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Abstract—A combined multistage interference cancellation (MIC)
and multipath decorrelating scheme (MIC-DECO) for asynchronous
QPSK DS/CDMA over frequency-selective multipath Rayleigh fading
channels is introduced. Unlike the conventional MIC, which attempts
to cancel the multiple-access interference (MAI) andtotal self interfer-
ence (SI), the introduced scheme aims to remove the MAI, andpartial
SI incurred by the self intersymbol interference(SII). After cancellation,
decorrelatingis used first to separate the multipath signals and then to
re-combine the resulting fading replicas for symbol decision. If the
noise correlation in the fading replicas is known, an optimum com-
bining structure (MIC-OPTM) can be achieved. Furthermore, when
the MAI and SII are successfully removed, the MIC-OPTM can be re-
placed by the MIC using Rake combining (MIC-RAKE) with reduced
complexity. The simulation results show that the MIC-DECO, MIC-
OPTM, and MIC-RAKE in a multi-user environment provide a good
performance close to the ideal performance in asingle-usersystem,
and outperform the conventional MIC even in the presence of channel
estimation error.

I. I NTRODUCTION

Multiuser decorrelating detection has been proposed to
suppress the multiple-access interference (MAI) and the self
interference (SI) for Direct-Sequence Code-Division Multi-
ple Access (DS/ CDMA) systems in multipath fading chan-
nels [1, 2]. Nevertheless, these detectors still require a large
amount of computation, especially in asynchronous system
when the numbers of active users and fading paths become
large. On the other hand, various efforts on designing mul-
tistage interference cancellation (MIC) over multipath fad-
ing channels have been conducted in [3, 4]. For instance,
in [3], the MIC scheme was proposed to cancel the MAI,
and a RAKE receiver was simulated to estimate the channel
parameters and to combine the fading replicas for symbol
decision in BPSK CDMA. However, apart from the MAI,
the received signal was also corrupted by the SI caused by
the multipath components of the desired user’s signal. In
order to remove the SI as well as the MAI, [4] considered
the MIC scheme with thefull SI cancellation. Nevertheless,
note that the SI is made up of theself intersymbol inter-
ference(SII) incurred by the multipath components of the
previous symbol and theself current symbol interference
(SCI) which corresponds to the current symbol. Since the
SCI contains the current symbol information which can be
treated as useful signal for symbol decision, the MIC can
proceed with thepartial SI cancellation to cancel the SII
alone rather than thefull SI.

In this paper, we will introduce a MIC with multipath
decorrelating (MIC-DECO) for QPSK asynchronous CDMA

system over frequency-selective, Rayleigh multipath fading
channels. Unlike the conventional MIC (MIC-CONV) [4],
the introduced MIC considers the cancellation of the MAI
and thepartial SI. After cancellation, several combining
techniques are considered. Note that for any user, the can-
celler output contains the superimposed multipath signals
corresponding to thecurrentsymbol. Thus, the decorrelat-
ing operation can be used to separate those superimposed
multipath signals before re-combining them. Such scheme
is referred to as the MIC-DECO. Since the decorrelating op-
eration in the MIC-DECO is conducted over multiple fad-
ing paths for each user, the computational complexity is re-
duced in comparison with the combined multiuser and mul-
tipath decorrelator in [2]. The MIC-DECO can also be ap-
plied to the system with time-varying spreading codes while
the asynchronous decorrelator in [2] cannot. Furthermore,
while in the MIC-CONV, the signal from other fading paths
and bearing information of the current symbol was treated
as interference to be removed, the MIC-DECO separates
that multipath signal and uses it in the symbol decision. In
this sense, the resulting performance would be better. The
decorrelating operation may incur the correlation among the
noise components in multiple fading paths. If the noise cor-
relation is known to the receiver, a maximal ratio combining
can be achieved. Although in practice, such an MIC scheme
with optimum combining (MIC-OPTM) cannot be imple-
mented due to the unavailability of the knowledge on the
noise correlation, it can provide a performance benchmark
for the MIC with various combining techniques. Further-
more, for a successful cancellation of the MAI and SII, the
MIC-OPTM can be approximated by the MIC with Rake
combining (MIC-RAKE).

