1

Frequeng DomainBlock Turbo-Equalization
for Single-CarrierTransmissiorover MIMO

BroadbandWirelessChannel

Raphl Visoz, MemberIEEE, Antoine O. Berthet, MemberIEEE, Sami

Chtourou,StudentMemberIEEE

Abstract
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|. INTRODUCTION

The GeneralizedMulti-Carrier (GMC) quasi-synchronou€ode Division Multiple Access
(CDMA) [1] was recently adwertised as the framework for future-generation4G) broadband
radiointerfaces[2]. This conceptrelieson threekey featuresnamelyblock spreadtransmission
(quasi-staticchannelassumed),cyclic prefix (to suppressinterBlock Interference(IBl) and
guaranteechannelmatrix circularity) and judicious choice of the user signatures(to mitigate
othertypesof interferences)GMC-CDMA allows an unifying formalism which, in particular
encompasseSingle-CarriefTransmissiorwith Cyclic Prefix (SCTFCP), seenasa form of Multi-
Carrier Transmission(MCT) with Discrete Fourier Transform (DFT) precoding.SCTCPR the
main concernhere,is demonstratedo have a twofold interestcomparedo MCT: it reduceghe
Peak-to-AreragePawer Ratio (PAPR), which is crucial for mobile terminals(cheapeipower am-
plifiers and/orgreaterangefor the uplink), andis far lesssensitve to phasenoiseandfrequeng
offsets [3] [4] [5]. Furthermore, SCTCP efficiently exploits frequeng diversity, through the
recovery of inherentmultipathdiversity. Indeed,broadbandvirelesschannelscanbe turnedinto
equvalentchannelswith very little small-scalefluctuationsvia powerful block turbo-equalizers.
As a matterof fact, the compleity of suchadvancedreceversis much higherthanthe one of
typical MC recevers. However, thanksto the CP insertionat the transmittey their compleity
canbe drasticallyreducedby implementingthemin the frequeny domain(see[7]-[12] andthe
referencegherein).

This paperdescribesa broadfamily of frequeng domainblock turbo-equalizer§or SCFCP
over MIMO broadbandwirelesschannel.We intentionally focus on Block Linear Equalization
(BLTE) atfirst iteration[6] [8] [10] [13] [14] since,contraryto whatassertedn [12, p. 468],it is
more efficient for codedsystemsandlesscomplex than Block Decision-Feedbackqualization
(BDFTE) within an iterative structure[14, VIII. Conclusion].Not only do we contentwith
generalizing[7] to the MIMO case,but we focus our derivations on a recently introduced
conceptimplementedin the time domain with a sliding window approach[15], noneistent

in [9] [10] [12]. The key underlyingidea consistsin equalizing (non overlapping)groups of



symbolsand then detectingtheir individual space-timecomponentsn a disjoint and iterative
fashion.InterGrouplinterferenceg(IGl) equalizationpreferablyrelieson Minimum Mean Square
Error (MMSE) criterion. Greaterrecever designflexibility and potential optimization of the
performance/compiaty trade-of comeasaresult. Complementingwiftly mentionedemarksn
[15], we addressnary algorithmicsubtletiesshaving how to take advantageof the new degrees
of freedomat our disposal,namelythe choiceof the criteria retainedfor 1GI equalizationand
componentdetection,their possiblehybridization and the various schedulingoptionsinduced
by the functional split (i.e., the doubly iterative structure).Particular emphasisis put on the
grouping stratggy which naturally emepges from the vision of MIMO communicationsas the
transmissiorof multidimensionalsymbolson a Single-InputMultiple-Output (SIMO) channel.
This shift in viewpoint wasalsothe coreof [15]. For this particularcase jntergroupinterference
coincideswith InterSymbolinterferenceg(ISl), in multidimensionalsensewhile detectiondeals
with Co-Antennalnterference(CAl) (i.e., spacecomponents)interestingly the corventional
turbo-equalizerinspired by Wang and Poors seminal paper[13], where both ISI and CAI
are jointly cancelledin MMSE sense[16] [17] [18], is proved to come as anotherparticular
case,in which groupsaresimply reducedo individual space-timeomponentsWe intentionally
derive the proposedfamily of frequeng domainblock turbo-equalizersn a quite genericway
in orderto highlight its suitability to MIMO Multi-User (MU) and Single-User(SU) scenarios
andto mary space-timenterleared coding schemesincluding amongothersSpace-ime Bit-
Interleaved CodedModulation (STBICM) (see[15] andthe referencegherein).

The paperis organizedasfollows. Sectionll introduceshe communicatiormodel.Sectionlll
is the core of our contribution, in which we detail the novel turbo-equalizingconceptand show
how to usethe Fourier domainto implementit in an efficient manner SectionlV is dedicated
to numericalresults,while SectionV concludesthe paper

Notation

« Thesuperscripts and’ indicateconjugatefransposendHermitiantransposerespectiely.

. diag{.}, tr{.} anddef{.} denotediagonal,trace,and determinantoperatorson squarema-



trices, respectiely.

. E{.} denotesexpectation.Unlessotherwisestated,bold letters® andZ= are employed for
expressingcovariancematrices.

« We usethe proportionality symbol o in orderto indicate that the quantity in the RHS is
definedup to a multiplicative factor chosento producea true probability massfunction
(pmf) or probability density function (pdf).

« Matricesaredenotedby capitallettersM, with (" row m! andk® columnmy. Entry (1, k) is
denotedn, ;. or equivalently [M]M. The L. x L identity matrix is denotedoy I, while 0, and

1, standfor the all-zero or all-one L-dimensionalcolumn vectors,respectrely. From ary

matrix M of dimensionZ x N, we candefinethe vectorm = vec(M) = [mJ,...., m]_,]|"
of size LN.
« U, denoteghe DFT unitary matrix of dimensionZ x L with entries[UL}l’k = %e*j%Tkl,

(Lk)yelo, L —1].

« Theblock DFT matrix of dimensionL N x LN is simply definedasU y = U.,®Iy where
® is the Kronecler product.

« For any complex vectorx € CIY madeof L stacked complex subvectorsof dimension.V,

the block DFT transformx,; € C*V is definedasx; = U yx.

