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Abstract:  Performance of multistage interference cancellation (MIC) and three combining techniques, i.e.,
multipath decorrelating (MIC-DECO), optimum combining (MIC-OPTM), and Rake combining (MIC-RAKE)
for asynchronous QPSK/ DS/CDMA over frequency-selective multipath Rayleigh fading channels is studied.
The analytical bit error probabilities of the MIC-DECO and MIC-OPTM are derived and shown to be in a
good agreement with simulation results. Both analytical and simulation results show that the MIC-DECO,
MIC-OPTM, and MIC-RAKE in amulti-user environment provide a good performance close to the ideal per-

formance in asingle-user system even in the presence of channel estimation error.

1 Introduction

Multistage interference cancellation (MIC) has been proposed to suppress the multiple-access interference
(MAI) and the self interference (SI) for Direct-Sequence Code-Division Multiple Access (DS CDMA) sys-
temsin multipath fading channels [1-5], where to collect the fading replicas combining techniques can be used.
To obtain a better understanding of various combining techniques, this paper presents a performance analysis
of the MIC with three combining techniques, i.e., multipath decorrelating (MIC-DECO), optimum combining
(MIC-OPTM) [6], and Rake combining (MIC-RAKE) [1] for a QPSK asynchronous DS'CDMA system over
frequency-selective, Rayleigh multipath fading channels. The probabilities of bit error for the MIC-DECO and
MIC-OPTM are derived by using the characteristic function method. In the derivation, Gaussian approxima-
tion method is used to model the multiuser and multipath interferences. The analysis aso includes the effect
of channel estimation error. Simulation results are shown in a good agreement with the analytical results. It is
shown that the MIC-DECO can provide a good performance close to that of an ideal single-user system and
outperforms the M1C with the full SI cancellation (MIC-FSI) [2, 3] even in the presence of the channel estima-

*Thiswork is partially supported by Ericsson Research Canada
tJE Weng iswith Sapphire R& D Inc., Canada, T. Le-Ngoc iswith McGill University, Canada, G. Q. Xue iswith Nortel Networks,

Canada, and S. Tahar is with Concordia University, Canada



tion error. It is also found that in the initial stage, the MIC-DECO can provide a dightly better performance
than the MIC-RAKE. However, in thei-th stage (z > 0), the MIC-RAKE has a performance close to that of the
MIC-OPTM and superior to that of the MIC-DECO. Futhermore, the MIC-RAKE requires less computational
complexity than the MIC-DECO. For this reason, the MIC-RAKE is aproper choice to be used to combat MAI
and fading in CDMA systems.

2 System Description

Consider a QPSK asynchronous DS/'CDMA system with K active users over a frequency-selective multipath
Rayleigh fading channel. At the receiver, multistage interference cancellation is adopted to remove the multiple
access interference (MALI) and the partial self-interference (PSl) [4]. Over L, fading paths, the output signal in

the i-th stage canceler can be written as,

V() = Rea ™ y/2pge 99 1+ Sil (i — 1) + 2287 (6 - 1) + 1 (1)

where R isan L,, x L, correlation matrix of the signature waveforms [4]. For each user, the corresponding
correlation matrix R, would be different. p, is the normalized signal power, 45(”“) is the information bearing
phase, and o(*)= [a&“), aé“), . a(in)]T is the channel parameter vector. We assume the fading parameter az(u)
to be zero-mean, complex-valued Gaussian random variable with unit variance and mutually statistically inde-
pendent for al « and [ [2, 7]. The second and third terms on the right hand side of (1) denote the residual PS|
and MAI, respectively [4]. QSL) = [nsﬁ, nf;f%, s nf;f)Lu]T is the noise vector with the correlation matrix R, [4].
For the canceler output vector in (1), various combining techniques can be used to collect I, fading replicas.
A possible combining technique is to decorrelate this multipath signal first, i.e., R;* Kﬁf‘) (), and then to
combine the resulting signals. This approach is referred to as the MIC with decorrelating (MIC-DECO) [6].

The MIC-DECO is not optimum because the elements in the resultant noise vector, i.e.,

=N T

are correlated. If we know the correlation a priori, the optimum combining can be used by whitening the noise
before combining. Moreover, if the PSI and MAI are successfully removed, the noise vector in (2) reduces to
QS‘). As aresult, the optimum combining becomes a well-known Rake combining (MIC-RAKE) [1, 5, 7].