Simulation results show that the MIC schemes withpar-
tial SI cancellation provide a good performance close to
that in an idealsingle-usersystem and outperform the MIC-
CONV even in the presence of the channel estimation error.
Among the MIC schemes, the MIC-DECO can provide a
slightly better performance than the MIC-RAKE in the ini-
tial stage, while in thei-th stage (i > 0), when the MAI and
SII are successfully removed, the MIC-RAKE has a per-
formance close to that of the MIC-OPTM and superior to
that of the MIC-DECO. Furthermore, our analysis shows
that the MIC-RAKE can inherently decorrelate the superim-
posed multipath fading replicas so that the decorrelating op-
eration is not necessary. For this reason, the MIC-RAKE re-



quires less computational complexity than the MIC-DECO.

II. SYSTEM DESCRIPTION

Consider a QPSK asynchronous DS/CDMA system with
K active users over a frequency-selectivemultipath Rayleigh
fading channel. The received signal,r(t), can be written as
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where�k := Ek=No is the normalized signal power, in
which Ek is the symbol energy for userk andNo is the
noise power spectral density.Lk is the number of paths
which can be either random or deterministic.�
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wherea(k);Ii = a
(k);I
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(k);Q
N+i are respectively

the in-phase and quadrature PN codes assigned to userk,
which are taken from the setf-1,1g.

A channel estimator is used to estimate the channel pa-
rameters. The estimation model can be written for alll and
k as

�̂
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wheree(k)l is the estimate noise in thel-th path for userk
and it is assumed statistically independent complex-valued
Gaussian variable with zero mean and variance�2elk for all
l andk.

At the first part of the receiver, we assume that there arePK

k=1 Lk correlators with the conjugate waveformsfa�k(t�
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l ); l = 1; 2; :::; Lkg to generate the decision variables

for K users. Consider theq-th fading path for useru, the
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Sincez(t) is the Gaussian noise with zero mean and unit
power spectral density,�(u)n;q is Gaussian with zero mean
and unit variance. The covariance of�(u1)n1;q1 and �(u2)n2;q2 ,
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For notational simplicity,V (u)
n;q of (4) will be written as
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whereSc(u)n;q, Si
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n;q are defined as follows
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In (8), �Ru;u(�) is set to eitherRu;u(�) or R̂u;u(�) depend-

ing on � (u)l < �
(u)
q or not. In (8),di is an index function

which can be set to 0 ifi=0 and to 1 otherwise.Sc(u)n;q is re-
ferred to as the self current-symbol interference (SCI) and
Si

(u)
n;q the self intersymbol interference (SII). The sum of the

SCI and the SII is the total SI.M (u)
n;q is the MAI.

From (6), we can see that the signale�j�
(u)
n to be de-

tected is submerged by the multiuser and multipath inter-
ferences. To suppress those interferences, various detectors
can be designed as shown in the following.

III. M ULTISTAGE INTERFERENCECANCELLATION

In this section, we briefly review the conventional MIC
with full SI cancellation [4]. Then, we discuss three MIC
schemes usingpartial SI cancellation.



A. Conventional MIC with Full SI Cancellation

The conventional MIC (MIC-CONV) with full SI cancel-
lation [4] attempted to cancel the MAI and the total SI from
the received signal in each stage of the MIC. The output of
the canceller for theq-th branch in thei-th stage of the MIC
is given by

V (u)
n;q (i) = V (u)

n;q � Ŝc
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p
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noise component�(u)n;q . Since there is no superimposed mul-
tipath signals, the Rake combining can be applied to collect
the multiple fading replicas and the combining output in the
MIC-CONV is given by
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of
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In the initial stage (i = 0), we let V (u)
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based onV (u)
n;q (0), the tentative decision̂�(u)n (0) can be read-

ily obtained by following (11) to (13).
In the MIC-CONV, the SCI is regarded as an interference

to be subtracted in (10). However, the SCI actually contains
the current symbol, which can be shown useful for symbol
decision. Hence, we may subtract partial SI instead of full
SI. In the following, several MIC schemes with partial SI
cancellation are discussed.

B. MIC with Partial SI Cancellation

B.1 MIC with decorrelating (MIC-DECO)

In the MIC-DECO, we proceed the MIC with the sub-
traction of the MAI and the partial SI (the SII part). The

output signal in thei-th stage canceller is given by
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In (15),Rs is anLu�Lu correlation matrix of the signa-
ture waveforms. Itsij-th entry is set tôRu;u(�
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It is well known that the decorrelating operation is very

useful in separating the multiuser and multipath signals [2].
By pre-multiplying (15) withRs inverse, i.e.,R�1

s , the
multipath signals can be separated. We thus have
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After decorrelating the multipath signals, there are var-
ious methods to combine the resulting fading replicas in
U(i). Here, we may directly combine those multipath fad-
ing replicas as in [1]. The combining output is given by

X(u)
n (i) = [�̂(u)]HU(i) (18)

Further symbol decision can proceed by following (12)-
(13).

