’"'} are used to compute

dec dec

(a) the expected value of the interference (i.e., E[s;]), which is used to derive z in equation



LLRs {xa } fromre-assenbly unit 948 (which is also
denoted as the input LLRs) into data bit LLRs {x~ata
wa2odsiesti7parity bit LLRs {x', |, and second pacTig20i029648

LLRs {x~i2 } . A soft-input soft-output (SISO
decoder 954a receives the data bit LLRs {xd"ata } and
the first parity bit LLRs {xpl } fromdenultipl exer
952 and deinterl eaved data b?%J LLRs {Xdata2 } froma
code deinterleaver 958. SISO decoder 954a then

(12)dend (Wsthaearitncrsofftbe inthderdatea(i@ndVAR[sgl), phtahtiy used te derive Q in
xda,al } and {xpl | } , based on the first

equationdt Ik uent convol utional code. A code interleaver

56 j nterl eave t he it LL
B8 delpst e SRR (e £d68 "‘aneéﬂ"ga ﬁiaﬁ'@ el 1Sk cfforgy RX spatil
S r rl a.hi
pro 8 PRSI W01, AR Y E3ul CHELED 300 Bkt Bove. e
detebﬂitﬁh dad alebdding lpRsce§s haitaraledangl flﬂﬁs sepaie ar itetilae tdetection and
LRs {x'" p2 | from_ denultiplexer 952 and the
dechh‘%?er Peososd et arehphility Ref { Shgatdgtecied r Hmblyeimproves  with each
SI SO WO 2005/ 025117 PCT/ US2004/ 029648
dete%@@éég%@%g ltegai]bnt hen derives new LLRs for the data and
Aeclowh fragquiation (8)sthe {MNESEZet¢ctanspotse w } is, depbt&li:ﬂdomrQ which in
t he second constituent convol utional code. Code
turnde depjeadémamahe 9&Bande iofi tley ineafeesnce NBAR@AL. aSibcd Q liRdifferent for each
{xdata2 } in a conplenentary nmanner to the code
detettiiréddcedingnigeratioh, pthe \WINMSE tdetectateiespamst eay a6 aist diffarént for each
LLRs {xdata2 } . SISO decoders 954a and 954b nm
1terqtlﬁp{ oesip i ygegaverd)58by %g@t%?ﬂ%mgyj épplemspt ( 1@ OA SE detector for

a
Nddlo%’iq‘g{} E@% %é tlt(%g—la‘é}‘}? aPgor Eﬁ tdor sgj rré@%%tﬁg?md g%lﬁ(g ilier type of
deteaﬂog’eqlhatlilzan hasnge i réspenderthatndden nbthiehange mthT]lnmmiﬁo dot Ngp subsequent

ISO decoders 954a and 954h is ite Ndec ti e,
deteF%?ﬂ teredipgriessiions qupee #Yd@nar@elx@apﬁgeﬁieaqqe&x grpater.| For example,

an W]@ Jelefor chr Haf ﬁ&ﬁ R | thDAgist qg&@t‘i’érﬂ@ec'o&ﬁ?a%égg@&l ‘and an MRC

e been | eted, a conbiner/multiplexe
detertoc maydzc Ltshé fcﬁn thaexidie dﬂtactlbnﬁéscqmttaiatlgmsa ndls aagher example, an

irst parity from.Sl ecoder

MMgE, Beestive i i Bie0Liag e Aoy ot SBPREE SRR an MRC
detefoP Ma§ M disStEfoR IR AeRAIRI dBRBriorAdet ol ifetARhs S€cond

parity bit LLRs {xp21 } from SI SO decoder 954b.