A general form for the combined output signal X (i) in the i-th stage can be given by

X)) = [@""RV (Y (i) (3)

n

where &) is the vector for the estimated channel parameter [2].
From the above discussion, the expression in (3) can reflect MIC-DECO, the MIC-OPTM, and the MIC-
RAKE by setting the matrix R to R; !, [R{* (i)R,]~!, and I (the identity matrix), respectively. Here, R\ (i)
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denotes the correlation matrix of the noise vector @%“) (7) in (2). Among the three schemes, the MIC-RAKE
has the simplest structure. Finaly, the decision is made as follows. After computing the following decision
variables for QPSK (M=4), D, (i) = Re{X,(z“)(i) eﬂ'%}, where ¢, = 2r(p — 1)/M,p = 1,2,..., M, the
symbol is decided in favor of qs,(#) (¢) =, = argmax {D,(z) }.

3 Performance Analysis

Without loss of generality, we assume that al the symbols are transmitted with equal probability and consider
user v asthe user of interest with ¢n =0. For the sake of notational simplicity, theindicesn, u, i of X( ) are
omitted whenever there is no ambiguity.

Wefirst consider ageneral combining output, i.e.,
=[C+ G [C\/2p+ Z] 4

where p denotes the normalized signal power, C' denotes the L-dimension signal vector, G and Z denote two L-
dimension noise vectors. The elementsin each vector of C, G, and Z are statistically independent and the vec-
tors C, G, and Z are mutually statistically independent. Welet E{CCH}=A(¢) = diagA\ N, ., A(LC)),
LE{GGH}=A) = diag NP N, MDY, LE(Z7H)=0D) = diag(A\D) 2, .., \P),.
As aresult, with Gray coding, the bit error rate (BER) of QPSK can be given by [8]
Py(AD A AD) = — Y " Res (@, 4(w)/w,w,] (5)
{wp}

where @, (w) denotes the CF of Re{ X ¢/7}. {w, } denotes the set of poles of ®,(w)/w in the upper half plane
(Im(w)>0) and Res|f (w), w,] the residue of f(w) a w = w,. By using Eq.B-5 of [7], the CF of Re{X¢/7}

can be derived as

1
¢, (w) = . (6)
ql_[l azw? — 2jwby + 1

where g := \/ AE + 20A DA L AP and b, = v/Zp cosy A,

Next, we will use the formulain (5) to evaluate the performance of the MIC-DECO and MIC-OPTM.

In the MIC-DECO scheme, the combining output can still be obtained by (4) with C = d%, G =
Aa™ = &® — o), which denotes the vector of the estimate error, and Z=ui”) (7). As mentioned previously,
the noise vector wi" (1) has a correlation matrix denoted by R (7). The evaluation of R () isrelying on
the error probability evaluated in the previous stage and the Gaussian approximation of PS| and MAI as shown
in [3,4]. By diagonalizing R ( )=Qu (i) Ay (i) QH (7) for orthogonal Q, (i) and diagona A (i), the com-
biner output of the MIC-DECO will have the same form of (4) but with C=Q! (i)a®), G=Q¥ (i) Aa), and

Z=QH(j ) ( ). In order to yield amathematically tractable analysis, we assume independent and identically
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distributed (i.i.d.) of* andi.i.d. A" foral I [2,3,7]. Asaresult, we have  E{CCH}=021, LE{GGH }=
0?1, and $E{ZZM}=A, (i), where o2 and o? are the variances of {a§“>} and {Aal(“>}, respectively. By
applying the formula of (5), the BER of the MIC-DECO is given by

Py peco(i) = Py(02, 071, Ay (4)) (7

In the MIC-OPTM scheme, the combiner output is given by (3) with R = [Rq(f,‘) (i)Rs]~!. Again, by
using the diagondlization of R (), the combiner output can be written in (4) with C:A;%(i)Qg ())a™,
G=A3? (1)QY (i) Aa™, and Z=A3 (1)QH (i)w " (i). Here, we still consider i.id. o/ and i.i.d. Aal™ for
al I. We have $ E{CC"}= 02 A (i), s E{GG! }= 02 A, (i), and L E{Z Z!"}=I. By using (5), the BER of
the MIC-OPTM is given by

Pyoprm (i) = Py(02A,1 (i), 07A," (i), T) (8)

It is noteworthy to mention that A, (7) in (8) isdifferent from that in (7) except for i=0 (in the initial stage).

4 |llustrative Results

This section presents several numerical and simulation results on the BER performance of the MIC-DECO,
MIC-OPTM, and MIC-RAKE in QPSK asynchronous CDMA system over multipath Rayleigh fading channels.
For comparison, the BERs of the MIC with the full SI cancellation (MIC-FSI) [2, 3] are also provided. Without
loss of generality, we assume the first user to be the user of interest.