I1. COMMUNICATION MODEL

We startconsideringageneraMIMO MU scenariovhere Ny, active usersshare a pool of Ny
antennado transmitinformation towardsthe recever equippedwith Ny antennasThe number
of antenndor useru is N}“’). Eachuserseests own Np x N}“) quasi-statidVIMO channewith
memory M (i.e., all userchannelshave the samememory).The MIMO SU scenarioobviously
follows when all transmitantennasare given to one single userat a time. Usershave no or
very limited information abouttheir channelat transmitter Perfectchannelstate information
is available at recever. At the level of eachuser a distinct space-timeencoding¥,, mapsa
vector of information bits m,, of length kS into a codeword X, which always can be put

underthe form of a complex matrix of dimensionN}“) x L where L standsfor the space-time



codelength. The set of all matrix codevords (i.e., the space-timecode) for useru is denoted
S.. The (possiblynon-linear)mapping¥,, comprisescoding (over Galoisfield F;), space-time
interleaving (at bit or symbollevel) and modulation(specificlabeling rule per constellationper
transmitdimension).We also definethe overall space-timeencoding¥ which mapsthe vector
m = [m§ ...,my |7 of stacled userbinary information messagessize k,) into a codevord
X of dimensionN; x L madeof the stacled correspondingiserspace-timecodevords, i.e.,
Xo
X = : : 1)
XNU—l

Columnsof X belongto the multidimensionalkonstellationt’ madeof the Cartesiarproductof
all constellationst;, t € [0, Ny—1]. NotethatsuchageneraformalismalsoencompassddIMO
SUwith layeredspace-timeodingarchitecturege.g.,[19, LST-11] [20]). Unlessotherwisestated,
the vision of a global space-timecodeS = {X = ¥ (m) : m € F}°} is favoredin therestof the
paper The spectralefficiengy is n = k,/L (in bits/c.u)underideal Nyquist bandlimitedfiltering
assumptionWe assumeE{x, x|} = I,, Vk. Power distribution amongusersis taken into
accountin the additive noisecovariancematrix. Moreover, consideringthat active usersemploy
BICM (if they have only one transmitantenna)or STBICM (if they have multiple transmit
antennasjurns out to be a good stratgy to achieve spectrally-eficient power-efficient reliable
communicationin this particular setting. The block transmissioncontect allows us to assume
thata CP of length Lop (> M) is insertedturning the complex matrix X into X' = XAp of

dimensionN, x (L + Lcp) Where Acp is the matrix of dimensionL x (L + Lcp) given by

Aoy — Oz Lop)xLep It rop O(z-Lop)xLer | )

Licp OLcpx(L-Lep) Licp
For eachuser transmissioroccurson Ny x N§“) MIMO which is quasi-staticj.e., constantfor
L + Lcp channelusesand fully characterizedy its Finite Impulse ResponsgFIR) made of
M + 1 non-zerosymbol-spacednatrix tapsH\", ..., H'" of dimensionNy x N{*' with zero-

meancircularly symmetriccomple« Gaussiarentriessatisfyingthe normalizationmeanpower



constraint

E

m=0

M
diag{z Hgg)Hgg)TH = NI, . 3)

Freespaceattenuatiorandshadaeving for eachuserchannehlretakeninto accountn the additve
noisecovariancematrix. Fromthe userchannelsye defineanoverallcompouncchannelH made

of M + 1 non-zerosymbol-spacednatrix tapsHy, ..., H,; of dimensionNy x Ny definedas

H,, = {Hﬁ?} H%VU_D] : (4)

This againallows to treatMIMO MU andMIMO SU scenariosvithin a unifying formalism.Let
Y' denotethe receie matrix of dimensionNg x (L + L¢p). After CP deletion,we obtaina new
matrix Y = Y B¢p of dimensionNy x L whereBp is the matrix of dimension(L+ L¢op) X L
given by
Bop= | (5)
I,

whosecolumnsy;, € CN#, k =0,..., L — 1, verify

M
Y = Z H, X (% m)modL + Wi . (6)

m=0

The noisevectorsw;,, € CV= are assumedndependentdentically distributed (i.i.d) circularly
symmetriccomplex with covariancematrix 9, i.e., the time correlationbetweennoisevectors
wy. is neglected.They form the matrix noiseW of dimension/N; x L. Model (6) canberewritten

in time domainunderthe matrix form

wherex = vec(X), y = vec(Y), w = vec(W) (covariancematrix ,, = I ® ©y) andwhere
‘H. is the block circulant matrix of dimension Nz x NpL whosefirst column is made of
the channelimpulseresponseappendeddy (L — M — 1) zeros.As a result, H. can be block

diagonalizedn the Fourierbasis,.e., H. = ULNRAUL,NT with A =diag{ A, -- ,Ar 1} where

M
A2 He e (8)
m=0



Hence,a frequeny domainequvalentof (7) is
Y, = Axp+w, . (9)

Model (7) canalsobe achievedwhenresortingto the so calledZero Padding(ZP) with OverLap-
Add (ZP-OLA) techniqug22] [23] [24]. The CPis thusreplacedby a ZP of identicallength Lqp

leadingto the N x (L + Lcp) symbolmatrix X, = XA zp with Azp beingthe Lx (L + Lep)

matrix

Azp = [ Ip Orxrcp } =Blp . (10)

After ZP deletion,we obtain a nev matrix Y = Y 'Byp of dimensionNg x L where Bp is

the matrix of dimension(L + L¢p) x L givenby

ILCP OLCP x(L—Lcp)
Bzp = OLopx(L—Lep) I rer - AEP : (11)
ILCP OLCP x(L—Lcp)

It is evidentfrom (10) and (11) that the ZP-OLA slightly colorsthe noise.However, this noise
colorationcanbe neglectedwithout muchperformancelegradation.Finally, it is worth stressing
that model (7) is also obtainedfor SCT with Interleared Frequeng-Division Multiple Access
(IFDMA) [21], a promisingtechniquefor which the proposedclassof block turbo-equalizerss

perfectly matched.

[1l. A CLASS OF FREQUENCY DOMAIN BLOCK TURBO-EQUALIZERS
A. Optimal iterative algorithm

In orderto minimize the Block Error Rate(BLER), we aim at solving the following discrete
optimizationproblem:

m=argmaxP m=alY] . (12)

aeIFgo

This discreteoptimizationproblemis often reformulatedas follows. Find
iy =argmax Y P[X=1V(a)]Y] . (13)

a€lFao .
aclF,%:a;=a



A decisionis taken on eachinformation bit m; basedon (13) and a block error is declared
wheneer one estimatedbit is wrong. Brute force resolutionof (13) is far beyond the scopeof

practicalfeasibility. To the bestof the Authors’ knowledge,the most efficient methodto deal
with (13) consistsin applyingthe Belief Propagatior(BP) algorithm[25] [26], which iteratively

approximatehe pmfs correspondingo the maiginalsof the joint A PosterioriProbability (APP)
P[X = A |Y]. TheBPiterative joint decodeibelongsto the classof message-passiraigorithms
for graphicalmodels[27]. It relieson the ideaof exchangingmessagesn the form of pmfs of

codedsymbols{z;;}, betweenwell-chosenfunctional blocks. In our case,the two functional
blocksarespace-timaletectionand outerdecoding(comprisingsymbol-to-digitsoft demapping,
deinterleaing and decodingin the caseof STBICM). At ary currentiterationi = 0, ..., iyax

of the algorithm, we assumeavailable and usablethe set of probabilistic message:Ptfk_l) =
{P5 Y(a) : a € X} where P{; " (a) actsasthe a priori probability that the randomvariable
x. 1, takesrealizationa (deliveredat iterationi —1). Following [15], it is understoodhat notation
P(l Y standsfor apmf definedoverthediscretealphabet;. At first iteration: = 0, probabilistic
message?t;g areinitialized with uniform pmfs.

