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Space-Time Turbo Equalization and Symbol Detection in 
Frequency Selective MIMO Channels 

Tetsushi Abe aiid Tad Matsiiiiioto 
NTT DoCoMo, Inc. 

3-5 Hikariiiooka, Yokosuka-shi, Kaiiagawa-lien, 239-8536 tJapai~ 
{ abe , in at uiiio t o } 3iiilab. y rp . 11 t, t docoiiio .CO. j p 

Abstraci-A computationally efficient Space-Time Turbo 
equalization algorithm is derived for frequency selective 
Multiple-Input Multiple-Output (MIMO) channels. The 
algorithm is an extension of the iterative equalization algo- 
rithm by Reynolds and Wang for frequency selective fad- 
ing channels [l]. This paper’s proposed equalizer performs 
MIMO channel estimation, multiple users’ signal detection, 
and decoding, jointly all in an iterative manner. The iter- 
ative channel estimator achieves high accuracy in estimat- 
ing channel parameters even if only relatively small num- 
ber of unique word symbols are available. The Multiple 
Users’ Signal Detector (MUSD) consists of soft interference 
cancellers for the multiple users, each followed by a Mini- 
mum Mean Square Error (MMSE) filter. With this simple 
structure, the proposed detector achieves drastic reduction 
in computational complexity compared with conventional 
trellis-based Turbo equalizers. Simulation results show the 
proposed equalizer can properly separate multiple users’ 
signals in frequency selective MIMO channels. 

I. Introduction 

Multiple- Input hfultiple- Output (MIhIO) communi- 
catioii systeiris allow multiple users to transmit signals 
sliaiiig the same time- itlid frequency-slots. and lieiice 
sliould satisfy tlie capacity demaiids for broadband mo- 
bile coininuiiicatioii systems [2]. Since Inter-Syinbol In- 
terference (ISI) and Multiple Access Interference (AIAI) 
are the major causes of hostility in the MIMO coininuni- 
catioii scenario, hIIniIO receiver have to  adequately detect 
the inultiple users’ signals in the presence of IS1 aid MA1 
severities. 

IS1 equalization techiiiclues based on Turbo coiicept 
liave attracted iriucli attention tliese days. In [3], a 
Turbo eclualization algoritliiri utilizing trellis diagram of 
tlic cliaiiiiel is derived. Altliougli tlie trellis-based equal- 
izers caii achieve optiinuin performalice, the coiriputa- 
tional complexity becomes prohibitive for large cliaiiiiel 
ineiriory leiigtli siiice tlie iiuinber of states in the trel- 
lis tliagrairi grows expoiieiitially with the cliaiiiiel inein- 
ory leiigtli. Reynolds and IYaiig recently proposed a new 
coniputatioiially efficient Turbo equalization algoritliiri for 
single user IS1 cliaiiiiels[l]. Tiicliler, et (d. liave dcriwd 
several ii(’w algoritliins based on [l]’s concept [4]. Rcfer- 
eiice [Il’s iteratire equalizer utilizes sigiial detector wliicli 
is coiiiprised of soft iiiterference caiiceller, followed by 
hIiiiiiiiuiri hiean Square Error (AIhISE) filter. wliich of- 
f ~ r s  iriucli lower coinputatioiial coiiiplcxity coiiipaied with 
tlic trellis-bascd equidizers. 

This paper expands Reynolds and IVaiig’s concept to 
derive low complexity Turbo equalization algorithm for 
frequency selective MIMO cliannels. Tlie derived equal- 
izer performs MIMO cliaiiiiel estimation, multiple users’ 
signal detection, and decodiiig for each user, jointly all in 
aii iterative inamer. The iterative hIIhIO cliaiiiiel estirna- 
tor achieves high accuracy in estiiriatiiig cliaiiiiel param- 
eters even if oiily relatively srnall nuinber of unique word 
symbols are available since the estimator uses as signal 
references the iiiultiple users’ unique word sequences as 
well as iiiforinatioii symbols liaviiig Log Likelihood Ratios 
(LLRs) larger than a certain value. The Multiple Users 
Sigiial Detector (MUSD) consists of soft interference can- 
cellers for the multiple users, each followed by a RIiniinuin 
Mean Square Error (hllLISE) filter. Assuming a MIMO 
channel with Ar users, each suffering from iiidependent L- 
path Propagation, a i d  M receive aiiteniias. the MUSD 
requires mi order S ( d I L ) 3  computational complexity. iii 
contrast to that  tlie trellis-basecl detector’s coinputatioiial 
complexity increases expoiieiitially with 11; x L. This is a 
drastic reduction in computational burdeii when coiisider- 
iiig S and L values being considerably large with broacl- 
b a d  and high capacity systems. 

