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REDUCED COMPLEXITY MIMO TURBO EQUALIZATION FOR STTRC-CODES 

Nenad Veselinovic, Tad Matsumoto 
Centre for Wireless Communications, P.O. Box 4500, 90014 Univ. of Oulu, Finland 

tel: +358 8 5532864, fax: +358 8 5532845 
e-mail: {nenad.veselinovic,tadashi.mastumoto}@ee.oulu.f 

Abstract-Turbo MIMO equalization in space-time-trellis- 
coded (STTrC) system is considered in this paper. First, a low 
complexity MMSE equalizer is derived for decoding of STTrC- 
coded signals in frequency selective channels. The receiver is 
further modifed so that only the signifcant portion of the channel 
impulse response is taken into consideration. The remaining (non- 
signifcant) portion of the channel impulse response is regarded as 
unknown eo-channel interference (UCCI) and suppressed using 
covariance estimation technique. Its performance is evaluated 
using measurement data obtained by the multidimensional chan- 
nel sounder. The receiver performance is shown to be within 2 
dB from the maximum-likelihood lower bound, which takes into 
account all multipath components. 

I .  INTRODUCTION 
Communications signal transmission and reception using 

multiple transmit antennas and receive antennas over an 
multiple-input-multiple-output (MIMO) channel is one of the 
most promising approaches to increase the link capacity 
and achievable data rates [ I ] .  Two key approaches have 
been developed to make effective use of the benefts of the 
MlMO channels. The frst one is Bell-Labs-Layered-Space- 
Time-Architecture (BLAST) [2] which aims at approaching 
the channel outage capacity. Another one that combines the 
benefts of transmit diversity and channel coding is space-time- 
trellis-coding (STTK) [3]. Some recent developments combine 
the benefts of the above two approaches [4]. 

To fully exploit the benefts of the broadband, frequency 
selective channels using single camer communications, the 
cost eficient implementation of the equalization part of the 
receiver is a key issue. Furthermore, to fully exploit the 
capacity of the multipath ,channel turbo processing has been 
proposed [5], which turns the multipath channel into a set of 
parallel diversity channels. Recently, the MMSE-based turbo- 
equalization has attracted considerable attention due to the 
possibilities for adaptive implementation [6] and even further 
complexity reductions [7]. 

Iterative equalization with STTrC-codes has been introduced 
in [XI, where the optimal MAP equalizer has been used. In 
this paper, we extend the MMSE-based turbo equalization of 
[6], [9], [IO] to detect STTrC-coded signals. The equalizer 
is further modifed, in order to allow for the performance 
evaluation using realistic channel impulse responses obtained 
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by using multidimensional channel sounder. Only the sig- 
nifcant part of the channel impulse response i s  taken into 
account in the reciever, while the rest of multipath components 
are regarded as the unknown co-channel interference (UCCI) 
and they are cancelled using covariance estimation technique. 
The preformance of the receiver is evaluated using several 
snapshots of the realistic channel impulse responses. 

The rest of the paper is organized as follows. Section I I  
describes system model. Section 111 presents the proposed 
receiver and its special cases for which either one antenna or 
all transmit antennas are detected simultaneously. Section IV 
describes the receiver whose performance is used as a lower 
bound on the proposed receivers’ performance. Section V 
presents numerical results. The paper is concluded in Section 
VI. 

11. SYSTEM A N D  RECEIVED SIGNAL MODEI 

Figure 1 describes the system model. Each of A’ users 
encodes hit information sequence cs( i ) ,  !i = 1, ..., K ,  i = 
1:. . .?Bko using a rate R o / N ~  STTrC code, where NT and 
B are the number of transmit antennas and frame length 
in symbols, respectively. The encoded sequences b k ( i )  E 
Q, i = ~ > . . . : B N T  are Erst grouped in B blocks of NT 
symbols, where Q = {e1;. . . ape} denotes the modulation 
alphabet assumed to be M-phase-shift-keying (M-PSK). How- 
ever, it is straightforward to extend the receiver derivations 
to the quadrature-amplitude-modulations (QAM). The coded 
sequence is then interleaved so that the positions within blocks 
of length NT remain unchanged but the positions of the blocks 
themselves are permuted within frame according to the user- 
specifc interleaver pattern. Thereby the rank properties of the 
STTrC codes are preserved [ I l l .  The interleaved sequences 
are then headed by the user-specifc training sequences con- 
sisting of TNT symbols. The entire frame is serial-to-parallel 
convelted, resulting in the sequences b p ) ( i ) ,  n = ~ , . . ,NT ,  
i = 1: ..., B + T and transmitted with NT transmit antennas 
trough the frequency selective channel. 

