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ABSTRACT

The use of multiple antennas at the BS (Base Station) allows sig-
nificant improvements on the spectral efficiency of wireless com-
munications systems by increasing the number of simultaneous
users on a given cell.

In this paper we introduce a new iterative multiuser detec-
tion scheme for systems requiring high-rate transmission in severe
time-dispersive channels. We consider the use of single-carrier
modulations combined with frequency-domain equalization tech-
niques, which are known to be excellent candidates for severe
time-dispersive channels. The BS employs multiple antennas and
consists of an iterative LST (Layered Space-Time) receiver com-
bined with frequency-domain equalization techniques.

Our performance results show that the proposed receiver struc-
ture has excellent performance, which can be very close to the
matched filter bound, even for severe time-dispersive channels and
in the presence of strong interfering channels.

1. INTRODUCTION

Future wireless systems are required to support high quality of ser-
vice at high data rates. Moreover, due to power and bandwidth
constraints, these systems are also supposed to operate with small
transmit powers, especially at the MTs, (Mobile Terminals) and to
have high spectral efficiencies.

By using SDMA (Space-Division Multiple Access) techniques
employing multiple receive antennas at the BS (Base Station) we
can increase the number of simultaneous users in a given cell [1].
These MIMO techniques (Multi-Input Multi-Output) allow signif-
icant increase in the system spectral efficiency, while reducing the
transmit power requirements for the MTs.

For such high data rates, we can have severe time-dispersion
effects associated with the multipath propagation. In this case,
conventional time-domain equalization schemes are not practical,
since the signal processing requirements can be very high. This
is especially serious when time-domain equalization methods are
employed in high data rate, MIMO systems [2].

The block transmission techniques, with appropriate cyclic
prefix and frequency-domain equalization schemes, were shown to
be a better alternative for severe time-dispersive channels, allow-
ing superior performance with a lower implementation complexity.
The OFDM (Orthogonal Frequency Division Multiplexing) modu-
lations is the most popular block transmission technique. SC (Sin-
gle Carrier) modulations using FDE (Frequency-Domain Equal-
ization) are an attractive alternative approach based on this princi-
ple. As with OFDM modulations, the data blocks are preceded by
a cyclic prefix, long enough to cope with the channel length. The
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received signal is transformed to the frequency domain, equalized
in the frequency domain and then transformed back to the time
domain. This SC approach with FDE has the same overall com-
plexity as OFDM. However, the SC schemes have lower envelope
fluctuations than the corresponding OFDM schemes, while offer-
ing similar, or even better, performance [3].

Recently, a new SC system with decision feedback equaliza-
tion has been proposed for Single-Input Single-Output (SISO) chan-
nels [4, 5]. This frequency domain DFE was extended to MIMO
systems in [6]. However, as with conventional, time-domain DFE,
it can suffer from error propagation, especially for long feedback
filters. The IB-DFE (Iterative Block DFE) schemes are a promis-
ing approach for SC transmission, with very good performance
and alleviating the error propagation effects [7, 8].

This paper deals with multiuser scenarios in severe time dis-
persive channels, with a single-carrier modulation employed by
each user in the uplink. We combine the IB-DFE ideas of [7, 8]
with the LST principles of [9] to define a class of frequency do-
main MIMO receivers, with iterative LST multiuser detection. Our
approach is to consider each user as a layer and then cancel the ISI
and the multi-user interference, layer by layer. At each iteration,
the a-priori knowledge of the estimated layers (users) from the pre-
vious iteration is employed.

This paper is organized as follows. The proposed iterative LST
multiuser receiver is described in Section 2. Section 3 presents a
set of performance results. Finally, section 4 is concerned with the
conclusions of the paper.

2. ITERATIVE LST MULTIUSER DETECTION

2.1. System Model

We consider an uplink single-carrier MIMO system with P users,
transmitting independent data blocks, and N receive antennas at
the BS, as depicted in figure 1. The time-domain block transmit-
ted by the pth user is {sm,p;m = 0,1,..., M — 1}, with s, p
denoting the mth data symbol of the pth user, which is selected
from a given constellation (e.g., a QPSK constellation) under an
appropriate mapping rule. A cyclic prefix (CP), preceding each
block, is used to avoid interblock interference and to make the lin-
ear convolution associated with the channel equivalent to a cyclic
convolution, with respect with the useful, M-length, part of the
block. At the receiver, the CP is discarded.