Step 1. The space-timedetectioncalculateshe pmfs

Q@) > p(YIA) H Pm (av.) (14)
AeXxl:q; p=a (k") #
where
p(Y|A) xexp {—(z ~Ha)'®, (y - Hcg)} : (15)

In the turbo-decodingerminology messageQ 's are often referredto as EXTrinsic (EXT)
pmfs on codedsymbolsgiven the obsened matrix Y andthe a priori pmfs Pt’f;,l)’s
Step 2: The outerdecodingis formally expressedas
PY) (a) o > H Qt, o (ap ) (16)
A=U(m)eS:a, =a (t',k')#
In the turbo-decodingerminology messagePtfk’s areoftenreferredto asEXT pmfson coded

symbolsgiven the intrinsic pmfs Qtf)k,’s



This completesan iteration. At eachiteration, one can also computethe APPs on coded

symbolsdefinedas

APPY) (a) & P (a) Q1) (a) . (17)

After a given numberof iterationsi,,,., a bit decisionis madeaccordingto
(imax)
ZA:\II(m)ES:mlzl H(t,k) APPt,k (atk)

S ancwimesam—o e APPSE™ (as)
With only two functional blocks, the schedulingis obvious. In the STBICM setting (favoredin

m; = signin (18)

the simulation Section),pmfs PEZ,)CS are constructedrom EXT pmfs (or log ratios) on coded
bits fed back by the decoder(simple productassumingperfectspace-timanterleasing andthus
symbol digit independence)Marginal EXT pmfs on symbol digits have to be extracted (by
simple maginalization) from the QEL,)CS and sene, after space-timede-interle&ing as intrinsic

pmfs (or log ratios) on codedbits for the decoder

B. New conceptoverviev

Clearly, space-timedetectionis the mostcomputationallydemandingask dueto the multiple
sumsover discretealphabetsin orderto decreas¢he compleity, we proposeto split space-time
detectioninto separatetagesi.e., to equalizegroupsof symbolsin vectorx usingthe suboptimal
MMSE criterion andto optimally detectsymbolcomponentsvithin eachequalizedgroup using
the MAP criterion. Let us partitionthe N, L symbolsin x into Np groups,Ay, ..., Ay,_1, €ach
of thembeing definedasa setof index couples(t, k) with ¢ € [0, Ny — 1] andk € [0, L — 1]*.
IGI appearsassoonas Np > 2. We refer the two aforementioneccomputationbuilding blocks
as IGIl equalizationand intra-group componentdetection. The choice of the partition should
be primarily dictatedby the obseration of the Gram matrix HZ(B;HC (or E {HZGQHC})
and complity impedimentsj.e., highly correlatedcomponentshouldbe groupedtaking into

accountthe computationafeasibility of the subsequentomponentetection.

!Notethatindex pairs(t, k) corvey the distinctionbetweenspaceandtime dimensionginherentto MIMO communications),

which do not appearexplicitly for block transmissiorand arbitrarily chosenpartitions.
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Step 1: For a specifiedgroup A, the IGI equalizationstartscomputingan MMSE estimate
zX) of xa £ [zx ¢ (¢, k) € A]T given the obsenation vector y and the setof a priori pmfs
{ng,_l) : (t,k) ¢ A} (symbol componentsn A are premiseduniformly distributed). This
(biased)estimatetakesthe form

2 = GUxa + (Y (19)

WhereGX) is asquarematrix of dimension/A| andwhereg(g) is azero-meamandomvectorwith
covariancematrix @&) Using a GaussianApproximation (GA) on the non-trivial conditional

pdf zg) |xa, the IGI equalizationgivesthe intermediategpmfs
R (@) o exp { - (2 — Ga) (@) (20 — GLa) | (20)
definedover the discretealphabetY,y built asthe Cartesiarproductof the constellationsnvolved
in the definition of xA.
Step 2: Componentetectionfor group A computesthe pmfs

Q@ Y RV [ PR (aew) . (21)

acXaas =0 ('K )eA\{(t,k)}

Step 3: Outerdecodingis kept unmodified,formally expressedas

P Y IT @ (aww) . (22)

A=(m)ES:ar p=a (t',k')#(tk)
Eachiterationis againconcludedby the calculationof the APPson codedsymbolsas

APF (a) o P{j (a) Q4] () - (23)
andthe samedecisionrule (18) is appliedat the end. This 3-stepiterative proceduregivesrise

to multiple schedulingoptions. The referenceschedulingis madeof one passof eachstep,but

nothing preventsto imagineothertypesof schedulinggseesimulation Section).

C. Details of Wiener filters for 1GI equalization
In the sequel,all conditioningare donewith respectto the pmfs ng;l)’s. We omit iteration
index 7 for the sale of notationsimplicity. Given the P, ;’s, we can computethe conditional

vector meanz;; = E{x.; |P.;} andthe conditional covariancet;, = E{ |z:z — ft,k|2 Py i}
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of eachcodedsymbolz; ;. In compliancewith model (7), let us introducethe stacled vectors
X = E{x|{P:x}} and XA 2 E{x|{P:s: (t,k) ¢ A}}. Let Ex be the matrix of dimension
NrL x |A] definedasx = ETAg. The achiering of the (biased)MMSE estimate(19) results
from the following canonicaldecompaosition.

Step 1: The stacled obsenation vectory is renderedzero-mearby subtractingthe meang‘ A

conditionedto {P, : (t, k) ¢ A}, expressedas
Vp 2 H&s = He (Tips — EAEL) X (24)

The vectori‘A modelsthe conditionalsoft interferenceaffecting group A.
Step 2: A biasedestimatez’, of the vector x, is simply given by the output of the |A|-
dimensionaWienerfilter ¥/, appliedto the zero-meambser\ationz—im andminimizing the

conditionalMean SquareError (MSE)

E { [XA —Fy (X - im)] |:XA —F\ (X _ im)T {Pix: (t,k) ¢ A}} (25)

in the senseof the stochasticmatrix innerproduct(x,y) = E {xy'|{P} }2. The projection

theoremtogetherwith the inversionlemmayield the following expression
F, = CLE\HIA™ (26)

in which we have introducedthe following intermediatematrices

A=H.O,H +0,,

Br = E\O,E, ,

Ga=E\HA"'"H.E, , (27)

Ca =Ta)+ Ga (T — Ba)

Ox —E{(x - %) (x~ %) [{Ps} | = diag{... .01 } .
Indeed, assuminginfinitely deep space-timeinterleaving, both time independenceand space
independencéetweencomponentsn vectorx hold andthe covariancematrix © is diagonal.

