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Abstract

Multiuser detection in TDMA and CDMA systems is considered based on multi-variable
DFEs. In the TDMA case the performance is evaluated on both simulated and real
measurement data. It is shown that the proposed DFEs can improve the performance
considerably. The proposed DFEs are also used in a downlink W-CDMA case. The
achievable performance in such a case is not sensitive to the structure of the multiuser
detector. Also, contrary to what is known from uplink scenarios, the conventional detector
performs rather well, particularly when the signal to noise ratio is low.

I. INTRODUCTION

Multiuser detection has been studied extensively over the last decade. The primary
focus has been on CDMA systems. See, for example, [7]-[11],[15],[16]. To obtain adequate
performance in such systems orthogonality among the received signature sequences has to
be preserved. In practice, however, this is virtually impossible to achieve with conventional
receivers, particularly if the system is asynchronous and the discrepancy in power is large
among the users. Improved results can be obtained if power control is used. An alternative
would be to use more advanced detectors with less sensitivity to near-far effects.

Multiuser detectors can also be used in FDMA and TDMA systems. An efficient way
to increase capacity in such systems is to decrease the reuse factor. Multiple receivers or
antenna arrays are indispensable tools in this context due to their ability to enhance the
desired signals while suppressing cochannel interference. When all available frequencies
are used in every cell, a system with reuse factor one is obtained. However, capacity
can be further increased if several users within a cell share all the available frequencies
and time slots. Such systems will however be subject to severe cochannel interference.
Multiuser detection would then be an attractive alternative to retrieve the user sequences.
Multiuser detection within a cell was first proposed in [4] and [5] where frequency non-
selective channels and linear detectors were used.

Interference rejection [1], [2], [3] can also be used for this purpose by detecting one
signal at a time while treating the others as interference. If the class of detectors are
constrained to be linear, then it can be shown that an MSE optimal linear multiuser
detector is the same as a set of interference cancelers [18]. This is however not true for
nonlinear detectors, such as DFEs and MLSEs.

If complexity would not be an issue, then an MLSE detector would be the preferred
choice. However, MLSE detectors would in most applications be deemed too complex
when the number of users grow. In such situations the use of multi-variable DFEs would
be an interesting alternative. Multi-variable DFEs have been used previously in the
literature, see, for example, [10], [12], [13]. In this paper we will use a multi-variable DFE
as a means to perform multiuser detection in both TDMA and CDMA systems. The
results discussed here is a short summary of more elaborate investigations presented in
[18], and [14].



II. CHANNEL MODELS

The performance of model based detectors depend critically on the quality of the channel
estimates. It is therefore essential that we use an appropriate model structure and a
reliable and accurate channel estimation algorithm. Channel estimation based on training
sequences with few data has been thoroughly investigated in [19].

In this paper we shall, in the TDMA case, use linear baseband models which include
pulse shaping and analog modulation, and which are sampled at the symbol rate. We
consider a scenario with M users and N receiver antennas. This means that the uplink
scenario presupposes M users, each transmitting with a single antenna and the base
station receiving all messages with N antennas. In the downlink we assume the base
station to have M antennas, each of which transmits a separate message, whereas each
mobile uses N receiver antennas for the detection. In the CDMA case the received signal
is sampled at the chip rate and antenna arrays are not assumed.

Let the received signal at antenna 7, and the symbol sequence transmitted from user
J be denoted y;(k) and d;(k) respectively. Furthermore, let the discrete time baseband
channel between user j and receiver antenna ¢ be represented by

Bz’j(q_l) = B;; + Bijq_l + ...+ Bijq_L (1)

where Bj are complex-valued constants, L is the order, and where g~! is the unit delay

operator, ¢~ ty(k) = y(k — 1). The sampled signal at antenna i can then be expressed as
M

yi(k) = Bij(q ")d; (k) + vi(k) (2)
7j=1

where we assume that d;(k) and v;(k) are mutually uncorrelated, zero mean, and station-
ary stochastic sequences. By collecting the received signals, the user sequences, and the
noises in vectors

y(k) = (k) -..yn(k))" 5 d(k) = (di(k) ... du(k)" 5 v(k) = (ni(k) ... on(k))",

we obtain a multiple input multiple output model

y(k) = B(q )d(k)+v(k) (3)
with B (¢ ') given by
Bii(¢') ... Bim(g™)
B(g") = : : (4)
Bni(¢7") ... Bym(g™)

In (3) we have assumed that all users are located in the same cell. Out of cell users will
then be included in the noise v(k). Adjacent cell users can also be included in B (¢7')
if the base stations are synchronized and if the training sequences are all different and
known.

As an alternative to detect all users jointly we can detect one at a time while regarding
the others as interference. A suitable model would then be

y(k) = B (¢ Hdi(k) + V (k) (5)

where B 1(¢7!) is now the first column of (4). In this model all users, except user one, are
regarded as cochannel interference and included in the noise term V' (k). Evidently V (k)
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in (5) will be both spatially and temporally colored. Estimation of the matrix valued
covariance function of V (k) is then crucial if a detector is to be based on (5). This might
be a major problem if the training sequence is short. In the sequel we shall refer to (3)(4)
and (5) as the MU-channel model and SU-channel model respectively. These models were
used in [18] and [14] as a basis for detector design and they will also be our basis here.