The time-domain block at the nth receive antenna is { y%f) m o=
0,1,...,M — 1}. The corresponding frequency-domain block,
obtained after an appropriate DFT (Discrete Fourier Transform)
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Fig. 1. System model

operation, is {Yk("); k=0,1,...,M — 1}, where

P

P-1
Y =37 SepHL) + N, )
p=0

with block {Skp;k = 0,1,..., M — 1} denoting the DFT of
the block {smp;m = 0,1,..., M — 1}. {H{")} and {N"}
(k=0,1..., M—1)denote the DFT of channel impulse response
from user p to the nth antenna, and the DFT of the noise at the nth
antenna, respectively.

2.2. Receiver Structure

We consider a frequency-domain iterative multiuser receiver that
combines IB-DFE principles [7, 8] with LST interference cance-
lation [9], each iteration consisting of P detection stages, one for
each user.

Following the common conventions for LST receivers, the data
blocks for the different users are regarded as layers. To detect a
particular layer, the other layers are considered as interferers. For
the first iteration and the detection of a given layer, the interfer-
ence from previously detected layer is canceled, as with conven-
tional wide band LST receivers [10]. However, contrarily to con-
ventional broadband LST receivers, this interference cancelation
takes into account the reliability of each of the previously detected
layers. For the remaining iterations, we cancel the interference
from all users (using the most updated version of each layer), as
well as the residual ISI from the layer that is being detected. This
means that the proposed receiver structure can be regarded as a se-
rial multiuser detection scheme, with interference and residual ISI
cancelation.

For a given iteration, the receiver structure for the detection
of the pth layer is illustrated in figure 2. We have N frequency-
domain feedforward filters and P frequency-domain feedback fil-
ters. The feedforward filters are designed to minimize both the ISI
and the interference that cannot be canceled by the feedback fil-
ters, due to decision errors in the previous detection steps. This
structure can be regarded as an equalizer capable of combating the
IST and with interference suppression properties.

After an IDFT operation, the corresponding time-domain out-
puts are passed through a decision device so as to estimate the
transmitted layer. At the next iteration, these steps are repeated
with a-priori knowledge of the estimated layers from the previous
detection steps. The detection procedure can be summarized as
follows:
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Fig. 2. Detection of the pth layer, for a given iteration

e First iteration:
(1) Detect layer 0.

(2) Detect layer 1 by (partially) removing the interference
from user 0.

(3) Detect layer 2 by (partially) removing the interference
from layers O and 1.

(4) Proceed until the detection of layer P — 1.

e Remaining iterations

(1) Repeat the detection of layer 0, now removing the inter-
ference from all layers (p # 0) and the residual ISI (p = 0).

(2) Repeat the detection of layer 1, now removing the inter-
ference from all layers (p # 1) and the residual ISI (p = 1).

(3) Proceed until the detection of layer P — 1.

2.3. Derivation of the Coefficients

The frequency-domain samples associated with the pth user at the
output of the equalizer are given by

N P—-1
Sep = D FOW =D B S, =
n=1 p’=0

N
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n=1 p'#p

where F{") (k = 0,1,...,M — 1, n = 1,2,...,N) denotes

the kth feedforward coefficients at antenna n and B](f ;) (k =
0,1,....,.M —1,p’ = 0,1,...,P — 1) denotes the kth feed-
back coefficient, associated with the pth user. The frequency-
domain block {S';w,/; k=0,...,M — 1} is the DFT of the block
{8mp;m = 0,...,M — 1}, with §,, ,» denoting the hard de-
cision estimates for the p’th user transmitted symbols, associated
with the ith iteration for p’ < p and to i — 1 iteration for p’ > p
(for the first iteration, §,, ,» = 0 for p’ > p).
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The symbol estimates $,,,, at the output of equalizer can be
written as
Sm.p = PpSm,p + Omp, €)

where the ”symbol error terms” ., , are uncorrelated with the
transmitted symbols s,,,, and the correlation coefficient p,, is given
by

Pp = E[gm»PS:n,p} _ E[Skypsz,p] (4)

i Es.p MEs,p .

with Es p = E[|sm,p|*] denoting the average symbol energy for
the pth user. These correlation coefficient can be estimated from
the time-domain samples associated with the equalizer output, 5., p,
as described in [8]. The corresponding frequency-domain samples,
Sk.p» can also be written as

