Met hod for equalizing a digital signal and equalizer

Field of the Invention The invention relates to a
woredoos7Oor equal i zing a digital signal and anpCT/1B2005/002430

equal i zer. Background of the Invention A M MO

(multiple input nultiple outplut) systemis a

comruni cation systemw th nultiple antennas at both

Mé tRod I 6B Nedrusl i£imd Oa t dEgi €£P 1 ¥Egsaleand fedualbivd £5
the nunber of transmit antennas and n denotes the
nunber of receive antennas, a M MO system achi eves a

Fp_%g@nglf cRRagh{ynhpch is almost N=min(n P ) tinmes of
respondi ng single antenna system
To achieve this capacity of a M MO system a spatia
nmul ti pl exi ng schene has been proposed according to, .
T PR PR oy et ST IR T FTUmLIA 11 e pjioital
s E@eh1 t s 2dSah t e @il B @ . Because of the
cross-interference anong the data streans, each

recei ve antenna recei ves a conbi nati on of the

Bl SO0t & eds a i wn !t 1s a challenging task for
he transmtted data streans,
especially when the signal dinension Nis very |arge.

A singl e-ant enna, comuni cati on systemusually suffers
AEDIO T HPRT C LTl P AT B R QYSPYE mrch SRR i 1 ¢

cARR@SSch L 6 f &y enae MM )muTOfp EXaDE Ehnd & S B the
carrier cyclic prefix (SCCP) based systens or WHT- OFDM
tyagsmht Hadderaeed the receive side. If nt denotes the number

of transmit antennas and nr denotes the number of receive

antennas, a MIMO system achieves a channel capacity which is

almost N=mih(nT, nRr) times of the capacity of a corresponding

single antenna system.

To achieve this capacity of a MIMO system, a spatial
multiplexing scheme has been proposed according to which one
independent data stream is transmitted by each transmit
antenna. Because of the cross-interference among the data
streams, each receive antenna receives a combination of the
transmitted data streams. It is a challenging task for the
receiver to separate the transmitted data streams, especially

when the signal dimension N is very. large. .

A single-antenna communication system usually suffers from
inter-symbol interference (ISI) and multiple access
interference (MAI). For example, in single carrier cyclic
prefix (SCCP) based systems or WHT-OFDM (Walsh Hadamard
transform orthogonal frequency division multiplexing)

systems, the transmitted symbols interfere with each other,
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transform orthogonal frequency division nmultiplexing)

systens, the transmtted synbols interfere wth each
wrdeenisgoel di ng severe 1SI. Both MAI and | Sl exCBIB2005/002430

code division nultiple access (CDMA) systens. In wred

transm ssion systens such as2in digital subscriber

lines (DSL) , nmultiple lines are bonded together, thus

yibesidgssthersevene bSkhdMart antihgskongidel ay tBdea@lvision
tel ephone line, cross-talk anong different lines is

muadkéPher 2REEEF |ﬁﬁ%ﬁﬁﬂéﬁﬁt8mﬁectlng the transm ssion
quality. For a M MO system the follow ng input-output
nodel can be used: x = Hs + n (1) where s denotes the

Int wamedi tredssiigsabnvegysaemsxsdehotesihhdipételvedbscriber

.Si gnhal ctor _and.n denotes the received noi se cto .
LiRedon Bt R e R A Rel SHaEr BRCaRaPAS: LodRLBeEne L hds Shes ides

thehasReker 8ponges tbr @Mkt henhr apsayt 15 d8chotkh8phone 1ine,
receive side. For clarity, it is assuned t hat Jg

cregss-fadkeamphgNds ffezgatHlises NSxaNOWREL] mawmelmwz@rment

af?%%%hngl¥$g %nggplggﬁgﬁeaP ?tvﬁde range of

omrunrcation’s he i nput - out put
relati on can be derived either in tinme domain,
frequency domai n, spatial domain or any conblnatlon of
FoghantIMGr sySERD 5H€e§ﬁél§yéﬁgn%RBPR|ﬁﬁtPHtfmﬁﬁe@aS?Hgbe
usé@uironnent, the channel matrix H represents the
- channel responses fromeach transnit antenna to each
recei ve antenna. For a SCCP system the channe

x = Hs + n - (1)
where s denotes the transmitted signal vector, x denotes the
received signal vector and n denotes the received noise
vector. H denotes the channel matrix and represents the
channel responses from the transmit side to the receive side.
For clarity, it is assumed that s, X and n are all Nx 1 and

H is a N x N matrix.

The MIMO model given above repreéents a wide range of
communication systems. In fact, the input—oﬁtput relation can
be derived‘either in time domain, frequency domain, spatial
domain or any combination of them. For a MIMO antenna system
working in flat fading environment, the channel matrix H
represents the channel responses from each transmit antenna
to each receive antenna. For a SCCP system, the channel
matrix H is a circular matrix, the elements of which come
from the time domain channel responses from the transmit

antenna to the receive antenna.



10

15

20

25

30

matrix His a circular matrix, the elenents of which
cone fromthe tinme domain channel responses fromthe

WO e@e®mE702 ant enna to the receive antenna. | n t heCEHB2OES/002430
nodel, the transmtted signal vector s may consi st of
only user's information-beari3ng synbols, which are
usually with the sane nodul ati on. For nultiuser case,

I Red el R 1Sy hel & rmpmise edi ifighent vRdwrals ey
nmet hods. For a generlc M MO system three types of

canftierf @feidy msstt 'Ie lodidmadriodbegiriings sygdppl s, which are
ébd?} arnf ‘%fletﬁkceth(eMé'a)me n{ at HRROlpd NN §h,eR6e Ll ) the
fron1one user i ch cones fromthe otHhe
tn&nsmltdedusymhaﬁsﬂmaaemsea@dﬁmmﬁenmemmd®4aahwmeM@th@we.
been proposed to recover transmtted signals. Linear
detectors, such as ZF (zero forcing) detectors and

rdYMBE g(éﬂemlralrnwrgy%qw ed Oy pdat gt an% «3Fd red®R s must
nonl i'near detectors, such as generalized deci sion

bef mm@er@qifalm@érlss(t@ﬁm iayte rdiemgingef JMSI), inter-symbol
tati bu hiev e or, r f
J.ntrgil feef'}reez)})maet %ma{ tbo %I fﬁ:oﬁ %o% dtu?s%lt_r anreie gﬁna%g%% hes
fﬂmunﬂme \Arave rt hﬁeﬁ:lsgnal di mension is very small, a
nonl i near exhaustive search can be applied to achieve
M. detection, where the nunber of candidates to be
%é&htedﬁl'\ﬂ\iersm@{cﬁ 1S ke eeRsheldeatd Rve 2R e proposed
t he nodul ated synbol s. For | arge signal dinension,
tdmwemrer tthra rexgdren |sanr@d|$pl éwnteyarofdett@@tm_rscjetse@thoras ZF

nakes tical for tati.on. Recent]
e T T B WS o AN, QBaT Ay e abiared

eﬂﬂbMMNﬁHﬁ@dﬂqrs and some nonllnear detectors, such as
generalized decision feedback equalizers (GDFE) are simple
for implementation, but achieve a detector performance far
away from the maximum likelihood (ML) performance bound. When
the signal dimension is very small, a nonlinear exhaustive

search can be applied to achieve ML detection, where the

number of candidates to be sought is MN, where M is the
constellation size of the modulated symbols. For large signal
dimension, however, the exponential complexity of the ML

detector makes it impractical for implementation.

Recently, much effort has been devoted in designing low-
complexity non-linear receivers to achieve near-ML
performance for MIMO systems. When the signal dimension is
small and moderate, near ML detection can be achieved through
closest lattice point search (CPS) techniques, such as sphere
decoding, which have lower complexity than the brute force ML
detector. The time and space complexity for CPS techniques

grows dramatically with the increase of the signal dimension.
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non-Ilinear receivers to achi eve near-M perfornmance

for M MO systens. Wen the signal dinension is snal
wapentsder at e, near M. detection can be achi evedr/iB2005/002430

through closest lattice point search (CPS) techniques,

such as sphere decodi ng, whi éh have | ower conplexity

than the brute force M. detector. The tinme and space

TheeBBbes, t ¥ tf ecERSst eppraguesayr ewsudeagrsi wakhythet Bignal
the increase of the signal dinension.Therefore, it
dipessies PREFatli éaFdeo §3¥ ePSTwhEA-the signa
di nensi on goes to |large, say over 100. A .
bl ock-iterative decision feedback equalizer (BI-DFE)
A mBbkadihesabésrn peopesed ferdbStkMatueadmnecelk| dBI6AFEN method

t i 1 | SI | Lzat | .
e R LB S e AR/ MRE P 2B IRR S bR, bgBcems in
(13 ghal rdirmersi eRanfbiscFBbNodakttehathveligest UBBEESystems

~the overall transm tted synbols and uses these

ingdeilsi ensymiact es $phborLset 61gpeai ALRSAEWCBet THES method

: ti : celi u L f .

HeREAEIvely, BT B, SR P 2 R e F R SEBPES ame

uskGi stekat derisegnendiandtelesymbhelsunbepbobinndeperdsat of
%ﬁlﬁy paths is sufficiently |arge, BlL-DFE_can achieye

SYIRE In&tLABE TP ¥rCBBGﬁ31PﬁFBPthPﬁiﬁnFﬁféngBCF?veAs an

itelr@katikonrachBigREE Was habar sfxt eedgdatorbr gEYSACYatio)
domai n equalization for S systens in [3] , and to
relgapar etlds phea- theenpmbess oifngntispendentplelant eaRAs 1is

. . ’ ¢ : 2t ; | di e
SRR B9Lopl Lo/ LOLSE,3 908 L IERA 908 vor
bokad MMIFBI) pwe tanhenhaeSCEB Systetdsertheons.

BI-DFE was later extended to frequency domain equalization
for SCCP systems in [3], and to layered space-time processing
for multiple antenna SCCP systems [4], both with finite
signal dimensions. For SCCP systems, the channel is a
circular matrix. For multiple antenna SCCP systems, the
interferences from the other users are cancelled out, ‘thus
the newly generated signal is actually a single user SCCP
sYstem, to which a BI-DFE is applied. Theiefore, both
extensions make use of the channel’s known structure -
circular matrix, which is not available in generic MIMO

channels.

An object of the invention is to provide an improved method
for equalizing a digital signal compared to prior art

methods.
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interferences fromthe other users are cancelled out,

thus the newy generated signal is actually a single
WQs®s/0BZP system to which a Bl-DFE i s appl i eRCT/IB2005/002430

Therefore, both extensions nmake use of the channel's

known structure - circular n&trix, which is not

avai l able in generic M MO channels. An object of the
Tmen@@ﬁﬁwaniﬁsap@ipwewi@g an merrpody édrmegad ikdng a digital

[ 2 di gi,t.al _signal .conpared to prior art
Slﬁé%ﬁo {dr gﬁu Y zeg ggﬁ%e&éﬁng guﬁgﬁhgchgplng to the
1nd@p@hﬁémmgcaadn@Ltal signal and an equalizer with the

features according to the independent clainms. Sunmary

of the invention A nmethod for equalizing a digital

| received via.at- | east one comuni cati on channe
Su%hg@ Cahe ShYEntio he signal values of the received
di gi tal signal are grouped into at | east one bl ock of
A metbidedosi gnaklialingsaandgthelasibrast reaeibkackiaf at

d I I ' cessed by an iterative
LR E P Sa o R G L4 PmPanhEd: S6) BREVIdCHr otReapin the

siggHal vaedesi ghaknwakuesifen HBSlPEQCglﬁﬂéﬁeQQQngkggPEQ into

the current iteration is generated and
ati tepati ens Pheckl ofkreredyadl piedasi gadhesakudsthe at least

R 2 R e R g P SN R ey
1térasuvﬂaEquxllEHtthEh twd bwomorendterhtebaki 08SHIHEk of
equalhgg s983a9| Eues %gge%xgdbfggﬂaéorrespondlng to the
current iteration is generated and in two or more iterations
the block of equalized signal values corresponding to a
previous iteration is processed by a feedback unit which
performs a multiplication by a first matrix. Further, in two
or more iterations the at least one block of received signal
values is processed by a feed-forward unit which performs a
multiplication by a second matrix. In two or more iterations,
the first matrix is updated and in two or more iterations,
the second matrix is updated. Further, in two or more
iterations, the block of equalized signal values
corresponding to the current iteration is determined based on

the combination of the output of the feed-forward unit and

the output of the feedback unit for the current iteration.

Further, an equalizer according to the method for equalizing

a digital signal described above is provided.

Short description of the figures

Figure 1 shows a communication system according to an

embodiment of the invention.
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val ues is processed by a feed-forward unit which
perforns a nultiplication by a second matrix. In two
wWo@roonIsZol t erations, the first matrix i s updatedr/B03/002430
two or nore iterations, the second matrix is updated.
Further, in two or nore iter&tions, the bl ock of
equal i zed signal val ues corresponding to the current
iteration is determ ned based on the conbination of
the output of the feed-forward unit and the output of
Figve ef e dbeele @i eIGr 1zee @@coafiinigt &catnoRmbpgifigalt, of the
an equal.i ording to the nethod for equalizing a
digitallgﬁgﬁgﬁgggscribed above is provided. Short
description of the figures Figure 1 shows a

.comunj cati on system.accordi ng tQ an_ _enbodi nent,  .of the
FiGRFent] GhOKFQETE SHUCHAGE a CEQFAR D0 £ OaeCo PAPAG LG n OF the

enbodi mgRfy Rt ildde i nvention. Figure 3 shows an

equal i zer according to an enbodi nent of the invention.

Figure 4 shows an equalizer according to an enbodi nment

Fégkég“%igﬂgwgiéyme Jaqg5%15a§E%W%i%gc%%n%%!%%5%%Hment of the
stem according to an embodiment of the invention.

Fi gure Grskeomsioan equal i zer according to an enbodi nent

of the invention. Figure 7 shows an equali zer

according to an enbodi nent of the invention.
Figure 5 shows a communication system according to an

embodiment of the invention.

Figure 6 shows an equalizer according to an embodiment of the

invention.

Figure 7 shows an equalizer according to an embodiment of the

invention.

Figure 8 shows an equalizer according to an embodiment of the

invention.

Figure 9 shows an equalizer according to an embodiment of the

invention.

Figure 10 shows a diagram according to an embodiment of the

invention.

Detailed description

Illustratively, a block-iterative generalized decision
feedback equalizer (BI-GDFE) is provided, wherein the

feedback matrix and the feed-forward matrix are updated in
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Figure 8 shows an equalizer according to an enbodi nent
of the invention. Figure 9 shows an equali zer

waemendizog to an enbodi nent of the invention. PCTIB2005102430
shows a di agram accordi ng to an enbodi nent of the
invention. Detailed descriptifon Illustratively, a
bl ock-iterative generalized decision feedback

t R Uil d iz i UeBlprddee)s .| srHY @gudad.zemezel bet hedfaedkptiaving
matri x and the feed-forward matrix are updated inthe

law giomahaxignocadice The dqesdasds wdt ped &g fegd-forward
ur{kacv' w4 el %é“.%%ﬁt- er?g %%gitt%%k s afl?l e
be i npl enmente i lter

eed-forward ‘unit can as one-tap
emmidisnentn drire ehediivent cdadfe iegeaitisz e ec pefedf-Hoailentlated,
are pre-cal cul ated, .such that. the conplexity is
SUHUTET 119 RSP S ide JSnoHiiRan F A Equain P8E | s
erfIRTEGOT 2 tHAN G R A Ve e 1201 iefguliRe: MaYe
channel matrix (nodelling the channel transm ssion
degemragidriiat iafs)the THIMO afpodictematddr dmegiedd ing the
[Z | conpl exi.ty,. Si. oy O i | ar
A Feell s R R o e R can
alido hee areesl ipessidilth tlowachimle xgitggbistilneselonly one singular
transm ssi ons using | arge antenna systens for wreless
Va5 i REATHRRS W Ys iy Jirg’rctjé’%nber of Lines for wired

transm ssions, such as in DSL applications. The
invention is for exanple applicable to comuni cation
Wigysttdres igorgpitiiam, it becomes possible to achieve gigabit-

level transmissions using large antenna systems for wireless
applications or using large number of lines for wired
transmissions, such as in DSL applications. The invention is
for example applicable to communication systems compliant
with IEEE 802.11n, i.e. for wifeless local area networks, but
may also be applicable to large area communication systems
such as mobile telephone communication systems. The invention
is e.g. applicable to communication systems compliant with
WIMAX (Worldwide Interoperability for Microwave Access) or

B3G (beyond 3G) standards.

Near ML detection.can be achieved for MIMO systems with large

signal dimension.

Embodiments of the invention emerge from the dependent
claims. The embodiments which are described in the context of
the method for equalizing a digital signal are analogously

valid for the equalizer.

The first matrix can be updated based on the result of at

least one previous iteration. Similarly, the second matrix



.10

15

20

25

30

with IEEE 802. Hn, i.e. for wireless |ocal area
networ ks, but may al so be applicable to |arge area
W@ o0mIs7¢at | on systens such as nobil e tel ephoneCT/IB2005/002430
conmuni cati on systens. The invention is e.qg.
applicable to conmuni cati on $ystens conpliant with
W MAX (Worl dwi de Interoperability for M crowave

chAE RS VoAt BBB ey Yl tHa rHAndards.atNadfas¥l one previous

~detection .can be achieved for M MO systens with [arge

lirtalon mensi on. Enbodi nents of the invention energe
fromthe dependent clains. The enbodi nents which are
described in the context of the nethod for equalizing

A Pl tof] slupnldl zegth &8 i logiausiap Vln ¢ Heob ltaek

qﬂH | zer.. The fj.rst. ri:x c b ;
°q eagrdeoéjuchn%% Oat‘e ee&s%‘ga[gar#el)%r?r ZL\r/‘L’l %ﬁosruipetq{gaﬁn}tqleo%.se%%r%r%ed n
edshmitwrdatidrhe second matri xcan be updat ed based on

the result of at |east one previous iteration. A block

of equalized signal values for the block corresponding

THO e d Lhefdti o dd Y LR en8ner §l8d U RAH updated in
iteration. The first matrix and the second matrix may

twie dwtpngpddteshtiiortsvo or nore iterations. The first
matri x can be updated in each iteration. Simlarly,
the second matrix can be updated in each iteration. In

THHN€f a0 td®itx ddie Hd ngddataid idh aydtH he eyeadrth .Matimixarly,

are updated based on the correl ati on between the bl ock
thg second matrix can be updated in each iteration.

