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Abstract— TURBO-BLAST is a novel multi-transmit
multi-receive (MTMR) antenna scheme for high-
throughput wireless communications. It exploits a novel
space-time coding scheme based on the independent block
forward error correction (FEC) codes and space-time in-
terleaving, and a near optimal iterative decoder, for de-
coding a new generation of space-time codes. The pro-
posed iterative decoder has two decoding stages: a soft
interference cancelation detector and a set of soft-in soft-
out decoders. In this paper, we focus on designing a ro-
bust parallel interference cancelation scheme that jointly
estimates the soft interference and the linear beamformer
weights to minimize the mean-square error (MMSE) be-
tween the true and estimated signals. Using simulation
results, we show that the proposed scheme outperform
the previously proposed soft interference cancelation re-
ceivers based on maximum ratio combining (MRC) prin-
ciple.

I. INTRODUCTION

Recently, there has been growing interest in design-
ing multi-transmit and multi-receive (MTMR) antenna
schemes to increase single-user capacity in wireless com-
munications systems. In particular, the MTMR com-
munications structures popularized as Bell-Labs Layered
Space-Time (BLAST) architectures [1] have received
considerable attention as they could provide very high
data-rate communication over wireless channels without
increasing the total transmit power and channel band-
width.

To achieve the enormous capacity available in multi-in
multi-out (MIMO) matrix channels, it is well known that
the MTMR scheme has to be designed with an appro-
priate precoder and decoder which decouple the parallel
sub-channels. The current generation of cellular systems
support only multi-antenna elements at the base station.
In this scenario, when the receiver has knowledge of the
matrix channel, the optimal way of coding to decouple
the sub-channels efficiently is through the use of space-
time block coding proposed in [2]. However, the achiev-
able data rate using this class of space-time codes is only
the size of the constellations used. Therefore, they are
not well suited for the future generation of wireless com-
munications, where the focus will be on increasing the

transmission rate. Moreover, in the wireless local area
networks (WLAN), both the mobile, usually Lap-Top
Computers, and the base station can be equipped with
multi-element array antennas. This motivates the de-
signing a high-rate space-time coding scheme for MTMR
systems that employ advanced signal processing tech-
niques to decouple the parallel sub-channels.

In this paper, we introduce a robust receiver for the
space-time coding scheme obtained by combining the
traditional channel coding of independent substreams
and space-time interleaving. The combination of in-
dependent coding and space-time interleavers can be
viewed as “random” space-time codes. We use indepen-
dent encoding of each substream for two reasons. First,
we use fixed-rate codes; thereby, we increase the trans-
mission rate of the system with the increased number of
transmitters. Second, the codes can be simply designed
using traditional FEC coding schemes in Galois-field for
any number of transmit antennas. Moreover, the struc-
ture of these codes leads to an iterative “turbo-like” re-
ceiver for jointly decoding the simultaneously transmit-
ted substreams with low complexity.

In [3] and [4], we introduced two iterative receiver
schemes for Turbo-BLAST (T-BLAST) architecture: (1)
an optimum maximum a posteriori (MAP) receiver with
a computational complexity exponential in the number
of transmitting antennas, and (2) a suboptimal paral-
lel soft-interference cancelation receiver with an imple-
mentation complexity linear in the number of trans-
mitting antennas. The goal of this paper is to op-
timize the interference estimate and the linear beam-
former weights in the suboptimal (second) receiver that
minimizes the mean-square error (MMSE) of the esti-
mates. The MMSE criterion is used because it is robust
with respect to channel estimation errors and external
co-channel interferences.

II. TURBO-BLAST ARCHITECTURE

We consider a MTMR system that has ng trans-
mitting and ng receiving antennas, with ng > nr.
Throughout this paper, we assume that the ny transmit-



ters operate with synchronized symbol timing at a rate
of 1/T symbols per second and the sampling times of
npg receivers are symbol-synchronous. The channel vari-
ation is assumed to be negligible over L symbol periods
comprising a packet of symbols (non-ergodic process).
Figure 1 shows a high-level description of the T-
BLAST architecture. A wuser’s data stream is de-
multiplexed into ny data substreams {Bj};”, of equal
rate. The data substreams are block-encoded using
the same predetermined forward error correction (FEC)
block code {C};Z,. The encoded substreams are bit-
interleaved using an off-line designed space-time ran-
dom permuter. We use {Cy}77, to denote the per-
muted substreams. Then the space-time interleaved sub-
streams are independently mapped into QPSK symbols
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Fig. 1. TURBO-BLAST ARCHITECTURE

A block diagram of the iterative receiver is shown in
Figure 2. The receiver has two stages:
o Stage I (detector): The soft interference-cancelation
detector.
o Stage II (decoders): The set of ny parallel soft-input/
soft-output (SISO) channel decoders.
The detector and decoder stages are separated by space-
time interleavers and de-interleavers. The interleavers
and de-interleavers are used to compensate for the in-
terleaving operation used in the transmitter as well as
to decorrelate the correlated outputs before feeding them
to the next stage.