Skp = PpSkp + Dy, (5)

where {Ag p;k=0,1,..., M—=1} =DFT {§pm p;m
1}. Since the “symbol error terms” are uncorrelated with the trans-
mitted symbols, we have E[|An p|?] = ME[|0mp?] = (1 —
p?,)M Es p. It can be shown that time-domain samples associated
with the equalizer output, 5, 5, can be written as [8]:

Sm,p = YpSm,p + emt, (6)

where ;¢ denotes the overall noise plus interference and ~,, is the
average overall channel frequency response for the pth user [8].
The signal to interference plus noise ratio (SNIR) for the pth user
in the frequency domain, is defined as:

_ |'7p‘2M Esp
= — ,
(lek 5 °]
where £~ k is the overall noise plus interference in frequency do-
main. By combining (2) and (7) and some algebraic computation,

the optimum feedback coefficients for the pth user that maximize
(7) at a particular iteration are

SNIRY, @)

80 —p)), P =0,1,... P—1.
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n/=1
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The feedforward coefficients satisfy the set of IV equations:
N ’ ’
L= P I > B
n’/=1
H, ) ) 4 Foy
1 _ n)*x F n n
DRSS SN,

p'#p n/=1
= (1 —p)H", n=1,2,....N, (9
where SNR,, Esp

20 2
in-phase and quadrature components of the channel noise.

and o, denotes the variance of both the

3. SIMULATION RESULTS

In this section, we consider the use of the proposed receiver in
an SDMA system where each user has 1 transmit antenna and the
base station has a number of antennas N, equal or greater than
the number of users P. The data block consists of M = 64

=0,1,...,M—

QPSK data symbols, plus CP (similar results were obtained for
other values of M). The channel has uncorrelated Rayleigh fading
on different frequencies, corresponding to a channel with severe
time-dispersion effects and a rich multipath propagation. We con-
sider uncoded BER (Bit Error Rate) performance, under perfect
synchronization and channel estimation conditions.

Let us first consider the case where all the users have the same
average power. Figure 3 shows the BER for different users and it-
erations, for P = 4 users and a base station with N = 4 antennas.
From this figure, we can observe that the users’ performances af-
ter the first iteration are very different: almost 7dB at BER=10"*
from the first user (p = 0) to the fourth (p = 3). This differ-
ence decreases as we increase the number of iterations, with all
users having almost the same performance after the third iteration.
Moreover, the resulting performance can be very close to the MFB
(Matched Filter Bound) after just four iterations. This shows that,
for moderate SNRs, the proposed receiver is able to eliminate a
significant part of the ISI and the interference.

Figure 4 shows the average BER performance after four iter-
ations, for different N and P. Once again, the BER performance
after four iterations are close to the corresponding MFBs, regard-
less of N and P.

Let us consider now a scenario where the received powers are
not the same for all users, due to a wrong power control and/or dif-
ferent uncoded BER requirements for different users. We will con-
sider N = 4 receive antennas and P = 4 users, with the received
powers for users 0 and 1 being 6dB larger than the received powers
for users 2 and 3. For a given iteration, the receiver detects first the
high-power users and then the low-power ones. Figure 5 shows the
BER performance for the different users. Once again, the iterative
detection procedure allows significant performance gains and after
four iterations, the BER performances are similar for users with
the same average power. We can also note that the performances
of the low power users are asymptotically close to the MFB. How-
ever, for the high power users, the performances are about 1.5dB
away from the MFB, at BER=10"*. This results from the fact
that the BER is much lower for the high-power users, allowing
an almost perfect cancellation of their effects on the low power
users, which can have performance close to the MFB. However,
the higher BERs for the low-power users preclude an appropri-
ate interference cancellation on the high-power users, at least for
moderate BERs (see also figure 6, where all BER are expressed
as a function of the E} /Ny of the low power users, and MFB was
shifted 6dB to the left for the high power users ).

4. CONCLUSIONS

In this paper we propose a low complexity iterative receiver struc-
ture for multiple users with multiple antennas for severe frequency
selective channels. The proposed multiuser detection combines
IB-DFE principles with LST techniques. We evaluated the perfor-
mance of the proposed receiver for different scenarios and different
number of antennas at BS and users. Our results show that we can
have almost optimum performances with just a few iterations. This
makes proposed receiver suitable for broadband wireless commu-
nications.
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