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ABSTRACT

In this paper, timing estimation for quasi-synchronous
SDMA systems is considered. The problem arises in the
uplink of a mobile communication system where precise
synchronization among all mobiles is very difficult to be
achieved and signals of all mobiles are time-aligned at
the receiver within a small synchronization window. An
efficient timing estimation method is proposed. It can
simultaneously estimate the channel responses and the time
delays which are required for signal detection. Simulation
results show that the time delays can be accurately esti-
mated and the performance of MMSE multi-user detection
with the proposed method is very close to that with the
perfect timing and channel information.

I. INTRODUCTION

Space Division Multiple Access (SDMA), with the
potential to greatly increase the system capacity without
extra bandwidth, has been considered as a major technique
in multi-user wireless communications. [t can be directly
applied to the uplink of a cellular mobile communication
system, since mobiles are generally distributed at ditferent
locations and the base station can separate the signals with
the use of multiple receive-antennas and signal processing
techniques. Many signal detection algorithms for SDMA
systems have been proposed [1]-{7]. However, most of
them have a restriction that perfect synchronization among
all users is required, which is very difficult in practical
situations, especially in cellular mobile communication
systems due to different locations of mobiles and signals
propagating through different fading channels. In this pa-
per, we consider quasi-synchronous SDMA systems, in
which signals of all users are time-aligned at the receiver
within a small synchronization window. It does not need
perfect synchronization and thus is more realistic in prac-
tice. To the best of our knowledge, very few work has been
done for the signal detection in quasi-synchronous SDMA
systems.

In quasi-synchronous systems, the knowledge of the
time delays is required for signal detection. The accuracy
of the time delay estimation has a profound effect on the
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performance of signal detection. In [8], two pilot-based
timing estimation algorithms based on sliding correlation
and vector orthogonalization have been proposed. For
the sliding correlation method, the time delays cannot
be precisely estimated when the difference between any
two delays is less than two symbol periods. As for the
vector orthogonalization method, the need to estimate the
noise subspace of the received signal matrix increases its
computation-complexity and therefore imposes a limit on
its application to practical systems. Another limitation of
these two methods is the requirement of long training se-
quences, which reduces the bandwidth efficiency. Another
pilot-based timing estimation algorithm was proposed in
[9]. This algorithm respectively estimated each user’s time
delay based on a least-squares-constant-modulus-criterion
cost function. It is thus very complex. In this paper, a
timing estimation method without the previous restrictions
is proposed for quasi-synchronous SDMA systems. It can
simultaneously estimate the time delays and the channel
responses with short training sequences. Simulation results
demonstrate that the proposed method is efficient and
the performance of MMSE multi-user detection with the
proposed method is very close to that with the perfect
timing and channel information.

The paper is organized as follows. In Section II, the
quasi-synchronous SDMA system model is formulated. In
Section III, the timing estimation algorithm is proposed.
Section IV presents the simulation results and conclusion
is given in Section V.

II. SYSTEM MODEL

The uplink of a cellular mobile communication system
with SDMA technique can be considered as a quasi-
synchronous SDMA system with P users each of which
transmits a signal via a single antenna, and with a re-
ceiver having M receive-antennas. We employ discrete-
time representation for the SDMA system and different
users may have different time delays as shown in Fig.
1. Letd; > 0, i € {1, 2,---, P}, be the time delay
of the user signal and takes on an integer value. Denote
d py as the synchronization window of the system, namely,
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Fig. 1. Quasi-synchronous transmission scheme

the maximum time delay in the system. d; < dpy, i €
{1, 2, ---, P}. All the time delays are assumed to be
not larger than the synchronization window. In the special
case of synchronized transmission, the delays for all users
are equal to zero. The channel response from the transmit-
antenna of the ith user to the jth receive-antenna at the
receiver is denoted as h;;. The jth receive-antenna output
at time n is
P
i=1
where w;(n) is the noise at the jth receive-antenna and

z;(n) is the input signal of the ith user at time n. The
received signal vector, y(n), is therefore

yv(n) =hx(n) + w(n), 2)
in which
Y(n) [yl( ) wa(n), o,y (n)]”
x(n) 951 n—d1 {L’g (n—dy),...,zp(n—dp)]T
=[wi(n), cy wM( )]T
by h21 - hpy 3)
h12 h22 - hpy
th th - hpm
In (3), (-)Trepresents matrix transpose.

III. TIMING ESTIMATION

In order to perform the signal detection for all users
in quasi-synchronous systems, the knowledge of the time
delays d;, {1, 2, , P}, is a necessity. Since blind
methods cannot estimate the time delays, some training
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symbols embedded in the signals are required. In this
section, a pilot-based method is proposed to estimate the
delays.

To simplify the derivation of the algorithm, zero noise
is first assumed. The received signal vector y(n) can be
expressed as

y(n) = hx(n). 4

From (4), we notice that the delay information is em-
bedded in the transmitted signal vector . Traditionally, time
delays are estimated based on system model (4), e.g. the
two timing estimation methods proposed in [8]. However,
they have many restrictions which have been presented
in Section [. In the following, we construct an equivalent
system model and transform the delay information into the
remodelled channel matrix. Then the time delays can be
estimated from the remodelled channel matrix.

Denote the signal vector with dpy + 1 sampled input
signals of all users as

r)=[z(n). . ..xp(n). . ., ap(n—dpo)l. (5)
An equivalent system model can be designed as
yv(n) = hx(n) = HX(n), (6)

In (6), H is an M x (d pyy+1) P matrix, where the (d; P+
i)th column is the ith, i € {1, 2, , P}, column of the
channel matrix h and other columns are all-zero columns.
From the equivalent system model on the special channel
matrix H defined in (6), we observe that the remodeled
channel matrix H has only P non-zero columns, each of
which is on the position (d;P +1i),47 € {1, 2, ..., P}.
The delay information is thus embedded in the remodeled
channel matrix H.