III. DATA MODEL

With no delay spread, the discrete-time model of the
received signal vector at the ith signaling interval is
given by:

r(i) = Ha(i) + v(7) (1)

where H € C"®*"T ig the channel impulse response ma-
trix, vector a(i) € C"* %! is the transmitted information,
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r(i) € C"®*1 is the received vector, and the Gaussian
noise vector v(z) € C"#*1. The components of the noise
vector are uncorrelated zero-mean complex white Gaus-
sian random variables with zero mean and variance o?.
The channel matrix H is assumed to be constant dur-
ing a frame, but it may vary from one frame to another.
Moreover, we assume that the rank of H = min(nr,ng).
In a rich scattering environment, this condition is almost

always met for large transmit and receive antennas.

IV. ITERATIVE RECEIVERS

Let ay(z) be the desired signal. We may write (1) as:

r(i) =

where Hk = [hl,hg,...,hk,hhk+1,...
crrxnr =1 and ay (i) = [a1(4), a2 (i), . . ., ar—1(2), ar+1 (i),

.,a,(i)]T are the interfering channel matrix and
the vector of interfering substreams for the kth sub-
stream, respectively. The vector channel hy =
[hk1, hk2y - - > Prng)? is an ng X 1 vector that represents
the complex gains of the ng different paths pertaining
to the kth transmit-antenna signal.

hiay (Z) + Ha; (l) + V(l) (2)

yhy] €

A. Linear Detector

For a linear detector designed to extract the desired
signal, the decision statistic of the kth substream at the
1th sampling instant is:

zi(i) = wyi hyap(i) +wi Hpay (i) + wi'v(i) (3)
dy, Uk Uk

The terms corresponding to dg, u; and oy are the desired
response obtained by the linear beamformer, the CAI,
and phase-rotated noise, respectively.

B. Soft interference canceler (Stage I):

To overcome the CAI, we propose a multi-substream
receiver based on the combined use of a detector and soft



interference canceler, which optimizes the interference
estimate and the weights of the linear detector jointly
by using the MMSE criterion. In the interference can-
celation receiver, we remove CAI from the linear beam-
former output z:

(4)

where uj is a linear combination of interfering sub-
streams: u, = wia;. For brevity, we omit the sam-
pling index (i). The performance of the estimator is
measured by the error e; = (ar — yx). We need to min-
imize E[ege}], where £ is the expectation operator. The
weights w;, € C"7*! and interference estimate u; are
optimized by minimizing the mean-square value of the
error between each substream and its estimate.
Problem 1: Given (2) and (4), find the weight vectors
wj, and ug by minimizing the following cost function:

(5)

Yo = Wir—u

(Wi, @) = arg min £ [[lag — yxl’]
Wi, Uk )
where the expectation is over noise and the statistics of
the data sequence.
O
Solution 1: A Solution to Problem 1 is given by

Wi = (P + Q + Rnn)ilhk (6)
ﬂk = WkHT (7)
Where
P =h;h{ e Cnr
Q = H;, [I(,,_1) — Diag({ax}e{ar})| HY eCmr
R, =0’l,, € Cnr
T:Hké'(ak) g crnexl
O

We used standard minimization techniques to solve the
optimization problem formulated in (1). In arriving at
this solution we used:

Elaia;} = E{a;}{a;} Vi#£j (8)

These conditions are achieved by the independent and
different space interleaving and time interleaving applied
at the transmit end.

o For the first iteration, we assume £{ax} = 0, in which
case (4) reduces to the linear MMSE receiver for sub-
stream k:

E{av} =0;

hi (H¥H + ¢°I) 'r() (9)

e On the limit of £[ay] — a, (4) simplifies to a perfect
interference canceler:

ye(t) =

ye(i) = (h"h+0®)"'hif (r(i) - Heax) (10)

Solution 2: The MMSE solution to the weight vector
W}, requires matrix inversion of ng X ng matrices. A sub-
optimum solution to Problem 1 is obtained by ignoring
the matrix Q in wy, as follows:

hi ((hghi! + 0’ D)) 1 (x (i) — Hyf{ar})

(11)
O

This solution requires a scalar inversion only. Note that

the matrix Q represents the variances and co-variances
of the residual interferences.