We consider Gold sequences with N =31 asthe PN codes and identical fading channels (1/2E{ [o§“)]2} =1
for all fading paths). We set SNR#u per bit= 1 L,2p,E{[a\")|2}/ loga M= p, Ly, and L, = L. Thetime delay
for user k in the i-th path is 7/ =T(®+IT, /2.

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

let MIC-i denote the i-th stage MIC.

4.1 Perfect channel knowledge

Fig. 1 plotsthe analytical (anal) and simulation (sim) results on the BER of the MIC-DECO with the stage :=0,1
in a3-user system with SNR=20dB over a 2-path frequency-selective identical Rayleigh fading channel. Equal-
power users are considered. The analytical resultsfor the MIC-DECO are evaluated by (7). For comparison, the
simulation results of the MIC-FSI-1 and the MIC-RAKE-0,1, and the analytical results of the MIC-OPTM-0
evaluated via (8) are plotted. It can be seen that both the MIC-DECO-1 and MIC-FSI-1 can provide asignificant
performance improvement over the MIC-DECO-0 and the MIC-RAKE-O0, in which no interference cancellation

schemeisused. In addition, the MIC-DECO-1 can provide an improvement in SNR of about 2.5dB at a BER of



10~%, as compared to the MIC-FSI-1. Similar results were obtained by the MIC-RAKE [4]. From thefigure, we
a so note that the analytical results agree well with simulation ones especialy for the case of the MIC-DECO-0.
Apart from this, we can see that in the multiuser system (X = 3) and for ¢ > 0, dueto the effective subtraction
of the interference, the canceler output is smilar to that in the single-user system and thus the MIC-RAKE-1
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"*). When there is no interference cancellation (at the stage
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).

In Fig. 2, we plot the analytical and simulation results on the BER of 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.
It shows that in the presence of multiple users, the MIC-DECO-1,2 still outperforms the detector without
interference cancellation (MIC-DECO-0) and provides a performance close to that of the MIC-OPTM-1,2.
Besides, it can be seen that for stage s > 0, the analytical results agree well with the ssimulation ones for small
K (number of users). As K increases, deviation may occur. A possible explanation for this is that when K
becomes large, the MAI aso increases and thus the correlation between the decision variables in the previous
stage becomes larger. When we ignore such correlation in evaluating the covariance matrices of the residual
interference [2—4], performance difference occurs especially for large K. Note that in the 0-th stage, no such

problem occurs because there is no interference cancellation.

4.2 Effect of channel estimation error

We assume the variance of the channel estimation to be the same for all I and &, and denoted by .

In Fig. 3, we consider the MIC-DECO and the MIC-RAKE in a 3-user system with SNR=20dB over L-path
Rayleigh fading channels. 02=0.01. We assume that the detector knows the number of paths so that L-diversity
combining isapplied. Asshown inthisfigure, analytical results of the MIC-DECO arein avery good agreement
with those obtained by simulation. Comparing the performance of the MIC-DECO and MIC-RAKE, we can
see that in the O-th stage, both schemes can provide a similar performance, while in multi-stage cases (7 > 0),
the MIC-RAKE-: outperforms the MIC-DECO-z, especialy for large L.

Finally, we consider long PN codes for each user where the PN sequence is the combination of along PN
sequence plus two in-phase and quadrature PN sequences as specified in [9]. Unlike the Gold sequence, the
long PN sequence istime-varying and different from symbol to symbol. The number of chips per symbol istill
setto N = 31. Here, we focus on the MIC-RAKE since it has a better performance and lower complexity than
the MIC-DECO. The results for the MIC-FSI and MIC-RAKE in a multiuser system over a 2-path Rayleigh
fading channel are shown in Fig. 4. Perfect channel knowledge is assumed. From Fig. 4, we can see that with

the long PN codes, the MIC-RAKE outperforms the MIC-FSI.
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Conclusions

This paper studies the performance of the MIC-DECO, MIC-OPTM, and MIC-RAKE. It is shown that the

MIC-DECO provides a good performance, close to the ideal single-user performance even in the presence of

channel estimation error. If the correlation of the noise elements among the fading replicas is known a priori,

the MIC-OPTM can be achieved. If the multiuser and multipath interferers are effectively subtracted, the
MIC-OPTM can be well approximated by the MIC-RAKE with reduced complexity.
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