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Abstract—In recent years, there has been an increasing interest
in the use of code-division multiple access (CDMA) in cellular
mobile and wireless personal communications. The choice of
such multiaccess technique is attractive because of its potential
capacity increases and other technical factors such as privacy
and multipath rejection capabilities. However, it is well known
that the performance of CDMA can be significantly degraded
due to cochannel interference (CI) and the near–far effects. In
this paper we consider the performance of direct-sequence (DS)-
based CDMA over fading channels that are modeled as slowly
varying Rayleigh-fading discrete multipath channels. Specifically,
we propose and analyze an adaptive multistage interference
cancellation strategy for the demodulation of asynchronous DS
spread-spectrum multiple-access signals. Numerical results will
show that the proposed multistage detector, which alleviates the
detrimental effects of the near–far problem, can significantly
improve the system performance.

Index Terms—Cochannel interference cancellation, code-divi-
sion multiple access, multiuser detection, wireless communica-
tions.

I. INTRODUCTION

RECENTLY, direct-sequence code-division multiple ac-
cess (DS/CDMA) has become very popular in various

applications such as optical and wireless communications [1],
[2]. However, it is well known that the conventional CDMA
receiver does suffer from serious problems. For example,
as the number of users increases it can become multiple-
access interference limited. Another major disadvantage is
the near–far problem, which refers to the phenomenon of
high-power interferers completely destroying communications
from lower power transmitters. These disadvantages raise
the question of whether the problems described above are
inherent shortcomings of DS/CDMA and whether significant
performance improvement might be possible through the use
of other receivers. In recent years, there has been a lot
of interest in multiuser detection in which these questions
are addressed. This interest was motivated by the work of
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Verdú in [3] where it has been shown that the optimum
multiuser CDMA detector is near–far resistant and that signif-
icant performance can be gained by optimum, as opposed to
conventional, demodulation. Unfortunately, the optimum mul-
tiuser detector has three disadvantages—it requires centralized
implementation, it is quite complex, and it requires knowledge
of the received energies of the various users. Specifically, it
is a maximum-likelihood detector which consists of a bank
of conventional single-user matched filters followed by a
Viterbi algorithm whose complexity grows exponentially as
the number of users increases.1 Further, it has been shown that
the multiuser optimum decision problem is NP-hard. To reduce
the complexity of this optimum detector various suboptimum
multiuser detectors have been developed in the past several
years [4]–[7]. These detectors vary in complexity and have
been mainly studied over the additive white Gaussian noise
(AWGN) channel. Interested readers are referred to [8]–[10]
and references therein for further details.

In this paper we propose a multiuser detection methodol-
ogy for DS/CDMA communications over multipath Rayleigh-
fading links. The proposed method consists of a serial cochan-
nel interference (CI) cancellation scheme that is based on the
one described in [8]. Specifically, the proposed multistage de-
tector aims to improve the system performance by regenerating
estimates of the interfering signals, and then subtract those
reconstructed interference signals from the input of the desired
receiver. This process is performed in a cascaded fashion in
such a way that more and more of the “strongest” interfering
signals are canceled. Another key objective of this paper is
to present a performance analysis that is applicable to our
proposed interference cancellation method as well as the one
proposed in [8].

This paper is organized as follows. In Section II we will
describe the DS/CDMA system along with the multipath
channel. Section III presents the proposed CI cancellation
methodology. In Section IV an error performance analysis of
the CI cancellation method is developed. Section V presents
an analytical approach for optimizing the performance of the
proposed detector. Section VI presents some sample numerical
results and Section VII is the concluding section.

1The complexity is actuallyO(2K) whereK is the total number of users.
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II. SYSTEM DESCRIPTION

Consider an asynchronous DS/CDMA system [11],
[12], [14] which consists of users, and let

denote the binary data

signal, and
denote the signature sequence signal with being
a unit rectangular pulse on with equal

probabilities, and theth user’s code sequence

with for all and with the integer
Next, consider the transmission over a multipath Rayleigh-
fading channel having a slow fading rate compared to the bit
rate, so that the channel random parameters do not change
significantly over several bit intervals. Specifically, throughout
it is assumed that the complex low-pass equivalent impulse
response of the channel is given by

(1)

where , , and are the th path gain, delay, and

phase for the th user , and is the number
of paths which can be either deterministic or random. Let

denote the maximum delay spread, which is assumed
to be small compared to the symbol duration so that
intersymbol interference (ISI) would be small. Then, the path
delay will be assumed to be uniformly distributed over

Likewise, the path gains will be assumed to
be independent Rayleigh random variables with the average
path power for all and and is the
expectation operator.