This paper is organized as follows: Section I1 describes 
tlie hJIniiO conilnuliicatioii cliannel model used in this pa- 
per. A inatlieinatical Space-Time represeiitatioii of the 
cliaiiiiel is giveii. Section I11 proposes a iiew MIMO Turbo 
equalization algorithin based on [I]. Section IV proposes 
a new iteratiw channel estiinatioii technique. Sectioii V 
sliows results of computer siinulatioiis coiitlucted to  verify 
tlie effectiveness of the proposed algoritliin. 

11. MIMO Channel Model 

Figure 1 shows a hIIn40 coininuiiicatioii cliaiiiiel modcl: 
there are S users, and tlie receiver is equipped with hI  ail- 

teniias. All S users traiisinit iiiforinatioii syinhols at the 
same time- aiid frequeiicy-slots without spreading their 
sigiials iii tlie frequency domain. This paper itSsuines a 
coded hIIhIO sj-stein as sliowii in Figure 2. The informa- 
tion symbols cn ( t ) s  arc first eiicorlecl by cacli user’s cliaii- 
iiel eiicoder where I aiid t 1  denotes tlie syl1ibol aiid user 
iiidices. respectively. Tlie coded 5Jmbols are tlieii inter- 
lea\-ed aiid iiiodulated accordiiig to  tlic iriodulatioii format 
used. Tlic iiiodulated syiiibols b n ( k ) s  w e  tlicii traiisinittcd 
orer frequencv s c k t i r e  chaiiiiels. k clciiotcs tlic iiidcx of 
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Fig. 1. MlMO Channel Model 

iriodulated symbols. At tlie receiver, discrete time inea- 
sureiiieiit a t  tlie rn-tli aiiteiiiia yields tlie sampled value 
series. r rn (k ) .  of the aiiteiiiia output as 

L-1  N 

rrn(k> = j l rnn(I)bn(k - I) + L.rn(k). (1) 
k 0  n=l  

wliere L is the channel ineinory leiigtlil. Witliout loss 
of geiierality, tlie channel memory length is assumed to 
be identical for all IV users. icrnn(l) is a discrete tiine 
representation of tlie cliaiiriel between tlie ri-tli user aiicl 
the rn-th receiver aiiteiiiia, and vm(k)  is additive white 
Gaussiaii noise (AVGN). 

Stackiiig those ineasureineiits iiito a vector foriii, wliicli 
is equivalent t o  sztlnpliiig iii the space doinaiii, results in 

r ( k )  [ r l ( k ) , I . z ( k )  . . . r . .~I (k) ]T (2) 

= N ( l ) b ( k  - a )  + v ( k ) ,  (3) 
L-1 

l=O 

wliere 

aiid 

Filially, teinporal sampling to capture tlie multipatli sig- 
iials for diversity coinbiniiig yields the followiiig space- 
tiine represcwtatioii of tlie received sigiial y ( k )  

y ( k )  [r'(k + L - l ) . r T ( k  + L - 2 ) .  . . rT(k)]'(7) 

= H . ~ ( k )  + n ( k ) .  (8)  
'Equation (1 )  is valid regardless of the synchronization in symbol 

timing among the users. In fact, impulse responses of the channel 
ancl filters in the transmitter ancl the receiver call he folded into 
/ I  ,,,,, ( I ) .  See [SJ. 

H(0)  . . .  H ( L -  1)  
H = [ ... 

0 H ( 0 )  . . .  H ( L  - 1) 

is the cliaiiiiel matrix with u ( k )  aiid n ( k )  beiiig 

u ( k )  = [bT(k+L-1) .  . . b T ( k ) .  . . bT(k-L+l) ]T( lO)  

and 

n ( k )  = [vT(k+L- l )  ... v T ( k )  .. . v T ( k - L + l ) ] T , ( l l )  

respectively. 

111. Space-Time Turbo Equalization 
A .  System Model 

Figure 2 shows a block diagram of tlie Space-Tiinc 
Turbo equalizer for frequency selective LIIM 0 channels. 
Tlie equalizer is comprised of a Soft-Input and Soft- 
Output (SISO) hiIhlSE detector aid SISO cliaiiiiel de- 
coders. Tlie basic coiicept of this coiifiguratioii follows 
[I]: our aim is t o  exteiid their coiicept to cover frequency 
selective MIMO channels. 