In one embodiment, the first matrix and the second matrix are
updated baséd on the correlation between the block of

equalized signal values corresponding to a previous iteration
and the block of received signal values. The update may also

be performed based on a pre-estimation of the correlation.

The correlation between the block of equalized signal values
corresponding to a previous iteration and the block of
received signal values can be determined based on the

equalized SINR of the previous iteration.

The correlation between the block of equalized signal values
corresponding to a previous iteration and the block of
received signal values is in one embodiment determined based

on pre-determined correlation values.

The pre-determined correlation values may be generated by

means of simulations.
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equal i zed signal val ues corresponding to a previous

iteration and the bl ock of received signal values. The
waopaabes7ory al so be perfornmed based on a pre- eBCT/I20030002430

of the correlation. The correlati on between the bl ock

of equalized signal values cé&responding to a previous

iteration and the bl ock of received signal val ues can
THe stRIgIdrimed iBased I hanpgeahipeed 3l MR sefd e a

previous iteration. The correlation between the bl ock

Mg M iofe & gveals iEmIAte S X GMTESHGTANGG PEh NeER sasio
(Sfltl\ﬁ{)a.t' dréé“?naﬁ!ﬂ‘%!‘ iQf £ %C%'x‘égﬁol%' %1?)"1‘! v W8S eS on a

I n one e nent tern1ne base tern1ned
mﬂnﬂmﬂﬂaﬁuanuﬂhhuEs;ﬂﬁaxﬁam&nmﬁern1ned correl ation

val ues may be generated by nmeans of simnulations. The

second matrix is for exanple updated based on a

ITeH M esd Biedft ,t R eS ivarali viedl iditgifaar enemaand snel S8 qgital
rati o (SINR) The first matrix i s for exanpl e updat ed
s iisEdd wealwdmvmas@t MM fs nsen moardisdm@e @ Pluggd ity of

| &M e arn%ceé Vcﬁh?;ld o%'ltv%' S 'c%rafe%'p%'ntd%' to
S|gn recerved v system conpri si ng

exqddtrlal idne @j‘ompemante ce ttéren & carkd oefa&i'edeac@d/e@mﬁaenwalues.
corresponds to exactly one conponent of the bl ock of
recei ved signal values. In one enbodinent, in two or

InTare idmyeatineng,, tﬂﬁaﬂwdxdr(ﬁbﬁéﬂﬂﬂaﬂairﬂn@nahhwahueak of
is processed by a first beanform ng unit_ whic

QTS LTI iy S5 B (b fugamforming

unergfieH E}%ﬁ'c{%@r{% f rRAYald1Ze% tSieNdy altWeSd matrix und
corresponding to

wherein the block of equalized signal values corresponding to

a previous iteration is processed by a second beamforming

unit which performs a multiplication by a fourth matrix.

The third matrix and the fourth matrix for example correspond
to a singular value decomposition of the channel matrix
specifying the transmission characteristics of the

communication channel.

The singular value decomposition of the channel matrix can be
performed based on a decomposition of the channel matrix
according to the subcarriers used in the communication

channel.

The first matrix and the second matrix are in one embodiment
generated according to the channel matrix specifying the

transmission characteristics of the communication channel.

The communication.channel is for example adapted according to
MC-DS-CDMA, MC-CDMA, CP-CDMA or CP-DS-CDMA.
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a previous iteration is processed by a second

beanform ng unit which perforns a nultiplication by a
wo eoosdiB70Rt ri X. The third matrix and the fourtPCTER2005¢002430

for exanple correspond to a singular val ue

deconposition of the channel 1®atri x specifying the

transm ssion characteristics of the conmunicati on

channel . The singul ar val ue deconposition of the

channel matrix can be perfornmed based on a
Ihﬂuannamﬂwe(amhmaﬂmamtehaﬁhemewamwbmtaomoedbngxpdaﬁhed below

ijq__q]bci%rfrer%rn%eu%%d tl sy td}%wci ni cati on channel . The

matrix and e second natrix are in one

enbodi nment generated according to the channel matrix
Figpacishyiwsg at lenimai satdonon yeitanma doer iasicdoesiiol tthe an

communi cati on_channel . The comruni cati on channel is
emqdigiestp o dgpt ey SACdS i ng t o MC- DS- CDVA,  MC- CDVA,

CP-CDVA or CP-DS-CDMVA. Il lustrative enbodinments o f the

invention are explained belowwith reference to the
Thar angimngsn i cRitg.on §D@W@Ha1@@nﬁﬂﬂtﬂéﬁﬁ@nasygEQWﬂmmmer 101 and
a a%cor.q,i n 0% ar,l,h od| nent tof H'E) i Ot| Qn, "

dohiSEatioon syst ShTOF ¢S itses 3 CPARS tatcecrorfdfg ©a
MIMud STOre C@imeri pll@2.i nphe: ﬁrfudlti@ilfet etk lsanfgqremrrler

accordin to a MMOSCCP (multiple input nmultip ‘
CKﬁkHﬁnP%ﬁ eaééﬁﬁﬁﬁcﬁﬁﬁﬂrlGhﬁﬁeﬂﬁﬁﬁsa@cﬁﬁﬁébﬁdﬁéem with

2 P Syshemiwit h MM g 8nRag 1 I Forélstem 100

mléalcity, 't he conmini cati'on system 100 is a
issystZerh MIMEr isyistent wonprassmia tat émaasnli@3 antennas 103

wherein each transmit antenna 103 is used to transmit one
data stream 104. The two deta streams 104 in form of
modulated symbols are each passed to a serial-to-parallel
(S/P) converter 105. The S/P converters 105 generate blocks
of data from the respective data streams 104. Let a block of
data generated by the upper S/P converter 105 in Fig.l be
denoted by s3(n) and let a block of data generated by the

lower S/P converter 105 in Fig.l be denoted by s»(n)

(assuming than sl(n) and s2(n) correspond to data that should

be transmitted at the same time). sj(n) and sp(n) are vectors

of size N x 1 and are also referred to as the transmitted

signal vectors in the following.

To each block of data si7(n) and s»(n) there is added a cyclic

prefix of length L by a respective cyclic prefix adding unit
106. Finally, the blocks of data are each passed to a
respective parallel-to-serial (P/S) converter (not shown in
Fig.l) which generates a serial symbol stream from each
block. Each serial symbol stream is then sent by a respective

transmit antenna 103.
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wherein each transmt antenna 103 is used to transmt

one data stream 104. The two data streans 104 in form
wobkoommdrhat ed synbols are each passed to a PCT/IB2005/002430

serial-to-parallel (S/P) converter 105. The S/ P

converters 105 generate bl ockd of data fromthe

respective data streans 104. Let a bl ock of data

generated by the upper S/ P converter 105 in Fig.l be

denot ed _by %% én) and let a bl ock of data generated b%
Th@héqréﬁérss dofvérears 865 TRCEiyed by dbRotégepyes 102
vilr deRR3WNAT Aehan vol JhRknand gﬁa(nkaeﬂrE%%ggﬂgdtgerial
data that should be transmtted at the sanme tine) . s
syfuipp larsd r&€2m( i s) faretveeissesl ¢ si zesNextlivens/& eocavsgter

referred t.o t ransm tted signal ,vectors.in the
(o B Praiahdn BPade srons: & S1on) ShosutpRls’ Tfom each
reddRgred $ecaddad sgmeyal is rieaef.i xhef chenghpkelfYxais removed
respective cyclic prefix adding unit 106. Finally, the
£ nomo @RS ho o L@4tka C4r 8 YEREH SpRYs éd Te§PgClréyecticddc prefix

rall el -to ri.aly GP/ C Lter i ;
reffA B TS ad R eSbeCRUEILE, ARSI R i
apgddledltocleacBath osér iodl syyiodls $iyr eameispethérnes@BT bnyt 109

a.r ctive transmt, antenna . 103.. The serial synbol ,
SuGh ERRE 4 6 FEdArTed BTy 1 HE CFEEeiFofTg3aypd Corresponding

to QSRECirk® shetRk¥e salhanNaectes. Eaghthecekvwedvedr kadhnal
synbol streamis first passed to a respective S/P

VeEH e COEE SERENISREWE O FhE §riansmd t§edesdonad FeeErRrosh (n)
synbol s from each received seria s&gbol_strean1 The

I
bec oL s &Y £1i(8) r eREV Gt KoM E5CRIBFECR1GNPIsYREGPS b
cd&r%s%%%%%%%l¥% %%%lkga%%%ﬁk¥ed signal vector sp(n) be

denoted by x2(n).

The received signal vectors xj(n) and xp(n) are each fed to
an equalizer 110. From X7 (n) the equalizer 110 generates a
detected (equalized) signal vector 5(n) and from x5 (n) the
equalizer 110 generates a detected (equalized) signal vector

Sp(n) .

In the following, the function of the equalizer 110 is

described according to various embodiments of the invention.

Fig.2 shows an equalizer 200 according to an embodiment of

the invention. -

The equalizer 200 is an iterative equalizer. In the
following, 1 is used as the iteration index. The input of the
equalizer 200 is a received signal vector, as explained with

reference to Fig.l, denoted by Xx.
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renoval unit 108 and a fast Fourier transform (FFT) is

applied to each block o f synbols b y a respective FFT
wa@niob/0ig082 such that a received signal vector iBCT/IB2005/002430

generated corresponding to each transmtted signa

vector. Let the received sigddl vector corresponding

to the transmtted signal vector (n ) b e denoted b y

X (n) nd let the received signal vector corresponding

t si_gnal Gt not ed

AG(%h%hQij{QR%ﬁ%E g%él&% recnaIVed gigpgqufﬁfogn& %SZPassed
tq:@ ﬁaadﬂﬁmﬁwa&@dehmaaﬁz@quaWEEsr2D10whEbﬂﬁpérEo&ﬁk the

equal i zer 110 generates a detected (equalized) signa
mMediodri cajt iom) ofnet bryomhe Rath) <t e edp@lBEF, 140 the 1th

generates a detected (equalized) “signal vect or 2(n) .
iteratthenf,olthewhagd tkeikubet ifeBmo thet bec@quakizer 1140

IS escrlb%d according t o.various enbodinents o f fhe
1tef&iPnon thesgmeanshs §ﬁg€a&aWﬁ§éPrzd©t§§§©ddangording to

hah jerbedi; \% [ Th ua r 200 ’
than 1enkedi rent +Qoh EE Dvent i« &q % %%ﬁd % q%&&}%ier

an iterative equali Inthe oW n

FBEDheOQtQhathOpekEGQMs Ehemumeublgcétaaﬁ S@Uéh 780 29P0+the
is a received signal vector, a s expl ai ned

maftgsigr BnceThe Phgpht dénbhedfbe¢ formurtiheqhbbizer 201 and
iteration, the received signal vector x is passed to a

theegHIPYEwALdtBquAPPdBACkFEAya202eWh2BR peef oombined (added)

t a b h Further, at the
o e SR P R ha? A oo B bkt tﬁ%CE%vF bs,
1-1th,

The vector zj is fed to a slicer 204 which generates the hard

decision for the lth iteration §1(n).

Mathematically, the input to the slicer 204 at the lth

iteration is given by

— wH 2
z) = HWyx+ D181+ (2)
Since X = Hs + n, let
a) = diagwim (3)

be the diagonal matrix comprising the diagonal elements of

the matrix WfH. Then,

_ H -
z) = @18+ (WyH - ay)s +Dy8;_q + ﬂ?ﬂ . (4)
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iteration, this neans the signal vector detected
according to the 1-Ith iteration sj - (n) is fed to a

wo emdbssoz equal i zer (FBE) 202 whi ch perforns aPCT/1B2005/002430
multiplication of S]__ ] _(n) by the matrix D1 . The
out put of the feed-forward edaalizer 201 and the
out put of the feedback equalizer 202 are conbi ned

ed) an adder (corrb ner) 2;03 to 98 per at
Le&eg ﬁﬁyﬁ Vi o2 sPigy-dot a klﬂi’c tﬁl%fhe

cova e EES % ﬁ&?rd dec Skonlf% fe e 1 noise is
§r1§‘f‘| Gn"STECR) °F MACh&MEPIEAIFy M ERé rﬂS&F t8 t'Re
glsjlelnce;r 204 at the Ith iteration is given by Z1 = Wx +

D1 S1-1 (2) Since x _ =Hs_ + n_ , Iet(11=d|ag(W‘H)
(3) be the diagonal matrix conpri si ng the di agonal
elg~ nts of the matrix W[1H . Then, =1 ISQPH
Gldny BaME[(Cps WD, A1 ) het )Wlﬁ =+ Q;ngnqz_I h I IS +

Dl 1,1 + n, covari anc trix, of the
wrﬁ]@glﬂmﬁeﬁfﬁneméﬁem L%Eiﬁll—aé%l gg glﬁgﬂl%y@Ef ﬁﬁ-@l W

+ D1 wn) (C1S+ D1 Sl 1+ )
a gi(lF'WE% *195_1 1@i|+|9-1 (pq Py CuCt 915)/%]"(9%‘.’21"‘71
1C1 + D1)11 + W\/\a
where pj_71 is the correlation between the decisions made at

the (1-1)th iteration with the input, also called input-

decision correlation. To minimize the interference effect, Wj

is chosen in the 1lth iteration according to

= - _ - _ wH
Py & +D1) =0=D) =-p_,C=py_j0 —HH (6)
Intuitively, for a given FFE, the FBE is chosen to minimize

the interference effect.

The FFE (given by Wj) is in the 1lth iteration chosen such
that the SINR is maximized according to
-1

oZH (7)

Wy = (o201 - p?2_ mmf + o217 o2

n

Altogether, the algorithm for weight generation, i.e. for

determining W; and Dj is given by the following

(1) Set 1=0 and pg for initialization

. (2) In the lth iteration, use pj_7 for calculating W; and Dj

according to (7) and (6)
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where Pi- 1 is the correlation between the decisions
made at the (1-1) th iteration with the input, also
waealobets7onput deci si on correl ati on. To m ni m zePdTEB2005/002430
interference effect, WL is chosen in the Ith iteration
according to (P 1-1 C+ Dl )14 0 > D1 = -P1-1 C = P1-1
(&1 - wwH (6) Intuitively, for a given FFE, the FBE
is chosen to mnimze the interference effect. The FFE
Sgiven by WL ) is in the Ith iteration chosen such
(3P hEe rEREMSPRRCES SHRTI RSz E@Sa&dbrdi kg ﬂénﬂFﬁégeﬁmeﬁnd
t he al go hm f or i ght neratlon
CoRRT PR KRG W oaRE TS D LeE SR 0Bn Gyt he SPofPohd - ( 1)
Set 1=0 and p for initialization (2) In the Ith
iteration, use pi_i for calculating W and D1
Ina@@@r@ﬂﬁ@dﬂ@ePF) &he €€F(QPdPgﬁﬁoFﬁ?§¢é§é§§Fﬁgaa§ the

co%?%& %Q%ﬂ %8e$%”%5%h%5513)§”d &Nt b ”“ggod%ﬁeh?ezgﬁéhe—

"I Alénel
caE%El%@@dFﬁﬁeﬂo%E%'Eh%?h%la?gghgﬁsggrrﬁl@t'oﬂ have been

coefficients, i.e
espiaedkeculfared -when t he . channel responses ,i.e., H,
have been estimated first. Fig. 3 shows an equali zer
300 according to an enbodi ment of the invention. A s
Figl.Beshalisvant eqube iegualBioneac2olddagcbbad ahbvaimehh of
reference to Fig. 2, the equalizer 300 is chosen for
thend nggnaiPPer 110 in the receiver 102 in one
enbodi nent of the

As alternative to the equalizer 200 described above with
reference to Fig.2, the equalizer 300 is chosen for the
equalizer 110 in the receiver 102 in one embodiment of the

invention.

The equalizer 300 is also an iterative equalizer. As above, 1
is used as the iteration index. The input of the equalizer
200 is a received signal vector, as explained'with reference

to Fig.1l, denoted by x.

