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Abstract

can then be implemented using a simple decorrelator receiver at the base station. Such systems have
been considered in [3], for example, where conventional matched filter detection was employed, but the
signature sequences were designed to have zero crosscorrelation at small offsets. In contrast, we present
a receiver design for QS-CDMA for arbitrary spreading codes, but which uses the decorrelation strategy to
reject multiuser interference. The QS-CDMA system
considered here is realized by providing every mobile
user with a GPS receiver, with the user bit epochs
triggered by the GPS clock waveform. At the base
station (receiver), the incoming waveforms would still
be asynchronous, due to oscillator drift and varying
distances from the mobiles to the base. It will be
shown that if the timing uncertainty occupies a SUEciently small region, it is possible t o obtain excellent
bit-error rate performance, without power control, using a relatively simple decorrelator detector.
The signal model and linear decorrelator for the
QS-CDMA system are derived in Section 2. Bounds
on the BER performance are obtained in Section 3.
Results and conclusions are given in Sections 4 and 5,
respectively.

A linear decorrelator detector is proposed for a
quasi-synchronous code-division multiple-access (QSCDMA) cellular system. It is assumed that each of
N users has a GPS generated local clock, and attempts t o transmit in synchrony with the other users
in its cell. The base station thus receives N signature
waveforms which are approximately synchronized, but
with a small timing error due t o local oscillator drift
and doppler shifts. The residual timing o f s e t is discretized, and a decorrelator is constructed which attempts t o reject the muliiuser interference vectors corresponding t o the set of possible offsets. Bounds and
analytical results for the bit error rate (BER) are obtained for various interferer conditions.

1

Introduction

Multiuser detection has received increasing attention since it was first shown capable of alleviating
the near-far effect in CDMA communication systems
[l]. However, the optimal multiuser detector of [l]
requires knowledge of the signal times-of-arrival and
amplitudes, which are in general difficult to estimate.
Although various algorithms have been proposed for
amplitude and time-delay estimation, in general these
methods are quite complicated and not well suited
to practical implementation. A much simpler multiuser detector was presented in [2], based on a coherent linear decorrelator, which did not require knowledge of signal amplitudes. However, the decorrelator
method in [2] still required knowledge of the signature
sequence arrival times.
We propose a quasi-synchronous CDMA cellular
system, in which the mobile users attempt to transmit synchronously. It will be shown that QS-CDMA

2

The signal model employed is similar to that in [4].
The n-th user transmits the waveform
m

sn(t)

dn(m)PNn(i - mT),

=

(1)

m=-m

where PlV,(t) is a random binary sequence formed
by rectangular pulses of duration T, sec., and amplitude {fl}.All sequences P N ( t ) are assumed to have
common duration T sec., where 1/T is the bit rate.
The information sequence is given by ( d , ( m ) } for the
n-th user, with binary signalling d,(m) E {-l,+l}
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Derivation of the Decorrelator Detector

samples PN,!,(kT,). The additive noise vector is circular Gaussian with covariance matrix ui1, and the
sum of multiuser interference and thermal noise can be
modelled by a single circular Gaussian vector d ( m ) .
Under the approximation that the an(i) are independent and circular Gaussian, with variance J ,it is readily seen that the total covariance function is given by

assumed. We envision a digital implementation of the
base station receiver, so that programmable correlators can be used to realize arbitrary decorrelator structures. Thus, a sampled signal model, as in [4] will be
employed. The received multiuser signal is bandlimited to l/Tc Hz., and then sampled at the Nyquist
interval T, = T, Hz, yielding the samples r(mN, k)
as defined below, during the m-th bit duration.

+

~("8

+

N

=

R(m) = E{ nrn'H}

andn(m)PNA(kT, - Tn) + n(m>,

n=l

i = l n=2

(2)

for IC = 0 , 1 , . . . , N , - 1, where N , = T/T, is the number of Nyquist samples per bit. The waveform PN,8,(t)
represents the low-pass filtered version of the signature
sequence. Initially, the amplitude a1 E C of user 1 (the
desired user) is assumed known &priori. However, the
remaining amplitudes an E C, for n = 2 , 3 , . . .N are
modeled as circular Gaussian with zero mean and variance J . The delays T, are modeled as uniformly distributed in the interval [-aT,aT],where a << 1 , as
a consequence of the quasi-synchronous nature of the
system. For example, in [5], a GPS-based QS-CDMA
systems is analyzed, and it is shown that a maximum
timing uncertainty of aT = 1.3Tc can be achieved
To avoid having to explicitly estimate the delays,
the following approximate model for the received sequence is proposed. First, the delays are discretized to
values Tn(i),for i = 1 , 2 , .. . , N T . Next, approximate
the received sequence as
r(",

+ k) = dl(m)al"(kTs
NT

- TI)

(5)

NT N

Having defined the statistics of r(m), the likelihood
function required for demodulation is seen to be circular Gaussian, and the resulting optimal detector computes the decision variable

+1

>

U = Re{ r(m ) H R m)(
eicr9{a1)SlVl)) < 0. (6)
-1
Note that R(m) is positive definite and hence invertible as long as U: > 0. The above detector is coherent,
in that the phase of a1 must be estimated - a noncoherent version of the detector is presented in [5].
In order to simplify the detector structure, and facilitate the development of a BER bound, the inverse
covariance matrix is approximated by an orthogonal
projection matrix. As shown in [5], as the interferer
power J + 00, the inverse covariance approaches

(3)

R(m)-'

N

(7)