Y =
= ((bf'hx + 0*) " *hil (r(i) — HpE{ay})

C. SISO Decoders (Stage II):

To acquire the expectations of interfering substreams,
we use np-parallel SISO decoders to provide the a prior:
probabilities of the transmitted substreams. The ny-
parallel SISO decoders operate identically to the BCJR
algorithm used in TURBO decoding [6]. The a priori
probabilities are obtained from the decoder soft outputs
olf1 the previous iterations using the following relation-
ship:

exp(L(ajr))

P(ajr =+1) =1— P(aj, = —1) = m

(12)

where L(a;,) is the soft output (formalized as a log-
likelihood ratio) of symbol aj, provided by the SISO
decoder. The expectation of a;, is

Ela;] = (+1) exp(L(a;r)) (=1)
T 1+4exp(L(ajr)) 1+ exp(L(ajr))
= tanh(L(a;r)/2), j7=1,2,...,n7 (13)

where a; = a;, + ta;;.

The interference estimation is based on block-based
“extrinsic information” provided by SISO decoders; i.e,
information about a; is gleaned from the prior informa-
tion about the other symbols {L(am)}m=;.

Note 1: This receiver is also applicable to the case
where the MIMO channel has delay spread. If the MIMO
channel has a finite delay spread that spans [ symbol pe-
riods, then by stacking [ successive samples of received
data vector we can define: ¥(i) = vec[r(3),...,r(i +[—
1)] € =X 4(i) = vecla(i — 1+ 1),...,a(i +1—1)] €
Crr=0x1 g(4) = vec[v(i—I+1)and...,v(i+1—1)] €
Cnrt>1 Hence the system equation for the ith signaling
interval is

£(i) = Ha(i) + v(i) (14)
where H € ¢"=!*77(2-1) g given by
H[ - 1] HO] ... 0
H= : Lo (15)
0 ... H[-1 HI0]

where H[j],0 < j < [ — 1, denotes the jth tap of the
MIMO channel impulse response matrix. The iterative
receiver is applicable for this case, but the dimensionality
of the MMSE receiver will change according to (14).



V. SIMULATION EXAMPLES

We consider a BLAST scheme with 16 transmitters
and 16 receivers. The packet length of each substream
is 100 symbols with an additional 20-symbol training
sequence. FEach substream is independently encoded us-
ing a rate 1/2 convolutional code generator (7,5) and
then interleaved using space-time interleavers. The in-
terleaved substreams are QPSK-modulated. The space-
time interleavers are chosen randomly and no attempt
is made to optimize their design. For all the Monte-
Carlo simulations presented herein, we use a flat fading
matrix channel generated using a modified one-ring scat-
tering channel model [7]. For each run (packet), a new
realization of H is chosen. Computer simulations were
performed on the following BLAST configurations: (1)
D-BLAST (MMSE based) designed with no edge waste
[1], (2) T-BLAST-MMSE as proposed in Solution 1, and
(3) T-BLAST-MRC receiver 2 in [4].

A. Ezample 1: Time-invariant channel

Figure 3 shows the BER performance versus SNR for
D-BLAST and T-BLAST receivers for iterations 1,2,4
and 5. As expected, the performances of both D-BLAST
and T-BLAST improve with increasing SNR. The per-
formance of both T-BLAST receivers improves with in-
creasing iterations and exceeds that of D-BLAST in 2
iterations. A significant gain (7dB) is achieved by the
T-BLAST scheme over the D-BLAST. The T-BLAST-
MMSE performs around 0.75 dB better than T-BLAST-
MRC.
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Fig. 3. BER Vs. SNR for time-invariant channel

B. Ezample 2: Time-varying channel

The maximum Doppler frequency considered here is
20Hz. Figure 4 shows the BER performance after 5 iter-
ations versus SNR for T-BLAST-MMSE and T-BLAST-
MRC. From figure we note that the performance of both
T-BLAST receivers improves with SNR, with T-BLAST-
MMSE outperforming T-BLAST-MRC by a wide mar-
gin (2dB). This illustrates the robustness of the MMSE

receiver for channel estimation errors. Moreover, a per-
formance decrement of about 6dB is observed from Fig-
ure 3 to Figure 4 due to possible channel estimation
errors present in the time-varying channel.
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Fig. 4. BER Vs. SNR for time-varying channel

VI. CONCLUSIONS

We described a new iterative receiver based on MMSE
and Turbo-decoding principle for decoding space-time
codes that are based on independent FEC coding and
space-time interleavers for MTMR schemes. The T-
BLAST scheme, in general, was shown to have excel-
lent performance, which significantly outperforms the
D-BLAST architecture. Moreover, the proposed MMSE
based iterative receiver for T-BLAST was shown to out-
perform the MRC-based soft interference cancelation re-
ceiver when channel estimation errors are present. The
space-time codes and the iterative decoders proposed in
this paper are suitable for both flat-fading and delay-
spread channels.
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