"TonMiR(2 détaatbt inpy bx emples@ntet avithcthapartes, , de sluaver inLdgRation (6), where

{x~ C1L }, for the next detection/decoding iteration

w,.n+HEphses B | dvesshofva in equations (§)x (FAt aild Gl 2% dbe &PmxeRiis dependent on the

xn21l } The decoder LLRs {xd c1 } correspond to Ai

expeced ‘fah@qgfghe gﬁe@q@)cealﬂ s;1 egiodyher simplify reedivari150b, the term u; may

i nfornmati on row ded by the FEC decoder to the
be oguttedafgsr SWAﬁhlég ] thﬁkﬁl\@& deteqtsrin alafcw(hget?qt@rr ati ons

fﬁé’ﬁeﬁﬁ@@dﬁggﬂ n&rﬁ%ddc?c&ﬁl s@l‘?é}éé%%oklicﬁg ?cﬁlgntages For example,

conputes t at a {x as
the XN} cscheme +supports thdraerse of a single rate for all data packets transmitted

simultaneously via the Ny transmit antennas, can combat frequency selective fading, and may
flexibly be used with various coding and modulation schemes, including the parallel

concatenated convolutional code shown in FIG. 4B.

3. Rate Selection

For both single-carrier MIMO and MIMO-OFDM systems, the receiver and/or transmitter

can estimate the MIMO channel and select a suitable rate for data transmission on the MIMO



data } data } = - {data data, data2 {xd to } is the
data bit LLRs provided by LLR conputation unit 930 for
woOheosloasiti7 det ection/decoding iteration. A slieer/u884/029648
slices the final data bit LLRs {xdata } and provides
t he decoded packet {d} for the packet being recovered.
A CRC checker 968 checks the, decoded packet and
provi des the packet status. Bferri ng back to FIG 9A
t he decoder LLRs {xd"cl } from FEC decoder 950 are
chanpgk e The g9t cselpgtion atvanreperformed| iaaxasious paanngisd $e7ee exemplary rate

seley D e R I V2 "new et ect ed synbol & {ame1 )

Thas ekt GntetBRci@c ethead, tlﬁaym‘mfcﬁ' datamrhnaniesidh en dRe MiB/[O channel is
{xd c1 1. The decod LLRs {xd c1 } are used
Selefé%fﬁa%e@ o &) MeHis, bl ise wﬂu@n& ap r?QHWﬁ{CQF PETRIAL at models the

charl) oo i NelTEo ey §386 AR LR St el have an

AWGN ¢lanod (0¢., wiith a ﬂﬂtefrehecrmycresl(oinseé and\dAfRestiral lefficienatyitiodt is equal to
is used to. derive uatl on The detecte
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in equation (6), where
an AWGN channel. The required SNR may be obtained by computer simulation, empirical
measurements, and so on, as is known in the art. The set of supported rates and their required
SNRs may be stored in a look-up table (e.g., LUT 184 in FIG. 8A).

The metric may be compared against the required SNR for each of the rates supported by
the system. The highest rate with a required SNR that is less than or equal to the metric is
selected for use for data transmission on the MIMO channel. The first rate selection scheme
is described in detail in commonly assigned U.S. Patent Application Serial No. 10/176,567,

entitled “Rate Control for Multi-Channel Communication Systems,” filed June 20, 2002.



wnrc,i replaces w. As shown in equations (6), (9),
and (12), the termui is dependent on the expected
woabas@2eifi7t he i nterference, E[si ]. To further permshkiokty29648

receiver 150b, the termui may be omtted after
switching fromthe MVBE detector to the MRC detector.

The iterative detection andng?coding schene provi des
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Passoc'ated, Wth a . . _ .
or a software implementation, the IR transmission techniques may be implemented with

modules (e.g., procedures, functions, and so on) that perform the functions described herein.
The software codes may be stored in a memory unit (e.g., memory units 142 and 182 in FIG.
1) and executed by a processor (e.g., controllers 140 and 180). The memory unit may be
implemented within the processor or external to the processor, in which case it can be

communicatively coupled to the processor via various means as is known in the art.