III. DETECTOR STRUCTURE

We shall use a multi-variable DFE as detector. It will be constrained to have FIR filters
in both the feedforward and feedback links':

d(k —tlk) = S Yy(k)— Qg Hd(k — £ —1|k)
d(k — (k) = f(d(k - ¢lk)) - (6)

Here y(k) is the received sampled signal vector while d(k — ¢ — 1|k) is the vector of
most recent decisions. The feedforward filter S(¢~'), of order ns, and the feedback filter
Q(qY), of order ng, have dimensions N|M and M|M respectively. If the channel model
(3), (4) is used, then Q(¢g~!) will be a full matrix whereas if (5) is used then Q(g~*!) will
be constrained to be a diagonal matrix. This constraint is natural since we have required
the interference canceler to detect one user at a time. The parameter ¢, which is a user
choice, is known as the smoothing lag or the decision delay. In general ¢ will determine
the degree of the feedforward filter. To simplify the design we adopt the usual assumption
that all previous decision are correct, that is, d(k — £|k) = d(k — £).

Now we can use Theorem 1 in [14] or Theorem 3.4 in [18] to design both the multiuser
detection and interference rejection DFEs.

IV. EXPERIMENTAL RESULTS
A. The TDMA Case

To compare and evaluate the proposed detectors, described by (6), under fairly realistic
conditions extensive simulations have been conducted. For a thorough investigation see
[18] and [14]. We shall here present only two scenarios:

« Monte Carlo simulations with estimated channel parameters, uncorrelated antennas and
equal transmitter powers.

« A case with real data acquired from uplink measurements of a DCS 1800 test bed?.

From the left diagram of Figure 1 it is clear that a considerable performance improve-
ment can be obtained by detecting the users jointly instead of one at a time. The reason
is the following: First, the multiuser detector (6), based on a full Q(¢ ') matrix and the
MU-channel model (3), (4), has more degrees of freedom than the interference rejection
detector (6) based on a diagonal Q(¢~') matrix and the SU-channel model (5). Second,
it is difficult to estimate the covariance matrix of V (k) in (5) based on few data. To
alleviate this effect we have in Figure 1 used both the training sequence and the detected
symbols in the estimation.

In the right diagram of Figure 1 the performance of the two detectors is rather similar.
The reason for this is that the channel is flat fading and all inter-symbol interference is
therefore caused by the partial response modulation. Since we also consider a two user
case the additional degrees of freedom provided by the use of a full diagonal matrix Q(¢—!)
can not be fully utilized.

!This is in general a suboptimum structure unless the channel and noise are described by moving average and
autoregressive processes respectively [14][18][17]. However, the performance loss will be marginal in most cases

as compared to what can be obtained with more general structures.
2The data were provided by Ericsson Radio Systems AB in Kista, Sweden, which is here gratefully acknowledged.
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Fig. 1. Left: The MIMO DFE (MU) and MISO DFE (SU) are compared for estimated channels,
uncorrelated antennas and equal transmitter power. To to identify the MU-channel model and SU-
channel model (3), (4), and (5) both the training sequence and the detected symbols were used.
The numbers at the right end of the diagram are the number of errors used to estimate the BER
for an SNR per bit of 7, = 15dB. Right: The MIMO DFE (MU) and MISO DFE (SU) applied
to measurement data obtained from a DCS-1800 testbed. Two users (M = 2) were transmitting
simultaneously. The messages were received by an antenna with eight outputs (N = 8).

B. The CDMA Case

By appropriate modeling, on a symbol by symbol basis, the CDMA channel can be
described by a MIMO model similar to (3), (4) but with 2N, outputs and 2K inputs,
where N, and K represent the processing gain and the number of users respectively. For
details on the derivation of this channel model, see [18]. The detector used to separate the
users is the same as in (6) but with matrices S(g~') and Q(¢ ') of dimensions 2N,|K; and
2K, | K5 respectively. The numbers K; and K, determines the number of users that should
be detected and the number of users that are utilized by the feedback filter respectively.
Here, K; and K, may be smaller but not larger than the number of users K.

To illustrate the utility of the DFE structure as a multiuser detector for CDMA-systems
we shall here investigate a downlink W-CDMA scenario which is part of a more elaborate
investigation conducted in [18]. The simulation set-up is specified as follows:

« All users have processing gain N, = 16, the codes are so called OVSF-codes and the
modulation is QPSK with raised cosine filtering.

o Each frame consists of 160 symbols including 8 pilot symbols. The transmitted power
is the same to all users and the propagation delay is estimated with an accuracy of one
chip period.

« The channel is Rayleigh fading with three time-invariant taps and it is estimated with
the least squares method based on the pilot bits.

o The symbols were detected using the linear MMSE detector, the multiuser DFE and
the interference rejection DFE. To design the multiuser DFEs Theorem 5.1 in [18] was
used. The BER was compared to that of the conventional RAKE receiver.

In Figure 2, the results from a downlink simulation is presented. It is interesting to
note that, from a capacity point of view, the three different multiuser detectors perform
equally well. Another interesting observation relates to the conventional detector: At an
SNR of 5 dB its performance is rather close to the performance of the multiuser detectors.
It is thus tempting to conclude that in downlink scenarios with a lot of noise the use of
multiuser detectors may not be worthwhile. This is in contrast to uplink scenarios, where
multiuser detectors outperform the conventional detector.
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Fig. 2. The performance of three multiuser detectors and the conventional receiver is compared for a

downlink W-CDMA scenario. All users have the same power and the processing gain is 16.

V. CONCLUSIONS

Multiuser detection has been considered for TDMA and CDMA systems based on multi-
variable DFEs. The performance can be considerably improved particularly in uplink
scenarios. In downlink CDMA scenarios it is however not immediate that the performance
increase obtained with such detectors can motivate the additional complexity.
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