Now, let denote the received signal, then it can be
easily shown that

(2)

where is a white Gaussian noise with double-sided power
spectral density , is the th user signal
power, is the carrier frequency, and

is the th path phase of the th user received signal
with denoting the th user asynchronous transmission
delay. Throughout, we will assume that is an independent
random variable uniformly distributed over for each

and In addition, we will assume the overall delay
to be an independent random variable that is

uniformly distributed over

III. T HE CI CANCELLATION METHOD

Without loss of generality, we assume that the desired user
is the th user. Further, we assume that the desired receiver
can coherently recover the carrier phase and delay lock to the
first arriving path of the desired user’s signal. Therefore, if we
let denote the output of the correlator receiver matched to

the first path of theth user at , then

(3)

where

(4)

and Likewise,
and for

, and are the continuous-time
partial correlation functions. Now let
denote the correlator’s output of theth desired user signal.
Also let

denote the output of the desired user “self” interference and the
desired user total multiuser interference, respectively. Then,
the lump sum of and will be referred to as the CI for
the desired user.

Next, note that to combat the CI, one must minimize the
sum of and The basic idea behind the proposed method
is to reproduce the CI terms and and then subtract
the replicas of and from the th user received signal.
This process is performed successively. Specifically, we first
find initial estimates of the CI terms (stage 0). We will then
proceed with stages of processing the decision statistics of
the desired user. At theth stage, we reconstruct the CI terms
using estimates of the channel parameters and the unknown
transmitted symbols and then subtract the regenerated CI for
the desired user received signal to obtain a new decision
statistic. Ideally, if we can correctly estimate and
at say stage , then the decision statistic at the next stage
will be simply equal to Consequently, significant
improvement in the system performance would result. On the
other hand, if the data estimation for say useris incorrect at
say stage , then a negative version of the interference caused
by this user is created, thereby resulting in a new CI term (due
to user ) at the stage that is twice the CI term of user

at stage It is therefore clear that one must have good data
estimates (and, hence, good estimates of the CI terms) in order
for this iterative scheme to work well.

In [8], a successive CI cancellation methodology as de-
scribed above has been proposed. However, Yoonet al.
proposed that the data estimation be obtained using a hard
decision upon the decision statistic at every stage. Since we
are considering wireless channels that are characterized by



386 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 46, NO. 3, MARCH 1998

Fig. 1. DS/CDMA receiver with multistage cochannel interference cancellation.

multipath fading links along with imperfect power control,
one would expect the occurence of incorrect data estimates
(especially at the initial stage) to be relatively high,2 thus
possibly resulting in an increase in CI. To solve this problem
and in order to have good data estimates, here we propose a
detection scheme which tends to decode the strongest signals
and then cancel their CI terms from the received signals as
shown in Fig. 1. Specifically, to make the data estimation more
accurate for the CI cancellation scheme, we will use asoft
decisionupon the correlator output at the various stages. More
precisely, our data estimation is performed as follows. During
the th stage we let and denote
the replicas of and , respectively. Then, by removing
these terms from and performing the CI on the th
bit of the th user, we obtain the decision statistic at theth
stage

(5)

2In fact, this is precisely the reason why a good CI interference scheme is
desirable.

where and Therefore,
it follows that

(6)

where is the number of

shifted bits relative to the first path of userand
is the data estimate at the th stage. The soft decision
CI method then proceeds as follows. If , then the bit
decision for user ’s th bit is

no decision,
else.

(7)
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Otherwise, we have where is a
given constant threshold for theth user
and if Else, In other
words, we perform data estimation if and only if the decision
statistic is greater than or smaller than Otherwise, no
data estimation is made for user In particular, if the th
stage is actually the final stage (i.e., , then a hard
decision is used instead. Clearly, the proper choice of all
is important for the successful implementation of the proposed
cancellation method. In particular, we note that the proposed
method reduces to the one presented in [8] when the thresholds

are equal to zero for all and

IV. PERFORMANCE ANALYSIS

The main objective of this section is to present a closed
form expression for the system’s average bit-error rate (BER).
We begin by deriving the system’s BER in the initial stage.

A. Initial Stage

Let , , , and be defined as above. Then, it can be
easily shown that

(8)

(9)

where

(10)

and is the signature sequence aperiodic cross correla-
tion function [12], [13].