A

Note that sucha MSE implies the minimizationof the MSE associateavith the corventionalstochastiénnerproduct/x, y)

E{x'y[{P()}} =E{tr {xy' {P ()} }}.
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The outputof the Wienerfilter F', is given by
z, =F, <X — im> = CilGaxa +(y - (28)

Step 3: Sincethe Signal-to-interferencelus Noise Ratio (SINR) per componentt the output
of the IGI equalizeris invariantby left multiplication by any squareconstantinvertible matrix

of dimension|A

, we canratherconsiderthe output
zn = Cazp = Gaxa +(a (29)

of the filter Fao = CAF, = E\HIA . In (29), ¢a € Cl? is a zero-mearrandomvector of

residual(ISI+thermal)noisewith conditionalcovariancematrix
O, —E {CACL P (LK) ¢ A}} — Ga (Ia — BAGa) . (30)

As already pointed out in few contributions, computing decision statisticsz; ;, and 6, with
APP, ’sinsteadof EXT pmfsP,,’sintroducesa conditionalnegative biasin the vectorresidual
(ISl+thermal)noisevector(x which tendsto cancelthe usefulsignalcomponenin model(19).
In order to fight back this detrimentaleffect, some authors(see, for example, [28] [29] in
the context of multiuser turbo-detectionfor CDMA) have tried to justify the calculation of
decisionstatisticswith EXT pmfs by invoking the basicrules governingthe BP algorithm[25].
However, we empirically withessedhat betterperformancei.e., betterconditionalinterference
estimation)is sometimesachiezed when all the information sourcesat disposal(i.e., including
channelobsenation) are usedand that mitigation of the bias effect appearsafter few iterations
(no oscillatory behaior, fastercorvergence).We will not elaborateon this quite intricate rather
difficult to analyzesubject,having no satishctory theoreticexplanationyet.

The complity of the IGI equalizationstepis largely dominatedby the inversion of the
squarematrix A of dimension Ny (doneonly oncefor all groups).We note that, due to the
conditional covariancematrix ®,, matrix A is not block circulant despitethe CP operations.
Besidesthe calculationof pmfs (20) for the particulargroup A obviously requiresthe inversion

of (30) of dimension|A|. This additionalcompleity may not be negligible for large groups.
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D. Efficientfrequencydomainimplementation

For efficient computationof A~! in the Fourier domain,the unconditionalapproximationis
the key, thatbasicallyconsistan minimizing the ensemblgor block) MeanSquareError (MSE)
insteadof the conditionalinstantaneouMSE (25) [30]. Doing so, the conditionalvariances),

are replacedby their ensembleaverageas

&=E{0} (31)

which, in practice,are evaluatedusing the consistentestimator
1
G—=> O (32)
The conditionalcovariancematrix ©y is replacedby its ensembleaverageas
Ex=E{Ox}=I,0E (33)

with
E= d|ag{€0, s agNT—l} : (34)

Whensubstituting(33) for ® in matrix A, the latter becomedblock circulantand canbe block

diagonalizedn the Fourier basisas
A=Ul, (AEAT+0y) ULy, . (35)

From (35), we deductthatthe computationof A ! in the Fourierdomainrequiresthe inversions
of L squarematricesof (muchreduceddimensionNz. Thecompleity is linearin thespace-time
codelength L andcubicin the numberof receve antennasVy. In contrastwith the time domain
sliding-window approach15], it is insensitve to the channelmemory M, which constitutesan
obvious advantagefor very high-datarate MIMO systemglarge ISI span).

The secondaforementionedcompleity impedimentconcernsthe inversion of covariance
matrices(30) for the different groups. We first note that the matrix H!A~1H,., involved in

the calculationof G, is block circulantand canbe block diagonalizedn the Fourier basisas

HIA'H, = Ul AT (AE AT +0,) AUy, . (36)
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It is clearthat arbitrarily chosenpartitionsyield A-dependenexpressionsof matricesB, and
G . Corversely we areinterestedy well-structuredpartitionshaving the nice propertyto render
B, and GAo A-independentso that only one inversionof (30) is required.Partitions of such
type involve groupsof equal cardinality made of consecutre constellationsymbols.They are

compactlydescribedas: Np = /N, (with N, € N* dividing L) and

A, = {(0,nNjy) (N — 1,nNj)

g e ey PRI

(37)
o (0, (R DN, = 1), (Np — 1, (n + )N, — 1)}, Vn € [0,Np — 1] .

For thesepartitions,matricesB, and G, have identical expressionggiven by

E = [Inny On,NpxNoNr(Lo—1)] |

B=EEE=Iy 2,

G = EU} | AT (AEAT+©,) AUy, E .
Greatattentionis givento the subcaseV,; = 1. Indeed,for this naturalpartition, groups{A,}
definedas

Ay ={(0.n),....(Np = 1,n)}, Yne[0,L — 1] (38)

simply refer to columnsof X, i.e., to vector constellationsymbolsand IGI coincideswith ISI
(in Npr-dimensionalsense)Nothing preventsusingthe (natural)time index k& (insteadof n) to

identify the groups.MatricesB, and Ga, have identical expressionggiven by

B=E,
4 (39)
G=1yl Al (AEA v ey) A
In compliancewith (7) (9), the ISI equalizationpart of the turbo-equalizeis summedup in the
following setof equations
zp = Py, — ¥X;
&= AT (AEAT+O,)7, (40)
U= A (AEAT+O,) TA-T,0G .
The MMSE estimatez; of constellationsymbol x; is simply extracted from zZ; asz; =

ELUEyNTZf'
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We also detail a third partition, which doesnot possesgthe desiredproperty but for which
the computationalcompleity is minimized. It is compactly describedas: Np = NrL and

Vn € [0, Np — 1] suchthatn = ENp + ¢t with ¢t € [0, Ny — 1], k € [0, L — 1]
An =A{(tF)} - (41)

Eachgroup A,, refersto a single constellationsymbol z, ;.. For this cornventionalpartition, the
matricesB,, and G, arereducedto scalarsdenotedd,; and g, ;. Taking into accountthe
cyclic structureof Ey, thereareonly N, suchscalarsto compute.More precisely expressions
of b, and g, are k-independentand given by

e, = [0 1 OITVT—t—l]T ,

by = b = elZe, = &, Yk, (42)

Gr=g =el [% N (A,EA,T + ®w> B Al} e Vk .
In fact, this partition yields the conventional Wang and Poors algorithm [13] (derived in the
context of MIMO transmissiong16] [17] and revisited with the unconditionalapproximation
[18]), for which ISI and CAl are jointly cancelledin MMSE sense.The setof equations(40)
still sumsup the MMSE ISI equalizationrand MMSE-basedCAI cancellationpartsof the turbo-
equalizerwith G =diag{go. - - ., gn,—1} in ¥. The MMSE estimatez, , of constellationsymbol
x4 is similarly extractedfrom z, asz,, = e , U} .z, wheree,, = (07 ., 101y, yn, 1]
Our novel conceptthusestablishes smoothtransitionfrom the optimal BP algorithm (for which

there exists a single group, the entire block, and no IGI) to the well-known Wang and Poor’s

algorithm (for which groupsare restrictedto a single space-timecomponent).