Biliary Phase-Shift Keying (BPSK) is assuined as a 
inodulatioii sclieine used. Tlie detector produces tlie LLR 
for each coded bit as 

= Xl[b,(k)l+ XgJ,(k)l. (13) 

wliere X I  [b,(k)] is tlie extriiisic iiiforrnatioii fed to the ri-tli 
user's cliaiiiiel decoder following tlie niihiSE detector, aiid 
X;[b,(k)] is the U yr.zor.2 iiifoririatioii provided hy tlie ti-tli 
user's cliaiiiiel decoder. 

Tlie cliaiiiiel decoders derive tlie LLR for each coded bit 
as 

14) 
Pr [ b,  ( j )  =+ 1 J X 1  [bn ( j ) ] ,  j=O, ... , B-I] A2[bn(j)] = log 
Pr[b,( j )  =- l~Xl [bn( j ) ] , j=0 ,  . . ,B-l]( 

where, with j beiiig syiiihol iiidex after de-interleaving, 
A2 [b,  ( j ) ]  is tlie extriiisic iiiforinatioii fed hack to tlie 
MMSE detector, aiid X y [ b ,  ( j ) ]  is tlie U yl.ror.r iiiforinatioii 
provided by tlie cliaiiiiel detector. B is tlie burst length. 

Estimates of each user's iiiforinatioii symbols caii l>e 
obtaiiied as 

after sufficieiit tiiries of iteratioiis. wliere 

1231 



I I I 

- 
Signal 

Detector J 

Unique Word 

T H kG+, 
. .... 

Channel 
______c Parameter 

Estimator * 
Space-Time Turbo Equalizer 

Channel 
H 

Fig. 2. System hlodel 

(SISO) Channel Decoder 
y ( k )  Multiple 
L Users' 1 

B. SISO MMSE MUSD 
-4 block diagram of the hfUSD is ShO~Vi1 in Fig.3. Tlie 

hIUSD coiisists of S indepeiideiit detectors. In the fol- 
lowiiig, wc a~suirie the 1-st user is the user of interest. 
The siiirie dgoritlim should applv to  sigiial detectioii of 
the othcr il' - 1 users. Utiliziiig tlie estriiisic iiiforinatioii 
provided the n-tli user's cliaiiiiel decodcr, tlie MMSE 
detector first forins soft estiinates of all -1' iisers' k-tli syrn- 
hol &S 

x,[b4k)l] (12 = 1, .... X) (18) 2 
i , ( k )  = t t r / d / [  

wliicli are used to forin t.lie so,ft reylicu H . U ( k )  of tlie 
h3.M aiid IS1 coinpoileiits. Tlie soft .reylicu is suhtracted 
froin tlic received sigiial cector y(k) to  produce tlie 1-st 
user's sigual est.iinate vector as 

Y1(k) = y(k) - N .  i L l ( k ) ,  (19) 

where 
T 

& l ( k )  iz [bT(k+L- l )  . . .  b T ( k )  . . .  b (k-L+1)]7-(20) 

b ( k  + I )  = [ & ( A  + I ) .  . . b;y(k: +I) ]?  (21) 

b( k )  = [0> & ( k )  . . . t, (k)]T (22) 

wit 11 

If I = 0, 

witli tlie 1-st eleiiiriit beiiig zero. Equa.tioii (19) yields soft 
% n t e r . ~ ~ ' r t ~ r r c e  ctrrr.cellat.ion. Note tliat [l]'s equalizer aiins t.0 

tector aims to  soft-ca.iicc.1 lmtli IS1 aiid MA1 coiiipoiiciits. 
soft-ca11cc.l o11lg IS1 colrlpolIflltS> lvllereas tllf nI1nIO dc- 

Tlie objective of the rest of tlie algoritliin is to  sup- 
press tlie IS1 aid hI.41 residuals left after soft znter ference 
cuncellutzon. An adaptive linear filter is used for this pur- 
pose: the M x L-vector w l ( k )  of the filter taps is deter- 
mined so that tlie hlSE between the filter output aiid the 
sigiial point correspoiidiiig to  tlie detected desired user's 
syinhol is iiiiiiirriized as 

w l ( l ~ )  = trry iriiii / lwf(k)yl(k) - tq(k)l12. (23) 
Wi(k)  

Siiice the derivatioii of the optiinuiri rector w 1 ( k )  follows 
[I], oiily the results are sliomii below: 

w l ( k )  = [HAl(k)H" + ~ ' l ] - ' h l .  (24) 

where 

hi E [ I /  11 ( L  - 1). . . h l\~l ( L  - 1). . . I /  1 1 (0) .  . . h .VI 1 (O)] (25) 

alld 

Ai ( k )  = t l icty[D ( k  +L - 1). . .D ( k ) .  . .D( k -  L + I)] (26) 

with 

For I = 0. 