The BER can now be obtained by assuming the CI terms to
be Gaussian distributed. This may not be necessarily correct,
but such an approximation has been shown to be relatively
good [8], [14]. Now recall that ; then,
for a given , it follows that the conditional signal-
to-noise ratio (SNR) for theth user’s correlator output is

or

(11)

As a result

Error at the initial stage

(12)

where The error
probability for the initial stage can now be obtained by
integrating given by (12) with respect to the density
of As a result, we get

(13)

where and the expectation is with respect
to

B. Error Rate in the First Stage

We begin by deriving an expression for and where
and are the probability of making an error and the

probability that no decision is made at the initial stage for the
th user, respectively. Due to the symmetry of the problem, one

can without loss of generality set Hence,
and

Next, let

(14)

and

(15)

Likewise, let be the density function of Then,
it can be easily shown that

(16)

and

(17)

Now note that only the CI terms are different in the
decision statistic of the single-stage CI cancellation process.
In particular, we have

(18)

and

(19)
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where

(20)

(21)

and is defined in (10). As a result, it follows that the BER
for the first stage of the CI cancellation method is given by

(22)

where and

(23)

C. Error Rate in Successive CI Cancellation Stages

The extension of the analysis described in the previous
section to a -stage detector is straightforward. Indeed, we
have

(24)

(25)

and the second moment of the canceled bit
can be easily shown to be given by

where

Thus, for a given , it follows that the th stage SNR
of the th user is

(26)

and this results in an error probability that is given by

(27)

where and again the expectation is with
respect to

We conclude this section by highlighting an important
point which makes our proposed analysis different from the
one presented in [8]. As mentioned earlier, the proposed
interference cancellation method reduces to the one presented
in [8] when for all and (i.e., when a hard decision
is performed upon the correlator outputs). In this case, theth
stage SNR for user and for a given is given by
(26) with for all and ). Since is a random
quantity then the system error probability must be obtained by
expressing the conditional error probability as a function
of this SNR and then integrating with respect to the
distribution of Instead of doing so, however, the analysis
of [8] proceeds by defining theth stage SNR for user as

(28)

and then expressing the average error probability as

(29)

In other words, the expectation with respect to the path
amplitude is performed inside the function. It turns
out that the BER expression as defined in (29) is relatively
accurate under ideal power conditions and when the path
amplitudes are constants (see [14] for instance). This is further
supported by the numerical results presented in [8] where the
path amplitudes were all set to one. However, when the path
amplitudes are random as in this paper then (29) will tend
to significantly underestimate the system’s BER’s as shown
in the numerical results section. Nevertheless, it is important
to emphasize that the analysis of [8] is nice because of its
simplicity.

V. OPTIMIZATION

A. The Initial Stage Thresholds

This section briefly describes a simple analytical approach
for finding the optimal thresholds for the th user

at the initial stage. From (22) and (23),
it follows that we must minimize (18) and (19) in order to
improve the detector performance. A close observation of
(18) and (19) then indicates that the system performance can
be optimized by minimizing as defined in (21)
for all In particular, the optimal value of

which minimizes can be easily found
numerically. As a result, it follows that the optimal threshold
for the th user at the initial stage is

(30)
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Fig. 2. A comparison between the Monte Carlo simulation BER estimates
of the interference cancellation method of [8] with those obtained from the
theoretical analysis of [8].

B. The Successive Cancellation Stage Thresholds

The extension of the approach described in the previous
section to a -stage detector is simple. Let be defined
as in (26), then can be minimized for each
user by finding the optimal value of , which

minimizes numerically. As a result, it follows
that the optimal threshold for theth user is given by

(31)
Note that since we assume that the statistics of the channel

characteristics are known, it follows that we would be able
to set the value of the thresholds for all of the users before
the data acquisition. Therefore, our proposed receiver will not
cost much when compared to the one proposed in [8].

VI. NUMERICAL RESULTS

This section presents some sample numerical results which
illustrate the potential of using the proposed CI cancellation
method as an effective tool for improving the performance of
DS/CDMA communications over multipath fading channels.
Throughout, we shall assume that the maximum delay spread

s and that the data rate is equal to 9600 b/s. Unless
otherwise mentioned, each user is assigned a unique balanced
Gold sequence of length 127 that has been obtained from

-sequences that are represented by octal numbers 211 and
217, respectively. Furthermore, the unit energy constraint (i.e.,

will be assumed throughout.
We begin by investigating the accuracy of our analysis

as well as the one presented in [8]. Figs. 2 and 3 present
the average BER performance against the total number of

users with dB and
for all Specifically, Fig. 2 compares

some sample BER results corresponding to the interference

Fig. 3. An investigation of the accuracy of the proposed analysis.