particul ar non-zero data rate, a particul ar coding

schenme or code rate, a particular nodul ati on schene,
wandsaparti cul ar m ni mum SNR required to achi eee/ushm4/029648

target level of performance (e.g., 1% PER) for an

AWGN channel . For each supported rate with a non-zero

data rate, the required SNR %s obt ai ned based on the

speci fic systemdesign (i. the particul ar code

rate, interleaving schene " modul at i on schenme, and so
Headingseare pycledrd heyein dan femrendeaandriaaéd inplogating cortgin sopins. These

hea&ﬁ%ﬂ#gbot Hk%d&? ﬂy 1ﬁaﬁqh§QARgg§¥terE ggep%é @eggng)é/d tﬁgféﬂxuﬁr?d’er and these

condepoimay l‘ﬁaﬁel‘@phcdbmt?hﬁi ofiet seatiosshpughedt thatmire amlﬁdaabn
required SNRs may be stored in a | ook-up table (e.
TherPEegipus fesrigtion A)f therdisclpgad, qrgbqpélgperété i B;pag}egdo enable ‘any person
skilREahNGE %o rn?ﬁﬁ 5 ds MR {)I%Eerﬁ aiﬁb font h@aﬁ@ﬁseﬁhodlﬁcatlons to these
supporte e system est rate wth a
emhodqnnrltEWHBNR reddity appatems $o thvae sbldleé quahe b, rivetheegentc principles
sel ected for .use for dat ransm ssi on, on the M .
defipil HFEIT v ebe ARRL{ed i ShercrBdiBRNS Y JeByBg drorpdde spist or
scopd"'ofj ﬁieaiﬂveﬁt[brpommﬁn Hheapsledn atheblish i£AbLE MietRA! t’oc@é lifBted to the
Serial No. 10/176,567, entitled "Rate Control for
embgdinpgntTsheiwe | hegimmbmi isatoi b agyaydedrghe Wiflese dscgpmeongstent with the
P UUS2004/ 029648 27 In a second
pnngg)?e% X\Q q?%’;r%'gls%g#sﬁ%)se %eéelr%at e for data transm ssion
on the M MO channel is selected based on the received
SNRs for the NI transmt antennas. The received SNR
WHAF IR SIAIMERS i t antenna is first deternined, and an
average received SNR, Yrx,avg, is then conputed for
the NT transmt antennas. An operating SNR rap, is
next conputed for the NT transmt antennas based on
the average received SNR, Yrx,avg a and an SNR of f set
or back-off factor, yos (e.g., Ynp = Yrx + r, where
the units are in dB). The SNR offset is used to
account for estimation error, variability in the M MO
channel, and other factors. The operating SNR, v,,p,
may be conpared against the required SNR for each of
the rates supported by the system The highest rate
wWth arequired SNRthat is less than or equal to the
operating SNR (i.e., Yreq ~ Yp) is selected for use
for data transm ssion on the M MO channel. The second
rate selection schene is described in detail in
comonly assigned U. S. Patent Application Serial No.
10/ 394,529 entitled "Transm ssi on Mdde Sel ection for
Data Transmi ssion in a Miulti- Channel Comrunication
System ™ filed March 20, 2003. The IR transm ssion
t echni ques descri bed herein may be i npl enented by
vari ous neans. For exanple, these techniques may be
i npl enented in hardware, software, or a conbination
t hereof. For a hardware inplenentation, the processing
units used at the transmtter for JR



transm ssion may be inplenmented within one or nore
application specific integrated circuits (ASICs),
wdi2gistoas113i gnal processors (DSPs), digital sigrai/us2004/029648
processi ng devices (DSPDs), programmable |ogic
devi ces (PLDs), field programmmabl e gate arrays
(FPGAs), processors, cont robéer s, mcro-controllers,
m croprocessors, other electronic units designed to
performthe functions described herein, or a
combi nation thereof. The grbA&¥S ng units used at the
receiver for receiving an IR transm ssion nay al so be
i mpl enented within one or nore ASICs, DSPs, DSPDs,
PLDs, FPG‘IBchC}Bi afepatorming dnéremkehtal seduddnso (IR). thymigsion in a
t nt.ation R transm.ssion
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Ings are 1 nclu erern erence an
symbol Hlenkabienganseiitteal. n secti ons. These headings are not
intended to limt the scope of the concepts descri bed
therein under, and these concepts may have

app! i calyh infvhddbrA8T 1, $60r 0B hémgughout the entire
speci fication. The previous des ription of the

di Qbﬂatml@ aesebestideate Soi slapr tensgEshiom osnaNBV@nyhapeels between the

w5 B8 0TSt G oA eE Bt e oo dse
packet is|pr&%s§eﬁdﬁib&dbrdﬁi’1@é1ﬁ@ﬂhtthé selédiapptsskilled in the art,
and the generic principles defined herein nay be