The equalizer 300 is based on a singular value decomposition

of the matrix H according to

H = yzvh (8)

Using this, Wj according to equation (7) can be written as

where
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i nvention. The equalizer 300 is also an iterative
equal izer. A s above, 1 is used as the iteration

wo men1870he i nput of the equalizer 200 is a repeEl/iB2005/002430
signal vector, as explained with reference to Fig.l,
denoted by x . The equalizer 1800 is based on a
si ngul ar val ue deconposition of the matrix H according
to H= UV H (8) Using this, WL according to equation

(7) can be witten as whereFl = 2[ g2(l - pl_ ) + s2i
JF.1 =(J€{¥[)02(§ a ¥ agppll +ngd mi]xl;Si mlarly, D1 (10)
accordihg Yo (6} dan b e Witten as DL = P1-1 (&1 - ‘
W) =P1-1 (11 - WH) +P11(C1- (X11) (H 1
‘Hwhere & 1 = - Trace(WH) . Substituting (8) and (9)

isi gt digyonayi eedsiB- = P1-1 (& 11 - VF VH) + P1-1
(¢ 1-a211) =PL-2Y(OLIl - F)WVH+ P1-1 (C1 - 1
Il ) :i2: where B1 =Pi -1 (O 11 - F1) and 1 =p

Simila@®y,1Dy Gckdrbihgand kehhcanebdi aganaknmakrices.
Accordingly, the slicer input Z1 can b e witten a s
Z1 = V-F11 - -x + (V-B1V-H + 6H )1 IL- Ix (13; =
Y(Ef UWx + B1VSI)SL-1 + gltL-1 According to this
@1pr=eE§i_9m10-fﬂg‘ﬂb%E'i%@lilwuﬂi’iw]3441<t_1me- a1l (11)

— 1 ; . . .
where a; =-§Tracdﬂ§ﬂh Substituting (8) and (9) into (11)

yields

Dy = py_ @I~ VEJEVH +p) (e - T D)

Py _ V(eI - E]ITIE)Y.H +py_q(@r — 1) (12)

= vByv? +p Ll T D)

where B; = gl_l(_a_l; - 5512) and 0; = Bl—l(gl — a;I) and both

are diagonal matrices.

Accordingly, the slicer input z] can be written as

z = vElUx + (B v + 0)8 s
(13)
H,-H H,-

According to this expression of the slicer input zj, the

received signal vector x is fed to a first (receiver)

beamforming unit 301, which performs a multiplication of X by

the matrix QH. The output of the beamforming unit 301 is
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recei ved signal vector x is fed to a first (receiver)

beanform ng unit 301, which perforns a nultiplication
wW®20G06%01870b y the matrix U . The output o f thePCT/IB2005/002430

beanform ng unit 301 issupplied to a feed-forward

(one-tap) equalizer 302 whichHé&J performs a

multiplication by the matrix F1 . The

| isddbredlid edertt f:gnald Vet f9t il iWdcBosmshich
made at the (1-1) th iteration, i.e., the hard

pelerd SO afulltipikadddh byt erat it asix gt s supplied to
a second beanformng unit 303 where it s nmultiplied

by the beanform ng matrix V . The output of the second
beapforming unit 303 is processed by a feedback

Tl’(eorﬂieqlan’)mbdjLHqutéd FOA R e P& SSfgmgte which was made
aﬂnﬂﬁé p{1i-catdon ¥ 4o d1Btr i Bk he -H'éercplge@itsfgn J¥ the (1-

feed forward equalizer 302 and the output of
1 fteedibacda teiqunal §1zer 3045 @l iomdii nexd s(eacdﬁeﬂ)bd:qmia)mm unit
adder 305, the output of which is processed by a thlrd

3dEaHdN g iWintu 1306 Wi fbype;r}feoruésanafdm{ltrigolma&agtlww
by the matrix V. Further, ] ] _ is passed to a

further (one-tap) equalizer 307 which performs a

I qQf;
TH% Jdﬁdetgraréffo?gr}ﬁe%s%% t@egﬁa%n Hﬁwn %l??Lt er equatpt}%cessed by
a Ieedivarclc oaretip)acddpd)l imera mmmmﬂﬁ&s Bhe

out put. of the second adder 308 is the in ut lto a
migl (R R0 i e SRt bt TRF MRIKEUE IR Fhe Teed-

ry t e. qﬁﬁy
£ ccor dl(glbljatqo Zé%ﬁajtalt%r#sgf8 d let(ﬂéﬁt C\f\? q‘:te%é\?]a[cj( \
equialiddr &ld4 are combined (added) by a first adder 305, the

output of which is processed by a third beamformlng unit 306

which performs a multiplication by the matrix V.

Further, 51_71 is passed to a further (one-tap) equalizer 307
which performs a multiplication by the matrix.Ql. The output

of the third beamforming unit 306 and the further equalizer
307 are combined (added) by a second adder 308. The output of
the second adder 308 is the input zj] to a slicer 309 which

uses the input to make a hard decision for the lth iteration,

i.e. generates 35j.

According to equations (8) and (9), Wj;H = Mglfng . If all

the elements of V are of the same amplitude, then
o S | H ,
a] = diag(Wp H) = a1I, where a; = ?\]-Trace(gl_E_). In this case

61 =0.



10

15

20

25

30

the elenents of V are of the sane anplitude, then LJ \

ri ¢ =di agWH =X1L1, where O 1 = -Trace(F 1
W(SZ()06/.0187021 this case 1 = O . For generic M MO chemm2es/002430
ct]  =diag(W_H a,]_ , because the elenents o f V

do not have t he sane anplltudé In this case, q]_ O .
Ther ef or e, dlag(VvFD needs to be cal cul ated, which 2
ol derEL e IR € én%b%bf"géf%‘eﬂ%%@&ﬁf%remgbopscwﬁ the
el%ﬁéiéﬁgﬁ & d&o%ogcés?’sf'ﬁémsagﬁ B3 aihee Sap hes tase.
Orodulli JEPTEIOEE EHESTBLY VBF R0 Hoone Loraderuntdeh

the invention. The equallzer 400 is illustratively a
resjurnpleisf NCatcioop lex muéteglakbzérn300 descri bed above.

The sinplification is achieved by choosing -Qx-, =0

and -ax-, = - N According to this sinplification, the

A FeEehwed agic@talatveet @b xheSeched1tioez bonsHebearbetMBEve
unit 401, which perforns a Unultiplication of x by

withe rigdgFracs f§ Maor£x 18 shpwa dpt fdg-4f t he
beanform ng unit 401 is supplied to a feed-forward
(one-tap) equalizer 402 which perforns a

Figuldt isplowsatinoredgomalizer 400 according to an embodiment of

the invention.

The equalizer 400 can be used as the equalizer 110 in the

receiver 102 in one embodiment of the invention.

The equalizer 400 is illustratively a simplification of the

equalizer 300 described above. The simplification is achieﬁed

_ 1
by choosing 8; = 0 and a; =-§TTaCdE§§%

According to this simplification, the received signal vector

X is fed to a first beamforming unit 401, which performs a

multiplication of §'by the beamforming matrix QH. The output
of'the beamforming unit 401 is supplied to a feed-forward

(one-tap) equalizer 402 which performs a multiplication by

the matrix Eﬁ.

The decision-directed signal vector estimate which was made
at the (l1-1)th iteration, i.e., the hard decision of the (1-

1)th iteration 5]_7 1is supplied to a second beamforming unit

403 where it is multiplied by the beamforming matrix YH.
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the matrix F . The decision-directed signal vector
estimate which was nade at the (1-1) th iteration,
W0 26/01870e hard deci sion of the (1- |)th iterapdDIB2805/002430
is supplied to a second beanform ng unit 403 where it
is multiplied by the beanfor#Bng matri x VThe out put of
the second beanf ormng unit 403 is processed by a
Thikeedbpck ognenkapkceduabeaffo4R4nyhushtp@oBOiBEpRocessed by
mul tiplication by the matrix Bl . The output of the
a ﬁ@@&bﬁékwapaeéaaa||zepaéezeandOﬂhéhéebpaﬁréprmﬁea
zep 3 onbi-ned ded) o rst
m e G OV Eh st PG, B RO R b e Ry
fo&%a&HOéQMBQiuekt3@Q6awﬁlehep@ntpﬁ&so@ ﬁubtfebugabkon
by the matrix V . The output of the third beanforning
eqypild 2806 304 pre raphtingd dadded)i b¥r a467raki eHdaseso
i nRU e eqil,s
o B o e g RaE e Aop a8l BBk dning junit 306
whiinhe pkefemncs anmuﬂmu@élcatuoh by the hbhrikeWVati on can
al so be sinplified to Since F1 , Bl and S are al
di agonal matrices, the trace calculation is very
Thel BRkeutBegause QElEHeb@MﬁEme@ﬁéfUﬁl@dgbﬁgﬂstBﬁe input z3
recei ved signal vectors 21 ( n ) and x2 (n) can be
toWﬁIEﬂeﬂeas4m7(nh1éhAu%e% Y82 (hput+tA RakeWa2hbkd) décision
Ul % (n) Al2 Wl (n) +L2 2 W2 (n) + u2 (n)
foghére ktpnyte§ateﬁr,aﬁdeu ggRespEes| Blcol urm vectors
with dimension Nx I,, and Wis the DFT.(discrete
Fouri er
The SINR (signal to interference and noise ratio) at the 1lth

iteration can also be simplified to

2 2
&189s

Tﬂgg(l-gi_qj/gl_lﬂlgl + Q%ELE§)

SINR] =

Since Fj, Bj and X are all diagonal matrices, the trace

calculation is very simple.

Because of the cyclic prefix adding, the received signal

vectors x71(n) and xXo(n) can be written as

x,(0) = A110s;(n) + Apy Wsp(n) + 1y (n)

xp(n) = AjpWsi(n) + AppWsy(n) + up(n)

where x;i(n), sj(n) and uj(n) are all column vectors with

dimension Nx1,, and W is the DFT (discrete Fourier

transform) matrix and Aij is a diagonal matrix containing
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transfornm) matrix and A J is a diagonal matrix
cont ai ni ngt he frequency domai n channel responses from
WO b@eioid101 ransnit antenna to the jth recei ve aptBEIB2805/002430
Therefore, the input-output relation can b e witten a
s x(n) = Hs(n) + u(n) :14) wié&re H = LW, where A
According to the input-output relation (14) the
t IR Ul d ARIN AL G itg dhardrke. eredinRit € rdas ehidbad hwittdansmit
reference to Fig. 2 , Fig. 3 and Fig. 4 can be used.
anfanaudingene SR £T4EEddi ng to Fig. 3 and
Fig. 4 , one could expect that since the matrix
di mension of His 2N x 2N, the conputation woul d be
Thegref aamnpltdre. iHpueventras widllatheonseam bel owittee as
receiver 102 can be very effective when use of the
matrix structure property is made. H= A Wand Wis a
uhhi & Yis(Bt4 ixn) Therefore, doing singular value ' (14)
deconposSition or matrix inversion for H can be
i npl enent ed by doi ng singul ar val ue deconposition or
matrix inversion for the block diagonal matrix A .
her, because of the block diagonality of A, the
singl ar val ue deconposition or the matrix inversion of
the matrix H can be done sub-carrier by sub-carrier,
sim arqtro| M MO- OFIDShL 6y s$t ens. Let| Uy (m) [OLVH be a singul ar
xblue dec o8I t7 on_gfy [ A BB T |l arly et A 11(lc)
L21( k2 Erit o

W

‘ — [A A
H = AW, where A = 11 21} and

|A12 Ao2

1=l

I
1
o =
s O
—_

According to the input-output relation (14) the equalizer
according to the embodiments described with reference to
Fig.2, Fig.3 and Fig.4 can be used. When using the
embodiments according to Fig.3 and Fig.4, one could expect
that since the matrix dimension of H is 2N x 2N, the
computation would be very complex. However, as will be seen
below, the receiver 102 can be very effective when use of the

matrix structure property is made.

H = ZE and W is a unitary matrix. Therefore, doing singular

value decomposition or matrix inversion for H can be

implemented by doing singular value decomposition or matrix

inversion for the block diagonal matrix A. Further, because

of the block diagonality of E, the singlar value
decomposition or the matrix inversion of the matrix H can be

done sub-carrier by sub-carrier, simlar to MIMO-OFDM systems.
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Hk = LA 12(1 ) L22(k = kkY, k =0,1, -,NI| be a
si ngul ar val ue deconposition of the channel mat ri x
weeomsespondi ng to each subcarrier, denoted by PCT/IB2065/002430
easy to verify that the unitar natrix O is determ ned
by the matrices U, the unit#0 matrix V is determ ned
by the matrices V and the diagonal matrix Ais
Ledet ermined by the singular values of the matrices H
i.e., by (k=0, 1, ..., NI) . As an exanple to
illustrate this, let the block diagonal matrix H be
A(l{P4 s exanple the frequency domain bl ock size N=2
e spatial domain size is 2x2) : H=0. 4117 + 0
. 40081 0 0. 0481 - 0O . 5663i 0 O - 0. 4081 - 0. 1638
O- 0. 5830 - 0. 7364i 0. 6456 - 0 . 1820i O 0. 3024
be- a0 s1b448ar0value0ded3dbadRositioBl168i A. -sPhmi 49 f%t
2787i Wien singul ar val ue deconpostion H= U S

perforned one gets U=- 0. 0000 - 0. 000G O . 6569
g%l % 577 + O 3491i - O 0000 + O 000G -

W 0y 76410 Q - 278i 0 .
kOOO Aq 20x) O!ngk 7‘9k O 01241 O 3491 - O 6673i

- O 0000 - O 000G - . 3894 + 0. 6811i OOO
1662 - 0 . 5974i

be a singular value decomposition of the channel matrix

corresponding to each subcarrier, denoted by Hy

It is easy to verify that the unitary matrix U is determined

by the matrices Uy, the unitary matrix V is determined by

the matrices Vi and the diagonal matrix A is determined by
the singular values of the matrices Hy, i.e., by Zx (k=0, 1,

.y N-=-1).

As an example to illustrate this, let the block diagonal
matrix H be (in this example the frequency domain block size

N=2 and the spatial domain size is 2x2):

_I-l:
0.4117 + 0.40081 0 0.0481 — 0.56631i 0
0 —0.4081 - 0.16381 0 —0.5830 — 0.7364i
0.6456 — 0.18201 0 0.3024 — 0.1448i 0
0 - 0.3130 + 1.01681i 0 —0.6199 + 0.27871

When singular value decompostion H = U S V is performed one

gets:
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S=1.5673 00 0 00.9727 OO0O000.5190 OO0 0O
0.4613 V=0- 0. 8687 0. 4954 O0 . 6935 + O 1218i
WE2@06/01822 6994 - O 1228i - 0 . 0000 + O OOOQPCTHIK2005/002430
0245 - O 4948i - O 0430 - O 8676i O 0000 - O
000G O . 6031 - O 3749i O @10 598G - O 3717i The
channel matrix H _ for the first subcarrier is i 0.
y 4117 + 0 . 4008i O . 0481 - 0 . 5663i 0 . 6456 - O .

- ggc?&)' —go 024 0. Q569 1404\8/]|58ﬁnd ?ds%h?gllb &4oval lé%?oooo £0.0000;
_ yi e = _

SARPTS A4t~ "0 Sobs Y %% a7 Q3L - 012788
00000%3361005% - 667512 b 008747 B-Bi% - 05GGGLI = 0-0¢p0 - 0. 0000s
- B6BR4-+ 0. 6.814954 - 0.0 0245 - 0. 4948I 0 . 0430146pn—,0.5974i

8676i The channel matrix H2 for the second subcarrier
is H2 =

S =
1.5673 0 0 0

0 0.9727 0 o}

0 0 0.5190 0

0 0 0 0.4613
vV =

0 - 0.8687 0.4954 0

0.6935 + 0.1218i 0 0 —0.6994 — 0.12281
— 0.0000 + 0.00001i —0.0245 —0.49481i -0.0430 - 0.86761 0.0000 - 0.00001
0.6031 — 0.37409i1 0 0 0.5980i - 0.37171

The channel matrix Hy for the first subcarrier is

H =

0.4117 + 0.40081 0.0481 -~ 0.5663i
0.6456 — 0.18201 0.3024 — 0.1448i

and a singular value decomposition Hy = Up S71 Vp yields

U =
~1

- 0.6579 - 0.36811 0.5577 — 0.3491i

-~ 0.6579 + 0.0124i - 0.3491 + 0.6673i
Sy =

0.9727 0

0 0.5190
v, =
- 0.8687 —0.4954

—0.0245 - 0.49481 0.0430 + 0.86761
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- 0. 4081 - 0. 1638i - 0. 5830 - 0. 7364i - 0 . 3130 +
1. 0168i - 0. 6199 + 0. 2787i and a singular val ue
walemenposi tion H2 = U2 2 Y_2 yields 2 -0.6027-2CTaE005/002430
0. 7845-0.0080i - 0.2657 + 0.7382i - 0 .0604 + 0 .617LL
S2 1.5673 0 0 0.4613 2 0.704220. 7101 0.5291 - 0.4736
- 0 .5247 + 0.4696i One can see fromthis exanpl e that
THh@hseeend rand ithiHd ffr $hedyleaibnalsi@saveqleer g sof H
are determ ned by the first subcarrier corresponding
to Hwhile the others are determ ned by the second
subcarrier corresponding to 2 In a generic sense, for
HoMMO- SCCP with MKM M MO and an FFT size of N, each of
the- 4981 um- We8ét or §- 3%t hé- Tifidtary matrices of consists
of 0 By +M rmarkszer 0. el et 8787showi ng that in the
multiplications by J H, V and V H can be inpl enent ed
in a
and a singular value decomposition Hp = Uy So Vo yields

Un =
=2

—0.6027 —0.14601 0.7845 - 0.00801

—0.2657+4+0.73821 -0.0604 + 0.6171i
S; =

1.5673 0

0 0.4613
vy, =
0.7041 0.7101

0.5291 — 0.47361 — 0.5247 + 0.46961

One can see from this example that the second and third of
singular values/vectors of H are determined by'the first

subcarrier corresponding to Hi while the others are

determined by the second subcarrier corresponding to Ho.