After coherent demodulation in the receiver, the signals from 
each of NR receive antennas are sampled in time domain to 
capture the multipath components. Observing the signals from 
different transmit antennas of different users as the virtual 
users and arranging them in the vector form similarly as in 
[IO],  [9] we form the space-time representation of the received 
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Fig. I .  System model 

signal at time instant i given by 

generality the receiver derivation is presented in Section 111-A 
for the 1st group of transmit antennas of the kth user. The 
derivation is exactly the same for the rest of transmit antenna 
groups and the rest of users, with difference only in indexing. 
The special cases of no = 1 (rec. #1) and n,o = NT (rec. #2) 
are considered in more detail in numerical examples. 

A. SCIMMSE Equalizer Derivation 

part of the channel impulse response of length Le,, 
Let us rewrite the Eq. I so as to take into account only a 

yCff(i) = H,fp.ff(i)  + HflWl(i)  + H I N I Z ( ~ )  + neff(i), (6) 
- ‘  ’ -  

desired interference noise , * \  y ( i )  = Hu(i) + n(i) ,  i = 1, ..., T + B, 
‘ I ’  where H,ff 6 ~ L ~ ~ ~ J N , ~ Y K N ~ ~ I ~ L . ~ I I - ~ I ,  HI1 6 

c P N r t x l C N r ( 2 P - 1 1  and H 1 2  E c E N r r x K N r ( 2 E - 1 1  are - x  
where y ( i )  E C L N n x l  is space-time sampled received signal 
vector, given by 

(2) 

defned as 

He,, = Toeplitz(H(P). . . H(L - E - 1)) 

Hrl = Toeplitz(H(0). . . H ( P  - 1 ) )  

H12 = Toeplitz(H(L - E ) .  . .H(L  - I ) )  

y ( i )  = [rT(i + L - I), . . . , rT(i)IT, 

with r(i) E CNHx1 being 

(3) and T r(i) = [TI (i), . . . , T N , ( ~ J  . 
L is the number of paths of the frequency selective channel 

Eltering at the mth receive antenna. H E CLNnx‘cNT(2L-1) 
is channel matrix with the the form of 

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

and P, E and Le 

u12 E CKd12E-1)x1 are defned as 

u,f,(i) = [bT(i+Leff-l), . . . , bT(i), . , . , bT(i-L,ff+l)IT, (7) 

are related as L = P + Le,, + E. The 
and ~,,,(i) denotes the signal sample obtained after matched VeCtOB uef E C ~ ~ ’ T @ L C I J - ~ I X ~ ,  ,I .E @ K N T I Z P - ~ I X ~  and 

and url(i)  = [bT(i + L - P - I), . , . , bT(i + 1)IT, (8) 

~ 1 2 ( i )  = [bT(i - l),  . . . , bT(i - L - E + 1)IT. (9) 

hi’/@) . . . hifl?’)(l) .. . h g y ( l )  

First, an estimate H,ff of the channel matrix H is obtained 
based on the training sequence uef f ( i ) ,  i = 1, ..., T and 
sol? feedback ii,f,(i) obtained by replacing the corresponding 
elements of u.,,(z) by their soft estimates, deEned as 

2*” 

p=1 

H(1) = 

where $‘;(l) denotes the l-th path complex gain between kth 
user’s nth transmit antenna and mth receive antenna. 

The vector u(i )  E Q K N T ( 2 L - 1 ) X 1  denotes desired users’ 
sequence, and it is defned as 

(4) 
(10) 

- n) bi  (z) = x a 9 P E o ( b p 1 ( i )  = aq),  
u(i )  = [bT(i + L - l),  . . . , bT(i), . . . , bT(i - L + 1)IT, 

with 

b(i) = [bv’(i), . . . , biNT1( i ) ,  . . . , bg l ( i ) ,  . . . ,bF1( i ) lT ,  ( 5 )  

and n(i) E C L M x l  is the vector containing additive white 
Gaussian noise (AWGN) with covariance B{n( i )nH(i ) }  = 
021.  