applied to other enbodi nents w thout departi ng from

t hg spi rfhé nfet odso%%![)a“?moj th!%? Ill{hv é(t.)ciegs%%n}cyurﬁe% ed to the

présent “Invention 1S not

en‘emdxdmhs dath @arkdd & aicﬁrd@tit:e Wﬁhh@obﬁg%@l@@ﬁ@ﬁﬁldatbﬁ by the selected
‘31{.{- scQpe consistent with the principles and,
rate i QRidin pcaded packel scl osed herein. WHAT 1S CLAI I\/ED | S:
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perforfing i ncfenmenta anc transm ssi on
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1nd1ca?e%nthg getzlecged e %oeo tain t ohe plura 1t}90f symbol blocks.

4. The method of claim 3, wherein the coding scheme is a Turbo code, and

wherein the first symbol block includes systematic bits for the data packet.

5. The method of claim 1, further comprising:
receiving a negative acknowledgment (NAK); and
transmitting a next symbol block among the remaining ones of the plurality of symbol

blocks in response to receiving the NAK.



processi ng a data packet to obtain a plurality of

synbol bl ocks for the data packet; transmtting a
woiomsto2synbol bl ock froma plurality of transnmPCT/US2004/029648

antennas at a transmtter to a plurality of receive

antennas at a receiver, wherein the first synbol bl ock

is one of the plurality of nbol bl ocks; and

transmtting renmai ni ng ones the plurality of synbol

bl ocks, one synbol block at a tine, until the data

pafket T§e rEehodr e claimr dct7ieraiy theeMIMKR| sysiemp utilipes orthogonal
freq ng& r@gvtl hﬂgﬁﬁg? 18%(9%8%}? %%cglrvﬂg%rﬁrlp%cg o?] rﬂ%n@g%ahlhﬁ?fn g%%lbol blocks
is trmhﬁﬁcﬁiﬂom atpdurhlity of atisbantdaobiie phirality @i t@nMnNéﬁleﬁm nifet all.
between the plurality of transmt antennas and the
plurality of receive antennas, and wherein the data
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the Athle@staw! wt@lphéketpﬁrecteﬁﬁﬁuﬁwaﬁ@ﬁhﬁh&us@nﬁoﬂoﬁuIIﬁhﬂangj of transmit
the plurality of coded subpackets in accordance with

antepiag (¢ e Mwralrdreceiyanlitemedd by the selected rate to
obtain the plurality of synbol blocks. 4. The net hod
of claim3, wherein the coding schene is a Turbo code,

ang. whdhei metho@ 6f cifimsyvterdihothk MIM@d8Stem utilizes orthogonal
systematic bits for the data packet. 5. The nethod of

freql&ngv ﬁlmswlﬁ mrtRlexing MRFPMnand whersh qach §f therat depst (e symbol blocks
for tgli; aer o %ESW is tl%ﬂgmftfearlﬁ%goihglgf QerBsd 'S FSflltril}‘tg]P)‘?lsubbands and

remal ni ng ones e plura

thepiymlbtylofttﬂnsmkantmnasesponse to receiving the NAK. WO
2005/ 025117 PCT/ US2004/ 029648 30 6. The nethod of
claim1, wherein the M MO systemutilizes orthogonal
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each of the plurality of symbol blocks is transmtted

freqiengpn Chylpiourlaultmexm §oBBNhd svhefein i @gatey rmbkqtg/ aggf each processed in
ans m
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transmit antennas.