In a generic sense, for MIMO-SCCP with MxM MIMO and an FFT
size of N, each of the column vectors of the unitary matrices

of H consists of only M non-zero elements, showing that in

the multiplications by QH, V and ZH can be implemented in a
very efficient way. In conclusion, for MIMO-SCCP systems with
M transmitters and M receivers and an SCCP block size of N,
the matrix dimension for a singular value decomposition or a

matrix inversion is not NM x NM but M x M (N decompositions
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very efficient way. In conclusion, for M MO SCCP
systens with Mtransmtters and Mreceivers and an
weg0koM7erk size of N, the matrix di nension fPCT/BB2005/002430
si ngul ar val ue deconposition or a matrix inversion is
not NM x NM but M x M (N dec@gpositionsare necessary)
. Therefore, a significant conplexity reduction can be
arachiceeedark)furhkee fereodiameignisidaser cbaglekify reduction
reference to Fig. 5. Fig. 5 shows a conmunication
cagy bEeACHAGVEEcor di ng to an embodi ment of the
i nvention. The communi cation system 500 is a WHT- OFDM
(Wal sh Hadamard Transform OFDVM) systemwith M MO, al so
A dalritde rVeNMDOWETeOQEDNss getsemi behe we shmurifeacnor spsfem. 5.
500 conprises a transmtter 501 and a receiver 502.
For sinplicity, the comrunication system500 is a 2x2
Fill.BDsspstsem eorpiunsicag ibno siysdamanbboaatebrdsng08o an
wherein each transmt antenna 503 is used to transmt
erpReiggna ofr E8M 30¥SNTREONtwo data streams 504 in form
of nodul ated synbols are each passed to a
serial-to-parallel (S/P) converter 505. The S/ P
Theowvemuarisabs@bngeyertate S00o0dks aoWHGaDADMr divaflke Hadamard

respecti ta streanmg 504 et bl ock . of
TR AT T | RSN L bRverisP SosLen BilBrugz-oron
sydeeat.ed by s_]_(n) and let a block of data generated

by the lower S/ P converter 505 in Fig.l be denoted by

(n) (assumng than s (n) and s_2 (n) correspond to

Th%aE%mﬁgﬁﬁc§Q?Bbds?%t%Ea%%%iEgﬁgrﬁgeghg %?gﬁskﬁg%ér'Sﬁl and
n) and s 2 (n) aré vectors

a receiver 502. For simplicity, the communication system 500
is a 2x2 MIMO system comprising two transmit antennas 503
wherein each transmit antenna 503 is used to transmit one
data stream 504. The two data streams 504 in form of
modulated symbols are each passed to a serial—to—paréllel
(S/P) converter 505. The S/P converters 505 generate blocks
of data from the respective data streams 504. Let a block of

data generated by the upper S/P converter 505 in Fig.1l be
denoted by sj(n) and let a block of data generated by the

lower S/P converter 505 in Fig.l be denoted by s»(n)
(assuming than si(n) and s»(n) correspond to data that should
be transmitted at the same time). sjq(n) and sp(n) are vectors

of size N x 1 and are also referred to as the transmitted

signal vectors in the following.

Each block of data sj(n) and s»(n) is passed to a respective

Walsh-Hadamard transform (WHT) unit 506 where they are
processed by a Walsh-Hadamard transform. Each of the WHT-

transformed blocks of data is fed to a respective IFFT unit
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of size Nx | and are also referred to as the
transmtted signal vectors in the foll ow ng. Each
whbmekisoh2z data S (n) and s_2 (n) is passed to BCT/IB2005/002430
respecti ve Wal sh- Hadamard transform (VWHT) unit 506
where they are processed by &4Wal sh- Hadamard
transform Each of the WHTtransfornmed bl ocks of data
507 WHEGH e ARSReCn igivdist WHaisttS @b uiieh thenfsdiotm amh the
inverse fast Fourier transformon the respective
TaRPRAt it PSITTed B SFRMEAF dPKHT t r ansf or mati on and
| FFT transformation, there is added a.cyclic prefix o
f length L to each block b y a respective cyclic
Afpresf iBHTaddiang Agrinta t5@8 aRhAIFRT, tireesiflogoies ioh dathere is

e, each passed ta a respectiv aral l el sto-seri al
acﬁ%dS)a &é’ﬁ@éﬁ éjrr-e(fﬁd(t Osfﬁ B EI gﬂ )ea\ﬂ% O &gryataes a
resffd i vy )1 ist rRanify eracaach WiliecksosEadh nsanivgl the blocks
synbol streamis then sent b y a respective transmt

o farftadiin & 50 B a Chh @ 3§ ht O ynti6iS PGt dies Parre lledeitpeg e ial

h Y \J eSPeGt:i ve \r iv.e :
Y AL G0 SRR S RS o serian
sypassled ttrean riasie cdote S/ keobastt erer(iadt ssimiparl istream is

Fig.l) t enerate a block o f .synbols fr each
EHRSE 19 BB e SO ot A L @ Ry TG St i s
renoved fromeach block o f synbols b y a respective

cyclic prefix renmoval unit 510 and a fast Fourier,
The @efigrlmyoosli ALneams @rgpplaced ies! dachhe ggeed ier 502

visayrpeoé Se(gfj}(/ea SRS ia\ﬁece%%-gsu%iO@ .5]E‘]ac§1u%c:terl37.[ P serial
recel ved sl gnhal vector 1s generat ed corresponding to
syededl tataresam tised isdignaasseet aro. a etespestdlyev e,/ B lenverter
(not shown in Fig.l) to generate a block of symbols from each
received serial symbol stream. The cyclic prefix is removed
from each block of symbols by a respective cyclic prefix
removal unit 510 and a fast Fourier transform (of size N) 1is
applied to each block of symbols by a respective FFT unit 511
such that a received signal vector is generated corresponding
to each transmitted signal vector. Let, as above, the

received signal vector corresponding to the transmitted

signal vector sj(n) be denoted by x7(n) and let the received

signal vector corresponding to the transmitted'signal vector

s2(n) be denoted by x2(n).

The received signal vectors Xj(n) and x»(n) are fed to an
equalizer 512. From xj(n) the equalizer 512 generates a
detected signal vector $5j(n) and from x»(n) the equalizer 512

generates a detected signal vector 5p(n).
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recei ved signal vector corresponding to the

transmtted signal vector sj(n) be denoted by x] _(n)
wanaeled701 he recei ved signal vector correspondP@mIB2005/002430

the transmtted signal vector 2 (n ) e denoted by X2

(n) . The received signal ve&%rs x (n) and x_2(n) are

fed to an equalizer 512. Fromxi (n) the equalizer 512
BOeNSyAlEs thalalyrotied (sidgnal ARGy, i) and fkom)XZan be

(n ) the equalizer 512 generates a detected signal
wnigndteor &32<n) . Because of the cyclic prefix adding, X1

(n) and X2 (n ) can e witten as xi(n) = A1!Csl n)

+ A2 1 B2 + UL(U) x2 (n) :Dlzcsl(n) + 2Cs2 ) + n)

Xﬂh?w&i‘?\;@l )i+ %})}ksgng (@) are all colum vectors

Wi th di I on and'ClstheV\HI'rratrlxand Dij

%, GONt @l yng the frequency domain
échanné[ a‘l’gggponse 2f_%mthe |th transmt antenna to the
jth receive antenna . Therefore, the input-output

rel ati on can be witten as x(n) = Hs(n) + u(n) (15)
whiied exiH™ /L 3. (1 M?é}cbﬂl-nA@é@r(ﬁHgQQ}‘{”H’e ectors with
the equalizer a

ut - out rel ation rding to
TR b dehr s BYCE: bqEHP T aRaFEAEeatd Big 13 S
‘%"'&iﬁdand Fi 4 can be uysed fas t he quf" i zer 512
“t":“%rsl A RS F RSO €OMG TR | ”t“c?la
responses from the ith transmit antenna to the jth receive

antenna.

Therefore, the input-output relation can be written as

x(n) = Hs(n) + u(n) (15)

where

x1(n) sp(n)| uj(n)
(n) = , Sn) = , un) = and
xo(n) so(n) u,(n)

_ — A A _ c o
H = AC, where A = [—11 '21} and C = {' ]
A12 A22

1%

According to the input-output relation (15) the equalizer
according to the embodiments described with reference to

Fig.2, Fig.3 and Fig.4 can be used as the equalizer 512.

H=AC and C is a unitary matrix. Therefore, similar to a

MIMO-SCCP system, as described above, singular value

decomposition or matrix inversion for H can be implemented by

doing singular value decomposition or matrix inversion for
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M MO SCCP system as descri bed above, singular val ue
deconposition or matri x inversion for H can be

wo epbemsent ed by doi ng singul ar val ue deconposi PEDIB2005/002430
matri x inversion forthe bl ock diagonal matrix L .
Furt her, because of the blockeédi agonality of L , the
si ngl ar val ue deconposition or the matrix inversion of

Athteh%l]%%tkf 'd’&a:él E%rl e +dqne RSUbFGf‘EBé?r P¥c§HQeC ErERE block

sIm DM systens. I n concl usi on

dﬂgdwggﬂqujg@AEysgﬁgssfhéhayq@5@9@”&&&8&?0§9g1®% or the

recei vers and an OFDM size of he matri x
madiriBnSinaie rfsdrona ofi gl aatedlxudl dacoijeosionicosub-carrier by
matrix inversion is not NMx NMbut Mx M (N
SURSCERFdSiTri S idrd e AL PFPM Py StErGre,
significant conplexity reduction can be achleved. The
convergence of the iterative nethods perfornmed by the
Imaygﬂdlp@d@nsdeWiMiMQ1yHTZOFDM Gy s3easd WHitd. M4té@@smitters
/1 sensi tive e t_.he tion of rr I n
DB PR T LR B cone ol & J0Y fetri®

dlrn@nsabinl iflor of stlh@ﬂ%m SaQne MRdempbizaarien eal lay mathe x
_correlation coefficient pi_i can be cal cul at ed ,usi ng

iniee sdiiallisz P S oMM Rt it & &t idh delcr‘P”[PP]SléEﬁéPn[SZ]are
l f n ’rf CtTl1on can
ne%%ﬁ%qné@e At (9ef ficiants rare %elkfzaggﬂlr&q tRY r R tic

ul ation, whére is the equal SNR at the
bed tagyhdtdved. This cal culation is used in one enbodi nent
and is valid when the signal dinension goes to
infinity. In practice the signa

The convergence of the iterative methods performed by the
equalizers shown in Fig. 2, Fig. 3 and Fig. 4 are very
sensitive to the determination of the correlation
coefficients pj_1, which can be considered as the
reliability of the decisions made. Theoretically, the
correlation coefficient pj-1 can be calculated using the
equalized SNR for that iteration. In [1] and [2], the
correlation coefficients are determined by, for QPSK

modulation,

P, = 1 - 20(/v1) (16)

where is the equalized SNR at the 1lth iteration.

This calculation is used in one embodiment and is valid when
the signal dimension goes to infinity. In practice the signal
dimension is small, thus using this approximation may yield a

result far away from the ML (maximum likelihood) bound.
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dimension is small, thus using this approxi mtion my
yield a result far away fromthe M. (rmaxi num

wo doebidgtond) bound. | n one enbodi nent, the cor rstEIB2005/002430
coefficients are generated according to a nethod based
on sinmulations. As for finit@&7signal dinensions, the
correlation fluctuates fromone realization to

Indbathempodhfecdel etAknabireB1 et BAdcbsfaschiohteWsreFgénerated
an AWCGN (average white gaussian noi se) channel, the

acspafiags cer pelathed bacREeAnt ReMplahifnet efSsfgrafinite
Slggqlta§mgﬂgqu§C'%ggncaxggﬁgﬁlbﬁ gggeuha&sg fIBhson

cesSS I's repeated for runs from whi
rek0@@athieal tpabkhonbeaf Cher deakromsadienobntahnddis as
periments show that while the nean of
foEi&Wan Pon&nget'sNg P¥8r€983¥R%6€tﬁéuﬁﬁﬁﬁB|Bo&iéi cpggnel,

thieeahiezabiorsri-bugtyahepauivkensthangk¥nshhetear sehakignand
I's chosén as the average of the two conponents for

theabhrSNRepdisapn on@bpd st A6 chéoréttedl VhiSePreFASE16¥

re%%gtegNﬁgecond s EB%O%‘E%g!”k?Ethﬁlcga?bééb'8521395tlons

pé nt 2 Thi's et isrefe
ofCebirekabitabn€aketl abitadneet hadpekimeneseshodi phat, whlﬁése the
method is used to set a fixed set of values for th

me@gr P& 40F6R FERLdZakIPNer §EF anuTﬁPsCﬁﬁﬁﬁoa°|§heaﬁpé8ula

1%Ixeqh@0&@gh§Ebgaoﬁ%|@qhekhg@enahae@ sEeBgLderi ng that
h the i ncrease of the nunmber "of iterations, the

deC|S|ons are getting better and better, the

correlatl n coeffl ient is osen n a
ThFuﬁggrg of °t'né>i CErati oA i ers(a%‘?igzél callbgvgkues
coh@@@%nﬁ%oﬁbQ.gatﬁ BNRIDoiher exanpkethkokheoretical value
form (16) and the second is the minimum of the realizations
for that SNR point. This method is referred to as Dynamic

Correlation Calculation method.

In one embodiment, the method is used to set a fixed set of
values for the correlation for each iteration. This method is
called Fixed Correlation Calculation method. Considering that
with the increase of the number of iterations; the decisions
are getting better and better, the correlation coefficient is
chosen as an increasing function of the iteration numbers.
Typically values range from 0.8 to 0.999. For example, for

four iterations the correlation coefficients p; to pg are
chosen as [pl,pz,p3,p4]==[0.95,O.95,O.99,0.99]. By doing such a

simplification, even though the truly converged solution is
not able to obtain, it may work very well in some SNR range

for some cases, which can be seen by simulations.
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four iterations the correlation coefficients p]_to P4

are chosen as [pi, p, P3, P4] = . o .
WO 200851800805, 0. 99, 0. 99]. By doi ng such a sinpl i PCT/ER20€8M02430

even though the truly conver%qd solution is not able
to obtain, it my work very | in sonme SNR range for

ses, which can be seen by sinmul ati'ons. I n t he
Ig ottrpfe%vﬁa O"fltnq's Joteskﬁlck%ifw Heow rﬁl’@r}tllroferdarorbe:an be

G Y t v 0

i acceéscg%cg%ltdﬂefrrésgr%;lcrst {i% nput oﬁdtnpq'} rE|L‘rJ°ch§)ell afcocress)

SYXH§®RS.clic prefix) based CDVA systens are presented.
Considering the duality between nulticarrier carrier
and single carrier systens, it is started from

Fimdtt, dare iierpdrased fdVoneSisefor WH Gl 218 IR fix) based
pul ar than single carrier CP-based systens.
Cdg%1 %ﬁﬁMHHQﬂ@QQQQHHﬁQﬂﬁhﬁ¢ra@@ §mﬁgH@adeMy between

a@y@g r i r syste
mLﬁt\éﬂnc;m ssi or?élrgrl%%ngn?ﬂeoggl l% 5&1 baglygsce\ﬂs’ iadss
stigirdeld doesi suilig cafr rtileer Gﬁs&dbcbwac&y@&eﬁs§amﬁh%% ard more

sub-.b ck of N sanples. By adding a CP | onger
'pohwar‘?q? tﬁg’aghgﬁﬁlgl SmERGIY STt ﬁé’ gﬁéﬁﬁ*elsyﬁ?éﬁmﬁx Syechsongus
damnﬂdukamrﬁ&%mué61Wﬂl%ﬂdC%ﬁnGQer%Qﬁgségbggoﬁg eHe= F¥QANV
where Wis the N-point DFT matrix ag{l'T ., -
ConPlFeF§daf@Fa@éﬁaPYﬁﬁ?mﬁx the el ements of which are
the frequency domai n channel responses in each

subcarrier. Denote the tine domain channel responses
Thgsthmeopmikelipp is. pnhélploeaebywbl becrnBasyBbhol,i €8l @%ch

X -j. k[ N .
blgg%ncon51stiggho% lhg 8P(stb—block)of P samples and the
data sub-block of N samples. By adding a CP longer than the

channel memory, the channel matrix becomes a circular

matrix, which can be represented as H = EHAE, where W is
the N-point DFT matrix, and A = diag{A1, -, AN} is a diagonal
matrix, the elements of which are the frequency domain

channel responses in each subcarrier. Denote the time domain

channel responses as h(0), h(l), ..., h(L), each with one

symbol delay, then Ay = P_ h(¢) exp (—jk¢ / N).
k £=0

For multicarrier systems, the data sub-block is pre-
transformed before transmission using the N-point IDFT .
matrix ﬂH; while for single carrier systems, the data sub-
block is transmitted out directly. At the receiver side,
both single carrier and multicarrier systems first pre-
transform the received data sub-block with the DFT matrix W,
the output of which is further utilized to recover the

transmitted signal via either linear or nonlinear detectors.
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For multicarrier systens, the data sub-block is

pretransformed before transm ssion using the N point
wo Dig/omatr i x WH, while for single carrier systBOBIB20052002430

data subblock is transmtted out directly. At the

recei ver side, both single c&%ier and nulticarrier

systens first pretransformthe received data sub-bl ock
DeMdtle tdhesDithempirdoesWingt k@ ioyt piaticof iwhicehmon fter bher

utilized to recover the transmtted signal via either
usshfearl ey HdAIWHESr NOEPEAOSPs apendné rediced eich are

eSSy ain i.chy t I 4ngh

0 ot SOt ar & it FoRuces waren SSre eamngn odes at
tHeomtal |bloyedt, ebis) =EXi@n{dn;0F , t-he dmgng sdr anbti NMprcades short

at the nth block, D(n) = diag{d(n;0) , , d(n; N- 1)
cadesChff Afselihg , shart= ¢edes, 0- 1 cyser- i) 1T GHECL(Ofor i=g,
c-j (G- 1)1 T cH c=1for isj , andcl. G: =0

for fhe others. MC-DS-CDVA MC-DS-CDVA (multi carrier
ang 15ty sedueifte VOt RRHF-orns ti me domai n spreadi ng.
Suppose that each user has equal processing gain o f G
, and there are T users sharing the sanme cell (T<Q
The MC- DS- CDVA system perforns bl ock spreading a s
follows. (1) Taking N synbols from each user,
MCsre@diMAg them with users' spreadi ng codes; (2) The
chip signals corresponding t o the same synbol index

MC-DS-CDMA (multi carrier direct sequence CDMA) performs
time domain spreading. Suppose that each user has equal
processing gain of G, and there are T users sharing the same
cell (T<G). The MC-DS-CDMA system performs block spreading

as follows.