with tlie (l.l)-eleiiieiit lxiiig oiicb. B>- approsiiiiatiiig error 
a t  tlic AILISE filtcr output by a Gaussiaii proccss [l], tlie 
extriiisic iiiforiiiatioii of tlic 1-st user to  be delirercd to 
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Fig. 3. Multiple 1Isers’ Signal Detector (LIlTSD) 

tlic cliaiiiiel clecoder ci~ii be derived as ,  

117. Iterative Channel Estimation 
Tlie seiisit.ivity of Turbo equalization perforinaiice to  

cliaiiiiel est.irnatioii error was reported iii [GI. It is ob- 
vious t.liat iiicrcasiiig tlic accuracy of clia.iiiie1 est.iiiiatioii 
eiiliaiices tlie perforinaiice. In deriving tlie algoritliin de- 
scribed iii Sectioii 111, all clcineiits of cliaiiiiel matrix H 
~ w r e  assuinecl to be kiiowii. This sectioii proposes a iiew 
cliaiiiiel cstiinat.ion sclieirie that effectively utilizes tlie it- 
erative iiiccliaiiisiii of tlie hIIhfO Turbo equalizer. 

It is assuined tliat each of t.lic N users’ iiifoririatioii 
scyueiices is lieadctl hy a uiiique word sequeiice mliose 
mawform aiid t.iiriiiig are kiio~vii to the receiver. Prior 
to t.lie first iteration for tlie MIhIO ecjualizatioii, tlie 3‘ 
users’ cliaiiiiel iinpulse respoiises are cstiinatetl by usiiig 
tlie uiiiclue word sequeiices as sigiial refereiiccs. Assuiniiig 
that all the N users! uiiicluc worcl scqueiiccs are uiicorre- 
lated \\.it11 eacli otlier, tlir Recursive Least Square (RLS) 
algoritliiri iiia.y be used to estiina.tck tlie N users? cliaiiiiel 
impulse responses. Iiiitial cstiinatcs of tlir _1’ users? cliaii- 
iiel impulse respoiiscs are obtaiiied at  tlic ciid of tlir uiiique 
word period. Tlir receiver tlicii ruiis tlic first itcratioii of 
tlie M h I O  cqualizatioii algoritliin dcscribcd iii Scctioii 111. 
Tlie first itcratioii produces iiiitial soft estiiiiat.cs of tlic S 
users’ traiisiiiittetl syinbols giwii by 

OIxiously? tlie 1argc.r tlie It, (kjl’s value? tlie inore rcliaNe 
it. is, wliicIi suggest.s tli9t t,lie liarcl decisions of 6, (k ) s ’  
liariiig relatively large Ib, ( k ) l  values caii be used as ad- 
tlitioiial sigiial referciices for cliaii~iel estiinatioii. Tlircdi- 
oltliiig inay properly identify tlie reliable soft. est.iinates. 
Atlditioiial sigiial referciices are tlieii giveii as sigiial poiiits 
corresponding to tlie liard decisioii results for the syirihols 
ideiitified as beiiig reliable. 

Prior to tlie secoiid iteratioil, t.lie R.LS parameter est.i- 
iriatioii algoritliiri is ruii agaiii usiiig a s  sigiial referelices 
bot.li tlie uiiique word waveforin aid t,lie iiifoririat.ioii sym- 
bols ideiitified as beiiig reliable. The estiiriat.es of tlie cliaii- 
iiel iiripulse respoiises are tlicbii iipdat.et1. Tlie receiver ruiis 
t.lie sccoiid iteratioii for tlie IfIMO equalizatioii usiiig tlic 
updated cliaiiiiel estimat.es. This process is repeated. Be- 
cause of the Turbo priticiple, tlie Ib, ( k ) l  values iiicrcnse 
with the iteratioii iiuinbcr, tliereby yieldiiig inore ad& 
tioiial refereiice sigiials. This results iii better estiinates 
of t.lic chaiiiiel iinpulse responses. 