10. A transmitter operative to perform incremental redundancy (IR) transmission
in a wireless multiple-input multiple-output (MIMO) communication system, comprising:
a transmit data processor operative to process a data packet to obtain a plurality of
symbol blocks for the data packet; and
a controller operative to
initiate transmission of a first symbol block from a plurality of transmit
antennas at the transmitter to a plurality of receive antennas at a receiver, wherein the

first symbol block is one of the plurality of symbol blocks, and



the at |least two data packets are transmtted
simul taneously fromthe plurality of transmt
wan@ms7to the plurality of recei ve ant ennasPC8UST08/029648
met hod of claim7, wherein the MEMO systemutilizes
ort hogonal frequency division multiplexing (OFDV,
and wherein each of the at Igﬁst two synbol bl ocks
fior the at |least two data packets is transmtted
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bl ocks, one plurality of synbol blocks for each data
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a plurality of synbol blocks for the data packet; and
a controller operative to initiate transm ssion of a
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2005/ 025117 PCT/ US2004/ 029648 31 initiate transm ssion

of remaining ones of the plurality of synbol bl ocks,

ong3. Sy BROkydalREKoatfrel toorforlinbrehidftafl Rind } fransmissi

recover ed cp(?rg}r ect(l) %y et h ré)ceilve][lre or 2 al nofﬁ&?ﬁ%m anstssion
in a yiralead muitipdd-inpy ol tiphd-owtkst MBMMO) esrsmiuticetion dyktent lvemprising:

transmiter of .clai,m 10, erejn the transmt,h data

or B b Fractisifs Plreraplset VG bl DR SiiaoREhiBe for the duta
packagcordance with a coding schene indicated by a

selected rate to obtain a coded packet, partition the

comeanyprs Keansmiitieg a fisstusyabiol Plosk fronela@lualiysafldeansmitzangennas at a
trans%g&l g ghﬂﬁit?lolfl rr@éewgy e}n?{nngg g? 9 réc%%%c\bﬁéréinl Hle first symbol block is

accordance wth a mnodul ation scherme
one of the plurality of symbol blocks; and

means for transmitting remaining ones of the plurality of symbol blocks, one symbol
block at a time, until the data packet is recovered correctly at the receiver or all of the plurality

of symbol blocks are transmitted.

14.  The apparatus of claim 13, wherein the means for processing includes

means for encoding the data packet in accordance with a coding scheme indicated by a
selected rate to obtain a coded packet,

means for partitioning the coded packet into a plurality of coded subpackets, and

means for modulating the plurality of coded subpackets in accordance with a

modulation scheme indicated by the selected rate to obtain the plurality of symbol blocks.



indicated by the selected rate to obtain the plurality

of synbol blocks. 12. The transmtter of claim 10,
wounodsiesiiconpri sing: a transmt spatial procesBOT/US2004/029648

operative to receive a synbol block to be transmtted

and provide synbols in the synbol block to the

plurality of transmt antenngs. 13. An apparat us

operative to performincre al redundancy (IR

transmission in a wreless nultiple-input

nultiple out put (M MD conmuni cation system
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14. The "apparatus "of claim 13, wherein the neans for

packpir ocessi ng i ncludes neans for encodi ng the data packet

ccardan ' C d a
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ded subpackets, and neans for nodul ating the

data Qymb‘élhl?%kséfthé@é‘&ﬂie@ BRYEERAR €7PR accordance with a

nodul ati on schene indicated by the selected rate to
obtain the plurality of symbol blocks. WO 2005/ 025117
3216CT/ B2 a2 chdm 15, fuﬁhﬁﬁd:dmpﬁsjnﬁg recei ving an

i ncrenpenta red ndanc R an SSi on
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det ect synbol s for a data packet, wherein the

det ected symbol block is an estimte of a data symbol
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dat a sgrrbol bl ock is one of a plurality of data synbol

forcipp ¢éKsdajedien: at ed for. the data packet; decoding all
det ect ed synbol bl ocks obtained for the data packet to
provi de a decoded packet;
18.  The method of claim 15, further comprising:

terminating the obtaining, decoding, and determining if the decoded packet is correct

or if the plurality of data symbol blocks for the data packet have been transmitted.

19.  The method of claim 15, further comprising:
sending an acknowledgment (ACK) for the data symbol block if the decoded packet is

correct or a negative acknowledgment (NAK) if the decoded packet is in error.