(1) Taking N symbols from each user, spreading them with
users’ spreading éodes;

{2) The chip signals corresponding to the same symbol index
from all users are summed, and are transmitted over the same
subcarrier but with different blocks. Thus it takes G

consecutive blocks to send out the whole chip sequences.

The nth received block after FFT operation can be written as
T-1 -
y(n) = AD() Y c;(n)s; + un)
i=0

where, 0 £ n £ G - 1, and
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fromall users are summed, and are transmtted over
the sane subcarrier but with different blocks. Thus it
wo adoemi1szronsecuti ve bl ocks t o send out the vhOl/EB2008/(2430
sequences. The nth received bl ock after FFT operation
can b e witten a s T-1 y(n)3ﬂ LD(n) ]T ci (n)si +
u(n) i=0 (1 7 ) where, n G- 1, and y(n) = [y(n;

e L [15)1 17 18) where 115 the

transn1tted S|gnal vector,o f size N x | for user i

am) e Wit , t-he WG afl & FFT operation. Fromthe (18)
above, the kth sub-carrier o f the nth block can b e m
conveniently represented as: y(n; k) =1 1d(n; k)/

wh@rJe ) Sk (Khe t RHBRIEPE4t Beghetel¥edoBi gnak s o ff th_for
kth stb-carrier fromthe Oth block to the (G- 1)t

usigirodk yingl gdny- llSy(C|b)e AWGNk abtey SETI eperation(k) (19)
i =0 where y(k) [y(O;k),-,y(G- 1; k) ]T D(k) =
diag{d(0; k) , , d(G- 1; k) } (20) Using EXk)CL t
Fromdeser eddve(Kkxhe &lkths sub-carrier of the nth block can be

conveniently represented as: y(n; k) = lkdﬁU]QEZE;écﬁaniﬂd-

Gathering the received signals of the kth sub-carrier from

the 0th block to the (G - 1)th block yields

T-1
§(k) = AiDk) D" si(kic; + k) (19)
i=0

where

Fk) = [y(0: k), -+, G — 1; k) 1T

I
ke
I

diag{d(0; k), -+, d(G = 17 k) } (20)

Using @km

c; to despread zun yields

. = H~H v
z; (k) = ¢y D (kjy(k) (21)

= Axs; (k) + ulk)
or

z; = As; + u; (22)
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(k) =1k sj (k) + u(k) or i =s1i
122 :where Z1 (O, , ZL (N- 1) ]Tand U1l =
wobbodo(s»2, , Ul (N- 1) JT . Note Ui is a ROWNAB2003002430
same characteristics a s u(n) . Therefore, if the
channel responses are constar¥l over the entire G
bl ocks, the MC-DS- CDMA does not experience any Ml

(multiple acgess interferemce nd I SI_ (inter synbol
Wf}erﬁeer?fier%rﬁ%ie@ as t 6hQ as{)ﬂ é)“.da NEL @WS@JDSJ W - DI

erforns ti preading in the_sense_that the chip
NS $20e ABRETMARY FamenahdBag el abith, 8l u i
THIRITYR,t 6 o ughartidlf efediplortsdie e ohs totCloMar the

perfornms frequency domain spreading b y transmtting
eritidE G M ignaie Mt P o NSy EAPRIeHee any MAT

thi SAE ek Rehate .t :Hﬂ%ro

(rwlutrs}L rsef Q% as t]%le nur?ber o )f aé)?angcﬁlge(tlrngtﬁ?méqte in
iroreer fid gl f)orasedeinquser ;T &nd.G as t he common

processing gain to all users. Note N= QGis the total

nunber o f sub-carriers. For MC-CDVA systens, the Q
MsygMd s o f each user are first spread out using its
—own spreadi ng codes, then the chip sequences for all

users are summed up; and finally the total chip

[ 0 j re | , d.ta.a
NIRRT g TR B AR i W R g
cHie signals belonging to the same symbol are transmitted

71 (k) = ¢ DH (K)y
=[Z
(

through different time blocks. MC-CDMA performs frequency
domain spreading by transmitting those chip signals through
different sub-carriers within the same block. Denote T as
the total number of users; Q as the number of symbols
transmitted in-one block for each user; and G as the common
processing gain to all users. Note N = QG is the total

number of sub-carriers.

For MC-CDMA systems, the Q symbols of each user are first
spread out using its own spreading codes, then the chip
sequences for all users are summed up; and finally the total
chip signals of size N are interleaved, and passed to an N -
point IFFT processor, followed by adding a CP. At the
receiver side, the nth received block after FFT can be
represented as

yn) = A I Din)Cs(n) + u(n) (23)
where II is the interleaver matrix used to spread the

transmitted chip sequence from the same symbol to possibly

non-consecutive sub-carriers; and
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receiver side, the nth received block after FFT can b
e represented a s y(n) =L UD(n)Cs(n) + u(n) (23)
wobmse1d702 i s the interleaver matrix used to SpPEEIB265202430

transmtted chip sequence fromthe sane synbol to
possi bly non-consecutive sub-3€arriers; andy(n) [y(n;
0) , -, y(n N-1) [T C=diag{ , , Q s(n) = |
[1i(n I (n) (24 ere Q =0" ---T-1™ S (i)
é’_({‘)scj) MP"OR')(“: anrs&r)_l)ﬁ; i ) ] (25) Dividing the
recei ved signak vector y_(n) into Q nonoverl apping

d?fhfﬁﬁghﬁ'vgétors, each with G el enents
correspopdi ng toq he chip signals belonging to the
SHe=s\ap8l : “EqEi(Ndbh (23) can then be decoupled as y (24)
(n) =A1D1L ( -)CI1 (n) + UL (li) (26) for i =1

... ,Q, where A1 and D1 (n) are the ith sub-bl ock of

wq%I%pd D(n) . Note to achieve simlar frequency

Iversity for each transmtted synbol, the interleaver
can be designed in such a way that A 1 takes el enents
fromA such that Tr{ i '} is alnobst constant for each
<ub=HEock: SThi$ can be achi eved through all ocating the
chip signals belonging to the sane synbol to equally

Daced $sfneay yi-ef sy_ltom)(136), it is seen that (25)
- CDMA experiences MAI, but not ISI. Also,

Dividing the received signal vector y(n) into Q non-
overlapping short column vectors, each with G elements
corresponding to the chip signals belonging to the same
symbol. Equation (23) can then be decoupled as

y.(n) = A;D;(MES;(n) + ujn) (26)

for i =1, ... ,Q, where A; and D;(n) are the ith sub-block
of A and D(n). Note to achieve similar frequency diversity

for each transmitted symbol, the interleaver can be designed

in such a way that A; takes elements from A such that

Trd&if} is almost constant for each sub-block. This can be

achieved through allocating the chip signals belonging to
the same symbol to equally spaced sub-carriers. From (36),
it is seen that MC-CDMA experiences MAI, but not ISI. Also,

signal detection can be done for each individual block.
CP-CDMA

Both MC-DS-CDMA and MC-CDMA are multicarrier systems in the
sense that each data block is pre-transformed through IDFT.



10

15

20

25

30

signal detection can be done for each individua

bl ock. CP-CDVA Both MC-DS- CDMA and MC- CDVA are
wordoshesaor i er systens in the sense that each detEIE2besi02430

is pre-transf ormed through |DFT. Next, the single

carrier dual of those systems3is considered, which

transmts the data bl ocks directly, w thout using any
Negte- ¢m§n§ﬂHGHWSCar@@é@DWhadsOEhehysngbqsmamsl&B dual o

: 0 t hat. .t here sers thin._.the
C%?ﬁﬁgﬁke:h,W%%%%eggﬁnﬁg%Fs g@ %8% F#Sﬁkﬁrg%é§§Fﬁé
wighiomtofusGng Bhe pueberadk feyniaQl S contained in each

bl ock for one user is Q= NG For CP-CDVA systens,

the Q synbols of each user are first spread out with

CPJCEMNMlsSQ%%a@hﬁ%l%0@§§rlgﬁeﬁugﬁeo%hwe %%&ﬂenﬁggggge that
all users are sunmmed e total I'p sigha -8rze
thyries atrige paggédwuahihPthaseamerpethchndddsca @Ber has

,f
e P o et By A bl BEkCor G- CHRSAF bér PRROLAr

cobe athiett @ @ac( BloekLWOrnpee( ket WENY E2{& /5 Where
(n), C_, and sjn) are defined same as in M- CDMA case.

From (27), it is seen that CP-CDVA experlences bot h
FOWAbPa@@MkSEyée%ggapghglBcggmégﬂg 8?“@ Hl SI ggre first

processi ng quire er to recover .
spreadspiitt edthi ghal swnCPpPSa@DVB €BdBS; COlVBni shéhehip
seqhggkg g&rg E gggksogrgcggggggmﬁb,Dgﬂettotal chip signal
of size N is then passed to CP inserter, which adds a CP.
Using the duality between CP-CDMA and MC-CDMA, from (23),
the nth received block of CP-CDMA after FFT can be written

as

y(n) = AWD(n)Cs(n) + u(n) : (27)

where y(n), C, and s(n) are defined same as in MC-CDMA case.
From (27), it is seen that CP-CDMA. expériences both MAI and
ISTI for each block, thus powerful signal processing is

required in order to recover the transmitted signals.

CP-DS-CDMA

CP-DS-CDMA is the single carrier dual of MC-DS-CDMA. Denote
T as the total number of users; N the number of subcarriers
for each block; and G the common processing gain to all
users. The CP-DS-CDMA system performs block spreading as
follows: the N symbols of each user are first spread out
with its own spreading codes, then the chip sequence for all

users are summed up; the total chip signal corresponding to
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T as the total nunber of users; N the nunber of
subcarriers for each bl ock; and G the common
wEemeesssing gain to all users. The CP- DS- COVA BGEIB2005/002430
perfornms bl ock spreading as follows: the N synmbols of
each user are first spread owd4with its own spreadi ng
codes, then the chip sequence for all users are sumed
dupfetdiet tohad Thddx Signatacaniespodnsiéry dofidfeitentime
chig index is transmtted over different tinme block,

Plogk i thiakks @EDdkPIFkRntP otfhnd R wHdle Wi ie chip
S 08€ P End he Npyspols. The nth received block
after FFT can b e vvrltten as T-1 y(n) = LV\D(n)
O(I-)S 1+ u(n) (28) i=0 where n =0 ,

I
1.7 Sl = ,
The§11¥r§ h?‘ecq_%%%dﬁ%%ck T%{%ﬁ %FT cgrb(k?]e \ert r} :‘1 (29)
If the sane set o | ong scranbllng codes are applied
totheGbIocks,i.e.,D(O)=... G- 1) =D, b
y collectindgthe kth sub- carri er's recei ved signals
fy(@r)n#h@wmhzg:l(@sd i) @) bl ocks, one obtains T-1 y(k) (28)
lk Wk, : g 1 C1 + u(k) :30: i=0 where y(k) =

[y(O k), , y(G-1; k) ]T, and Wk, :) denotes
the kth _ ,
where n =0, ..., G - 1, and

y(n) = [y(m:0), -, yini N = 1) 17

s{ = [81(0),, sy - 11T

o

(n) = [un;0), -, um; N — 1) 1% (29)

If the same set of long scrambling codes are applied to the
G blocks, i.e., D(0) = ... = D(G - 1) = D, by collecting the
kth sub-carrier’s received signals from the 0th to (G - 1)th

blocks, one obtains

where z&)==[yw;k),~-,y@ —Ihld]T, and W(k,:) denotes the kth

row of W. Note W(k, :)Ds; is a scaler. Using c; to perform

despreading, one obtains

100 = cllym

= Ay Wk, : )%j_

Z

+ d(k)
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rowo f W. Note Wk, :) Si i s a sealer. Using c
o perform despreadi ng, one obtainsThus Z = AWDs + U1

w@ 3@y/ois7ehere z = [zi (0),... , Zi(N - 1)] anectyB2065/002430
[U(O, ... , U(N- 1)] T. Note (32) is the single
carrier duality of MCDS- CDMRSmodel (22), if D =
From (32), it is seen that CPDS- CDMA does not

THYperi ence MAI, but it does have ISI. It is also noted
that after bl ock despreadi ng, a CP-DS-CDVA systemis
equi valent to a single carrier CP (SCCP) system Now,

nsi eneri c M MO channel nodel. Suppose the 2
%f 2ﬁ@%%e§.gé descri bed-by the foll ow ng (32)

i nput-output relation: x = Hs + n (33) where s_, x and
n denote the transmitted signal vector, received

wh%'r%naJ Me%%or((nand receivg]d _nai sjé" veet A = [uy(0Q), .,

respective s the dhannel natrlx -representlng

er Bns fr S ten th
rgcelgzwantgéﬁas?ggé Eou%ﬁ?oggggigggng?g |ty,af%ty of MC-
DREIMFEthddedt (2% ,aid m ar € .alHrohix|(3vegt drs,i sareed It$1aa; CPp-

NxN matri x. Assunlng that e[ssH] = s|l, e[nn H] ,
DS-CDME gipry not pXRsdiGRee Bids e [insaesedens AST- It is
alfsaf )%gm‘%elaf(t@ b 1WiC @e%%'}%ra@tl%% t he CQUIRUCpMAZ system
is equivalent to a single carrier CP (SCCP) system.

Now, consider the generic MIMO channel model. Suppose the
MIMO channel is described by the following input-output

relation:

where s, X and n denote the transmitted signal vector,
received signal vector, and received noise vector,
respectively; H is the channel matrix, representing the
responses from the transmit antennas to the receive
antennas. Without loss of generality, it is assumed that s,
X and n are all Nx1 vectors, and H is a NxN matrix. Assuming

2

that egsstl) = 651, ennfl) =

= c%l, eggH]= 0 .Denote P as the

linear equalizer for the channel (33), which generates the

output:

Then, the minimum mean square error (MMSE) equalizer is

given by



Then, the m ni mrum nean square error (MVBE) equali zer
is given by-MVSE = s [sIMMH + s I]- 1 H(35) In the
wo odobovs7om, the |inear receivers for each o f P&EIB2005/002430
CPbased CDWVA systens are specified. MC DS- CDVA
perfornms bl ock despreading f@&6 each sub-carrier using
G consecutive bl ocks. A one-tap equalizer i s then

apliedt eqllesprga n utput t o retrieve the
thassni T t @ Ostbnars® niﬂl EE/I\/BE equalizer t o the ith (35)
subcarrier i s given by Pi,MMSE = - (36) s | + sn For

MC- CDMA, t he signal separati on i s done for each
Irs Wi M1o‘&zi&g,he:r@1alﬁn@am&terde&vfe&rs tfe iddehs W hlheclkcp-
of the nth block i s H1 =A 1Dl (li)C (37) Thus the
baagsk Cé:&’{?alﬁyz?érenls sargﬂ \Fé??odyf §br fully | oaded systens,
5 2r 2 - | ,MMBE = s [si Al +snl ] 1A1D1
(I|)C 38) V\:hICh | s realized through a one-tap
M@t G DMFY ,pe(JsEcﬁsnsr sbJZB:IDdespmdirﬂg Aolr Each glubowed tier

spr eader CJ Fo t.he chann
995434 1 SO i FHISSORE 1 Ao S et S TR oA T58)
apgluised he MYRE RUpd #8Md &thjdtertcbyb tfrqrevfel“‘dh)é | oaded
transmitted signals. The MMSE equalizer to the ith sub-

10 carrier is given by

Oshi
Pi,MMSE 5.2 > (36)
okl + on
For MC-CDMA, the signal separation is done for each sub-
15 Dblock. As the channel matrix for the ith sub-block of the
nth block is
H; = A;D;(n)C ‘ (37)
20 Thus the MMSE equalizer is given by, for fully loaded
systems,
P = o2io2|A;[* + 62D A Dy (0T (38)
=i,MMSE ~ slos n PARLAS

25 which is realized through a one-tap equalizer,

(osl O'S‘A | %1]_1Ai)ﬁ, followed by a despreader [Qi(n)@

H
For CP-CDMA, the channel matrix for the nth block is given
by

30
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systems , F-MVBE = 1| [ | |L|2 +s | r 1 ADIJn)C (40 )
which is realized through a one-tap equalizer, (s [S]

wo bdozots7oe | ] 1 A, followed by an | DFT oper ateeT/il#4005/002430
foll owed by a despreader [D(n)C] H . CP-DS- CDVA
perfornms bl ock despreadi ng usiing G consecutive bl ocks,
the channel matrix after despreading is given by H= A
W (4 ]Awdhws the MVBE equalizer is given by -MBE = | (39)
[l |TT2 s 1]- 1AW (42) which is realized through a
one-tap equalizer, (s [s|LI2+nl ] 1A) ,followed

by a | DET operataor, WH .. After bl ock despreading, a
Trh. B e B 8coiss 04 Yatup ey Seamtiand 19adta
sy&itErsarly, a MC-DS- CDVA becomes an OFDM system Next,

l'i near equalizers according to enbodi ments of the
invention are described, which are applied to the

vari ous ?%\/A syEte Li_Tear equal i zers are easy for
il aental (b4 he:&/_ﬁr, ADX®E are single user (40)
detectors in the sense that when detecting one synbol,

the others are all treated as interferences. Bl GDFE
wh(ibclhociks irt ea{laitziev 1Tq,xerncgera%iaze(gJI eolgc:i Si on L%ﬁ%baok

SGUaliZ 52 U i TR o a¥hF eV@P neare Mt “Bht ect i on

porp t he CPobasedyCOVA systens. The idea is to detect
(Gﬁﬁ%@h&r afsthLl edVsynd@ld anast By w8 By cBshateimdbusl y

ek ed syt s P b 4 o Hid SBHoRS
odbuerbby B A ebealit B BRI et om (he

CP-DS-CDMA performs block despreading using G consecutive

blocks, the channel matrix after despreading is given by
H = AW (41)
Thus the MMSE equalizer is given by

2 A (42)

2. 2(A12
Puusg = Oslos|Al” + o
which is realized through a one-tap equalizer,

(cg[cgw2 + crzll]—lA)H,followed by a IDFT operator EH.