111. TURBO MIMO EQUALIZERS 
The receiver fnt associates the the signals from transmit 

antennas of the kth user to the groups of length no, so that 
antennas indexed by n = 1, ..., no belong to the frst group, 
those indexed by n = no + 1, ..., 2no belong to the second 
group etc. Obviously, the number of transmit antennas NT 
is assumed to be an integer multiple of no. Without loss of 

where Pi& denotes a porteriori information obtained after 
SISO decoding. Let us further denote 

t i p q i )  = ii,f,(i) - iie,,(i) a e p ,  ( 1  1 )  

where 

,+no1 = [ 0 ,... ( 0 , 1 , . . . ,  1, 0 ,..., 0 ]T,(12) - Y v 
I ( L . j j - l l K + k - 1 ] N ~ r  no ( L . j ~ K - - l r + l ) N ~ - n o  

and 0 denotes elementwise vector product. The vectors 
i ie<f(i)  are obtained by replacing the elements of u,ff(i) by 
their soft estimates, i.e. an element is 

2ka 

9=1 
6p1(i) = ~ a 9 P & ( b p 1 ( i )  = a9) ,  (13) 
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where P& denotes the extrinsic information obtained after 
SlSO decoding (see [lo]). The signals 6 p ) ( i ) , 7 1  = I ,  ... 
are iointlv detected bv flterine the signal 

case, although it is straightforward to extend the receiver 
derivation to the more general signal constellations. Assuming 
that the MMSE flter nutput z , ( i )  E @'*Ux1 can be viewed as ~. - I 

the output of the equivalent Gaussian channel we can write 
y;"") (?)  = y C f f ( i )  - H e f f i i ~ " ' " ) ( i ) ~ i  = T+l:...,B+T, (14) 

using a linear MMSE flter whose weighting matrix Wk(i) E 
(23) z k ( i )  ~ WH i " ( 1 . W )  

k ( )Yk  ( 9  
CLpIfNnXn" satisfes the following criterion = H , . d ~ ) A ( i )  + *e .k t i )>  

[ w ~ ( i ) > A k ( i ) j  

The vector / 3 k ( i )  E C""" is defned by 

arg: lllili ~ l ~ H p j , ' . n " ) ( ~ )  - ~ H ~ , ( i ) l l 2 ,  where matrix H,n(i) E C""x"" contains the channel gains of 
the equivalent channel defned as W.A 

He.k(i) = E{zl;(Z)@(i)} = W f ( i ) H n ~ ~ . k :  (24) 

(16)  with H,,f~.k = [hj,') . . . h p " ] .  The vector * e , k ( i )  E Cnoxl is 
the equivalent additive Gaussian noise with covariance matrix 

/ 3 k ( i )  = [ 6 p ) ( i ) ,  ..., bjl"")( i ) lT:  

and Ak( i )  E CnuXx"" is a matrix whose diagonal elements 
satisfy the constraint 

Re.k(i) = ~ { * e . k ( ~ ) * ~ k ( ~ ) ]  (25)  
a l ; l ( i )  = ... = aI,",n"(i) = I: (17) = Wf(i)R,,,Wk(i) ~ Hc:.k(i)He,k(i). 

to avoid the trivial solution [W,(i),Ak(i)] = [O;O]. The 
columns w p ) ( i )  E CL-IfNRX1 of the optimal weighting 
matrix Wk(i) can be obtained as 

(18) w p ) ( i )  = M k ( i ) -  1 h, ( 7 1 )  ~ 

where 
n o  

M k ( i )  = HAk(i )HH + R - 1 hj,")hpIH; (19) 
n=1 

and h p )  is the [(L,ff - l)I<NT + kNT + n]-th column of 
the matrix H. The matrix &(i) is defned as 

A ~ ( ~ )  = I ~ q ~ p m ) ( .  Z)Uk -(lm) (20) 
= diagI1 - I[fi(i)ll12, .-: 1 - I [ ~ ~ ( ~ I ( L , : , - I ) K N ~ I  , 

1, -., 1: 1 - I [ ~ L ( i ) l ( ~ , , ~ - i i ~ ~ ~ + ~ ~ + i l  ...> 

2 

2 - 
n n  

1 - /[u(i)I(2L,,,-1)KNrl2}. 