20.  The method of claim 15, further comprising:
obtaining channel estimates for a MIMO channel between the plurality of transmit

antennas and the plurality of receive antennas; and



determ ni ng whet her the decoded packet is correct or
in error; and repeating the obtaining, decoding, and
wdev@rnsning for another one of the plurality 8€T/USa08/029648
synbol bl ocks if the decoded packet is in error. 16.
The met hod of claim 15, further conprising: obtaining
a bl ock of received synbols E r the data synbol bl ock
and detecting the received gnbol bl ock to obtain the
detect ed synbol block. 17. The nmethod of claim 16,
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r|3| term nating the obtalnlng, decodi ng, and
ﬂfwh%@m?thoqw 13 Sthepsan fherselestinginclides o f
th ali c
a?e€¥1“%a% el o O R R § ioL R S3fBRR, for cach of the
phwﬂﬂyOfUBnMEmanwnmm;S|ng sendi ng an acknow edgnent

for the data ock ed
| < Pl SE P raBH T TS PG PHAL Do DR anas based
on S@ﬂ@@ﬂﬁﬁ’at@sa%kﬁfe pleralify FitFaB¥mit ABtenddieaet hod of claim
15, further comprising: obtaining channel estinates
f oletsTvnkIE Eearaie Ibatnsk medhe tanerage spedtial yeffitienayafnthe plurality of
and the plurality of receive antennas; and WO
tran g s T 2004/ 020648 535 sel ooyl ng, based on
the channel estimates, a rate for data transm ssion on
22 channel ., 21. The nethod of claim 20, wherein

sel éQEIF |T?Féhc?dn‘&fl Jaims20y Shetgimegelecting includes
s dedling 01 AR @Rctse MPhbaranRe Fak! PITRIRbufak! TR Each of the

for eac Ity of transm t antennas
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FoF PR B APRGE OTVR RGO SNRGHASIoS ol e pluraliy of wransmi
antefi@ls€r M ning the rate based on the average spectral
ef fici ency for the plurality of transmt ant ennasl
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23. A receiver operative to receive an incremental redundancy (IR) transmission in

a wireless multiple-input multiple-output (MIMO) communication system, comprising:

a receive data processor operative to

obtain a block of detected symbols for a data packet, wherein the detected
symbol block is an estimate of a data symbol block transmitted from a plurality of
transmit antennas at a transmitter and received by a plurality of receive antennas at a
receiver, and wherein the data symbol block is one of a plurality of data symbol blocks
generated for the data packet,

decode all detected symbol blocks obtained for the data packet to provide a
decoded packet, and

determine whether the decoded packet is correct or in error; and



plurality of transmt antennas, conputing an average
SNR based on SNR estimates for the plurality of
woOnRrensgnsitl7 ant ennas, determ ning a back-of f faetomnus2@ad29648
determning the rate based on the average SNR and the
back-of f factor. 23. A receiver operative to receive
an i ncrenental redundancy (I transm ssion in a
wireless multiple-input nultiple-output (M MO
communi cation system_ _conprising: .a receive data )
pr BCQBYBHeToRTAT eV th thsndegrech PRISE s &1 ciepebect the receive data
r‘ . .
procfLR] Rppd opRillfE R RATHE ofAREQ sty SERARF all detected symbol
blocks, and detetreidirfg whetberpheidaloted/pasket is cameatior irnert@nnas  at
a transmtter and received by a plurality of receive
antennas at a receiver, and wherein the data synbol
bl 9gk | $hoR&eRkr 8f Ahitt 8 ithihicofhptigingymbol bl ocks
generated for the data packet, decode all detected
sy asigtecior opreativbtahiath 4 block 9é repel dpwaibels fos thyr dati ggmbol block

ecoded packet termn ecoded
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PCT/ US2004/ 029648 34 a controller operative to, if the

decoded packet is in error, direct the receive data

pr 8eessdhe teeivepabelaigh Lifpiteg cAMPERNB]l ock of det ect ed
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conprising. a detector erativye tqg ohltain a, bl ock of
¢ oBdPiFeIF RIS 4 Fledhabiod e Fiefod gt aate for data
tran 986864 ob BR Ve Madngynbol bl ock to obtain the

detected synbol bl ock. 25. The receiver of claim23,
further conprising: a channel estimtor operative to

obtai n ghannel estimates for .a M M)ichannel en ... .