---$

1

i = l n=2

The un(i, m) are dependent random variables, since
only one an(i,m), per user n can be nonzero. However,
it will be shown that by approximating the a , ( i , m )
as independent, zero-mean, and circular Gaussian, a
linear decorrelator receiver can be obtained. The additive noise sequence n( I C ) is likewise zero-mean circular
Gaussian, with covariance c i = 2No/T, [4].
It is assumed that the receiver is synchronized to
user n = 1 (a method for accomplishing such synchronization is described in [5].) The received samples
during bit m are written in vector form as
r(m) = dl(m)ai(m)si(Ti)

In the following, it is assumed that the signal vectors
sn(T(i))are linearly independent, so that the matrix
SiHS: is invertible. The matrix [I - Psi] now spans a
subspace including the vector S I (TI),but orthogonal
to the multiuser interference.
The coherent multiuser detector can now be written
as follows, using the orthogonal projection matrix.
$1

U = Re{r(m)He""'g{al)[I- P~;]sl(T1)} > 0. (8)

(4)

-1
The decorrelator structure of the detector is evident
from (8) - the matrix [I - Ps;]
rejects those components of r(m) corresponding to users n = 2 , . . . , N at
the NT discretized delay values {Tn(i)}.

i = l n=2

where r(m) represents the N , samples of r ( k ) , and
sn(Tn(i))represents the low-pass filtered sequence
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where the dependence on the delays {Tn(i)}has been
suppressed for clarity. This lower bound can be obtained using a series of eigenvalue bounds as discussed
in [5],with the final result given by

The bit-error rate is computed in a straightforward
manner, once the mean and variance of the decision
variable U are obtained. Without loss of generality,
the phase of a1 is taken to be zero, d l ( m ) is set to
unity, and the remaining data symbols d,(m) are absorbed into the complex amplitudes a,. The mean is
then given by

$[I - Ps;Is1 1

(14)

The error rate bound is obtained by replacing the normalized signal power in (12) by y,

4

Results

Figure 1 shows the real-valued noiseless decorrelator output for each individual user as a function of
received code delay, when the assumed uncertainty region is f l chip. The output yn(.)
due solely to user
n is thus defined by
yn(.)

Error Rate Bounds

An upper bound on the BER for the decorrelator
detectors is next obtained, that is solely a function
of the maximum cross-correlation of the sequences
PIV,(t) and number of users. The resulting expression is thus much simpler to evaluate than the exact
BER, and provides insight into the relationship between the number of users that can be accommodated
and the required length of the PN sequences. In deriving the bound, it is assumed that the undesired users
are completely rejected (Tn = Tn(i).) Although this
assumption may at first seem unrealistic, as shown in
Section 4, the undesired users are nearly rejected in
the scenarios considered here, even when T, # T,(i).
In either coherent or noncoherent detection, the problem of upper bounding the BER (12) is equivalent to
finding a lower bound, denoted by 7, for the effective
normalized signal power, as follows.
s m - Ps;]s1 2 7,

(15)

The users have zero phase, and are assigned signature sequences corresponding t o length-31 Gold codes.
The power ratio J / S = la,12/1a~12of user n to user
1 is set to 20 dB in Figure 1. The actual decorrelator output would be a sum of these individual responses. The decorrelating vectors defining the interference subspace includes the nominal, &$, and f l
chip shifted versions of the signal vectors from the
undesired users. The figure shows clear nulls in the
decorrelator output for users 2 and 3 at those delays.
Between these discrete delays, we find that the undesired users are “nearly” decorrelated. Outside this f l
chip uncertainty region, the decorrelator output for
users 2 and 3 may be quite large.
Figures 2-3 show the analytical BER of the quasisynchronous detector together with the performance
bounds for BPSK. For all cases, the number of users
N = 3. In determining the decorrelator response we
have assumed the best-case delay for the desired user
(i.e. 0.0 chips), and the worst-case delay for the unwanted users. The worst-case delays were determined
by individual brute-force searches over the uncertainty
region in steps of $-th of a chip, in order to minimize
the expected value of the decision variable (9). Also,
all user amplitudes were taken to be real t o allow the
greatest degree of signal cancellation. The matched
filter error rate is also shown and is computed via the
best-case/worst-case strategy, above. As the decorrelator uncertainty region was expanded, the matched
filter response changed, but only very slightly (as we

If the residual multiuser interference due to discretization of the delays is neglected, the following simplified
BER expression is obtained [5].

3

= Re{aEsn(r)HII- Ps;lsi(T1)).

(13)
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signals have lower cross-correlations.
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A quasi-synchronous CDMA system has been proposed, in which the mobile users in a cellular network
attempt to transmit in synchrony, using a common
GPS-derived clock. Although the received signal at
the base station is not exactly synchronous, the greatly
reduced time uncertainty region allow the implementation of a simple linear decorrelator-based multiuser
detector. Both exact BER expressions and bounds on
the BER were derived, and it was shown that effective
multiuser interference suppression could be achieved,
even with a relatively coarse ( f 1 / 2 chip) discretization of the delay uncertainty region.
Although the proposed system requires that each
mobile user have its own GPS receiver, the rapidly
declining cost of GPS equipment may make implementation practical in the near future. Furthermore, the
increased network capacity and improved BER performance obtained through multiuser detection may
offset the disadvantage of increased complexity of
the mobile transmitters. Most importantly, the base
station implementation complexity is not greatly increased, since the conventional matched filters need
only be replaced by appropriate linear decorrelators.
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Figure 1: Decorrelator outputs due to individual users
J / S = 20 dB.
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Figure 3: Bit-error rates for 63 chip sequences, J / S =
20 dB.
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Figure 2: Bit-error rates for 31 chip sequences, J / S =

20 dB.
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