E. Criteria hybridization

The ideaof replacingthe Wienerfilters F o by simple Matched-FiltergMFs) FAIE = ETAHZ
during the courseof iterationswas originally addressedn [7] [31] for time-invariant single-
antenndSI channelsandlatergeneralizedo MIMO fadingchannelsn [32] [33]. The expression

of the covariancematrix (30) is modified as

O, = E\HIH. (@)K . EAG)EED HIHEx + EVHIO H.En . (43)
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In [31], anEXIT chartanalysisis conductedo properlycharacterizeéhe corvergencebehaior of
thosehybrid iterative proceduresSuchananalysiscannotbetrivially enlagedto the caseof non-
ergodic MIMO channelsFortunately the obsened phenomenalo not dependon the particular
transmissiorscenaricand provide us designguidelines.Clearly, MF-based Gl equalizatiorfails
in earlyiterationswhentheloadperantennébecomegoo important(superiorto 1 bit/c.u/antenna)
[34] but works well once the quality of the regeneratedsoft interferenceis "good enough”.
To achieve this goal, we suggestthe threefold strateyy: first, always start with MMSE Gl
equalization;second.employ APP;;.’s insteadof EXT pmfs P, ’s to computethe conditional
decisionstatistics{z, ; } and{6,}; third, introducea modifiedschedulingn which severalinner
iterations are performedbetweenintra-group componentdetectionand outer decodingbefore
reactvating IGI equalizationWith sucha modified schedulingthe recever canbe viewed asa
doubly iterative structure(i.e., madeof multiple embeddedterative loops).

When the cardinality of the groupsis high, the exact calculationof probabilistic messages
Q. 'smaybecomecomputationallyheavy, entailingtheresortto sub-optimareduced-compbaty
algorithms.Prominentamongthemis the List-APP SphereDecoder(LSD) [37], whosecomplex-
ity is lesssensitve to the alphabetsize X'». Anotherreduced-compbaty option would consist
in switching on MMSE-basedintra-groupinterferencecancellation[29]. On this subject,it is
worth reminding that, whateser be the chosenpartition, MMSE IGI equalizationfollowed by
MMSE-basedntra-groupinterferencecancellatioryields nothingbut the turbo-equalizedefined
with the corventionalpartition aslong asa referenceschedulings applied[15, Appendix]. This
resultis no longervalid with a modified scheduling however.

Finally, an oversimplified classof turbo-equalizersan be obtainedby combiningthe two
aforementioneddeas,i.e., MF-basedIGI equalization(after corvergence)and MMSE-based
intra-groupinterferencecancellation.Such very-lov compleity turbo-equalizersgprovide good

performancéor large MIMO systemsandweakloads(typically up to 1 bit/c.u/antenna).
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V. NUMERICAL RESULTS AND DISCUSSION
A. Simulationsetting

In this paper we restrictourselesto SU MIMO communicationscenariosand put emphasis
onthe performancef theturbo-equalizedervedwith the naturalpartitionanddifferentschedul-
ing/hybridizationoptions. Thesingleuseremploys a STBICM with thefollowing characteristics:
rate3/4 64-statenon-recursie corvolutional codewith dy,.. = 6, 16-QAM modulation(Gray
labeling). The block lengthis L = 192 (k, = 2304 bits includedtail). The cyclic prefix length
is equalto the channelmemory (Lcp = M). Transmissionoccurson quasi-static2 x 2 or
4 x 4 MIMO channelswith M = 2 and EXPonentialdecreasingaps (EXP3): on eachlink
(r,t), the M + 1 channelcoeficientsarei.i.d circularly symmetriccomplex Gaussiarfollowing
pdfs CN(0,02,) with 02 o exp(—2m), Vm. The spectralefficiengy is n = 6 bits/c.u. and
n = 12 bits/c.u,respectiely. The noisevectorsw, are assumecircularly symmetriccomplex
Gaussianand spatially uncorrelated,i.e., ®,, = 0°Iy,. Spacecomponentdetectionalways
relies on MAP criterion. For the 4 x 4 MIMO channel,the optimal MAP detectoris far too
comple. It is practically implementedusing the LSD describedin [37]. The sphericallist is
centeredon the Maximum Likelihood (ML) point insteadof the receved point. The ML point
is computedthanksto an accelerated SD basedon the SchnorsEuchnerenumeratiorstratayy.
If not otherwisestated,the LSD origin centeredlist size is fixed to 10000 points. Particular
attentionis given to the region of BLock Error Rate (BLER) above 102 as a retransmission
protocolis in place[35]. The outageprobability is always given as a referencecurve [36]. One
iteration of the referenceschedulingcomprisesone passof ISI equalization,spacecomponent
detectionand outerdecoding.Unlessotherwisestated,5 iterationsare necessaryo corvermge.In
this section,we compare:

1) The turbo-equalizederived in [18] and correspondingo corventional partition, MMSE

3As expected,we witnessedthat the frequeny domainblock turbo-equalizergrovide slightly better performancethan their
time domaincounterpartsvith a sliding-windav approach15], while keepinga compl«ity independenof the channelmemory
M. Consequentlysimulationresultsand commentsin [15, SectionV] keepall their relevancehere,demonstratinghe interest

of the naturalpartition over the corventionalone.
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ISI equalization MMSE-basedCAI cancellationand referencescheduling(referredto as
Conv. MMSE in the figure legends).

2) The turbo-equalizederived with natural partition, MMSE ISI equalization,MAP space
componentdetection,and referencescheduling(referredto as Nat. MAP in the figure
legends).

3) The samewith SubMAP spacecomponentdetection(LSD) (referredto as Nat. LSD in
the figure legends).

4) The turbo-equalizerderived with natural partition, MMSE ISI equalization,MAP space
componentetectiorandmodifiedschedulingreferredto asNat. Doubly MAP in thefigure
legends).The modified schedulingperforms3 inner iterationsbetweenspacecomponent
detection and outer decoding during the first two iterations. We witness that only 3
iterationsare necessaryo corverge.