Fig. 4. The performance of the proposed interference cancellation method
for a three-user DS/CDMA system.

cancellation method of [8] which were obtained by conven-
tional Monte Carlo simulations with those obtained from the
analysis of [8]. Likewise, Fig. 3 compares the BER estimates
of our CI method which were obtained by Monte Carlo
simulations with those based upon the analysis of Section IV.
A close observation of both of these figures indicates that
the error performance analysis of [8] tends to significantly
underestimate the system’s BER’s, especially as the number
of stages increases. In contrast, the analysis presented here
gives BER estimates that are much closer to the true BER’s as
predicted by Monte Carlo simulations. These theoretical results
are clearly not exact. However, because of the prohibitive
amount of simulation time required to achieve accurate BER
estimates, the proposal analysis could prove to be a useful
tool for performance analysis and design of the proposed CI
interference method as well as the one presented in [8].

Fig. 4 lists the performance of the proposed CI cancellation
method against the average received SNR per bit for
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Fig. 5. The performance of the proposed interference cancellation method
and the interference cancellation method of [8].Ek=Ei = 4 dB for all k 6= i
and a Rayleigh multipath fading channel withLk = 3 are assumed.

a three-user system with for and
equal received power per user. A close observation of this
figure clearly indicates the potential of the proposed method.
In particular, it indicates that as the number of stages increases
the system performance increases and that the system’s BER
as predicted by the proposed analysis will tend to approach the
single user bit-error probabilities. Note that similar conclusions
can be also drawn from Fig. 3.

The remaining figures illustrate the potential of the proposed
method in combating the effects of the near–far problem.
Specifically, Fig. 5 lists the BER values of an asynchronous
DS/CDMA employing Gold sequences of length 63 which
have been obtained from -sequences that are represented
by octal numbers 103 and 147, respectively. Further, we
assume that for all dB,
dB for , and constant path amplitudes for all data
links. For comparison, we have also plotted the BER values
corresponding to the detector proposed in [8]. Again note the
BER performance improvement of the proposed detector as

increases. Also note that the proposed detector provides
near–far immunity even in multipath conditions and that it
performs better than the one proposed in [8].

Fig. 6 lists the error probability of a DS/CDMA system
employing Gold sequences with length 127 along with the
proposed CI cancellation method as a function of the total
number of users when and
for In particular, the received power of
the desired user is 4 dB lower than the received power of
all of the other users. For comparison, Fig. 6 presents in
dashed lines the BER values obtained by the conventional
receiver when dB for all Finally, Fig. 7 lists
the Monte Carlo simulation estimates of the system’s BER
under the conditions of for all links,
dB, and dB for For comparison, we
have also plotted the simulation results corresponding to the
detector proposed in [8]. Again note the BER performance

Fig. 6. The performance of the proposed interference cancellation method
against the total number of users with and without equal average received
SNR per bit of each user.

Fig. 7. The performance of the proposed interference cancellation method
and the interference cancellation method of [8] with imperfect power control
over a Rayleigh multipath fading channel withLk = 4.

improvement of the proposed detector. In particular, notice that
the proposed detector performs better than the conventional
receiver and, more importantly, it converges faster than the
one proposed in [8]. For example, Fig. 7 shows that our
three-stage CI cancellation detector is approximately the same
as the five-stage CI cancellation detector proposed in [8],
thereby implying a reduction in the hardware complexity and
processing time compared to the CI cancellation method of [8].

VII. CONCLUSION

CDMA is a spread-spectrum multiaccess technique which
is currently the object of much attention. However, this tech-
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nique suffers from severe reductions in system performance
because of the effects of near–far and CI. In this paper, we
have proposed and analyzed a CI cancellation detector for
demodulating asynchronous DS/CDMA signals over wireless
channels that are characterized by multipath fading links. The
proposed method, which is based on [8], is a successive
CI rejection scheme which attempts to cancel the CI effects
of the strongest signals from the received signal. Numerical
results have demonstrated the effectiveness of the proposed
method. In particular, it has been shown that the proposed
analysis is consistent with Monte Carlo simulations. This is in
contrast to the analysis presented in [8] which can significantly
underestimate the true system’s BER’s as demonstrated in
the previous section. It has been also demonstrated that the
proposed cancellation strategy performs better than the one
proposed in [8] without any additional complexity. Finally, it
has been shown that the proposed cancellation strategy can
alleviate the effects of the near–far problem and that sig-
nificant system capacity improvement can be achieved using
the proposed detector instead of the conventional DS/CDMA
receiver.
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