Cnetpl ufd gt (o dresnee dho Sakatal BEPREingy JA Ffprmission in <
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conpri si ng:
and whgrpein the c?ata symbol block is one of a plurality of data symbol blocks generated for

the data packet;

means for decoding all detected symbol blocks obtained for the data packet to obtain a
decoded packet;

means for determining whether the decoded packet is correct or in error; and

means for repeating the obtaining, decoding, and determining for another one of the

plurality of data symbol blocks if the decoded packet is in error.

27.  The apparatus of claim 26, further comprising:
means for obtaining a block of received symbols for the data symbol block; and

means for detecting the received symbol block to obtain the detected symbol block.



means for obtaining a block of detected synbols for a
data packet, wherein the detected synbol block is an
wegztismaske7of a data synbol bl ock transmitted fPOWUS2004/029648
plurality of transmt antennas at a transmtter and
received by a plurality of receive antennas at a
receiver, and wherein the ds%a synbol block is one of
a plurality of data synbol cks generated for the
daé packet; means for decoding all detected synbo
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wireless multiple-input nultiple-output (MM

c ofFRPHINEah sletestipdtsymbol biasks Somige detacracketnig @btiihatekodsk feedback
fofnSfghved synbols for a data packet, wherein the
lnOreclezlhved synbol block is for a data synbol bl ock
t r persornitin e dhd rdetectng | andaddcoyingf forr anguralityabf eRRRpNaAt wherein the

4 ag Hh &gr and received by a plurality of receive
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generated for the dat’a packet; detecting all received
syﬁmtatmg@cd@od@bmc\kedbdsed otrhe odgtua fpacthetdetodiof e Mlast iteration
amode@gcﬁuedl.t 3%5? bl ocks, one detected synbol bl ock for
LR Py CLHCU8BSI bl ock; decoding the det ect ed
synbol bl ocks for the data packet to obtain decoder
feedback information; performng the detecting and

dedddi nghe methed of gleitn 28y fusther casnprisirgns, wher ei n t he
f.romthe decodin for a
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plurality of data symbol blocks have not been transmitted.

30.  The method of claim 28, further comprising:

obtaining channel estimates for a MIMO channel between the plurality of transmit
antennas and the plurality of receive antennas; and

selecting, based on the channel estimates, a rate for data transmission on the MIMO

channel.

31.  The method of claim 28, wherein the detecting is based on a minimum mean
square error (MMSE) detector, a maximal ratio combining (MRC) detector, or a linear zero-

forcing (ZF) detector



29. The nethod of claim 28, further conprising:

determ ni ng whet her the decoded packet is correct or
wono@resiny and repeating the receiving, detectPagUsS2004/029648

decodi ng, perform ng, and generating for another one

of the plurality of data synbol blocks if the decoded

packet is in error and if all _of the plurality of

dat a synbol bl ocks have not B&en transmtted 30. The

met hod of claim 28, further conprising: obtaining .
charnel 1dsmngthecsel ¢laim 31y hareiarian NBYISEateiastan is heed for the detecting
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recel ve antennas sel ec

iteragionhs, ivetesssN isiomeadregreqier.dat a t ransmni ssi on on the M MO
channel. 31. The nethod of claim?28, wherein the
detecting is based on a m ni num nean square error
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t

he d}mmmciksu ng: a buffer operative to receive and store a
bl ock of received s¥nbol s for a data packet, wherein

t hé delselor QRRTadyminsletast alk kecpiyed symbpl bhecks seaetisid Toi the ata packet to
obtaldl 8RSdRd Ef’ﬂbélrtﬁ&l , Bhe! ﬁ@ﬂe%;%% s91fnbot Blﬁgﬂ? ?2%11 ea%ﬁtrgmsd sg;mbol block;

a transmtter and received by’a p ur receiv
and ant ennas at a recei ver, and wherein the data synbol

K | f data bl, ocks
e apsieBnRGr e ReRuid atedlea SRR for e mke to cbtan

decdder Redmek igbimdtReehyed synbol bl ocks received for the
data packet to obtain detected synmbol bl ocks, one

d e tvéiereiniths gatsetor phddécoder are aptrati et pceitrmyinftmtlolb hmfctﬂ'acodmg for a

d er at e.all. detect
o S S Bl SR BB GEL P HEp Bper o
curréri fiREMdhi i®Mse@BY the detector for a subsequent iteration, and wherein a decoded
packet is generated based on output from the decoder for a last iteration among the plurality of

iterations.