V. Simulation Results 

This sect.ioii preseiits resu1t.s of computer siiriulatioiis 
coiiducted to  evaluate perforinaiices of tlie proposed 
hfIhiIO Turbo equalizer. All sirnulatioiis assuinetl that 
cliaiiiic4 frequency- select,ivity is due to ail L-patli propaga- 
tioii sceiiario with each path experieiiciiig frequency flat 
Rayleigli fading, aiicl eacli of L path coiripoiieiits lias ideii- 
tical average power. The iioririalized inaxiiiiuin Doppler 
frequency f d T s  , iiorinalized by the syinbol durat.ioii T,, 
w a s  set at 1/20000. It is also assumed that the received 
signal power of tlie N users are ideiit.ica1. A ra.te 1/2 iioii- 

systeiriatic coiirwlutioiial code with tlie coiistraiiit leiigtll 
of 3 aiid gciierators [GI, G2] = [ 5 ,  7joCl was used. Oiie 
hurst has 900 coded syiribols, headed by a 50-syinhol 
uiiique word secluciice for cliaiiiiel estiinatioii. Tlie RLS 
algoritliiri was uscd for c h i l i e l  estiinatioii. Tlie thresh- 
old value for iterative cliaiiiiel estiiiiation was set. at  0.5. 
All tlie 11’ users were assuined to be syinbol- aiid frame- 
spcliroiiizcd for simplicity. A raiidoiii iiiterlewer ~ L S  as- 
sm~iecl. The size of tlie iiiterleaver is sairie tis tlie fraine 
lciigtli. The Max-Log-MAP algoritliiri n w s  used iii tlie 
SISO cllallllel decoders. 

Figure 4 sliows for -lr = 2 ,  L = 5 aiitl Ai = 2 bit error 
rate (BE,R) perforinaiice ciirves of tlie b,IIhiO proyosd  
equalizer witli iterative cliaiiiiel estiiriatioii. Eacli curve 
was obtaiiicd by averaging over all usrrs’ BERs. Eb is 
clcfiiied as t.lic average per-iiiforinatioii bit ciiergy of c>acli 
user’s sigiial received by oiie aiiteiiiia eleiiieiit. Figure 4 
idso slioms a s  a refereiice tlie BER. perforinaiice curve of 
aii order-10 (=L x Ai) hlaxiiriuin R.atio Coiribiiiiiig (A1R.C) 
diversity followctl by Soft-Input Viterbi cliaiiiicl decodiiig. 
To obtaiii the refereiice BER. ciirvc, clialiiicl was assuiiied 
to bc kiiowii. Tlie I fRC BE,R. curve correspoiids to the 
case wlierc for eacli of 2 users, tlie derived hlIh1O c~lual- 
izer ci~ii  fully exploit tlie order- 10 diversitg gaiii while coin- 
pletcly cliiriiiiatiiig tlie AIAI aiitl  IS1 coiriyoiieiits froin the 
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received sigiial y(k). Results sliow that the derived pIII1\.IO 

BER performances close to tlie MRC BER curve. 
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equalizer offers substantial iteration gains, and achieves 
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* 
wliere cliaiiiiel is estiinatcd oiily oiice prior to  tlie 1-st 
iteration using tlie 50-symbol uiiiclue word sequence. It  5 1 0 . ~  

1 0 . ~  

forinaiice. 10.' 

4 is found that the BER performance is degraded coin- 
pared to that sliowii in Fig.4 due to  cliaiiiiel estiiiiatioii 
error. Hence. tlic proposed iterative cliaiiiiel estimation 
technique is effective in improving the equalizatioii per- 

Figure 6 sliows for 11; = 3, L = 5 aiid -11 = 2 BER per- 
forilialice curves of tlie proposed equalizer with iterative 
cllallllel estimation. ~l~~ result sllolv tile 

0 1 2 3 4 5 6  
Average Eb/No(dB) 

Flg. 6. BER Performance: S = 3. L = 5,  and M = 2. with Iterative 

equalizer can properly separate 3 users. 

[31 VI. Conclusion 

II'e h a w  esteiided Reyiiolcls aiid n'aiig's iterative IS1 
equalizer to  cleriT-e a Spacc-Time Turbo equalizer for fre- 
quency selwtiT-e hIIhIO cliannels. X new iterative cliannel 
estimation tecliiiique is also proposed.  lie derivecl equal- 
izer performs hiIhiIO clianiiel estimation. iriultiple users' 
sigiial detection, and decodiiig, joiiitly all iii an iteratire 
manlier. The hIITSD achieves drastic reductioii iii com- 
putational complexitj- c oinpxed with conreiitioiial trellis- 
based equalizers. Coiiiputer siiriulatioii re511ltS sliow tliat 
the prOp0sCd equalizer ciiii fully csploit the diT-ersity gaiii 
in frcclueiicy selective hIIhIO cliaiiiiels. while eff ectivcly 
initigatiiig both IS1 wid AiAI effects to separatc multiple 

[4] 

[(j] 

uscrs. 

Channel Estimation 
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