After block despreading, a CP-DS-CDMA system becomes a SCCP
system, and similarly, a MC-DS-CDMA becomes an OFDM system.

Next, linear equalizers according to embodiments of the
invention are described, which are applied to the various

CDMA systems.
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iteration are used to cancel out the interferences,
such that statistically maxim zed SINRs are achi eved

wo eocaid7oret ect ed synbols. Fig. 6 shows an equedT/m2005/002430
600 according to an enbodi nent of the invention. The
subscript 1 is used to denoté@8the Ith iteration. The
equal i zer 600, a Bl-GDFE, nmakes use of the

LideairSkgnadizeetedreyahalsrbrompheméhtd}ibh, i hewateen they
to assist for S|gnal detection for the Ith iteration.
argt SERGLPt HSPrefgtPEROrEhenr EBEI §8ASSI §RAF XhPB ﬁsggealng

onk0 sImbegd- Eﬂ%“@EgeggugkaQ ogrégggh HQ'En@Q}feren es. -
! RS

corfesponding to a matrix he sane
GDEErdbdecksu@arhtmnetbeneial)zed dEenauponfespQQFE :

asses through. ack qual zer (EBE), 602 .
e iR e pondPnE i 1St SCBRETe FRBXGUEPHECCFFbRR: figE the
cpEbEseal tpPfll sgRdehble FBE §828aake e@nabe@dtbyha transmitted
conbi ner 603, and further used.by a slicer 604 to nmake

symed SdérspEATeREr 2apReSERRLFeRPAUPSY. (REETREtKEINELH) /
an%oln eaE?FEt%?gtqg egﬁﬁlBeEQ@EoHEeﬁgﬁgaﬁ%rghglgggbious

conmpone romt IS preservead,
1teaa¢ebhlBgeouseﬁheolnbecéérenceShesﬁngetherEBEes, such

Theorem. 1 : ose that e[ =ss |., §
thgt S§a§P5tﬁ&age&hPéﬁlWé%8§ §ﬁ§R8|3§8nﬁFkéF¥ﬁE ?Qr a%l
dekKlcHeq LhRBOtRE optimal FFE and FBE naxim zing the
signal t0 interference plus noise ratio (SINR)

Fig.6 shows an equalizer 600 according to an embodiment of

the invention.

The subscript 1 is used to denote the 1lth iteration. The
equalizer 600, a BI-GDFE, makes use of the decision-directed
symbols from the (l-1)th iteration to assist for signal
detection for the 1lth iteration. At the lth iteration, the
received signal x is passed to a feed-forward equalization

(FFE) unit 601 corresponding to a matrix Kj; at the same
time, the hard decision from the (1-1)th iteration, S1_-1,

passes through a feedback equalizer (FBE) 602 corresponding

to a matrix Dj. The outputs from the FFE unit 601 and the

FBE 602 are combined by a combiner 603, and further used by
a slicer 604 to make hard decisions for the lth iteration.

Let

z2) = Ki'x + D13y (43)
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at the Ith iteration are given by K1 = s| [s|(l - P 1
JHHH + s i] 1H (44) and the maxi mum SINR for the kth
weybols7ez f s is given by 2 2 |A (k, k) Yl (KPCHIE2405002430

) -ni ' and X(i,j) denotes the elenents o f matrix X
at the ith row and jth col unm® Theorem 2 : Suppose
that e[ss H] =s2s | , §SS1 H- 1] =Pi- cs2s | ,

T kd) Sldda SloH BI-IGHFE &h ©d sedpnsi defat erddddde the
channel o f x = Hs + n_, and suppose channel matrix H
SIG b @RRAiHosed B e HgE 15 e wedcaitiee a
céﬂc%?fﬂ{}gndwrﬁﬁ‘e i 5t & N s MR X dh e pREREH = 1.
Denot e 1 Qand 21,0 a s tne FFE and FBE at the Ith
iteration of the M MO channel: x = HQS_ + n, and A1 O
= diag K Hg). Then the following holds (1) The FFE Kl
T}}:\%Odrﬁ'—‘%El‘Dl of the M MO channel x = H+ n

Suppose that 8§§H]= cgl, 8@@?_1]= pl_logl, and

2

8@1—1§l—f]= csl. Denote A; = dia@g%g), which takes the

diagonal elements of 5?&, then the optimal FFE and FBE

maximizing the signal to interference plus noise ratio (SINR)

at the 1lth iteration are given by

2

K1 = 03[03(1 - p%_l)@H + cnl]‘l

H (44)

Dy = p1-12; - kf'B) (45)

and the maximum SINR for the kth symbol of s is given by

2
81, x| 0%
y1(k) = ——— (46)
Rz (ks k) ,
2 2
osl —P1_1)  H ., 2. .H
Bﬁl = > D1D7 + onK1 K7 (47)
P11

and X(i,]J) denotes the elements of matrix X at the ith row
and jth column.

H]_

= o2

Theorem 2: Suppose that g[ss I, e@§§_1]==pl_lcgl, and

qgl_l§§_l] = cgl. Consider the MIMO channel of x = H s + n,

and suppose channel matrix H can be decomposed as: H = HoE,

where E, called a transform matrix, is a unitary matrix,



can be represented as K1 = KIfO E (48) D1 = EHD fO E

+ Pi-i(diag(EHK O HO E) - EHA - 0 E) (49) (2) If
woigoosei1sgodi agonal matri x, and the el enents of BCT/BB2605/002430

all with the sane anplitude, then K1 n and j.0 = -10-0

are diagonal matrices, and K4H EHAIfQ E (50 ) Al =1

Il (51 ) D1 =PI 1E"(a1|-A10)E(52)R1(|C
ik, m BA(RLIQ behoBe3K) ghaha al - a3l tAe. FFE) and@n@pl at

x'uR,0=s Pi-i >1 I 0- ai JH + s k
tHKI1th (BZeratsien d<l>ﬁg‘t;)lmalMImftCDr«:}xannsé\-/elxal= H@mremns anel

i n order . The diagonal elenents of the FBE D] _ are
A@ll—Z@EQ?GK h#qs) e gardHerrgmes ideCiniiens will never

8ntribu he signal conponents in the slicer

input i ; The paraneter P _ is called the

cross-correl ation coefficient between the transmtted

5 (Io)i dited EFEarid tarel HERR Mecifsitdres MSMO macbanratl thes Hls + n

-l)th iteration. The selection of this coefficient
cyl B reruaadnd#d rafl e t o guarantee the convergence of

the iterative algorithm For the initialization, po =

Ois set, thus the FFE K _ is actually the

cgfvengilggal MVBE equal i zer, and there is no feedback. (48)

Dy = E"Dj0E + p1-1(diagE K] jHoE) - EFR, oB) (49)
10
(2) If Hp is a diagonal matrix, and the elements of E are
. . _ H
all with the same amplitude, then Kj o and Alﬂ = ELOEO are
diagonal matrices, and
15 kiH = EFR) o , (50)
A; = o1l (51)
Dy = p1-1EM(@1I — By oE (52)
1
1
20 where a1 = Eﬂrﬂélﬁ), and
Rio = Gg(l - Pf_l> (B1,0 —o1D) A1 — alL)H + cﬁgiogllo (54)

is a diagonal matrix.

25

Several comments are in order.
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When the previously-nmade deci sions are perfect, the
correlation coefficient is 1, the FBE cancels out all
wo bmciors7er f er ences, and the FFE becones a nat CPEDIB2005/002430

filter, H, or maximal-rati o conbi ning ( MRC)
equalizer. If Hy is a diagofdl matrix, and the
el ements of E are all with the sane anplitude, then
* the HRoad IFBE dmsntls e the d@Forposed iaitlo Zeams, thus
terns, those related to the fundamental channel H and
g EATdidr gadeaisGie iens middhaeveth€optRuGe ttise the
iGN JrS ) e t<1Qf nsform However,
Slt hi s ?Jsordr?c?tr%rﬁeédgglsgql\;@h(esr}qtcﬁtéhgpgﬁfgf gz'rlm'E has uneven
anplitudes for its elenents. Wth the above theory,
the BI-CGDFE is applied to each of the CP-based CDVA

A ive e ' jzers f each
T oS i os GOV 271 b e Geetredla T s
i1\ alcsnt S N : ctiaon.i
et raias oness X Lahdt S SaBRedr v e Tesepard
detctie immtshéyati ceddd artmiree far -GHRM Sytsdrems G @S di& tion
fundanmentals in deriving the optiml weights for the
ofotthdisCRrolsdsé ¢ i€DMAPd pytsens crThisallheolE- BS- GOMRantee the

i dered first. MC-DS-CDMA After bl ock
g T AR DB GES§ PR G oBaFvANENt { o
inG22h1iPanabe, HR = A .isther -g;ﬂug thkskel x,PiL Lefla11y

+snl ] 1A(55 Dfo=20(5
the conventional MMSE equalizer, and there is no feedback.

When the previously-made decisions are perfect, the
correlation coefficient is 1, the FBE cancels out all the
interferences, and the FFE becomes a matched filter, H, or

maximal-ratio combining (MRC) equalizer.

* If Hp is a diagonal matrix, and the elements of E are all

with the same amplitude, then the FFE and FDE for H can be
decomposed into two terms, those related to the fundamental

channel Hp and the transform matrix E. Further, the SINR for

the channel H is independent of the transform. However, this
is not the case when the transform E has uneven amplitudes

for its elements.

With the above theory, the BI-GDFE is applied to each of the
CP-based CDMA systems, and derive the optimal equalizers for
each iteration. As MC-DS-CDMA after block despreading is
equivalent to a OFDM system, its ML detection is achieved
through one-tap equalizer directly. However, the
mathematical formula for OFDM systems serve as the

fundamentals in deriving the optimal weights for the other
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Note both _HQ and K g are diagonal matrices. MC- CDVA
For MC-CDMA, each tine block consists o f Q
wewehisseks, the channel matrix for the ith subebiBRoés/m2430
f the nth block i s given by Define E=D (li)C, and
note that the elements o f E%fave the same anplitude.
For fully | oaded systenms, E EH=1_. Applying Theorem
Chrbased H«%)Mﬁemqt@f%r TRIBSDShEDMA-DFSCOMB, slylsé eFSE aard

i hiteration i s obtained a s follows:
e e (R BL | DL (M) (59) whered i

- =[s (Il +sn A 60: Il,i =ai,il - FHIAL ( 61 : Qo0
wher =- Tr(FAL) , and p _i s the correlationr
MCW%%l%Pﬁﬁr--l- - -1-'" -1- between the transmtted
signal S1 and the decisions | ] made at the (1 -

I)th iteration, which can b e cal cul ated through the \
AfgpNRElogk despreadiing2p MNOtOStHAMAEsksieandsBehuijalent

ar ot h _di agonal mgtrices, representing one-tap
toed%%?Fz@FQP%% #%equ 1z€¢e or MC-CDMA i s shown in

Fig. 7. Fig. 7 shows an equalizer 700 according to an

enmbodinent o f the invention. At the Ith iteration,

e recet.ved sigmal (x2i S ssqd to a feed-forward
edeal T RiPsh T 1mgit+fg§yco#¥esponding to the (55)

D10 =0 (56)
Note both Hp and Kj, o are diagonal matrices.
MC-CDMA

For MC-CDMA, each time block consists of Q sub-blocks, the
channel matrix for the ith sub-block of the nth block is

given by

Hy = A;D;(n)C (57)

Define E = D;(n)C, and note that the elements of E have the

same amplitude. For fully loaded systems, EE” = 1. Applying
Theorem 2 and the results for MC-DS-CDMA systems, the FFE

and FBE for the 1lth iteration is obtained as follows:

Ky,i = Ep,iDj(n)C (58)

Dy,i = P1-1,if [Qi(n)gHEl,iQi(n)Q) (59)

where
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matrix F-, ; at the sanme tinme, the hard decision from

the (1- I)th iteration, s]__]_, passes through a first
wEe@meesssdnNg unit 702 correspondi ng to the nmatrPEI/IB2005/002430

Dp_(n)C . The output o f the first processing unit 702

is processed b y a second prdaessing unit 703

corresponding to the matrix B] _ . The outputs fromthe

FFE unit ,701 andthe secgnd psocgssing unit 703 are

dhnbiﬁeﬁsbﬂyla‘éﬁnthiﬁi§O¢,0aéh dkt er being processed (60)

by athird processing unit 705 corresponding to the

trix Jp (NyB] A the output o f the conbiner 704 is

g%eab ygitg%icgiﬂ- t o nake hard decisions for the (e1)

[th iteration. Finally, for partially |oaded systens,

a scaling factor can b e added i n the per-subcarrier

equal i zer Fjo  -j 4, yielding I,i =5s| si(l - Pi _ Ifi
wheygepiay,z Q'Tréz]*f,gémlr C@%D%—Ep‘f Jlép-tiu)ﬁms:om@lation

channel matrix for the nth block i s a s follows : H =

bdiWdad Ke -t fSBmDetédes Fyra D N)dnd 108 deblyidoaded ;| ;

systems, E E H =1_. Applying Theorem2 and the
md RS Wd T HeOr (IM= BS+EDNA eettienns, winle o=z e e dofilkted
and FBE for the Ith iteration a s follows : ' K1 =F

thropyh idhe (FARD 1 = Pi-1I(A 1 - [Di (n)C HWHF
LWD( n) C) (65)

=2 2

Nay ;Os

v1,i(k) = , Vk (62)

QTr(c2( - Pf_l,i)él,iﬁii + “%ET,iEl,i)

Note that Fj,i and Bj,i are both diagonal matrices,

representing one-tap equalizers. An equalizer for MC-CDMA is

shown in Fig.7.

Fig.7 shows an equalizer 700 according to an embodiment of

the invention.

At the 1th iteration, the received signal x is passed to a

feed-forward equalization (FFE) unit 701 corresponding to the

matrix EF; at the same time, the hard decision from the (1-

1)th iteration, §;_7, passes through a first processing unit
702 corresponding to the matrix Dj(n)C. The output of the
first processing unit 702 is processed by a second
processing unit 703 corresponding to the matrix Bj. The
outputs from the FFE unit 701 and the second processing unit
703 are combined by a combiner 704, and after being

processed by a third processing unit 705 corresponding to

the matrix [Qiungf{, the output of the combiner 704 is uséd
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where EIl =s| [s|(] - P1L 1)IA 2 + 1] 1L (66) A1 =

diag( [WD(n)CJ]H F i LMD(n)C) (67) Notice since the
webmaemrs2 0 f E d o not have identical anplituper/iB2es/002430

FBE JDI cannot b e decouple the effect o f purechannel

L fromthose of the codes. Thiss the equalized SINRs

wll also be different for different detected synbols.

byidadl Yeef OTOPAS ind key HDAH L SYSIAS . £ S | Nth

factor can be added in the per-subcarrier equalizer Jf
igeratj@idding El = s.2| r[-Ts 2 (I - +s_2n TI1]-1L .

CP- DS- CDVA After bl ock despreadi ng, the channel matrix

for CP-DS-CDMA is given by H= LW (68) Thus the FFE
Faomall FRE faor pémii&lﬂ?tkﬂ&ﬁédﬂByHEEMHsfaﬂdammum@_ﬁaéﬂoﬁVcan

o oh R B0 ahers T L B

CP- based CDMVA systens, the conposite channel matrix
consists of the pure channel responses fromthe
transmztter side 40 the pecei yer SI de, and the

Espr eaéﬁsrﬁg ‘Es)(élesa(ﬁsol(;h 3 Wt‘h_lh active users. Wen
the | ong scranbling

CP-CDMA

For CP-CDMA, the channel matrix for the nth block is as

follows:
= AWD(NIC - (63)

Define E = WD(n)C. For fully loaded systems, EE" = I.