34. The receiver of claim 33, further comprising: (

a controller operative to, if the decoded packet is in error and if all of the plurality of
data symbol blocks have not been transmitted, direct the buffer to receive and store another
received symbol block for another one of the plurality of data symbol blocks, and to direct the
detector and decoder to perform detection and decoding on all received symbol blocks

received for the data packet to obtain the decoded packet.

35.  An apparatus for receiving an incremental redundancy (IR) transmission in a

wireless multiple-input multiple-output (MIMO) communication system, comprising:



wherein the detector and decoder are operative to

perform detecti on and decoding for a plurality of
wobRersaksians, wherein the decoder feedback i nfoPORUISEIN4/029648

fromthe decoder for a current iteration is used by

the detector for a subsequent iteration, and wherein a

decoded packet is generated,based on output fromthe

decoder for a last iteration”anong the plurality of

iteratiqns. 34 e, receiver of clajm33, further
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datatpackeey f or m det ecti on and decodi ng on all received
synbol bl ocks  received for the data packet to obtain
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1 f a cej.ver, .and wherein the data synbol
dete%{hg?épiggubgﬁ%ue8¥l%ra ?Iﬂrragfli ty of data synbol bl ocks

genruad fod gératinden debatiad E@*kkﬁ&a?sed‘&@ B8codeF ostphieEsih e decoding for
all received synbol bl ocks received for the data

a lashiteipiden agongihg phiralifyiod éeesdiossynbol bl ocks, one det ect ed

synmbol bl ock for each received synbol bl ock; neans for
“decoding all detected synmbol blocks for the data

padket The afyianits cfadadess, fingiesdbasfsritingor mat i on; means
ormng the detecting and decoding for a
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of claim 35, further conprising: )

37. A method of receiving a data transmission in a wireless multiple-input
multiple-output (MIMO) communication system, comprising:

detecting received symbols for a data packet to obtain detected symbols;

decoding the detected symbols to obtain decoder feedback information;

performing the detecting and decoding for a plurality of iterations, wherein the
decoder feedback information from the decoding for a current iteration is used by the
detecting for a subsequent iteration, wherein the detecting is performed based on 'a minimum
mean square error (MMSE) detector for first N iterations, where N is one or greater, and
based on a maximal ratio combining (MRC) detector or a linear zero-forcing (ZF) detector for

remaining ones of the plurality of iterations; and



means for determ ni ng whet her the decoded packet is
correct or in error; and neans for repeating the
woeewsinzsing, detecting, decoding, perform ng, aRdT/US2004/029648

generating for another one of the plurality of data

synbol bl ocks if the decoded packet is in error and

all of the plurality of datg%synbol bl ocks have not

been transmtted. 37. A neth of receiving a data-

transmi.ssion i wi.re|l ess mul tipl e-input

mu PO TR R 59Me ] RAYe) Oassst A R kRS dtasy Sheedrcoding for a last iteration
amo@@ fReIPlehRG: of dRERPDhENY received synbols for a data

packet to obtain detected synbols; decoding the

detected synbols to obtain decoder feedback

i nker mat- on: r f.or m t he detecting and decodi ng for
a %?‘ur afrlhggfeg?)%i ({fglaélirlir}’%ng’fﬂe &% FYahE O¥ecoder

feedback information fromthe decoding for a current
iteration is used by the detecting for a subsequent
iteration, wherein the detecting is perfornmed based on
a mninmum nean square error (MVSE) detector for first
N iterations, where Nis one or greater, and based on
a maxi mal ratio conbining (MRC) detector or a linear
zero-forcing (ZF) detector for remaining ones of the
plurality of iterations; and WO 2005/025117 38

PCT/ US2004/ 029648 generati ng a decoded packet based on
an output fromthe decoding for a last iteration

among the plurality of iterations. 38. The nethod of
claim37, wherein Nis equal to one.