It can be shown that the covariance matrix R of the 
interference-plus-noise has the following form 

R(i) = HeffAk.i(i)Hfi + HI,ffAn.z(i)HE (21) 
+ HIIH; + H12HE + u21. 

In this paper we use the time-average approximation as follows 
T 1 6 = - llY.ff(i) - Hef,fieff(i)lIZ (22) 

+ c llY.ff(i) - HeffEeff(i)Il2. 

T i=l 

T+B 

i=T+I 

Matrices ~ i k , ~ ( Z )  and Ak.2(Z) are defned as 
I - E { i i ~ ' " O ' ( i ) f i r l ( i ) H ]  and I ~ E{i i~~"01( i ) i i12( i )H} ,  
respectively. Note that Eq. (20) holds only for the M-PSK 

The output of the equivalent channel q ( i )  and its parameters 
He.k(i) and R,.k(i) are passed to the APP block that calcu- 
lates the ertrinsic probabilities needed for SlSO decoding, as 
described in section 111-8. The similar procedurc is repeated 
for all IvT/Tlo groups of transmit antennas that are jointly 
detected. It should be noted that different values of z k ( i ) ,  

He.,(i) and R,.k(i) are obtained for each group and the 
dependency of these parameters on the group index is omitted 
from notation for simplicity. 

B. APP Block and SlSO Decoding 
The SlSO channel decoding algorithm used in this paper is a 

symbol-level maximum-a-posteriori (MAP) algorithm used in 
[IO]. It should be noted that the input required by the decoder 
is the probability P(S,,  & + I )  associated with the transition 
between two trellis states Si and Si+l of the STTrC code. 
The transition probability can be calculated as 

P(Si,St+1) = P(&(i) = d"'"') (26) 
h'T 

= PiFilsE(bj,")(i) = &z+' n 1, 
n=l 

where di5'+' E C N T x l  is the vector of encoder outputs, that 
are associated with the transition (Si> The probabilities 
P~&sE(bj,")(i) = a,) are extrinsic probabilities obtained by 
the MMSE detection, which are calculated in the APP block 
as 

(n) . - P i F L s ~ ( b k  (2) - 4 = 

P(zr;(i)lf) [ fi 41fo(bj,"'(i) = &) , 

(27) 

1 ftB"ii P= l ,P#n  

for q = 1: ...,. Z k o  and n = 1 ,...,no, where Bd" = {f E 
Q"""' lfn = d,} and 

P(zk(i)lf) = e - ( = ~ ( ~ ) - H ~ , ~ ( i ) f ) " K ~ , ~ l ~ ) ( ~ ~ ( ~ ) ~ H ~ , ~ ( i l f ) ~  (28) 
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Based on the transition probabilities P(&, S;+I) the SlSO simulations using realistic channel measurement data that the 
channel decoder calculates the a posteriori probabilities for proposed receiver preforms relatively close to the ML receiver. 
the symbols b p ) ( i ) ,  defned as The receiver that jointly detects signals from all the transmit 

antennas of the user of interest outperforms the receiver that 
P ~ ~ & ( h j l " ) ( i )  =aq)  = (29detects only one antenna at a time. Future work will include 
P(bp'( i )  = oqlzk(ij: H k , e ( i j > R e , k ( i ) , i  = T + 1: ...: T + Byeceiver performance dependence on the angular spread at the 

transmitter side. 
The decoder extrinsic probability is then calculated as 

2)  = a 4 )  VI. ACKNOWLEDGEMENT 
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The receiver complexity is dominated by the MMSE 
which requires inversion of the matrix M k ( i )  as well as 
by the APP block. The overall complexity is therefore 
o{ max(L:,,N;, 2"""")). 
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Fig. 2. 
impulse response from antennas I and 8 for position 4038 

Measurement scenario. a) map of the area, h) Rx angular spread, c )  channel impulse response from antennas 1 and 8 for position 2018. d) channel 

. . . . . . . . . . . . . . . . . .  ................ 1 : .  .... 0. . ' 0 : ..c ,B--, . 3 . .  ! . .  ..I , d '  

. . .  . .  
. . . . .  

Fig. 3 .  a)SER performance vs. timing offset P, h) FER performance for n o  = 2, b) FER performance for no = 1 
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