Applying Theorem 2 and the results for MC-DS-CDMA systems,
one obtains the FFE and FBE for the 1th iteration as

follows:
Ky = E;WD(Mn)C . ‘ (64)
Dy = p1-1@; - ;A" w¥EY AwDIn)g) (65)
where
F) = o3lo3( - pi_,JAf + ohD A (66)
A, = diag( D))" Y AwDn)C) (67)

Notice since the elements of E do not have identical

amplitude, the FBE Dj cannot be decouple the effect of pure
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codes are utilized D(n) | _, the FFE K1 and FBE D are
dependent on the channel responses, a s well a s the

wo oovg/osszoanbl | ng codes. For MC- CDMA and CP- DS- BDIVIB2005/002430
systens, the effects fromthese two factors can b e
decoupl ed, thus both F1 and Ba5are independent of the
| ong codes. However, for CP-CDMA, the optinmal FBE D1
channel gdecerpheribse ebfechs £6883 1 heses I TAGILT Bzed SINRS
Further,” the equalized SINRs are al so dependent on the
wlidng adprehdi dgfcedeat Thusdii¢rrBht GIEEecsedpplimbdls.

the receiver conmplexity faor for CP-CDVA is (nh genera
FiPGAeY  { KRR PROSGLoY LRECSENSYSERBSsyat SRELIPH fRECOT can
pkobbewundn anhsubapt-isiBlcasirielr fde 1900d#t IFN iielding
proposed to design the equalizers and calcul ate the

SINRs for CP-CDMA systens with | ong scranbling codes.
One may argue that only short orthogonal codes can be

ed W . y ugin hgét,€lodes may i ncur very
gid pe gﬁﬁggcqu%TLéﬁéEEW%.89§%h'@éference to the
equations (64) and (65) Ii =-Tr(A 1) (73) GL =P

-1 (A1 - ail) (75) are defined. Then the FBE for the
Ith iteration can b e represented a s D1 = [W)(n)C] H

CBrDAPCAME) + G 1 (76)Note Jf]_ n equation (66) and B] _
above are both diagonal matrices, thus they are

one-tap equalizers. However, since the diagona
Ad¢lemrebllecaf dAspireadahgi, denti eabnnah addirtikofak CP-DS-CDMA

is given by
H = AW (68)
Thus the FFE and FBE for the lth iteration are as follows

K1 = B1W (69)

D; = p1—1WiB W ' (70)
where

F; = o3lod - pZ_y AP + o3 tA (71)

B, = ajI — FIA (72)

21 1=~ £574

1
where aj = ETr(_ETA) .

For CP-based CDMA systems, the composite channel matrix
consists of the pure channel responses from the transmitter

side to the receiver side, and the spreading codes
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block G _ is used to fulfil this diagonality

requi renent for Bl . A n equalizer for CP-CDMVA is
webhmenis7e Fig. 8 . Fig. 8 shows an equal i zer 8POI/1B2005/002430

according to an enbodi nent otqéhe i nvention. At the

lth iteration, the received signal x is passed to a

f eed-f.orwar.d ejﬂgiization (FFE) unit 801 correspondi ng
AP M AGH 1 &Seaife AR thiee Learad scrambling

Sed s QT - I)th iteration, s -, .. passes
“Thr oaagr%qé‘ftglﬁ?s%&gr%@gss;% %g uttr}ﬁ%t &Kéorapgsggﬁ:di—dg A&
dddegdet ich WA )G a e t. Qf e finsSt _pr.ocessin
gﬁ?i 802 is proéggggﬁhbigﬁﬁgggﬁﬁﬁ %&bé&%&iﬁ& 5%%1%é6§9
S (@S FEn dioss -0 Fore M@atGDMA Brijd CP-Tise COMAD 4ty thidM the
E i t.,.801 and the _second processing unit 803
eftaf% Z:tcsgﬁ’(ﬁ%nq{e 5V ea%fwior stjtgc&:&’?ﬁi G 6’4,detcﬁ’é1%&l?fjputthél1s both
Fiwaineh B1S apfe0d@gieee nidiend b&lE%epﬂg%%é%bﬂﬁsqnﬁbw%gér, for
corresponding to the matrix [W(n)C] . The hard
CPd€@M, ort hier opttiime 1( FBE) Dijh cahewat ideaouPlle ithieS e@fe@ts from
processed by a fourth processing unit 806
theser dypordaictgrso Ehativetrni xhe equaie zedt puIN&sohirehelso
r pr.ac [ ni .and the third processin ,
de%%%sgg6502r§%%oﬁgp e556§g§l§8c88 eSOHEFHErwgﬁﬁ,BFﬁgDFE is
appltipdt, ahewrieck iverusetphyxatsl ifeer £8@8chocprike 1Bar d
decisions for the |Ith iteration. Further, since both
IeRRragng e e rafF82lefBREENE O8N thReOkBRY E68eSsYSDEMF,
t hey have to be cal cul ated and updated from one

In the following, a suboptimal simplified solution is -
proposed to design the equalizers and calculate the SINRs

for CP-CDMA systems with long scrambling codes.

One may argue that only short orthogonal éodes-can be used.
However, only using short codes may incur very bad
performance for CP~CDMA.

With reference to the equations (64) and (65)

_ 1

d] = — Tr(A;) (73)
N

By = p1-1@1I - EfA) (74)

G = p1-1(8; —3a1D (75)

are defined.

Then the FBE for the 1lth iteration can be represented as

Dy = (WDnic1" By WDInO) + G (76)
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bl ock to another, rendering the inplenentation of
Bl - GOFEvery conplicated. To sinplify the cal cul ations,

wo vmesgept i mal techni ques are proposed. Subopp@TEB2005/002430
Bl-GDFE-1: ai = - Tr(F?L) (77 ) gi ( (78) Suboptinm
BI-GDFE-1l1 : 1 Hai =-Tr(F?4) (80 ) GL = 0 (82)
Wth these sinplifications, a reconf igurable BlI-CGDFE
receiver applicable to any type of CP- based -CDVA
systens i s proposed and shown in fig

NQlg r%]sﬁdhcﬁﬂ‘%aotlt% %@aﬁ%@w&mq narrﬁi §>otzb dw‘a@rr@ln

i .nst ead he matri x u sho
ndRATS Sert B UBeA NS P S S off THYSE - Since
tHEHddhl Al dniendd haﬁ trgr aldedmot heldracieialgd &5 gditdonal
is passed to a feed-forward equalization (FFE) unit

bBfidk ¢y ries poyet N tiulifid rfhimtdiagdib Litat ddmpisament for
time, the hard decision fromthe (1- |)th iteration,
BiS1-An e Puslsiere i HroudhP £ 0MA sits prhesas simd ieni&.002
corresponding to the matrix Q. The output of the
first processing unit 902 is processed by a second

Fj%cacessrﬁdm i d g 203 L rTRFP AN NG Iy 1 SRUHBo Biment of
e out puts fronlthe FFE unit 901 and the secon

the doeswitigorunit 903 are conbi ned by a conbi ner 904,
and after being processed b y a third processing unit
905 corresponding to the matrix Q, the

At the lth iteration, the received signal x is passed to a

feed-forward equalization (FFE) unit 801 corresponding to the

matrix EF; at the same time, the hard decision from the (1-

1)th iteration, S$;_37, passes through a first processing unit
802 corresponding to the matrix WD(n)C. The output of the
first processing unit 802 is processed by a second

processing unit 803 corresponding to the matrix Bj. The

outputs from the FFE unit 801 and the second processing unit
803 are combined by a first combiner 804, the output of

which is processed by a third processing unit 805
corresponding to the matrix [WQUHQF{. The hard decision from
the (1-1)th iteration, S1_71 is also processed by a fourth
processing unit 806 corresponding to the matrix Gj. The

outputs of the fourth processing unit 806 and the third
processing unit 805 are combined by a second combiner 807,
the output of which is used by a slicer 808 to make hard

decisions for the 1lth iteration.

Further, since both 3a; and G; are dependent on the long

codes, D(n), they have to be calculated and updated from one

block to another, rendering the implementation of BI-GDFE
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out put of the conbiner 904 is used by a slicer 906 to
make hard decisions for the Ith iteration. The FFE
w@ BdoowsToz 901) and FBE (second processi ng uni PCOOR)05/002430
are both one tap equalizers, and are determ ned by the
pure physical channel, thus t4fey can be predeterm ned;
The transformmatrix Qis configured as follows: Q =
val) njdmd loirc3RCDNy  Qmp 13(f1y) & Heorc deuTaMA,on@,= tWd or
- DS- CDVA, = O for MC DS- CDVA (nmeani ng MC- DS- CDVA
S Ral THAY]Rr3HRS FHOPOSEB| ock di spreading is
perfornmed for MC-DS-CDVA and CP- DSCDVA. Wen
iterations are not perforned, the proposed receiver is
Sulpn tiataan tB i Ridimdent | onal MVBE recei ver. For DS- CDVA
systens, there is no CP for each bl ock.
Conventionally, two types of |ow conplexity receivers
have been proposed for DS-CDVA downlink: Rake
r&c et Hrﬂgpé)equalization recei ver. The perfornance (77)
of each depends on the property o f the wrel ess
channel, as well as t txaffic | oad. Specifically, a

re n ot h
Fﬁﬁg}-fi ZGiDHﬁ&fqysaceBibﬂlh gagﬁwﬁh'a%gn t he (78)
spreadi ng factor 45l atgé~éndugh; “néwaver
thi siLnterfarenc ppression capability will decrease
ﬁ#%h t _1ﬁ%fea§%i%f the traffic | oad. An equalization (79)
- receiver is in theory capable of suppressing both |FI
and MAI comng fromthe sanme cell for CDVA downli nk
Sublarguigre ¥ é3E-d¥RERg-Eve ort hogonal ity of the codes
However, considering the

1
3 = ETr(E_?A) (80)

Néfog

vik) = '
Tﬂogﬂ.—-p§_1V$§_1§l§§ + G%E§E1)

With these simplifications, a reconfigurable BI-GDFE
receiver applicable to any type of CP-based CDMA systems is
proposed and shown in fig.9. It corresponds to the equalizer

shown in Fig.4, wherein instead of V, the matrix Q is used.

Fig.9 shows an equalizer 900 according to an embodiment of

the invention.

At the 1th iteration, the received signal x is passed to a

feed-forward equalization (FFE) unit 901 corresponding to the

matrix Eﬁ; at the same time, the hard decision from the (1-

1)th iteration, §1_71, passés through a first processing unit

, Vk (81)
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conpl exity constraint and sl ow convergence of any

practical adaptive equalization algorithns, the
waedsevaht e performance of an equalizati on recBCwEB2005/002430

usually has a big gap to the theoretically predicted

per f ormance. However, even th&f%gh there is no CP, the

i nput-output relation of.(27) approximately satisfies
90henothespbadhry del ajespaeailxi @. rehatovepytsodlthe first

conpared to the ﬁlock si ze. Thus FEQ met hod can still ,
Psgggﬁﬁmdu%% genti BRAFSBES 3ystened Rherefotkd unit
obBecBl rEDFEn8chgMeodent oRgdr{ or g CP- B Wshgs FERhSthe FFE

still applicable for conventional DS-COVA. Finally,
uhbe povpesedtEehsgeora@nNpabSOsHENGPEHhi€dI0D any SySbEensd by

varied from MC-CDVA, such as tinme-frequency spreading
aANEORPLRET aRBl4 CP2TEMAL LAF SBS 1M PECGRS 88TaPY zar terght

design for downlink scenarios is provided, the g
PappEFEARPONNGE PRe pPbpBSRANGRRMOEC i Rhaphakkixscenartloe

ohEolRL bt R SnaFoppirts YPE8 MlaborEilP 586 14 make
hasdddéoisfbﬁsofonathéxltnveéef@nibs.stiII det er mi ned

by the spatial dinmension provided by the M MO channel
thus a very sinple iterative receiver can be expected.

-Aghabpre, (FPe cRIvesgencenqf rehe (pLopesedrbtesathyeunit
receiver is very sensitive to the determ nation of the

9DAapuardeepthopneorapl aanahizcersf i enénarpjdeteminged by the

pﬁkgnﬁb%ggg?fségggéé%inEﬁH.Fyh?$38a806éeﬁ?ééggermined;

coef can heoreti ca

* The transform matrix Q is configured as follows: Q = WD(n)C

for CP-CDMA, Q = D(n)C for MC-CDMA, Q = Wfor CP-DS-CDMA,
Q =0 for MC-DS-CDMA (meaning MC-DS-CDMA does not require

iterations).

* Block dispreading is performed for MC-DS-CDMA and CP-DS-
CDMA.

* When iterations are not performed, the proposed receiver is

equivalent to conventional MMSE receiver.

For DS-CDMA systems, there is no CP for each block.
Conventionally, two types of low-complexity receivers have
been proposed for DS-CDMA downlink: Rake receiver, and
equalization receiver. The performance of each depends on
the property of the wireless channel, as well as the traffic
load. Specifically, a Rake receiver is effective in
suppressing both inter-finger interference (IFI) and MAI

when the spreading factor is large enough; however, this
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cal cul ated based on the equalized SNR for the Ith _
i terationusing Gaussian approxination. For exanple, in
W idos/0j2)2 the correlation coefficient is detepan/m2d05/002430
by, for QPSK nodul ati on, vvhere g]_is the equalized
SINR at the Ith iteration. 1t°0s pointed out that this
nmethod is valid only when the si.gnal di nension goes to
1qqﬁnﬁﬁw0%r$dlptprr@8@qm |C@®@b3|lNFﬁ3' atlldadeai@taecet edth the

r ent | pra | ce i.gnal , o

rg: rre(r)fjsel (;%nfel sdeusncuacﬁ Qr ra%l%ﬁ’er&f@a"l"‘efe&s in
t hSldYRs capabiet dﬁkyupgﬁﬁsﬁﬂmg @d&heﬁﬁﬁta%@t@@He@oﬁﬂﬁ@°E§om

for sone systens, such as CP-CDVA considered in thi's

thes same ﬂ%leff&re coMa d@W@éé.ﬂ#ablt@rp@g@egue@ﬁogm@b e
o BRI 1A tGAlGUI e PR COR, %@@%'on%o%%gh%%égg h

systens with finite signal dinension and unéqual
coggpd&ized cOinNrRy 2 iRdr asysséow wiohlvefrigeince sifgaaly practical

nput - deci sion correlations fl uctuate
A g AR, 200G Rer - cher aohiPoBRIE RERRoamance
oft @andel@iamiine ttibe Q@b@&h@&lQ@&a@@?eﬁagnawgﬁbeggﬁrkg the
simulations is described. It works as follows. (1)

theR raERadAInRELMictRISRRIGormgaserat e a bl ock of N
nmodul at ed synbol s, and make hard decisions over the
received signals, then calculate the cross-correlation

Hopetvweenevke thanghi thedesignabscCwjt bhehenpatdodepuisi on

t hi f 10000 runs, from
e 8 A [ D411 GRE-Or RO FovabRbAS A 8SoBhaPnERS FhRnneL

degiayeBpBBRAgis leaGQbémbaEﬁaimecﬂﬁﬁﬁrga Egeﬁﬁe block size.
correl ati ons, which shoul

Thus FEQ method can still be applied to conventional DS-CDMA

systems. Therefore, the BI-GDFE scheme designed for CP-CDMA

using FEQ is still applicable for conventional DS-CDMA.

Finally, the proposed scheme can also be applied to any
systems varied from MC-CDMA, such as time-frequency
spreading MC-CDMA, and CP-CDMA. Also, while an equalizer
weight design for downlink scenarios is provided, the
application of the proposed method in uplink scenario is
straightforward. Further, when MIMO is applied to MC-CDMA,
CP-CDMA and others, the dimension of matrix used for SVD or
matrix inversion is still determined by the spatial
dimension provided by the MIMO channel, thus a very simple

iterative receiver can be expected.

As above, the convergence of the proposed iterative receiver
is very sensitive to the determination of the input-decision
correlation coefficient pj. If the signal dimension is
infinity, the correlation coefficient can be theoretically

calculated based on the equalized SNR for the lth iteration
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be close to the formula of (83) for QPSK nodul ati on;

(3) Search the m ninmum of the correlation fromthe
wde@eois7oms. This mnimumis actually the wor SPCT/ER805/002430

correlation. (4) Calculate the average between the

mean correlation and mninmum&&brrelation, and this

value is served as the correlation for the pair of SNR

ugiﬁ@dc;@u@gkaﬁiappi_\bxmgt%@ectéyeeﬁmpi\@ntﬁnC@Ij p [2 the
runs, (5) Vary the SNR g fromsay -2QdB to sa
caRBe bdt HPR %%f)ébﬂ%%ﬁ%nd@mrew%sbm f%k‘é%% abl e
mGéHlQ@ ggnerated based on the neasured curves, and
when the systens have identical equalized SINR the
checked val ue can be applied directly. For systens
wi t h unequal ualized SINRs, two ways can be appli ed.
Oae Fslto2Q6grit)he geonmetric nean of the SINRs of the (83)
det ect ed synbols In this case, the noise covariance
matri x has to be cal culated. Al so, calculation of

wH@PQE&£nEs”EHQ & aa9§z¥er¥1ﬁ§t598txs éIg iPLPSE i on .

sol uti IS to use the average S i ned as the
rati o between the average signal pomer and aver age
interference plus noise power. This nethod S|an|f|es

It hescRPeutadi ows E@?Fet§+%dF$F%%%t%§ vashitr il ¥ ovkiht She
s8GRal NG PRESE 1 oh 1go&Or ¢ 5'fﬁffn?ﬁ?haéng'ﬂ@@sé€@§lliédt§$NRs

correlation i s over-esti mated en a cl ose-to- MRC
ahetghth sdarectedi gymido f oare hedeFE cahd In szacctegcaedeuue

o BBy R Phe 851 103} "R BLETSR L, SpRchistho¥! cpyer
equalized SINRs are not identical for different detected
symbols for some systems, such as CP-CDMA considered in this
paper. Therefore, it is desirable to design a robust method
to calculate the correlations applicable to systems with

finite signal dimension and unequal equalized SINRs.

For systems with finite signal dimension, the input-decision
correlations fluctuate from one realization to another. Here
a robust method to determine the correlations based on Monte

Carlo simulations is described. It works as follows.

(1) For an AWGN channel with SNR y, generate a block of N

modulated symbols, and make hard decisions over the received
signals, then calculate the cross-correlation between the
transmitted signals with the hard-decision symbols. Repeat
this process for say 10000 runs, from 10000 realizations of

correlation are obtained, for given SNR ¥y.