5) The samewith SubMAP spacecomponentdetection(LSD) (referredto as Nat. Doubly
LSD in the figure legends).

6) Theturbo-equalizederivedwith naturalpartition, MMSE ISI equalizatiorat first iteration
andMF ISI equalizatiorfor the subsequenterations,SubMAPspacecomponentletection
(LSD) andreferencescheduling(referredto as Nat. Hybrid LSD in the figure legends).

7) Theturbo-equalizederived with naturalpartition, MMSE ISI equalizatiorat first iteration
andMF ISI equalizatiorfor the subsequenterations,SubMAPspacecomponentletection
(LSD) and modified scheduling(referredto as Nat. Hybrid Doubly LSD in the figure
legends).The modified schedulingperforms5 inner iterationsbetweenspacecomponent

detectionand outer decodingat first iteration.

B. Turbo-equalizatiorwith refelencesdeduling

In Fig. 1, we addresgheimpactof the prefix operationgerformedat the transmitterside con-
sideringthe Nat. MAP turbo-equalizerA slight performancdossis causedy thenoisecoloration
inducedby the ZP-OLA technique.This degradationis mainly visible at low SNRs.In Fig. 2

the improvementbroughtby APP-basedover EXT-basedinterferenceregeneration/subtraction
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is shavn for Nat. MAP and Corv. MMSE turbo-equalizerslt is more pronouncedor the Conv.
MMSE turbo-equalizer(3 dB at BLER 1072). However, a 3 dB gap remainsat BLER 1073
betweenthe two turbo-equalizersproving the interestof the naturalpartition. In the sequelwe

only considerAPP-basednterferenceregeneration/subtractioand CP insertion.

C. Turbo-equalizatiorwith modifiedsdheduling

This subsectiondealswith the impact of the scheduling.In Fig. 3, we considera 2 x 2
guasi-staticchannel Fig. 4 ervisagesa quasi-statict x 4 MIMO channelwhich necessitatethe
useof the LSD. Interestingly we witnessedthat for the Nat. Doubly LSD turbo-equalizerthe
origin-centeredist could bereducedo 5000 pointswithout significantperformancelegradation.
The averagenumberof candidatesV,,.,, per block and per iterationusedto evaluatethe Q; ;’s
(with respectto someSNR values)is reportedin Table | for both Nat. LSD and Nat. Doubly

LSD turbo-equalizers.

Ey/Ny (dB) 0 2 4 5 6 7

Neana (Nat. LSD) 1419 | 1526 | 1542 | 1545 | 1549 | 1553

N.una (Nat. Doubly LSD) | 882 | 904 | 924 | 945 | 953 | 963

Tablel. Averagenumberof candidatedor LSD
By reference exhaustve MAP spacedetectionwould requirethe computationof 216 = 65536
likelihoods.In Fig. 3 and 4, we obsene that BLER performanceare similar for the Nat. and
Nat. Doubly turbo-equalizetypes.The gapto the outageprobabilityis (only) 4 dB for the 2 x 2
channeland3.5 dB for the 4 x 4 channelat BLER 10~2. Takinginto accountthe respectie LSD

numberof candidatesywe concludethat modifying the schedulingallows to save compleity.

D. Impactof antennacorrelation

Finally, we investigatethe ability of differenttypesof turbo-equalizerso fight back spatial

antennacorrelation. The correlatedMIMO channeltapsH,,,’s canbe expressedas

H, = Ry, Hy Ry, Vm (44)
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wherethe HY's standsfor the uncorrelatedtaps and where Ry, and Ry, standfor the N,
dimensionaltransmit covariance matrix and the Nr dimensionalreceve covariance matrix,
respectrely. This modeloccurswhenall transmitand receve antennasare closely locatedand

have identical radiationpattern.Following [38], we take

1 0 0 9
0 1 0 ¢
Ry, = Ry, = (45)
0 0 1 0

0 0 o0 1

where( < § < 1. It assumeghat the correlationis identical betweenall transmitand receve
antennasThis obviously represents& worst casefor we canreasonablyexpectthat the antenna
correlationdecreasesvith the distance We consideranav the transmissiorover a 4 x 4 EXP3
MIMO channel.In Fig. 5, the performanceof the Nat. LSD turbo-equalizeris plotted and
comparedto the performanceoffered by the Conv. MMSE turbo-equalizerfor a correlation
factoro = 0.6. Clearly, the latter is not able to dealwith sucha scenario.lt performs8.5 dB
from the outageprobability curve at BLER 10~2. The gain brought by the Nat. LSD turbo-
equalizeris almost4 dB at BLER 10~2. The performanceof the Nat. LSD turbo-equalizefor
both spatially correlatedand uncorrelatedVIIMO channelsis then addressedn Fig. 6. For a
fixed outageprobability of 10~2, the correlatedchannelcapacityloss amountsto 3.5 dB for
0 = 0.6 and 6.4 dB for § = 0.8. However, the turbo-equalizemperformancedegradationis
worse amountingto 4.5 dB for 6 = 0.6 and 9 dB for § = 0.8. Theseresultsconfirm that
even this powerful turbo-equalizerfacessome difficulties to treat severe antennacorrelation.
Nonethelessit is much more efficient for this task than the Conv. MMSE turbo-equalizerin
Fig. 7, Conv. MMSE Nat. LSD, Nat. Hybrid LSD andNat. Hybrid Doubly LSD turbo-equalizers
are comparedagainfor a 4 x 4 EXP3 MIMO channeland a correlationfactory = 0.6 . The
Nat. Hybrid Doubly LSD turbo-equalizemperformsonly 1 dB away from the Nat. LSD turbo-
equalizerat BLER 10~2. Furthermorejt allows 1.5 dB gain comparedo the Nat. Hybrid LSD

one.Note thatthe Nat. Hybrid Doubly LSD turbo-equalizealsoemploys an origin centeredist



21

of 5000 points. To conclude,the Nat. Hybrid Doubly LSD turbo-equalizemffers an excellent

performancecompleity trade-of in this particulartransmissiorscenario.