The above decorrelating operation in the MIC-DECO is
conducted over multiple fading paths for each user rather
than for all users and multipath. Thus, the whole compu-
tational complexity is somehow reduced in comparison to
the combined multiuser and multipath asynchronous decor-
relator in [2]. On the other hand, compared with the MIC-
CONV [4], where the SCI was treated as an interference to



be subtracted, the MIC-DECO separates that multipath sig-
nal and uses it in symbol decision. In this way, the resulting
performance would be better.

The combining method in (18) is not optimum due to
the fact that the noise vectorw(u)

n (i) is correlated. If we
know the correlationa priori, the optimum combining can
be used to provide the maximal ratio combining after the
noise whitening [2] as shown in the following.

B.2 MIC with optimum combining (MIC-OPTM)

LetR(u)
w (i) denote the correlation matrix ofw(u)

n (i). The
optimum combining output can be given by
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The symbol decision in thei-th stage may follow (12) and
(13). Note that here the term “optimum” does not mean the
optimum detection. Rather, it refers to the optimum com-
bining after the MIC. Accordingly, the detection method is
named the MIC-OPTM.

Although theoretically the MIC-OPTM is possible to con-
duct, it cannot be implemented in practice inasmuch as the
correlation matrix ofw(u)

n (i) is unknown to the receiver
or difficult to be estimated. Nevertheless, the MIC-OPTM
may provide a performance benchmark for the MIC with all
other combining techniques. Furthermore, it can be shown
that when the interference (i.e., the SII and the MAI) are
successfully removed, the MIC-OPTM can be approximated
by the MIC with Rake combining (MIC-RAKE).

B.3 MIC with Rake combining (MIC-RAKE)

Assuming that fori > 0, the multipath and multiuser

interferences are successfully subtracted (setting~Si
(u)

n (i �
1) + ~M

(u)

n (i � 1) to zero inw(u)
n (i) of (17)), we note that

the correlation matrix ofw(u)
n (i) reduces to[Rs]�1. Thus,

the output signal, after the noise whitening and the maximal
ratio combining, is given by

X(u)
n (i) = [�̂(u)]H [Rs]U(i) = [�̂(u)]HV (u)

n;q(i) (20)

Following (12) and (13), we may obtain the symbol deci-
sion in thei-th stage.

The final step in (20) is actually the Rake combining
(MIC-RAKE). Therefore, the result in (20) suggests that
when the SII and the MAI are totally removed, the com-
bining output of the MIC-OPTM is equivalent to that ob-
tained by the MIC-RAKE. In other words, as long as the
SII and MAI are effectively canceled, the MIC-RAKE can
provide performance better than the MIC-DECO. Further
derivations of the performance bounds of the MIC-RAKE
scheme can be found in [5].
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Fig. 1. Performance comparison of the MIC schemes in a 3-user system
over a 2-path Rayleigh fading channel. (N=31, equal-power users.
Perfect channel knowledge).

IV. I LLUSTRATIVE RESULTS

Without loss of generality, we assume that the first user
is the user of interest.

System model:Gold sequences withN=31 are consid-
ered as the PN codes. We consider identical fading channels
with Ef[�(k)l ]2g = 2 for all fading paths. Total SNR#k per

bit is 1
2Lk2�kEf[�(k)l ]2g=log2M= �kLk. Lk=L is assumed

the same for all users. The multipath fading channel is con-
sidered to be a tapped delay line withTc=2 delay [6]. The
time delay for userk in the l-th path is� (k)l =T (k)+lTc=2,
whereT (k) is set to(k � 1)Tb=10mod Tb. 3� 106 Monte
Carlo trials are conducted to estimate the BER.

Results:For notational simplicity, let MIC-NAME-i de-
note the performance of the MIC-NAME which relies on
thei-th stage decision. In the initial stage (MIC-NAME-0),
no interference cancellation is used. Evidently, the MIC-
RAKE-0 is identical to the conventional RAKE receiver [6].