(2) Calculate the mean of these correlations, which should

be close to the formula of (83) for QPSK modulation;
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may not be achieved for such a case.(2) One way is to
choose the mninmum correlation at each SNR as the
weooseisat: on nmeasure. Wiile this may general | ypd BEBER0030002430
a converged solution, the convergence speed is usually
very slow (3) By selecting t¥e input-decision
correlation as the average of the m ni num and t he nean

(Df dder &i naHateith G0t & AtiHNSsor de NBkies & ddnaderf 110000
bet ween conver gence speed and uar ant ee of convergence

YT nodt HMiTHE Whsless aqtaya ldio WaLHH €afd KF isstatgon .-
set a fixed set of val ues for the correlation. The
selection of thi-s correlation set can be done through

(Nbriteel Calrd e Sihwlaaténﬁgse Heipeerdddies ingrarc @ramdedtatamsn and
for different nal -t p-noi se ratios and different

MAGTHH AR S actt i (6 S e hAS Son

cdxrréiagtldro fd# Ghel pshowst BNH agrama 1908 acepi4limg, to
an enbodi nent of the invention. For different

imiqarEctiorandilse Mattiogatindinatsed on the xaxis 1001 of
t he di agram 1000, input-decision correlations p are
determi ned by way of sinulation, in this case by 2000
(WorieryCaried SNRISy Themi spyt - DEEh St ONsLPr2@IRY | HMS ¢btain
are indicated on the y-axis 1002 of the diagram 1000.

thﬁ]@%@&@fﬂ@fﬁéﬁ% @frwignal -to-noise ratio to
correlation p is indicated by a plurality of curves
1003, each curve 1003 corresponding to a signa

A dicwng argblas ddn ikse igulicatted] ibhsed on the measured

curves, and when the systems have identical equalized SINR,
the checked value can be applied directly. For systems with
unequal equalized SINRs, two ways can be applied. One is to

use the geometric mean of the SINRs of the detected symbols.

In this case, the noise covariance matrix has to be
calculated. Also, calculation of geometric mean can be very
extensive. The other solution is to use the average SINR,
defined as the ratio between the average signal power and
average interference plus noise power. This method

simplifies the calculations quite significantly.
Several comments are in order.

(1) For finite signal dimensions, if the correlation is

over-estimated, then a close-to-MRC weights are designed for
the FFE, and it is regarded that most of the interference is
cancelled out, even though this is not the case. Convergence

may not be achieved for such a case.
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the box 1004.1t can be seen that with the increase of

bl ock size (signal dinension) , the input-decision
w@ooseisat: on becones | ess fluctuated. Theref orBCT/BB2005/002430

| arger correlation coefficient can be applied in

designing the FBE. From simulations one sees that the

achi evabl e performance of Bl-GFE does not converge to

(a iy evParid [ed dondde tDB firmtmieddddd st bound) sach SNR
mpl ying that there could be sone problens for either
a% h@%o‘?ﬂﬂé?ﬁ]r%%’a?n VAT IS or"‘”tlh]ée Eih JGDFI‘PY 'I??é“erl@aﬂs]dh lead to

bedy Pl § & Ss b Bud 1@, C&g}/ eﬁP'\é% ]
adoes nC% ac |eve the%}% verS|ty oéf\% e system 3yvery

sowler to achieve the full diversity the channel
contains and to assist for the proposed Bl-CDFE to
achi eve such diversity, in one enbodi nent, a new

MZ ISPV 56t B | GhdISEeb D fdes antorf raup eonmensd analthe
MC- CDVA whi ch spreads the transmtted synbol in
ayegRmey i iy adriche fiedoral thee sipelatethi p

(ﬁ%%\i &?‘é nglﬁ Wﬂé§d4: a(déz TJ‘? begvn%rpré)cﬁp\? r}ce srPeed
inserts a ran n1|nter eaver of size et wee
andheysqraades @ dcdriREr ggreratior snodN tdf tdties cases.

nodi fication, the proposed MC-CDVA with Bl -CGDFE

achieves the full diversity the wireless channe

(£PMU b tse # Ns 1 e dRouENtss the Jol | oW ingpukld et i\%nﬁles
are cited: [1l] Beheshti, S .H . Isabelle and G.
fompriphes Ccmkﬂtiqﬂerwlwqmmﬁ mfeISacz@srselatlon set

terf | [ systenB "
N R e (R S

pp. 403-418, Sept. - Cct. 1998
Input-decision correlations for different signal-to-noise

ratios and different signal dimensions according to

simulations are shown in Fig.10.

Fig.10 shows a diagram 1000 according to an embodiment of

the invention.

For different signal-to-noise ratios, indicated on the x-

axis 1001 of the diagram 1000, input-decision correlations p

are determined by way of simulation, in this case by 2000

Monte Carlo runs. The input-decision correlations p are

indicated on the y-axis 1002 of the diagram 1000.

The correspondence of signal-to-noise ratio to correlation p
is indicated by a plurality of curves 1003, each curve 1003
corresponding to a signal dimension, as it is indicated in

the box 1004.
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Trans, on Conmuni cations, pp..1966- 1976, vol. 49, No.

11, Nov. 2001 [3] N. Benvenwt® and S . Tonasi n,

"Block iterative DFE for single carrier nodulation®,

T G27 riomi 282 et hdl it thel dnc e aflbl@sk sgozle 1@ignal
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N and S,b\l&lg—)l)o' t[B}g%]i lllw%a%uhdé?nd, " LlaoyAeQrCeO segaaitel-cﬁ r%e GRS v
fhurtugtrl ¢ Weard rre,r ansl s ocod tdl 48 RIAtdOLE Ficient can

r ney domi n equal i zation', |EEE VICSpring ' 04,
b%\/aa)e}ﬂ%%%zfélar? nseﬁlqn%,&lgnettzf}?ogﬁor equal i zing a digital
5 signal received via at |east one comuni cation

channel ,. wherein - the signal values of the received
Fr(ﬂnbistlérfulsq[@r%ﬂs & Frfpddatnhitdneata dhaast akdreeblptelnf@ltk fmaafnce of
et ' -+ the at |east e ock.o |
B{eceiwvgg)eg' g@ cﬁvluée S % ocessed By & Sk &Patihpe MEB
(medugdleicz éri;1 ten icunal)Qr impile iingerakitoRherd RIRAl 86 some
%Hgliz signal values for the block corresponding to
prgbd ats? ng’rﬁ Hidex Lo COPYEREaPed; MC-CRMAwS rort hepBé ~GDFE .
10  Thiet eraiscdndeiadlogk afs eaual kaed $igaal i‘é%'a‘ieﬁc—g DB

correspondi ng to a previous | terat |_on. | S. pr opesse
ackupddgbaorsumior wehdlevgeither f8ld mubveirphityabifonhby sgstem.
Infb&%Er”%Brﬁ%hieve the full diversity the channel contains
and to assist for the proposed BI-GDFE to achieve such
diversity, in one embodiment, a new MC-CDMA system is used
15
Different from conventional MC-CDMA which spreads the
transmitted symbol in frequency domain, and then transforms
the spread chip signals using inverse FFT (IFFT), the
proposed MC-CDMA inserts a random interleaver of size N
20 between the spreader and IFFT operators. With this
modification, the proposed MC-CDMA with BI-GDFE achieves the

full diversity the wireless channel contains.



- intwo or nore iterations the at | east one bl ock of
recei ved signal values is processed by a feed-forward
wamios/ovdrh perfornms a nmultiplication by a secermiB2005/002430
matrix; - in tw or nore iterations, the first matrix
is updated; - in two or noredterations, the second
matrix is updated; - in two or nore iterations, the
In ook dfcweepral i zete Siginadwived yes ldorateispuendingy aidadie
current iteration is determ ned based on the
conmbi nati on of the output of the feed-forward unit and

¢ h ég?ﬁ id. W or LUrTeiint
[1“1%}%’%1{;&&, gg'.ﬁ'l\/gltio glggard(ﬁ]n% V{ 0 Vizclhgi?em 1, wherein
intersynibat Frd mMud § O AR DATEE OIETHNES SHART B8 D
5 alc_!;&af'él : hrgglef&zfze@frb%%yg@ﬁ,l 'Omuﬁoped\ﬁtﬂm_ @C@wmdttﬂmﬁ-o
claiml1 or : erei e s n ix is a
Relafsed) TrrhmRl resi{ft- o“?’ &P e‘g(gf-lg]néerfapiee% 'ous%chc' “fbos
iteration.4 . Method according to any one of the
2fIRIWE dndQ 3hd ahefeifbide BRCA teradd og wuddieckedfative
equal 1 zed signal values for the block corresponding to
eqidibi z¢es af doninte yeymbal etht&r fengndpdcaism b hof 1%ed
an ne of.the,clai 1to 4 [N, 1. _
10 cndflebrFenu i ne T ETTIARS: o SR LA o S e LR
19updated. 46, .Ndet hpdveecop@dng to any one of the clains
1to5, wherein in each iteration, the first matrix
is updated 7 . Method according to any one of the

[Bflﬁinﬁe&véﬁu@o’aM@eégi@omasin, "Block iterative DFE for
single carrier modulation", Electronics Letters, pp. 1144-

15 1145, vol. 38, No.l19, Sept. 2002

D.D. Falconer and A.H. Banihashemi,

[4] R. Kalbasi, R. Dinis,
"Layered space-time receivers for single carrier transmission

with iterative frequency domain equalization®, IEEE VTC-

20 Spring '04, May 2004
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in each iteration, the second matrix is updated. 8 .

Met hod according to any one of the clains 1 to 7 ,
wob@eseisTot he first matrix and the second mat ri RCBIB2005/002430

updat ed based on the correl ation between the bl ock of

equal i zed si gnal val ues corﬁngonding to a previous

iteration and the bl ock of received signal values. 9 .

Clavgthod according to claim8 , wherein the correlation

bet ween the bl ock of equalized signal val ues

corresponding to a previous iteration and the bl ock of

. Ieaed tiest sf gnadqual ieind sa deteirtd nest Jresledrare iived via at

equal i zed SINR of the pr evi ous iteration. 10. Method
leagle PR rigPIBRT GA T @ | CRHIHIS: n WIHE Tt reI ation between

- {he @i%%& of o B! b Z ech ST anal i Ve L@ espandi ngrd 0

a previous 1teration and the bl ock recelved si gna
gro@eksino det eled sedomasebon pf ecqfet iored nmeignal values;

I . t hod di 1
- CRErT L AREE et RRET T Rk B0 AT A b TR o

pr&ELSE &Y el byn negasa ofvsisbations; 12. Met hod
according to any one of the clains 1 to 11, wherejn

- ihelW@cORdIPERE I ke Tat LRt el e oh edwdd 11 HeL
Vaﬁé?%h§o§lgﬁg Igcknéng§§ 5H§%ﬁ§“k6m¥§@ é@%féhtjfkeration

od accor Ing to any one he claims 1 to 12,
iswheneratéde first matrix i s updated based on a

- [AL gl b phot (e ences ity ko g oLy
vath@it 8brségpahdisgacdi gipabvib@halteration is processed by
a feedback unit which performs a multiplication by a first
matrix; ‘

- in two or more iterations the at least one block of
received signal values is processed by a feed-forward unit
which performs a multiplication by a second matrix;

- in two or more iterations, the first matrix is updated;

- in two or more iterations, the second matrix is updated;
- in two or more iterations, the block of equalized signal
values corresponding to the current iteration is determined
based on the combination of the output of the feed-forward
unit and the output of the feedback unit for the current

iteration.

2. Method according to claim 1, wherein the first matrix is
updated based on the result of at least one previous

iteration.

3. Method according to claim 1 or 2, wherein the second
matrix is updated based on the result of at least one

previous iteration.
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received via a M MO system conprising a plurality of

recei ve antennas and each receive antenna corresponds
wo 00068870t y one conponent of the bl ock of receP@RB2005/002430

signal values. 15. Method according to claim 14,

wherein in two or nore itera?ions, the block of

recei ved signal values is processed by a first

beanform ng unit which perforns a multiplication by a

t hi trix_ynd erein the block of.equalized signal_ .
4 HrheTChFrReHiRal T 70V aoBF o6t oike (FAF MFoh F& 3 WMrein
inpe@ersSsedrhyiansegoplobradt osuHUI et s Wheh PLIEOs NBor the

a multiplication by a fourth matrix, 16. Method
bl@@EoF@Fﬁ@SPgnéFagngquhﬁhéF%Fﬁt%%% thi geneheEeS- and

the fourth matrix correspond to a singular val ue

deconposition of the channel matrix specifying the
5.tFMahboidsscoardhagatbeangtote of the cbaimei tatooh, wherein
. _Channel . 17. Method, according.to claim 16, erein the
in PR P 5 NP U COBRDHGUST ¢ FBR Bt TP he bR er ar iF X E0Nd
maPeikospedupagedqon adeconposition of the channe

matri x according to the subcarriers used in the

conmuni cati on channel. 18. Method according to any one

0 cl aj 0,17 i Det f] rj n ;
B e R R R L
incbaohelitenttizgngpenef yingtthettianssi sgdened

characteristics of the communication channel. 19.

Met hod according to any one of the clains 1 to 18,

7.WMieEB8bA aeeogeﬂggptea&hynoﬁ@aaﬂethéscﬁgﬂﬁge@ 86cer dyR8rein
to MCDS- CDVA, - CDMA, ~ CP- CDMA or CP- DS- CDVA

in each iteration, the second matrix is updated.

8. Method according to any one of the claims 1 to 7, wherein

the first matrix and the second matrix are updated based on

the correlation between the block of '‘equalized signal values

corresponding to a previous iteration and the block of

received signal values.

9. Method according to claim 8, wherein the correlation
between the block of equalized signal values corresponding to
a previous iteration and the block of received signal values
is determined based on the equalized SfNR of the previous

iteration.

10. Method according to claim 8, wherein the correlation
between the block of equalized signal values corresponding to
a previous iteration and the block of received signal values

is determined based on pre-determined correlation values.
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20. Equalizer for equalizing a digital signal received

via at | east one communi cati on channel, wherein - the
we@eals7val ues of the received digital signal BCEIB2005/002430

grouped into at | east one block of received signha

val ues, - the equalizer is ad#pted to process the at

| east one bl ock of received signal values iteratively,

1T. iMeHHMY QcdBY @ id &IAtd1NM 110)€ WUl 8h IS rthined
bl ock of equalized signal values for the bl ock .
CUGTlpodi Wy 1S tae danemtea dvamesns &fd simerlaitions.
the equalizer conprises - a feedback unit which
performs a nmultiplication by a first matrix and is
1Z2adapttechd @quraarkEssy ttee dilyoakheofofedqirad ided s gnado 11,

val ues corresponding to a prevjous_ iteration in two or .
WiforeH T t eat%ecff%“,éj ek 15 oS GIRRARE A Shiceh FaFroipation
ofd tRH tdiR)dLatd P Ak ¥r G RRd IR Hos sand-diS Adapted to

process the at |east one block of received signa
values in two or nore iterations; - a first updating

ni i | s .ad t pdat e first. t.ri,x
1#’mﬁeot%ﬁ'g%eéﬁot@3ﬁ gtgos;a%_y“ é)qlgeec?o% %L?pé:a%‘tallrr}ng@ ulnitto v%ilr%’ch
whHer cidapited flia atpaaite: it-he s epod gtiadsed o WO ndm iirsation
iterations;- a determning unit, adapted to determ ne
of H gl igde e r&dira i zed signal val ues corresponding to
the current iteration in two or nore iterations based
on the conbi nati on of the output of the feed-forward
14niMetdnd] tdmeeangding tof arhe one of the claims 1 to 13,

wherein the received digital signal is a digital signal °
received via a MIMO system comprising a plurality of receive
antennas and each receive antenna corresponds to exactly one

component of the block of received signal values.

15. Method according to claim 14, wherein in two or more
iterations, the block of received signal values is processed
by a first beamforming unit which performs a multiplication
by a third matrix und wherein the block of equalized signal
values corresponding to a previous iteration is processed by
a second beamforming unit which performs a multiplication by

a fourth matrix.

16. Method according to claim 15, wherein the third matrix
and the fourth matrix correspond to a singular value
decomposition of the channel matrix specifying the

transmission characteristics of the communication channel.

17. Method according to claim 16, wherein the singular value

decomposition of the channel matrix is performed based on a
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f eedback unit for the current iteration.
WO 2006/018702 PCT/IB2005/002430

59

decomposition of the channel matrix according to the

subcarriers used in the communication channel.

18. Method according to any one of the claims 1 to 17,
wherein the first matrix and the second matrix are generated
according to the channel matrix specifying the transmission

characteristics of the communication channel.

19. Method according to any one of the claims 1 to 18,
wherein the communication channel is adapted according to MC-

DS-CDMA, MC-CDMA, CP-CDMA or CP-DS-CDMA.

20. Equalizer for equalizing a digital signal received via at
least one communication channel, wherein

- the signal values of the received digital signal are
grouped into at least one block of received signal values,

- the equalizer is adapted to process the at least one block
of received signal values iteratively,

- in two or more iterations, the equalizer generates a block
of equalized signal values for the block corresponding to the
current iteration;

and wherein the equalizer cémbrises

- a feedback unit which performs a multiplication by a first
matrix and is adapted to process the block of equalized
signal values corresponding to a previous iteration in two or
more iterations;

- a feed-forward unit which performs a multiplication by a
second matrix and is adapted to process the at least one
block of received signal values in two or more iterations;

- a first updating unit which is adapted to update the first
matrix in two or more iterations;

- a second updating unit which is adapted to update the

second matrix in two or more iterations;
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- a determining unit, adapted to determine the block of
equalized signal values corresponding to the current
iteration in two or more iterations based on the combination
of the output of the feed-forward unit and the output of the

feedback unit for the current iteration.