V. CONCLUSION

This paperhaspresenteda new classof block turbo-equalizerdor single-carrierspace-time
codedtransmissiorover MIMO broadbandwirelesschannel.The key underlyingidea consists
in equalizing groups of transmittedsymbols and then detectingtheir individual space-time
componentsn a disjoint anditerative fashion.This functionalsplit naturallyinducesnew design
degreesof freedomthat have beenaccuratelylisted anddescribedi.e., choiceof distinctcriteria
for IGI equalizationand intra-groupcomponentdetection,yielding hybrid structures multiple
iterative loops and related schedulingvariants. Hence, our novel conceptcomesin a variety
of algorithmsthat have beencomparedin terms of performanceunder various transmission
scenariosFor all of them,MMSE equalizationcertainly occupiesa centralrole (at leastfor the
first iteration) and may be identified as the computationabottleneck.Fortunately block spread
transmissiontogetherwith cyclic prefix operationsmake the channelmatrix block circulant,
thusallowing low compleity inversionin the Fourier domain(undermild conditionscarefully
specifiedin the paper).We believe that a full comprehensiorof the fine dynamicsgoverning
the overall iterative processis now necessanto better optimize the performance/compiety
trade-of for a specific transmissionscenario.This almost surely goesthrough the definition
of relevant analyzingtools. Density evolution or information geometry constitute promising
researchavenuesn this prospect.The behaiour of this classof turbo-equalizersn the presence
of intra andintercell interferencess alsoan interestingfuture researchopic, notablythe impact
of neglecting the interferencetime correlationnecessaryfor their efficient frequeny domain
implementations.

Acknowledgment
The Authorswould like to thank Dr. Nicolas Gressefor his usefulhelp on the implementation
of the List-APP SphereDecoderaswell asthe two anorymousreviewersfor their very helpful

suggestionand comments.



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

22

REFERENCES

Z.Wang,G.B. Giannakis,'WirelessMulticarrier CommunicationgwhereFouriermeetsShannon), IEEE SignalProcessing
Mag., vol. 17, no. 3, pp. 29-48, May 2000.

D. Falconer S. Kaiser “BroadbandFrequeng Domain-BasedAir Interferencedor Future-GeneratioVirelessSystems,

WWRF13 WG4, Jeju, SouthKorea,March 2005. Available at http://wg4.ww-rforg/GFD6.pdf

H. Sari, G. Karam,l. Jeanclaud€;frequeny domainEqualizationof Mobile Radio and TerrestrialBroadcastChannels,

IEEE GLOBECOM'94,SanFransiscoCA, USA, Nov.-Dec. 1994.

H. Sari, G. Karam, |. Jeanclaude;TransmissionTechniquesfor Digital Terrestrial TV Broadcasting, IEEE Commun.
Mag., pp.100-109Feh 1995.

D.Galda,H. Rohling, “A Low Complity TransmitterStructurefor OFDM-FDMA Uplink Systems, IEEE VTCS’02

Birmingham, Alabama,May 2002.

G.K. Kaleh, “Channel Equalizationfor block transmissionsystems, IEEE J. Sel. Areas Commun,. vol. 13, no. 1, pp.

110-121,Jan.1995.

M. Tuchler J. Hagenauer T urbo EqualizationusingFrequeng Domain Equalizers, Allerton Confeence Monticello, IL,

USA, Oct 2000.

N. Bervenuto,S. Tomasin,”Block lterative DFE for Single Carrier Modulation’; |IEE ElectonicsLetters, vol. 38, no. 19,

pp. 1144-1145 Sept.2002.

D. Falconer S.L. Ariyavisitakul, A. Beryamin-Segar, B. Eidson, "Frequeny Domain Equalizationfor Single-Carrier
BroadbandWirelessAccessSystems, IEEE Commun.Mag., vol. 40, no. 4, pp. 58-66, Apr. 2002.

R. Dinis, R. Kalbazi, D. Falconer A.H. Banihashemi,’lterative Layered Space-ime Recevers for Single-Carrier
Transmissiorover Severe Time-Dispersie Channel$, IEEE Commun Letters, vol. 8, no. 9, pp. 579-581,Sept.2004.

R. Kalbasi,R. Dinis, D. Falconer A.H. Banihashemi;Hybrid Time-Frequeng LayeredSpace-ime Receversfor Severe
Time-Dispersie Channels, SPAWC’'04, 2004.

Fabrizio Pancaldi, G.M. Vitteta, "Block ChannelEqualizationin the Frequeng Domain’ IEEE Trans. Commun. vol.

COM-53, no. 3, Mar. 2005.

X. Wang, H.V. Poor “lterative (Turbo) Soft-InterferenceCancellationand Decodingfor Coded CDMA,” IEEE Trans.
Commun, vol. COM-47,no. 7, pp. 1046-1061,July 1999.

M. Tuchler R. Koetter A. Singer "Turbo Equalization:PrinciplesandNew Results, IEEE Trans.Commun.vol. COM-50,
no. 5, pp. 754-767,May 2002.

R. Visoz, A.O. Berthet, S. Chtourou,“A New Classof Iteratve Equalizersfor Space-ime BICM over MIMO Block

FadingISI AWGN Channel, IEEE Trans.Commun.yol. COM-53, no. 12, pp. 2076-2091 Dec. 2005.

H. El Gamal, R. Hammons,”A New Approachto Layered Space-ime Coding and Signal Processing, IEEE Trans.
Inform. Theory vol. IT-47, no. 6, pp. 2321-2334 Sept.2001.

T. Abe, T. Matsumoto,’Space-Tme Turbo Equalizationin Frequeng-Selectve MIMO Channels, IEEE Trans.\Veh.Tech.,

vol. VEH-52, no. 3, pp. 469-475,May 2003.



[18]

[19]

[20]

[21]

[22]

(23]
[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

23

X. Wautelet,A. Dejonghe L. Vandendorpe,MMSE-basedfractionalturbo recever for space-timeBICM over frequengy-

selectve MIMO fading channel$, IEEE Trans. Signal ProcessingVol. SIG-52,pp. 1804-1809,June2004.

S. Ariyavisitakul, "Turbo Space-Tme Processingo Improve Wireless ChannelCapacity’ IEEE Trans. Commun, vol.

COM-48, no. 8, pp. 1347-1358 Aug. 2000.

N. Veselinwic, T. Matsumoto,”ReducedCompleity MIMO Turbo Equalizationfor STTRC-Code$, IEEE PIMRC'04,

Barcelona,Spain,pp. 269-273,Sept.2004.

U. Somer, I. De Broeckand M. Schnell,”Interleaved FDMA - A New Spread-SpectrurMultiple-AccessSchemé, IEEE

ICC’98, Atlanta, USA, June1998.

G.B. Giannakis, Filterbanksfor Blind Channelldentificationand Equalizatiori, IEEE Sig Proc. Lett., vol.4, pp.184-187,
Jun.1997.

R. Crochiere L. Rabine,“Multirate Digital Signal Processing, Englevood Cliffs, NJ: Prentice-Hall,1983.

B. Muquet, Z. Wang, G. Giannakis,M. de Courville, P. Duhamel, “Cyclic Prefixing or Zero Padding for Wireless
Multicarrier Transmissions?,|EEE Trans. Commun. yol. 50, no. 12, Dec. 2002.

F. KschischangB. Frey, A. Loeliger, "Factor Graphsandthe Sum-ProductAlgorithm,” IEEE Trans. Inform. Theory vol.

IT-47, no. 2, pp. 498-519,Feh 2001.