In the following, we first consider the performance of the
MIC with perfect channel knowledge.

Fig. 1 compares the simulation results on the BER of the
MIC schemes in a 3-user system with SNR=20dB over a
2-path frequency selective identical Rayleigh fading chan-
nel. Equal-power users are considered. As a benchmark,
the analytical single-user BERs for the MIC-DECO and the
MIC-RAKE are provided in the figure. Also, the analyti-
cal results for the MIC-OPTM are plotted for comparison.
It can be seen that the 1-stage MIC (RAKE, DECO, and
CON) can provide a significant performance improvement
over the 0-stage counterparts, in which no interference can-
cellation scheme is used. In the 1-stage MIC schemes, both
the MIC-RAKE-1 and the MIC-DECO-1 can provide an
improvement in SNR of about 2.5dB at a BER of10�4,
as compared to the MIC-CONV-1. Besides, we also note
that the MIC-RAKE has the same single-user performance
as the MIC-OPTM and outperforms the MIC-DECO. In the
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Fig. 2. Simulation results on the BER of the MIC-CONV, the MIC-DECO,
and the MIC-RAKE in a multi-user system over a 2-path Rayleigh
fading channel. SNR=20dB,N=31, and equal-power users. Perfect
channel knowledge. Dotted line: MIC-OPTM-0, dashed line: MIC-
OPTM-1, solid line: MIC-OPTM-2.

multiuser system (K=3), by effectively subtracting the inter-
ferences, the canceller output is similar to that in the single-
user system and thus the MIC-RAKE-1 still conducts better
than the MIC-DECO-1 as shown in the figure. However, the
performance difference is very small (approximately 0.5dB
at the level of BER=10�4). When there is no interference
cancellation (at the stage 0), the MIC-OPTM-0 cannot be
approximated by the MIC-RAKE-0. Both the MIC-RAKE-
0 and the MIC-DECO-0 are not optimum and the MIC-
DECO-0 has a slightly better performance than the MIC-
RAKE-0 at high SNR (SNR>15dB). Generally, they can
provide a performance comparable to that obtained by the
MIC-OPTM-0. Finally, we note that the performance of the
MIC-OPTM-1 seems worse than those of the MIC-RAKE-
1 and the MIC-DECO-1. This phenomenon might be due to
the Gaussian approximation in modeling the residual MAI
and SI to obtain the analytical BER for the MIC-OPTM-1.

In Fig. 2, we plot the simulation results on the BER of
the MIC-CONV, the MIC-DECO, and the MIC-OPTM in a
multi-user system with SNR=20dB over a 2-path Rayleigh
fading channel versus the number of users. The MIC-CONV-
0 has the same performance to that of the MIC-RAKE-0 and
therefore is not plotted in the figure. The analytical results
for the MIC-OPTM-0,1,2 are also plotted. The results show
that in the presence of multiple users, the MIC-DECO-1,2
still outperform the detector without interference cancella-
tion (MIC-DECO-0) and provide a performance close to
that of the MIC-OPTM-1,2. Besides, it can be seen that
the simulation results are well lower bounded by the corre-
sponding analytical results of the MIC-OPTM for the ini-
tial stage (i = 0). As i increases to 1 or 2, deviation may
occur especially for largeK. A possible explanation for
this is that whenK becomes large, the MAI also increases
and thus the correlation among the bit error rates for users
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Fig. 3. Simulation results on the BER of the MIC-CONV, the MIC-DECO
and the MIC-RAKE in a multi-user system over a 2-path Rayleigh
fading channel. (SNR=20dB,N=31, equal-power users. Imperfect
channel knowledge,�2

e
= 0:01).

in the previous stage may be salient. Thus, when we ig-
nore such correlation and use the Gaussian approximation
to model the residual interferences, performance difference
occurs especially for largeK. Note that in the 0-th stage,
the Gaussian approximation may work well and the MIC-
OPTM-0 may provide a good lower bound for the results of
the other MIC schemes.

Next, the channel estimation error is considered and the
variance of the channel estimation in (3) is assumed same
for all l andu and denoted by�2e .

Comparison of the simulation results of the MIC-CONV,
the MIC-DECO and the MIC-RAKE is shown in Fig. 3,
where�2e=0.01. We can see that in the presence of channel
estimation error, the MIC-DECO and MIC-RAKE have a
similar performance and outperform the MIC-CONV.
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