Assume that (dpy+1) P sampled received signal vectors
are collected. Denote the observed signal vectors as an
M x (dpy + 1)P matrix given by

Yaow ylm)=ly(n), y(m4)...y(H{dpr ) P-D] . (7
It follows that

xn(n—dpy),. . .

Y(dPU+1)P(n) - HX(dPU+1)P(n)' (8)
In (8), X(dPU+1)p(n) is a (de =+ l)P X (de =+ l)P
matrix as

Ko oyP(M) =X X +1),. . X(nHdpr )P =1)]. (9)

Suppose that (dpy + 1)P + dpy pilot symbols are
inserted into each user’s signal and X (4,41, p(n) contains
the pilot symbols. Then the least square estimation of the
special matrix H can be derived as [10]

H=Yu, 1 +1)p(7) Ko 1 Ko P XKooy (1) ) (10)

where (-)*denotes conjugate transpose and ()t is pseudo
inverse.
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With the estimated matrix ﬂ, a maximum selection
algorithm to simultaneously estimate the delays d;, i €
{1,2,..., P}, and the channel response matrix h can be
derived as follows. Recall that H is the M x (dpy +1)P
matrix, the (d; P +)th column of which is the ith column
of the channel response matrix h while other columns are
all-zero columns. The norm of the (d; P 4 ¢)th column in
H must be the largest among the (m; P + i)th columns,
m; € {0,1,...,dpy}, because other columns among
these (dpy + 1) columns are all-zero columns. With this
special structure property, we can group the (m; P + i)th
columns, m; € {0,1,...,dpy}. P groups are therefore
constructed. The column with the largest norm can be
selected from each group. Then the estimated time delay
di, i € {1,2,..., P}, is equal to the parameter m; of
the selected column in the ith group. At the same time,
the selected P columns make up of the estimate of the
channel response matrix h.

For the noise case, the special channel matrix H can be
estimated by MMSE method. As the estimation is based on
training sequences, we expect that the noise contribution
has little impact.

After estimating the time delays and the channel re-
sponse matrix h, the multi-user detector based on the
MMSE criterion can be easily designed. It yields

%(n) = B* (Ah" + o)ty (), (11
where I is an identity matrix and the signal-to-noise-ratio,

(SNR), is
J

M
E
=1
SNR =

3 2 {0’}

P
> higwi(n — di)

i=1

(12)

IV. SIMULATION RESULTS

In this section, a quasi-synchronous SDMA system with
P = 3 users and M = 3 receive-antennas is used as an
example to investigate the performance of the proposed
method. QPSK modulation is applied in this system. The
synchronization window dpy is set to 8. Assume that the
time delays of all users are as follows: d; = 2, dy =
4, and ds = 1 (arbitrarily selected as illustration). The
randomly generated channel response matrix h is

0.0942-1.96547 —0.4380-0.81977 0.3962-0.25467 |.(13)

0.864440.16847 0.8735—0.55237 —1.1027—0.6149¢
h
—0.8519-0.7443; —0.4297+1.1091z —0.9649-0.26984

Note that the three columns in the channel response matrix
h are corresponding to the (2 x 3 4 1)th, (4 x 3 + 2)th,
(1 x 3 + 3)th columns in the special channel matrix H.
Other columns in H are all-zero columns. In the example,
(dpy + 1)P + dpy pilot symbols are exploited and the
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Fig. 2. Timing estimation for quasi-synchronous SDMA
systems

training sequence matrix X 4, 41)p(n) is selected to have
full rank.

In Fig. 2, the solid line shows the normalized norms of
the (m;P+1)th, m; € {0,1,...,dpy}, columns in the es-
timated matrix H. The dashed line indicates the normalized
norms of the (m; P+2)th, m; € {0,1,...,dpy}, columns
and the dot line is corresponding to the normalized norms
of the (m; P+ 3)th, m; € {0,1,...,dpy}, columns. Each
group norms are normalized by the maximum norm in the
group. The simulation is performed under the condition
that SN R = 20dB. It is apparent that the peaks are very
sharp and the time delays can be accurately estimated by
the positions of the peaks even if the condition that the
difference between any two delays is not less than two
symbol periods is not satisfied. Note that this condition is
required for the sliding correlation method in [8].

Fig. 3 shows the performance of the MMSE multi-user
detection with the proposed timing estimation method. For
comparison, the MMSE multi-user detection with perfect
channel and timing information (MMSE-ideal) is also
implemented. The BER (bit error rate) is averaged over
1000 Monte Carlo runs, each of which consists of 500
symbols. It is shown that the performance of MMSE multi-
user detection with this timing estimation is very close to
that with the perfect timing and channel information. Note
that the performance of the MMSE-ideal algorithm is the
best that can be achieved for linear multi-user detection
algorithm as the channel response matrix and time delays
are assumed known exactly. It further demonstrates the
accuracy of the proposed timing estimation method.
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Fig. 3. Multi-user detection with the proposed timing
estimation for quasi-synchronous SDMA systems

V. CONCLUSION

An efficient timing estimation method for quasi-
synchronous SDMA systems is proposed in this paper. The
maximum selection algorithm among the norms of each
grouped column block in the estimated special matrix is in-
troduced to simultancously estimate the time delays and the
channel response matrix. Only the synchronization window
dpy is required in the proposed method. Simulation results
show that the proposed method can accurately estimate
the time delays and the performance of MMSE multi-user
detection with this timing estimation is very close to that
with the perfect timing and channel information.
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