T. RichardsonR. Urbanle, "The Capacityof Low-Density Parity CheckCodesunderMessagePassingDecoding’, IEEE
Trans.Inform. Theory vol. IT-47, no. 2, pp. 599-618,Feh 2001.

J. Pearl, "Probabilistic Reasoningin Intelligent Systems:Networks of Plausible Inference, Morgan Kaufmann, San
Fransisco,1988.

S. Marinkovic, B. Vucetic,J. Evans,”Improved Iterative InterferenceCancellatiorf, IEEE ISIT’01, Gen&a, Switzerland,
May 2001.

J.J.Boutros,G. Caire,"Iterative Multiuser Decoding:Unified Frameavork and Asymptotic PerformanceAnalysis; IEEE
Trans.Inform. Theory vol. 1T-48, no. 7, pp. 1772-1793,July 2002.

G. Caire, R. Miller, “The Optimal Receved Power Distribution of IC-basedIterative Multiuser Joint Decoders, 39th

Annual Allerton Conf on Commun. Cont. and Comp, Monticello, Illinois, USA, Oct. 2001.

M. Tuchler R. Koetter A. Singer "Hybrid EqualizationStrateies for Iterative Equalizationand Decoding, 1SIT'01,

WashingtonDC, USA, p. 267, 2001.

H. Omori, T. Asai, T. Matsumoto,"A MatchedFilter Approximation for SC/MMSE lIterative Equalizef’ IEEE Commun.
Lett, vol.5, no. 7, pp. 310-312,July 2001.

K. Kansanen,T. Matsumoto,”A ComputationallyEfficient MIMO Turbo-Equalizet IEEE VTCS'03 Seoul,Korea, pp.
277-281,Apr. 2003.

R. Visoz, S. Chtourou,A.O. Berthet” Space-ime Turbo Equalization:Performanceand Compleity Trade-Of' IEEE
ISCCSPO0O6Marrakech, Morocco, March 2006.

D. Tunitelli, G. Caire, "The Throughputof Hyvrid-ARQ Protocolsfor the GaussianCollision Channel, IEEE Trans.

Inform. Theory vol. IT-5, no. 2, pp. 1971-1988 July 2001.



24

[36] E. Malkaméki, H. Leib, "Coded Diversity on Block-Fading Channel, IEEE Trans. Inform. Theory vol. IT-45, no. 2, pp.
771-781,Mar. 1999.

[37] J.Boutros,N. GressetL. Brunel, M. Fossoriey Soft-input Soft-outputLattice SphereDecoderfor Linear Channels, IEEE
GLOBECOM’'03 SanFransiscoCalifornia, USA, Dec. 2003.

[38] M. Sellathurai,S. Haykin, “Turbo-BLAST. PerformanceEvaluationin CorrelatedRayleigh-Rding Environment, IEEE

Journal on selectedareasin com, vol. 21, no. 3, Apr. 2003.



BLER

10

10

10

10

.............................................................

| —e— Nat. MAP CP it #5 o\ AR S ‘
| = + — Nat. MAP ZP-OLA it #1| =\

| — © — Nat. MAP ZP-OLAit#5| =~ \ o SRR SRR :
Outage Prob. ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14
Eb/NO

Fig. 1. Block-staticSystem,2x2 EXP3, =6 bpcu, Nat. MAP turbo equalizer

25



BLER

—+— Conv. MMSE APP it #5 N
—©— Conv. MMSE EXT it #5 *
— + —Nat. MAP APP it #5 AN
— © — Nat. MAP EXT it #5 ~
Outage Prob.
10‘4 | | | | | | | I
0 2 4 6 8 10 12 14 16

Eb/NO

Fig. 2. Block-staticSystem2x2 EXP3,n=6 bpcu, Corv. MMSE vs. Nat. MAP turbo equalizer

18

26



10 ¢ ®

10

BLER

10

— + — Nat. MAP it #1
— © —Nat. MAP it #5
—+— Nat. Doubly MAP it #1
—©&— Nat. Doubly MAP it #3

Outage Prob.
-3 | L | L L L L L

10
0 2 4 6 8 10 12 14 16

Fig. 3. Block-staticSystem2x2 EXP3,n=6 bpcu, Nat. MAP vs. Nat. Doubly MAP turbo equalizer



10 P % & t
10_1T ,,,,, EEREEREE EREERREE EREEEREE ERSEERYS R R RRER R N N
@
L
-
m
— + —Nat. LSD it #1
— © —Nat. LSD it #5
—+—— Nat. Doubly LSD it #1 A
—©6— Nat. Doubly LSD it #3 \
Outage Prob. \
107 \ \ \ ! ! ! ! ! ! ! \
-3 -2 -1 0 1 2 3 4 5 6 7 8
Eb/NO

Fig. 4. Block-staticSystem4x4 EXP3 =12 bpcu,Nat. LSD vs. Nat. Doubly LSD turbo equalizer

28



10 R R S D R R

BLER

10 R S R S R R SR

— + — Conv. MMSE it #16=0.6
— © — Conv. MMSE it #56=0.6
—+— Nat. LSD it #1 6=0.6
—©— Nat. LSD it #5 =0.6
— Outage Prob. 8=0.6

-3 1 1 1 L L

10

-2 0 2 4 6 8 10 12 14

Fig. 5. Block-staticSystem4x4 EXP3,6 = 0.6, n=12 bpcu, Conv. MMSE vs. Nat. LSD turbo equalizer

29



BLER

—6— Nat. LSD it #5
Outage Prob.
— © — Nat. LSD it #5 3=0.6
— — — Outage Prob. 5=0.6
---O - Nat. LSD it #5 &=0.8

““““ Outage Prob. 8=0.8
10° '
-10 -5

Fig. 6. Block-staticSystem4x4 EXP3 n=12 bits p.c.u,d = 0.6 or 6 = 0.8, Nat. LSD turbo equalizervs. OutageProh



31

BLER

-—+—Conv. MMSE it #16=0.6
-—0O— Conv. MMSE it #56=0.6
—+— Nat. LSD it #1 6=0.6
—6— Nat. LSD it #5 6=0.6
o Nat Hyb. LSD it #18=0.6 |1 i RS
1O Nat Hyb. LSD it #58=0.6 |- i )
— + — Nat. Hyb. Doub. LSD it #16=0.6
— © — Nat. Hyb. Doub. LSD it #56=0.6
Outage Prob 6=0.6

10 | | | | |
-2 0 2 4 6 8 10 12

10

Fig. 7. Block-static System4x4 EXP3 =12 bits p.c.u,§ = 0.6, Conv. MMSE, Nat. LSD, Nat. Hybrid LSD, Nat. Hybrid

Doubly LSD turbo equalizers



